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EDITORIAL

A Foreword from the Editor

Editor-in-Chief: Chee Kai CHUA
Executive Director, Singapore Centre for 3D Printing

Professor, Manufacturing & Industrial Engineering Cluster

PUBLISHING PTE. LTD.

School of Mechanical & Aerospace Engineering, College of Engineering

Nanyang Technological University

http://dx.doi.org/10.18063/1JB.2016.01.011.

Welcome to the year of 2016!

Since last July when the first issue of International
Journal of Bioprinting (1JB) was successfully launched,
five new international editorial board members have
joined us, including Dr. Aleksandr Ovsiankikov
(Vienna University of Technology, Austria), Dr. Gi-
ovanni Vozzi (University of Pisa, Italy), Dr. Boris N.
Chickkov (Laser Zentrum Hannover e.V., Germany),

Dr. Peter Dubruel (Universiteit Gent, Belgium) and Dr.

Ali Khademhosseini (Harvard Medical School, USA).
The total number of board members has increased to
24 (see Figure 1) in half a year, but | hope that this
great team will continue to grow to 30 or more within
this year.

Russia, 1§<“‘” Alrabia, 1 South Korea, 2

Figure 1. Number of editorial board members by coun-
try/region.

International Bioprinting Congress (IBC) is an annual
international conference event focusing on the latest
status and development of bioprinting. Singapore has

hosted the first and second IBC in the past two years.
This year, IBC will change its name to “Bioprinting
and 3D Printing in the Life Sciences”, to reflect an
increased coverage of scope, such as biomedical en-
gineering and tissue engineering. The new conference
will be held in Singapore on 21-22 July, 2016. For
details and registration, please go to the website
shown in brackets (http://selectbiosciences.com/con-
ferences/index.aspx?conf=BIO3D). We welcome all to
come to Singapore to join our discussions on bio-
printing and 3D printing in the life sciences.

Last but not least, | am pleased to present the
second issue of IJB. This second issue includes one
perspective, two reviews, six original research articles
and one project report. In the first article, An et al.
discussed the early forms of 4D bioprinting and pro-
posed a definition to unify distinct approachest.
Mehrban et al. reviewed the role of bioprinting in tis-
sue engineering, with a special focus on bioprinting of
stem cell-laden hydrogels®?. Sanchez-Salcedo et al.
reviewed and analysed the issue of bacterial adhesion
in bioprinted 3D scaffolds™. In research, Tse et al.
reported a wax-based inkjet printing method which
could guide cells to grow into complex patterns.
Koudan et al. studied how tissue spheroids patterns
responded to a nanofibrous substrate!®. Ng et al. deve-
loped a new hydrogel system for bioprinting a better
skin tissue!®. Wang et al. reported an interesting bio-
printing method to generate fibrous scaffolds with
extremely complex geometriest”). Boehm et al. repor-
ted a bioprinted microneedle system for an easy and
quick detection of fluid samples from histamine-con-

A Foreword from the Editor. © 2016 Chee Kai CHUA. This is an Open Access article distributed under the terms of the Creative Commons Attribu-
tion-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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taminated tuna'®. Leong et al. reported a simple and
efficient method for making 3D nanofibrous scaf-
folds™. Finally, Bibb et al. presented a detailed report
on the European ArtiVasc 3D project and discussed
the successes and lessons that had been learnt™!.
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PERSPECTIVE

A perspective on 4D bioprinting

Jia An', CheeKai Chuat and Vladimir Mironov?®

! Singapore Centre for 3D Printing, School of Mechanical and Aerospace Engineering, Nanyang Technological Univer-
sity, Singapore

Z Renato Archer Information Technology Center, Campinas, Sao Paulo, Brazil

® The Laboratory of Biotechnological Research, 3D Bioprinting Solutions, Kashirskoe Roadway, 68/2, Moscow, Rus-

sian Federation

Abstract: 3D bioprinting has been invented for more than a decade. A disruptive progress is still lacking for the field to
significantly move forward. Recently, the invention of 4D printing technology may point a way and hence the birth of
4D bioprinting. However, 4D bioprinting is not well defined and appear to have a few distinct early forms. In this article,
a personal perspective on the early forms of 4D bioprinting is presented and a definition for 4D bioprinting is proposed.
Keywords: 4D printing, bioprinting, additive manufacturing, rapid prototyping, tissue engineering.
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per we would only be able to discuss some early
forms of 4D bioprinting and based on which we pro-
pose a definition that unifies them.

1. Introduction

he technology of 3D bioprinting has been in-

I vented for more than a decade™. A disruptive
progress is still lacking for the field to signifi-

cantly move forward. Recently, the invention of 4D
printing technology may point a way. 4D printing
technology is invented by Massachusetts Institute of
Technology (MIT) and the fourth dimension refers to
timel?. The main difference from 3D printing is that it
involves a programmed shape change over the post-
printing time. 4D bioprinting is believed to be an ex-
tension of 4D printing into biomedical science and en-
gineering. However, in the current literature, there is
hardly a report on applying MIT’s 4D printing tech-
nology to biomedical applications. Indeed, the phrase

2. Approaches and Definition

Figure 1 shows three current approaches in 4D bio-
printing. They are distinct from each other. The first
approach strictly follows MIT’s concept of 4D print-
ing, in which a substrate material (e.g., smart biopo-
lymer or responsive hydrogel), upon stimulus, folds
into a pre-defined 3D configuration, and the printed
cell or tissue materials simply follow the folding of
the substrate and form into a desired shape!®. The
second approach is kind of “in vivo 4D bioprinting”. A
3D printed polymer medical device is implanted first
and then accommodates the growth of tissue or organ

of “4D bioprinting” can be found in a few recent re-
views®™®, but all briefly mention it without giving
further detailed information. At the time of writing,
4D bioprinting is still more of a thing-to-be rather than
a well-established matter of fact. Therefore in this pa-

over the postsurgical period!”. When the tissue or or-
gan becomes stronger and stronger, the medical device
gradually breaks and is absorbed by the body. In this
approach, the growth of the tissue could be seen as the
stimulation. The third approach involves on-demand

A perspective on 4D bioprinting. © 2016 Jia An, et al. This is an Open Access article distributed under the terms of the Creative Commons Attribu-
tion-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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Figure 1. Three approaches in 4D bioprinting.

self-assembly or self-organization. Micro-droplets of
cells are precisely deposited into a certain pattern, and
then the pattern changes over time due to cell commu-
nication and self-organization’®. In this approach, self-
assembly is stimulated to occur, but what could sti-
mulate the pattern to change is not clear yet. It is dif-
ficult to compare these three approaches and conclude
what is better and what is not, since all are sup-
ported by limited study at the current stage. Nonetheless,
every approach is interesting and worth further explo-
ration in future.

Since current approaches are different from each
other and there is no consensus on the exact form of
4D bioprinting, we would like to propose the follow-
ing definition for 4D bioprinting to accommodate all
current studies and perhaps future studies as well.

4D hioprinting refers to groups of programmable
self-assembly, self-folding or self-accommodating tech-
nologies which include three main defining or essen-
tial components: (i) man-made and not nature-made
programmable design, (ii) 2D or 3D bioprinting pro-
cess, and (iii) post-printing programmable evolving
of bioprinted constructs which could be driven by cells
or biomaterials and triggered by external signals.

This definition of 4D bioprinting has several fea-
tures. Firstly, 4D bioprinting is not defined as a single
technology. Similar to additive manufacturing, it is
defined as a family of technologies based on different
principles.

Secondly, there must be a man-made programmable
design for self-assembly, self-folding and self-accom-

modating processes. The process design could be
stepwise, relating the type and degree of stimulation to
the type and degree of change. The process may or
may not be reversible, but it is preferable to have the
process being reversible in the design.

Thirdly, the programmable design must be printa-
ble by existing bioprinting processes. It could be
printing in 2D and then folding into 3D or printing in
3D and then changing into another 3D configuration.

Lastly and most importantly, the self-assembly or
self-organization must not occur naturally, but instead
it must be driven by cells or biomaterials and trig-
gered by external stimulation, otherwise it does not
suit our definition of 4D bioprinting. In 4D bioprinting,
the post-printing path in the fourth dimension needs
to be manually manipulated. Therefore, fusion of 3D
printed tissue spheroids into certain shape is not con-
sidered as 4D bioprinting, because tissue fusion pro-
cess is natural, unless the printed spheroids can hold
its as-printed state and start to fuse upon external sti-
mulation. Furthermore, in some reported cases™, cell
contraction and cell migration for cell-driven self-
folding and self-assembly is actually also a natu-
ral biological process. The folding of the cell origami
is not a programmed design, also because the se-
quence of the folding planes is totally random, neither
controlled nor repeatable.

3. Conclusion

In summary, there are clear differences between
3D bioprinting and 4D bioprinting. The major diffe-

4 International Journal of Bioprinting (2016)-Volume 2, Issue 1
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rentiating factor is whether there is a stimulation to
trigger the as-printed tissue/organ preforms to change
over time in a predefined path. In this sense, the com-
bination of 3D bioprinting and bioreactor could be a
form of 4D bioprinting, provided the change in tis-
sues/organ can be pre-defined. The future forms of
4D bioprinting would be really unpredictable. How-
ever, the differences between 3D bioprinting and
4D bioprinting will continue to widen when more and
more research results are available. The early forms of
4D bioprinting may be just the tip of an iceberg; in
addition to shape, size and pattern, there could be
more other forms of changes in future, such as micro-
structure, property or even functionality. The era of
4D bioprinting is on its way.
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3D bioprinting for tissue engineering: Stem cells in
hydrogels

Nazia Mehrban', Gui Zhen Teoh! and Martin Anthony Birchall®
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2 Ear Institute, University College London, London, WC1X 8DA, United Kingdom

Abstract: Surgical limitations require alternative methods of repairing and replacing diseased and damaged tissue. Re-
generative medicine is a growing area of research with engineered tissues already being used successfully in patients.
However, the demand for such tissues greatly outweighs the supply and afast and accurate method of production is still
required.

3D bioprinting offers precision control as well as the ability to incorporate biological cues and cells directly into the
material as it is being fabricated. Having precise control over scaffold morphology and chemistry is a significant step
towards controlling cellular behaviour, particularly where undifferentiated cells, i.e., stem cells, are used. This level of
control in the early stages of tissue development is crucia in building more complex systems that morphologically and
functionally mimic in vivo tissue.

Here we review 3D printing hydrogel materials for tissue engineering purposes and the incorporation of cells within
them. Hydrogels are ideal materials for cell culture. They are structurally similar to native extracellular matrix, have a
high nutrient retention capacity, allow cells to migrate and can be formed under mild conditions. The techniques used to
produce these materials, as well as their benefits and limitations, are outlined.

Keywords: 3D bioprinting, hydrogels, stem cells, polymers, tissue engineering
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1. Introduction

hilst 2D printing has had a big influence on
Weveryday living, the advent of additive

processing technology in 1986!” has seen
an explosion in innovative ways of producing 3D
structures, such as electronic devices?, aircraft parts?,
medical devices” and tissue mimics®>™. For clinical
applications, early designs based on creating sacrifi-
cia moulds as templates for the biomaterials® were
quickly superseded by agueous systems that could
directly print biological materials®™*". Today, the fo-
cus is no longer just on providing a suitable platform

for cell growth but combining engineering, materials
science and cell biology to create a bespoke material
of specific dimensions. That material must then inte-
grate well with the patient’s healthy tissue and restore
functionality to an acceptable level. In the pursuit of
developing materials that meet such criteria, manu-
facturing techniques have aso become more complex.
3D hioprinting is the spatial control of the original
scaffold preparation techniques with integration of
chemical cues and living cell§*?. Printing sensitive
biological materials presents new challenges, such as
maintaining cell viability throughout the manufactur-
ing process and preventing denaturation of proteins.

3D bioprinting for tissue engineering: Stem cells in hydrogels. © 2016 Nazia Mehrban, et al. This is an Open Access article distributed under the
terms of the Creative Commons Attribution-NonCommercia 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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In this review we introduce some of the materials
used for bioprinting, how stem cells are currently in-
corporated into the materials and the advantages and
limitations of the techniques used to achieve this. Here
the focus is to review 3D bioprinting techniques cur-
rently employed to create implantable tissue. However,
the same techniques may aso be employed to create
models for studying 3D cell behaviour, diseases and
modes of repair.

2. Techniquesfor 3D Bioprinting

The main approaches to 3D bioprinting are: biomimi-
cry (taking inspiration from nature to develop novel
materials), autonomous self-assembly (using cellular
organisation to guide the development of bioprinted
tissues) and mini-tissue building blocks (identifying
and recreating the building blocks of tissues to pro-
duce complex systems)!*¥. For any one of these strat-
egies, there are a number of techniques that can be
employed for their fabrication.

2.1 Inkjet Bioprinting

Based on 2D ink-printing technology, inkjet printing is
still the most popular printing method for 3D biologi-
cal tissues analogues. The first modifications of the
technology replaced the ink reservoir with bioink and
the paper-feed tray with an x-y-z controllable staget*.
Inkjet printers use thermal or acoustic methods to de-
liver controlled volumes of the bioink to previously
defined locations™® and build the structure layer-by-
layer. Therma methods generate heat at the print head
which forces ink out of the nozzle through pressure
pulses. Although temperatures can reach 200-300°C
during thermal inkjet printing, this lasts a few micro-
seconds, resulting in an overall temperature rise of
4-10°C for agueous systems, which has been shown
not to have a detrimental effect on cell viability™.
This method of printing is fast, cheap and readily
available. However, athough temperature effects on
cells has been shown to be minimal, other factors such
as print-head clogging, mechanical stress and unrelia
bility in bioink dispensing, present the biggest disad-
vantages.

Acoustic inkjet printing technology is based on ge-
nerating pressure in the nozzle by applying a voltage
to a piezoelectric crystal which changes the crysta’s
conformation. Controlling this process precisely al-
lows the bioink to be deposited as droplets*”. A mod-
ification of this process uses ultrasound to create an

acoustic radiation field and form droplets from an
air-liquid interface. Control of droplet size and rate of
deposition comes from ultrasound pulse, duration and
amplitude™®. The acoustic methods can be modified
so that they are not reliant on nozzles*®. This reduces
the risk of clogging and shear stress on cells. There
are aso no changes in temperature during droplet
formation. However, there is a risk of causing cell
lysis and membrane damage from the frequencies
used to change the piezoel ectric crystal shape.

One of the main drawbacks of using either thermal
or piezoelectric-based inkjet printing methods is that
only liquids with low viscosities are easily printable.
This introduces further problems in creating a solid
structure once the bioink has been deposited onto the
staget®®. Methods of addressing this issue are outlined
in Section 3. Similarly, only low cell humbers can be
printed to avoid the nozzle from clogging and to re-
duce shear stress on the celld*¥. However, once these
issues are addressed, inkjet methods offer fast, cheap
and high resolution bioprinting with the ability to
change drop size and density, thereby the ability to
create gradients. When this is coupled with multiple
nozzles, it is clear why inkjet printing techniques are
so attractive to tissue engineers??.

2.2 Laser-Induced Forward Transfer Bioprinting
(LIFT)

Laser-induced forward transfer (LIFT) technology
uses pulses of laser focused on a ‘ribbon’ upon which
the biologica materia is layered as a solution. The
pulse creates a high-pressure bubble which forces the
biological materia off the ribbon and onto a collector.
The technology is not as popular as inkjet and micro-
extrusion for bioprinting but is increasingly being
used?2¥. The component set-up for LIFT is entirely
different to inkjet and microextrusion technologies
and as such the printing resolution and speed is de-
pendent on factors including laser energy, material
wettability and surface tension, the spacing between
the ribbon and the substrate and material viscosity®.
The benefits of LIFT are that it is a nozzleless sys-
tem and so clogging of the print head is no longer an
issue, a range of viscosities can be printed without
causing a detrimental effect on cell viability!®™ and
high cell numbers can be printed”. These are all ad-
vantageous over conventional bioprinting systems.
However, the complexity of LIFT is its biggest
downfall. Individua ribbons are required for deposit-
ing different bicinks which can be time-consuming

International Journal of Bioprinting (2016)-Volume 2, Issue 1 7



3D bioprinting for tissue engineering: Stem cellsin hydrogels

and expensive when printing multiple materials or cell
types. Furthermore, the ribbon coating method does
not lend itself to distributing cells accurately and met-
al contaminants are present in the fina printed con-
struct; as metal coating is used to create a laser energy
absorbing layer on the ribbon.

Even so, as the price for 3D printing is decreasing
and LIFT technology is becoming more accessible,
severa researchers have used it to fabricate clinically
relevant constructs, both acellular® and cellulart®*.
As component parts are modified to suit bioprinting
for the purpose of tissue engineering, the interest in
this technology is likely to grow substantially.

2.3 Microextrusion Bioprinting

Microextrusion printing is one of the most popular
and cheapest methods of non-biological printing!®".
The technique uses force to extrude material via a mi-
croextrusion head onto a stage, both of which can
usually be controlled along the x, y and z axes™?. For
bioprinting, materials can be extruded mechanically or
pneumatically’®¥. Pneumatic systems are ideal for
printing materials that have higher viscosities®? as
they are limited only by the system’s air-pressure ca-
pabilities and nozzle diameter. The mechanism is sim-
ple but delays caused by the compressed gas which
controls material flow can affect the printing resolu-
tion. Mechanical motor-based microextruders are more
complex and provide better spatial resolution but are
limited by the forces they can generate and therefore
struggle to extrude materials with high viscosities™.
The temperature of the stage and print head of a
microextrusion system can be controlled, which al-
lows a range of materials to be printed™. Further-
more, as forceis used to extrude the material, high cell
densities can be printed, athough, as with inkjet me-
thods, the forces generated can affect cell viability. As
microextrusion uses higher forces than inkjet printing
methods, the cell viability can be as low as 40%** or
even lower if higher pressures are used. This impact
on cell viability can be reduced by lowering the extru-
sion pressure and printing through nozzles with alarge
gauge size, athough this in turn affects the printing
resolution and speed. Nevertheless as microextrusion
technology can print high cell densities and can be
fitted with multiple extrusion heads, allowing for mul-
ti-material or multi-cell printing!®”?, it remains the
most popular method for self-assembly cell printing;

through which cells are deposited as spheroids without
a secondary support material®®. Microextrusion prin-
ting has already been used to produce aortic valves™
and pharmokineticl*” and disease*! models. Further-
more, there is room for improvement as the technolo-
gy is capable of printing non-biological materials at
high resol ution.

2.4 Stereolithography and Projection Pattern Bio-
printing

Stereolithography is traditionally used to fabricate solid
structures from photocurable polymer or resin using a
laser and an x-y-z-controlled stage*?. The techniqueis
based on solid freeform fabrication with polymerised
layers printed bottom-up, although top- down stereo-
lithography approaches also exist. The printing resolu-
tion is dependent on laser energy and focus. Although
traditionally the technique has been used to produce
acellular scaffolds, researchers have incorporated pho-
topolymerisable proteins and cell-guiding cues into
the scaffolds using stereolithography!*.

Projection stereolithography, also known as digital
micromirror device microfabrication, is a modification
of the origina system which uses micromirrors to
create a reflective photomask for fabricating the scaf-
fold layer by layer™. Further advancements in the
technology have led to the development of a more
complex system which alows the entire 3D structure
to be polymerised at the same time“®. Such a system
can dramatically reduce the printing speed.

The main drawback with using traditional stereoli-
thography to print scaffolds is that it is not easy to
incorporate cells into the structure and maintain via-
bility as it is being fabricated, unless the set-up is
modified first“!. Typically the scaffold is formed first
and cells are seeded post-fabrication.

3. Selecting Suitable Materials for 3D Bio-
printing

The main chalenge in engineering tissues is replicat-
ing the in vivo environment chemically, mechanically
and morphologically. Therefore, the scaffold material
on which the cells will be cultured is one of the most
important initial choices to be made. The source of
these materials may be natural or synthetic (Figure 1).
Both types of materials have been used for tissue eng-
ineering in equal measurd*” . Natural materials are
biocompatible while synthetic materials can be modified

8 International Journal of Bioprinting (2016)-Volume 2, Issue 1



Nazia Mehrban, Gui Zhen Teoh and Martin Anthony Birchall

Biodegradable Polymers

l

Polyesters

Polyhydroxyacids

Polyanhydrides
* Polyglycolic acid

* Poly(L-lactic acid)

* Poly(caprolactone)

* Poly(lactic-coglycolic acid)
* Poly(3-hydroxybutyric acid)

* Poly (sebacic acid)
* Poly (adipic acid)

l

Natural Polymers

Plant & Animal Proteins Polysaccharides

» Casein

* Whey * Wood

* Collagen * Pectins
* Gelatin « Chitosan
* Soya + Gum

* Gluten

Figure 1. Biodegradable polymers used for bioprinting applications.

easily and are therefore easier to handle during manu-
facture. However, natural materials often lack the
mechanical integrity required whilst synthetic mate-
rials are often not biocompatibleé®™. Some researchers
have sought to overcome these issues by combining
favourable elements from both categories to create
hybrid materials®>*3. Even so, not all of these mate-
rials are suited to 3D printing. While the high temper-
atures and solvents used in the initial 3D printing
techniques are not employed for bioprinting, there are
still certain criteria, which need to be met when se-
lecting suitable bioprinting materials.

3.1 Printability

It is important to be able to both deposit the material
accurately and retain spatia resolution in order to
control the overall scaffold geometry. Some bioprint-
ing techniques cannot print viscous materials (such as
inkjet methods) while others shear-thin the material
and therefore affect its formation (such as microextru-
sion). Temporal resolution is another aspect which
needs to be addressed, as materials that take too long
to ‘set’ will affect the spatial resolution of the scaffold,
whilst materials that set too quickly will be in danger
of blocking the nozzle. Other factors to consider are
whether the cells or biomolecules will encounter shear
stress or high temperatures during printing. Current
cell-printing technologies report a high variation in

cell viabilities; typically between 40% and 90%.
3.2 Biocompatibility

Original expectations of material biocompatibility
centered on minimising inflammation and creating
materials that would not produce cytotoxic side-eff-
ects. Today, however, biocompatibility can include the
incorporation of biochemica functionality, i.e. growth
factors or growth factor mimics, and nanoscale scaf-
fold morphology to improve and enhance the interac-
tion of cells with the scaffold, and therefore engi-
neered tissue with the in vivo environment!™®. It is
vital to select a material which can be modified
through the printing process such that there is the op-
tion of building complexity into the system.

3.3 Degradation

Degradation of a material into smaller chemical units
due to material chemistry, oxidising agents, enzymes
or ionising radiation and ultrasound occurs via two
mechanisms. surface (materials loss layer by layer) or
bulk (fragmentation of the whole material)®®. Figure
2 shows both mechanisms.

The main indicators of degradation are reduction in
sample mass, loss of mechanical strength and changes
in chemical bonds and groups. Controlled degradation
is vital as material loss and a reduction in mechanical
integrity of the overall scaffold®! can alter the
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Figure 2. Mechanisms of degradation: bulk (A) and surface (B)
degradation.

cellular response to the material. For example, during
bulk degradation scaffolds can become more porous,
which in turn will have a profound effect on cell mi-
gration behaviour and nutrient uptake.

When selecting a bioprintable material which has a
suitable degradation profile, it is necessary to aso
consider whether the cells will contract the scaffold in
any way and change its dimensions or whether the
material’s swelling behaviour will be atered and the
effect any by-products from degradation may have on
surrounding tissue. A relatively inert and printable
material or combination of materials that maintain the
correct dimensions could still produce by-products
that are toxic or not readily removed by the body™
and therefore present new challengesin vivo.

In order to assess the degradation behaviour of a
material, factors such as chemical composition, ther-
mal properties, surface area to volume ratio and ste-
reochemistry must also be taken into consideration.

3.4 Mechanical Strength and Structural Integrity

As stated in Section 2.3, maintaining structural integr-
ity at the same rate as cell growth is highly challeng-
ing but necessary. Not only doesit provide cellswith a
physical support, studies have also shown that a me-
chanical strength which matches in vivo conditions
can strongly influence cell proliferation and differen-
tiation® >, Several researchers have used a hybrid
material approach to create a mechanically suitable
environment™®*®. However, the printability, from cha-
nges in viscosities and a mismatch in the most suitable
printing technique for the materials, must be assessed
and thus further adds to the complexity of the issue.
These problems are not insurmountable and severa
researchers have created 3D printed hybrid scaffolds

(see Section 4.3).
4. Using Hydrogels for 3D Bioprinting

Hydrogels are an idea tissue engineering material
which can be sourced naturally, created synthetically
or used in combination with other materials® 4. Hy-
drogel networks are comprised of polymer or peptide
chains. They have a high content of water, ideal for
absorbing high levels of nutrients and oxygen'®, al-
lowing cells to migrate within the scaffold®® and the
waste to diffuse out(®”..

Synthesised materials, such as those based on po-
lyethylene glycol and polyacrylamide, offer more
control over modification than naturally derived mate-
rials such as aginate, collagen, fibrin and hyaluronic
acid®*®,

4.1 Synthetic Materials

Having control over gelation time and mechanical
strength are two of the most important elements in
hydrogel bioprinting. If the gelation time is too long,
the spatial resolution is lost and layers cannot be
printed with accuracy. To control the setting time the
gelation mechanism can be manipulated by chemically
modifying the material, introducing crosslinking
agents or varying the polymer content!®®. Miiller et
al.'*¥ were able to control the printability of Pluronic,
a block-copolymer, by mixing acrylated with unmodi-
fied Pluronic F127 and stabilising the structure
through ultraviolet (UV) crossinking while Barry et
al.l"¥ used direct-write assembly and UV photopoly-
merisation to produce poly(acrylamide)-based gels for
fibroblast culture. With any of the techniques the
process of printing a new layer should not disrupt or
dissolve the previously deposited material.

Hydrogels as a whole have a high water content
which isidea for maintaining cell viability. However,
the material provides low structural support!™. By
using chemical or physica crosslinking methods this
can aso be improved and therefore solve two major
issues using one modification technique. Being able to
control scaffold formation in this way would suggest
that for bioprinting, synthetic materials, owing to their
customisability, are superior to naturally-derived ma-
terials. However, cellular interactions and biocompa-
tibility are almost always better on natural materials
than syntheticl’. To improve the biocompatibility of
synthetic materials, functional sequences, such as pep-
tide adhesion motifs, can be covalently attached to the
materia. The drawback of this approach is introducing
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even more complexity to an already modified system.
4.2 Natural Materials

In contrast, natural materials, athough inferior to
synthetic hydrogels in terms of controlling gelation
kinetics and mechanica strength, are able to chemi-
cally and physically mimic native extracellular matrix
(ECM). Collagen is the most abundant component of
ECMI. 1tis widely used in tissue engineering appli-
cations and contains cell-guiding chemical cues, such
as the cell adhesion peptide sequence arginine-glycine-
aspartic acid (RGD)!". However, although it is wide-
ly used as a bioprinting material, collagen is an un-
likely gold-standard candidate as it contracts and does
not retain its original shape.

Hyauronic acid (HA), is dso a naturaly derived
material which does retain its shape and is already
used clinically!™. HA forms very soft gels but can be
modified and crosslinked using a variety of methods
including the UV method described in Section 4.1/
and thiol-modified HA using gold nanoparticles”” to
increase its stiffness. Similarly, fibrin is aready used
in surgery as a haemostatic agent and sealant”®"®. The
added complexity with fibrin is that it crosslinks
through the addition of thrombin. However, it can
produce mechanicaly stable hydrogels and has been
blended with other gels for bioprinting purposes®.

Some natural gels are difficult to print, not because
they form soft gels as described in the earlier exam-
ples, but because their gelation properties are unde-
sirable. Gelatin is one such materia. It forms a gel
easily by temperature control but has a melting tem-
perature of 30-35°C'®Y, which is below the standard
physiological temperature of 37°C. Similarly, aginate
produces gels easily through cation crosslinking, but
unlessit is modified with motifs that can guide cellsto
adhere, proliferate and differentiate, it is relatively
inert®,

4.3 Hybrid Materials

An dternative approach to producing scaffolds with
desirable properties is to create a hybrid. A study on
methacrylated hyaluronic acid combined with metha-
crylated gelatin showed that not only could cell viabil-
ity be maintained but by varying the concentrations of
the two materias, the stiffness and viscosity of the
hybrid could be controlled®. Other researchers have
used a similar approach to bioprint scaffolds for a
range of uses, including cartilage engineering® and
to tune material properties for arange of scaffolds™®.

The main issue in using this approach is matching
the printable properties of the separate materials or
selecting a bioprinting technique which would alow
both materias to be printed simultaneously under dif-
ferent conditions. Although the latter adds another
level of complexity to printing 3D biocompatible
scaffolds, it is a branch of bioprinting that is currently
being explored®.

5. Céll Encapsulation in Hydrogelsfor Printa-
ble Bioinks

The choice of cells for 3D bioprinting is often based
on the type of tissue being created. However, as tis-
sues and organs are composed of multiple cell types
which have a range of specific functions, it is likely
that the bioprinting requirement will be for a mixture
of cells. Current methods predominantly involve
printing individual cell types in specific patterns, de-
signed to mimic native tissue cell distribution®”. Al-
though cells have been printed in single drops, with
each drop containing one or two cells®, it is currently
not possible to print individua cells reliably. This is
not an issue as long as large cell agglomerates (clus-
ters of cells large enough to cause cell death at the
centre of the cell mass) can be avoided and cell-to-cell
contact can be maintained. The size of these agglo-
merates will depend on the type of cells used and the
ease with which nutrient and waste exchange can oc-
cur at the centre of the mass.

For a more efficient system, resembling a native 3D
environment, a material-cell composite ink would be
more suitable. The ability to encapsulate cells within
the materia asit is being printed allows researchers to
create a more tissue-like environment compared with
creating a 2D construct first onto which cells are then
seeded®. With hydrogels this has been attempted
with some success™, creating cell-laden constructs
that contain microvascular networks® and are able to
integrate well with native tissue®?. Combining cells
with hydrogels is a delicate balance of maintaining
high cell viability whilst ensuring that there are not
too many cells in the gel to cause hyperplasia or
apoptosis, either by optimising the number of cells
added at the loading stage of the process or by con-
trolling the rate of cell proliferation post-printing™?.

When using hydrogels with cells, there are a num-
ber of factors which could cause cell death. One of the
most obvious causes is the method selected for gela-
tion. During crosslinking or temperature-based gela-
tion the cell viability could be substantially affected®?.
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The introduction of cytotoxic crosslinking agents
should be avoided and as cells are only able to survive
in a narrow temperature range, the list of gel candi-
dates is substantially reduced. However, by combining
materials, the list of printable gels could once again be
expanded.

Furthermore, the time required for gelation is of
importance. The longer it takes for the materia to be
printed and form the structure, the more likely the
layers printed at the start of the process will lose via
bility, thus limiting the use of the construct. Other
factors include the introduction of stress on cells thr-
ough changes in the viscosity of the gel. While control
of viscosity would make the gel more printable, slight
changes could lead to low cdl viability rates. Stress
could aso be introduced by methods of extruding the
bioink*® and changes in temperature during the prin-
ting process, although the latter is dependent on how
long high temperatures are maintained. In their study,
Cui et al.l® reported a rise in temperature during
printing from 22°C to 46°C. However, as the drops
produced cooled within seconds, no significant apop-
tosis was observed.

6. Using Stem Cellsfor 3D Bioprinting

The ideal cell type for bioprinting is dependent on the
accessibility and availability of the cells, the self-ren-
ewal and expansion capacity, differentiation profile
and cellular tumorigenicity as well as viability fol-
lowing encapsulation and printing. Stem cells are a
particularly attractive cell type as they are pluripotent
and able to differentiate into other cell types upon ex-
posure to the correct physical and chemical guidance
cues ™. Within the human body, there are a number of
viable sources of stem cells, such as the bone marrow,
periosteum and adi pose tissuet** %%,

6.1 Stem Cells Selection

Stem cell differentiation can be guided through the
incorporation of tissue-specific chemical signalsin the
scaffold, although some researchers suggest that this
may not be necessary to promote differentiation and
subsequent tissue regeneration'®”. While the advan-
tages of using pluripotent cellsin bioprinting are clear,
there are ethical considerations which must be taken
into account when using stem cells. Furthermore, the
generation of pluripotent stem cells from adult cells
(induced pluripotent stem cells, iPSC) pose the risk of
tumorigenicity which must also be considered™. Eth-
ica issues aside, there are three main categories of

stem cells which can be considered for 3D bioprinting:
embryonic, somatic and iPSC.

6.1.1 Embryonic Sem Cells (ESCs)

With the ability to form any cell type and indefinite
self-renewal®, embryonic stem cells (ESCs) are the
ideal cell type for tissue engineering. One of the chal-
lenges in using ESCs for regenerating or repairing
tissue is identifying the conditions needed to drive the
cells towards a specific lineage. As cell differentiation
is influenced by both chemica and physical cues, the
identification of ideal culture conditions adds another
level of complexity to an already difficult task.

The biggest drawback of using ESCs is that they
are derived from a blastocyst. In some countries,
ESCs research is prohibited or severely restricted due
to the ethical issues this raises. Furthermore, where
research in the field is alowed, the number of cells
derived from an embryonic source is low and, unless
expanded significantly in vitro, is unlikely to meet
clinical demand.

6.1.2 Adult Stem Cells

Adult stem cells cover any postnatal somatic cell that
is undifferentiated and can self-renew™. These cells
can be derived from a number of sources including
brain, liver and bone marrow!*®. Mesenchymal stem
cells (MSCs) are readily available from bone marrow,
adipose tissue, amniotic fluid, the synovium and pe-
riosteum and are known to be less tumorigenic than
their embryonic or fetal counterparts®®. MSCs are
non-haematopoietic, are relatively straightforward to
obtain via bone marrow harvesting methods™®? and
interact well with a range of materials that may be
used for cellular encapsulation to produce viable bio-
inks. Table 1 features the types of adult MSCs which
have been used for bioprinting applications.

Although M SCs can be harvested from the patient’s
own tissue, and therefore reduce the risk of rejection,
only 0.001%-0.01% of total nucleated cells in bone
marrow are MSCs'%?. A possible alternative source
which could be used is adipose derived MSCs
(ADMSCs). Adipose tissue is abundant and many re-
searchers have used ADMSCs successfully towards
tissue engineering! %1931,

6.1.3 Induced Pluripotent Sem Cells (iPSC)

The discovery that stem cells can be generated directly
from adult cells by the introduction of four transcription
factors has revolutionised biomedical research™*>%,
By using the patient’'s own cells, the ethical issues
related to stem cell research and the concern sur-
rounding tissue rejection can be avoided. Furthermore,
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Table 1. Examples of human mesenchymal stem cells used in bioprinting and their performance

No. Human Cell Type Scaffold Materials

References

1 Amniotic-derived mes- Fibrin-collagen Hydrogel
enchymal stem cells

Regenerated Tissue  Bioprinting Technologies

Inkjet Skardal et al. 2012%"

(a) Evidence of re-epitheliaisation on skin wound in mice with an increase in microvessel density and capillary diameter over 14 days.

However, cells did not fully integrate with native tissue.

2 Adipose-derived mes Alginate
enchymal stem cells

Adipose

L aser-assisted (a) Grueneet al. 20119

(a) Adipogenic lineage pathway maintained for 10 days with expression of adipogenic markers similar to those expressed in native adipose

tissue.

3 Bone
mesenchymal stem cells  poly(ethylene glycol)
(b) poly L-lysine coated carbon
nanotubes and acetylated collagen

marrow-derived (a) acrylated peptides and acrylated Boneand Cartilage  Inkjet

(a) Gao et al. 20151
(b) Holmes and Zhang
2013124

(a) High cell viability (87.9 £ 5.3%) and good differentiation, evidenced by mineral and cartilage matrix deposition.
(b) Biomimetic poly L-lysine coated carbon nanotubes and acetylated collagen can induce proliferation of MSCs.

as the iPSCs can be derived from any somatic cell, the
yield is high.

However, as a relatively recent discovery, there is
still alot of research to be done on how the cells be-
have long term. Furthermore, genetic manipulation of
cells poses a risk of tumorigenicity™®, introducing
new problems in their clinical use. For this reason,
some researchers have sought to find alternative
routes for generating iPSCs, for example via protein
reprogramming!*%%.

6.2 Stem Céell Bioprinting

When selecting cells for bioprinting, an important
factor to consider is the robustness of the cells. Many
of the 3D bioprinting technologies outlined in Section
2 can affect cell viability, some of which are discussed
in Section 5, and with alimited supply of stem cells, it
is essential that this is taken into consideration. While
selecting the appropriate bioprinting technique, it is
important to ensure that the stem cells retain their plu-
ripotency. If the printing method affects the differen-
tiation potential, primarily through creating a microen-
ironment to which the stem cells are sensitive™®*?,
then a complex scaffold, irrespective of whether it
contains cell-guiding functional motifs, is unlikely to
produce the desired tissue. Using laser-based printing,
Gruene et al.™¥ showed that this is possible. Fur-
thermore, early consideration of the interaction be-
tween stem cells, the encapsulating material and other
cell types used during the bioprinting process could
also increase overal viability and help maintain plu-
ripotency!™*+ ¢,

As stem cells are sensitive to topography, the scaf-
fold design could strongly influence cell morphology,
proliferation and differentiation without the need for

additional biological cues™ "™ Eliminating the addi-
tion of growth factors or growth factor-like cues, to
reduce bioink complexity, could help improve bio-
printing resolution and the overal quality of the
product. With the right combination of stem cells, bi-
oprinting technology and scaffold materials, engi-
neering a functiona tissue suitable for clinical appli-
cations becomes a very rea possibility.

7. Future Directions

With the progression in complexity of bioprinted
structures, it is clear that the future of clinically rele-
vant 3D printed materias lies in replicating complex
and heterogeneous tissues. In this review we have de-
scribed how technological advancement has occurred
in parale to hybrid materia development. Bioprint-
ing is no longer confined to a process for combining
one cell type with one material; the emphasis today is
to use a variety of material types to create bespoke
scaffolds onto which chemical cues can be tethered
and multiple cell types can be printed with precision.
Popularity in the use of this technology has led to
cheaper systems being made available and therefore
more accessible. However, the speed at which the
scaffolds are produced is still an area of exploration.
This progress is necessary, not only to maintain high
cell viability rates but also to scale up the process and
fabricate enough scaffolds to meet clinica demands.
Kolesky et al.[* estimate that to print an adult human
liver using a single nozzle with a 200 um diameter, it
would take 3 days. However, by switching to a
64-nozzle system under the same conditions this could
be reduced to 1 hour. Such a difference in production
speeds could result in scaffolds being produced to
meet individua needs quickly whilst reducing the sur-
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gical demand for bespoke solutions.

Material compatibility with such advanced systems
must also be assessed. A physiologically relevant sca-
ffold must be able to support and guide cell growth
and differentiation both chemically and physically. As
well as creating complex blends of bioinks, this would
require heterogeneous material fabrication and preci-
sion-printing to create organized gradients or complex
patterns of cells and functional motifs which mimic
native ECM more closely. One approach currently
being explored to meet these requirements is the use
of smart materials, i.e, materials that are able to
change their shape, mechanical strength and permea-
bility in response to externa or physiological stimu-
li™7. Smart hydrogels can respond to changes in
pH'? temperaturé®™® and electric and magnetic
fields'?*'? These materials are particularly attractive
as the scaffold could mould itself as the cells mature.

An aternative approach is to print decellularised
ECM directly to provide the structural and chemical
cues the cells require. It is believed by some research-
ers that no matter how complex the hydrogel-based
scaffolds become, decellularised ECM is till the
closest representation of an in vivo environment!*?®
and therefore the future of bioprinting tissues. The
downside with this method is harvesting the ECM first
but if tissue-specific ECM can be derived with ease,
then this method may help resolve some of the cell
functionality issues currently experienced when using
other, more conventional scaffolds.

Through the various examples cited in this review,
it is clear that bioprinting itself has been successfully
used to maintain cell viability and incorporate cell-
guiding cues into complex scaffold materias. The main
challenge facing researchers in this field today is
fine-tuning the technique to mirror native tissue com-
plexity. The goa in tissue engineering is aways to
improve the patient’s quality of life and by creating
bespoke materials that are able to regenerate or guide
tissue development in a cheap and fast way, 3D bio-
printing has become a powerful and highly flexible
tool for achieving this. Furthermore, as knowledge on
technologies and materials advances, it is entirely
plausible that in the future in situ bioprinting systems
could be developed to both scan the patient’s wound
site and print the cell-laden scaffold directly into the
wound, all without leaving the operating theatre. Sig-
nificant progress in this area has already been made
towards skin®? and cartilage repairt®?.
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Abstract: Bone implant infection constitutes a major sanitary concern which is associated to high morbidity and health
costs. This manuscript focused on overviewing the main research efforts committed up to date to develop innovative
alternatives to conventional treatments, such as those with antibiotics. These strategies mainly rely on chemical modifi-
cations of the surface of biomaterials, such as providing it of zwitterionic nature, and tailoring the nanostructure surface
of metal implants. These surface modifications have successfully allowed inhibition of bacterial adhesion, which is the
first step to implant infection, and preventing long-term biofilm formation compared to pristine materials. These strate-
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the devel oped world are caused by organisms growing
on biofilms“l. A biofilm is a microbial-derived sessile
community consisting of prokaryotic cells perma-
nently attached to a substratum one to each other, em-
bedded in a matrix of extracellular polymeric sub-
stances that it had produced!?. Bacteria forming bio-
films are resistant to host defenses and conventional
antibacterial therapies such as vaccines and antibiotics

1. Introduction

The infection risk of bone implants is a major
clinical concern that could lead to implant fail-
ure and subsequent serious postoperative com-
plications of surgical procedures with high morbidity

and costs to the national hedthcare systems. Bone
implant infections are usually caused by bacterial at-

tachment and colonization on the implant surface'.
Bacterial adhesion and subsequent growth usually
results in slime enclosed biofilm formation on the im-
plant surfacé®®. In fact, it has been estimated that
65-80% of bacteria infections treated by cliniciansin

that are effective to eiminate infections caused by
planktonic bacterid®. Therefore, the initial bacterial
adhesion to the biomaterial surface becomes critical in
infection pathogenesis.

Of late, new approaches have been proposed to
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control and prevent bacterial contamination of im-
plants. One strategy consisted of tailoring the antibac-
terial properties of the implant surface. Thus, different
surface modifications and coating techniques have
been proposed, such as direct impregnation with anti-
biotics, immobilization of bactericidal agents or coat-
ing with antimicrobia active metals such as copper
and silver, nitric oxide-releasing materials, and TiO,
filmd®. Nonetheless, whatever antimicrobial strate-
gies used, implants must fulfill the non-fouling re-
guirements or biomacromolecules and dead microor-
ganisms would easily accumulate on the implant sur-
face and hinder the antimicrobial activity of its func-
tional groups'”. For this reason, great research efforts
have been devoted to develop new strategies to modi-
fy the surface of biomaterials to provide antibacteria
adhesion capability. With the aim of hampering the
attachment of microorganism onto surfaces, a widely
investigated method consisted of grafting surfaces
with hydrophilic polymers, and highlighting polye-
thylene glycol (PEG) derivatives. Steric repulsion
caused by a water hydration layer formed via hydro-
gen bonding has often been proposed to explain the
resistance of hydrophilic surfaces to protein and bac-
terial adhesion®®. A major concern that limits biolog-
ical applications of PEG is that this polyether autox-
idizes relatively quickly™, which made PEG coatings
having restricted attainment in preventing long-term
biofilm formation.

Recently, zwitterionization of biomaterials has em-
erged as a groundbreaking strategy to confer surfaces
of high resistance to nonspecific protein adsorption,
bacterial adhesion and/or biofilm formation'”. Zwitte-
rions are characterized by owning an equal number of
both positively and negatively charged groups within
a molecule hence maintaining overall electrical neu-
trality. The non-fouling ability of zwitterionic mate-
rials, as in the case of hydrophilic materials, is corre-
lated with a hydration layer on the surface, since a
closely bound water layer forms a physical and ener-
getic barrier to avoid bacterial adhesion. Since zwitte-
rionic materials contain both positive and negative
charged units, it can bind water molecules even more
strongly than hydrophilic materials via electrostatical-
ly induced hydration, becoming an important part in
affording interfacial bioadhesion resistance®*”.

On the other hand, it has been demonstrated that
surface nanotopography and architecture plays an es-
sentia role in bacteria attachment and biofilm forma-
tion!*>™¥. In fact, Campoccia et al.l*® indicated that

the use of nanostructured surfaces with inhibited bac-
terial adhesion could represent a challenging aterna-
tive to antibiotics™ %, Varied surface modification
techniques have been widely used in the fabrication of
artificial antibacterial surfaces®?4. These surfaces
comprised a range of nanotubes and nanoparticle-
based surfaces, and nanostructured coatings produced
by glancing angle deposition technique by magnetron
sputtering (MS-GLAD)Z*?4,

The potential of these antibacterial strategies into
the bone tissue engineering (BTE) landscape would be
essential in manufacturing advanced three-dimensiona
(3D) scaffolds. The different techniques used in the
manufacturing of scaffolds must permit an accurate
control of different length scales from nano, micro to
macro'®, attending to clinical needs. 3D scaffolds for
BTE must fulfill the following requirements®®: (i) hi-
ghly interconnected pore networks to allow cell growth,
nutrients supply and metabolic waste; (ii) both bio-
compatible and bioresorbable behavior with tunable
degradation and resorption rates to ensure tissue re-
placement; (iii) appropriate surface chemistry for sele-
ctive cell attachment, proliferation, and differentiation;
and (iv) mechanical properties similar to those of the
tissues at the implantation site?527,

This review begins with a description of the differ-
ent recent surface modification strategies aimed at
inhibiting bacterial adhesion. Among the diverse ap-
proaches, we centered on the chemical modification of
biomaterials via zwitterionization, and the modifica-
tion of metal implants by tailoring its surface nanoto-
pography. In addition, this review focused on the po-
tential application of these antibacterial strategies in
BTE. To this aim, the more sophisticated techniques
for the fabrication of 3D scaffolds are overviewed.

2. Bone Implant I nfections

In this section we overviewed the recent advances
developed to date concerning the design and devel-
opment of zwitterionic surfaces and nanostructured
coatings to inhibit bacterial adhesion and biofilm for-
mation onto implantable biomaterials.

2.1 Zwitterionization of Biomaterials

Zwitterionic materials are very promising next-gen-
eration biomaterials with a wide variety of potential
biomedical applications. Herein, we summarized the
methods reported to date to provide metal substrates
and bioceramics of zwitterionic nature aimed at de-
signing bacterial anti-adhesive biomaterials.
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(1) Zwitterionization of metal substrates

Zwiterionic polymers such poly(sulfobetaine metha-
crylate) (pSBMA) and poly(carboxybetaine metha-
crylate) (pPCBMA), possessing mixed positively and
negatively charged functional groups within the same
polymer chain and total neutral charge, exhibit ultra-
low fouling capahilities, able to inhibit nonspecific
protein adsorption, bacterial adhesion and biofilm
formation!?*. The most widely used method to graft
zwitterionic polymers to surfaces is the surface-initi-

ated atom transfer radical polymerization (SI-ATRP)!3.
Among zwitterionic polymers, pSBMA has been gra-
fted to different substrates such as gold™, glass™!
and poly(tetrafluoroethylene) membranes™ to attain
unfouling surfaces.

Recently, an improved strategy for surface zwitte-
rionization of metallic surfaces, such as commercial
pure titanium (pTi)™® and biomedical grade 316L type
stainless steel (SUS 316L)1%", by SI-ATRP of pSBMA
has been reported (Figure 1A). Zwitterionization can

(A) Zwitterionization of metal substrates
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Figure 1. Schematic depiction of the developed strategies to functionalize biomaterials. (A) Zwitterionization of metal substrates
with poly(carboxybetaine methacrylate) (p)CBMA) by covalently bonding dopamine (D) (left) or an organosilane (Si) (right), grafting
of an initiator and polymerization of SBMA monomers via surface-initiated atom transfer radical polymerization (SI-ATRP) (B)
Zwitterionization of bioceramics (ordered mesoporous silica or nanocrystalline hydroxyapatite, HA) by using 3-aminopropyltri-
methoxysilane (APTES) and carboxyethylsilanetriol sodium salt (CES) (left) or (N-(2-aminoethyl)-3-aminopropyl-trimethoxysilane)

(DAMO) (right).
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be divided into four stages®?: (i) treating of the bare
metal with ultraviolet (UV) light; (ii) immobilization
of either dopamine (D) or an organosilane (S); (iii) gra
fting of the initiator, 2-bromoisobutyl bromide (BiBB);
and (iv) polymerization of SBMA monomers from the
BiBB-tethered surface via ATRP. In vitro bacterial
adhesion assays were tested using two of the most
commonly seen clinical bacteria, E. coli and S. epi-
dermidis. Bacteria adhesion tests on pTi surfaces in-
dicated that bare metal surface was fully covered by E.
coli and S epidermidis after 24 hours of assay'™®.
However, very few bacteria were attached to Sl-
ATRP-treated surfaces, reduced to ca. 95% relative to
uncoated pTi surfaces. This opened up promising ex-
pectations in the field of metallic implants.

(2) Zwitterionization of bioceramics

Bioceramics are excellent candidates to manufacture
bone-like scaffolds®. It can be designed to release
biologically active molecules to repair, maintain, re-
store or improve bone functions. Different strategies
have been developed to provide bioceramics of zwit-
terionic nature aimed at inhibiting bacterial adhesion
and preventing bone implant infections. In this case,
inhibition of bacterial colonization must be compati-
ble with adhesion of bone-forming cells to allow os-
seointegration, which is an essentia requisite to war-
rant a successful implant performance.

Among bioceramics, silica-based ordered meso-
porous materias have been broadly proposed for bone
tissue regeneration®**3. These materials display high
surface areas and pore volumes, tailored and narrow
pore size distributions, and functionalizable surfaces.
These characteristics alow these materials to act as
host matrices for a wide range of therapeutic mole-
cules, such as drugs, peptides and small proteins, to be
subsequently released in a sustained fashion at the
implantation site*¥. Providing the surface of meso-
porous matrices of zwitterionic nature to inhibit bac-
terial adhesion would constitute and add value for the
biomedical application of these materials. Thus, the
synthesis of zwitterionic SBA-15 type mesoporous
material bearing —-NH;"/—~COO® groups has been re-
ported (Figure 1B)[44]. This material was synthesized
by the co-condensation method using 3-aminopropyl-
triethoxysilane (APTES) and carboxyethyl silanetriol
sodium salt (CES) silanes as —-NHz® and —COO°
sources respectively, during the synthesis of SBA-15.
The zwitterionic nature of this material in aqueous
medium was conserved at pH values around 5.5, as
confirmed by determining its isoelectric point by

potential measurements. The capability of these mate-
rials to inhibit bacteria adhesion was in vitro eva-
luated by simulating severe inflammation/infection
conditions, which are usually associated to a decrease
in normal pH valued®™. In vitro bacteria adhesion
assays using E. coli indicated that bacterial adhesion
in zwitterionic SBA-15 was reduced to ca. 93% rela
tive to that for pure silica SBA-15. Moreover, in vitro
tests with cultured human Saos-2 osteoblasts were
performed to investigate the biocompatibility of zwit-
terionic materials at 7.4, i.e., once normal physiologi-
cal pH conditions have recovered. The results demon-
strated that zwitterionic SBA-15 exhibited good bio-
compatibility with Saos-2 osteoblasts adhering, proli-
ferating and maintaining its morphological and func-
tional characteristics*.

Recently, the design and synthesis of a new zwitte-
rionic SBA-15 type bioceramic with dual antibacterial
ability has been reported“?’. Its non-fouling capability
was derived from the inherent zwitterionic nature of
the surface, while the bactericidal capability resulted
from its capability to host antibiotics into the meso-
pores. In this case, zwitterionic SBA-15 mesoporous
material was synthetized by using an alkoxysilane be-
aring primary and secondary amine groups (N-(2-am-
inoethyl)-3-aminopropyl-trimethoxysilane) (DAMO)
based on the co-condensation route. The zwitterionic
nature of SBA-15 comes from the —NH3®/—SiOO and
<NH,®/-Si0® zwitterionic pairs present on the ma-
terial surface (Figure 1B). In vitro adhesion test with S,
aureus revealed that this zwitterionic bioceramic was
capable of decreasing relative bacterial adhesion from
100% (corresponding to pure silica SBA-15) to values
lower than 0.1%. This was the first time that such a
huge bacteria inhibition capability was found for a
mesoporous bioceramic at a physiological pH of 7.4.
Moreover, in vitro loading and release assays using
cephalexin as a model antibiotic demonstrated that
zwitterionic SBA-15 can host drugs into its mesopores,
releasing it in more than 15 days. This finding unlocks
outstanding insights into the design of new bone im-
plants able to play a dua role to treat infections. The
zwitterionic nature allowed inhibiting bacterial adhe-
sion, i.e., the first stage of implant infection, whereas
release of antibiotics would help eliminate planktonic
bacteriain the implant surroundings.

The above-mentioned results opened up promising
expectations in the management and prevention of
bone implant infections. However, the great scientific
challenge is providing bioceramics currently in clini-
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cal use with anti-bacteria adhesion properties while
preserving its biocompatibility. Nanocrystalline hy-
droxyapatite (HA) is a calcium phosphate-based bio-
ceramic widely used in dental and orthopedic recon-
structive medicine owing to its biocompatibility, bio-
activity and osteoconductivity!*”. Although the inhe-
rent brittleness of HA limits its use in the restoration
of large bone defects, its applications include dental
implants, periodontal treatment, alveolar ridge recon-
struction and augmentation, orthopedics, maxillofacial
surgery, and otolaryngology!’“¥. Thus, HA is com-
mercialy available in several physica forms, includ-
ing powders, particles, granules, dense blocks, self-
setting cements, porous 3D scaffolds, implant coatings
and composite components. The possibility to provide
HA of anti-bacterial adhesion capability would be an
added value. The research group of Prof. Vallet-Regi
reported the preparation of stoichiometric HA, Cayg
(PO4)s(OH),, exhibiting zwitterionic surface capable
of inhibiting bacterial adhesion while alowing ost-
eoblast colonization!*”. APTES and CES organosi-
lanes were used to functionalize the surface of HA with
—NH;® and —COO°® groups, respectively (Figure 1B). In
a first approach, the functionalization process was
optimized in HA powders prepared using the con-
trolled crystallization method. Then, the validity of
this functionalization method for application in HA
substrates shaped in severa forms was assessed. For
this purpose, HA 3D scaffolds were fabricated by RP
technique (see Section 3.1 for further description of
this technique) and the resulting 3D-HA scaffolds
were functionalized using APTES and CES. In vitro
bacteria adhesion using E. coli under physiologica
conditions proved that bacterial adhesion in zwitterio-
nic powder HA and 3D-HA decreased 92% and 99%
respectively with respect to unmodified HA materials
(Figure 2A). The presence of —NH3®%/-CO0° zwitte-
rionic pairs onto HA surface accounts for its bacterial
anti-adhesive properties. To evaluate the biocompati-
bility of these HA surfaces, in vitro assays were per-
formed using HOS cell cultures. Thus, zwitterionic
and pristine HA samples, both as powder and 3D
scaffolds were used to carry out the in vitro tests. Os-
teoblastic like-cell spreading was observed in al sam-
ples. High magnification scanning electron microsco-
py (SEM) micrographs showed viable and well-spread
cells, which preserved the typica osteoblast mor-
phology (Figure 2B). Regarding cell morphology,
there were no differences between zwitterionic and
bare HA samples. Moreover, HA-3D scaffolds exhi-

bited different scales of porosity, i.e., channels of ca.
800 pm and macropores at 0.01-600 pum range, al-
lowing good cellular internalization with adequate cell
anchorage and cell colonization over the entire surface
of the scaffolds.

2.2 Development of Nanostructured Surfaces

Albeit a well-established application of nanotechnol-
ogy in eectronic and optical engineering, the use of
nanostructured materials in medicine and biology is
dill at its infancy. In this sense, it had demonstrated
the mgjor role of surface nanotopography in bacteria
adhesion and biofilm formation™>*"> Different stu-
dies using modeled nanostructured surfaces have
demonstrated the influence of the nanostructure in the
inhibition of bacterial adhesion™®*"%7,

Nature constitutes an unexhausted font of inspira-
tion for scientists and engineers, particularly in bio-
mimetics ™. Several natural surfaces are able to main-
tain a contaminant-free status despite the innate abun-
dance of contaminants in the surroundings™>". Most
of these surfaces owe its non-fouling characteristics to
its superhydrophobic properties, which in turn are
largely due to its nanotopography. Many animals (e.g.,
the wing of cicadae”™, mosquitos™, etc.) and plants
(e.g., lotus (Nelumbo nuciferal®)) possess a hierar-
chical surface with nanotopologic characteristics that
significantly increase its hydrophobicity, often to the
point of becoming superhydrophobic!®”, and repellent
to microorganism adhesion. Its antibacterial effects are
exclusively due to surface nanostructure and not to
surface chemical effect. Several surface modification
techniques have been widely used in the construction
of artificial antibacterial surfaces based in nanostruc-
tured surfaces?. These surfaces comprised a range of
polymers, nanotubes and nanoparticle-based surfaces
in nanoscale, exhibiting bactericidal or anti-biofouling
effect.

It should be highlighted that the development of
surfaces with simultaneous opposite responses toward
osteoblasts and bacteria proliferation would represent
a gignificant achievement in orthopedic implantolo-
gy™®. However, there have been very few studies ana-
lyzing surfaces that fulfill both conditions®®?. The
idea of tailoring surfaces with customized and selec-
tive responses toward specific cell types (eukaryotic
and prokaryotic cells) should be mandatory in the de-
sign of biomaterials for TE purposes®. In this sense,
the key role of surface nanotopography in the stimula-
tion of osteoblast-like cells while reducing bacterid
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Figure 2. (A) E. coli adhesion onto 3D HA scaffolds (3D-HA) before and after being submitted to the zwitterionization process with
3-aminopropyltrimethoxysilane (APTES) and carboxyethyl silanetriol sodium salt (CES) (3D-HA-Zwitter). Schematic representation
of the performance of 3D-HA-Zwitter surface during the bacterial adhesion assay was aso included. (B) SEM micrographs at 1000x
magnification of the surface of 3D-HA and 3D-HA-Zwitter scaffolds after 24 hours of cell spreading assay with the HOS osteobl ast

culture.

adhesion and proliferation can be explained by a ma-
thematical model'®. Recently, MS-GLAD has been
used to produce nanostructured coatings in pure tita-
nium and Ti6AI4V aloy implants®?. MSGLAD is a
powerful technique for producing nanostructured coa
tings in large areas and with a great variety of mor-
phologies®. It is based on exploiting atomic sha-
dowing effects during physical vapor deposition under
high vacuum conditions. In this sense, the main pro-
cesses responsible for the formation of the nanostruc-

tures are the atomic self-shadowing mechanism at the
surface and the collisiona processes of the sputtered
atoms in the plasma phase, mediated by the tilt angle
of the substrate and the value of the argon background
pressurel®,

Figure 3A indicated SEM micrographs correspond-
ing to Ti6Al4V substrates before and after (Na-
no-Ti6Al4V) MSGLAD processing, displaying dif-
ferent topological surface features. Nano-Ti6Al4V
substrate appeared fully coated, with patterns at the
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nanoscale consisting of almost vertically aligned na- very similar to the nanostructure of cicada wings as
nocolumns with lengths between 250 and 350 nm with previously reported™. Moreover, this kind of dense,
a diameter between 40 and 60 nm, separated (from highly packed nanotopography, together with the separ-
center to center) by 100200 nm. This nanostructureis ation between nanofeatures can lead to a significant

~

(A) Nanostructured coatings

Nano-Ti6AI4V [
TiGAl4Y

Nano-Ti6Al4V
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Figure 3. (A) Characterization of nanostructured coating by SEM. Micrographs of Ti6Al4V substrate (smooth surfaces) and Na-
no-Ti6Al4V surfaces (nanostructured pattering formed by nanocolumns). Evaluation of surface wettability showing the increase of
hydrophobicity after coated with nanostructures pattering. (B) Images collected by confocal fluorescence microscopy after 1.5, 6 and
24 hours of culture with S. aureus on Ti6AI4V and Nano-Ti6Al4V surfaces. Ti6Al4V showed initial bacterial adherence and the sub-
sequent development of a biofilm (6 and 24 hours, arrows). No biofilms were observed in the modified material Nano-Ti6Al4V, and
only cells and small conglomerates can be seen. Confocal 3D reconstruction of the Ti6Al4V surface after 48 hours. Extracellular
matrix (blue stain) was only observed in Ti6Al4V substrate, on the contrary only live individual bacterial cells was detected on Na-
no-Ti6AI4V surfaces, with no biofilm formation. (C) Osteoblast adhesion after 24 hours on a Ti6Al4V substrate and a Nano-Ti6Al14V
sample showing similar behavior.
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decrease in wettability due to a “‘lotus leaf effect” on
the material surface™®. To estimate the wettability of
the different surface samples, contact angles mea
surements were measured. The contact angle for the
initial TiBAI4V substrate was 56° whilst that of the
Nano-Ti6Al4V was 102° showing a drastic increase in
the hydrophobicity for the nanostructured surfaces.
The antibacterial effect of the Nano-Ti6Al4V surfaces
was evaluated by means of bacterial adhesion experi-
ments and compared with those on medica grade
Ti6Al4V substrates. Different S aureus strains from a
collection strain and six clinical strains isolated from
different patients were used. Results showed that Na-
no-Ti6Al4V exhibited a notable decrease in S. aureus
adhesion for both the collection and clinical strains
(around 70%) with respect to the untreated Ti6Al4V
surfaces.

Concerning biofilm formation, confocal microsco-
py was used to characterize sequentia biofilm forma-
tion after different periods (Figure 3B). The presence
of afew scattered bacteria on the Nano-Ti6Al4V sur-
face was noted, as well as the absence of biofilm after
24 hours of incubation. Additional confocal micro-
scopy experiments were performed using calcofluor
fluorescent stains to stain the extracellular matrix of
biofilms after 48 hours (Figure 3B). The confoca 3D
images corresponding to biofilm formation demon-
strated that non-coated Ti6Al4V substrates clearly
show biofilm formation from the blue staining of typ-
ical extracellular matrix covering the bacteria colo-
nies. In contrast, blue staining was absent in Na
no-Ti6Al4V.

In vitro biocompatibility was assessed by culturing
the HOS cell line on the Nano-Ti6Al4V. Results have
indicated similar behavior regarding the initial os-
teoblast adhesion and mitochondria activity between
both surfaces, indicating a good biocompatibility. SEM
micrographs after 1 day of culture confirmed that Na-
no-Ti6Al4V behaved as well as pristine Ti6AI4V with
respect to human osteoblasts (Figure 3C). The surfac-
es in both cases appeared fully covered by cells, exhi-
biting good adhesion, proliferation and degree of ex-
tension. Higher magnification images showed the
anchoring elements spread by the cells.

3. Scaffolds for Bone Tissue Engineering

The application of the above-mentioned antibacterial
strategies to implants manufactured as 3D scaffolds
would represent a step forward in bone tissue engi-
neering (BTE).

Since the emergence of TE in the mid-1980s, awide
variety of shaping methodologies for manufacturing
3D porous scaffolds have been developed. There are
many manufacturing methods ranging from the more
conventional ones, which lead to randomly intercon-
nected porous scaffolds and that which are principally
based on the incorporation of porogen particles®, use
of foam replica technique'®”, gel-casting of foams®®,
cold isostatic pressing’®?, deproteinization of bovine
bone™, particulate leaching!™, freeze-drying’?, gas
foaming!™®, and a combination of the methods"; to
more sophisticated technologies based on solid free
form (SFF) fabrication such as rapid prototyping (RP).
RP techniques alowed accurate control in the ma-
cro-microporosity scales and fabricating custom-made
implants, which allowed the fabrication of scaffolds
both of bioceramic and metallic nature™. These tech-
niques congtituted a general strategy in which 3D
parts are printed layer-by-layer based on a comput-
er-aided-design (CAD) to fabricate 3D interconnected
porous scaffolds at a large scalé’®’™. Thus, the scaf-
fold architecture can be adjusted and optimized to at-
tain the adeguate mechanical response, accelerate bone
regeneration process, and guide bone formation with
the anatomic cortical-trabecular structure!®. Several
RP techniques have been used for scaffolds prepara-
tion, such as robocasting (RC), selective laser sinter-
ing (SLS), selective laser melting (SLM), stereolitho-
graphy (SLA)["*®2 3D printing (3DP)!** and fused
deposition modeling (FDM)#%]. Herein we reviewed
the two main RP techniques, namely robocasting (RC)
and selective laser based techniques as SLS and SLM,
used for the manufacture of bioceramic and metallic
scaffolds by itself or in combination with polymers.

3.1 Robocasting (RC)

RC technology also known as direct-printing assembly,
is distinctive among these processes because it allo-
wed the building of ceramic scaffolds using water-
based inks with minimal organic content (<1wt.%)!%%.
Slurries developed from RC must fulfill two important
criterid®. Firstly, its viscoelastic properties must al-
low it to flow through a deposition nozzle and then
“set” instantaneously so that its shape is preserved as
additional layers are deposited or when it span gapsin
the underlying structure. Secondly, the suspension
must have a high solid volume concentration to reduce
shrinkage®!. The stability of these slurries demands
high dispersive forces between particles, where the
role of the dispersant is critical®®. The resulting
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scaffolds display a high percent of porosity and inter-
connectivity, easily controllable with enhanced me-
chanical properties in comparison to conventional
scaffold processing (Figure 4A)%3. Thus, 3D scaffolds
based on composites (ceramic-polymer) such as sili-
con doped hydroxyapatite (SIHA), and mesoporous
bioactive glass such as ceramic and polycaprolactone
(PCL) and gelatin as polymers have been carried
out!®*=*". One of the advantages of RC is the possibil-

ity to integrate nanostructural features into micro-mac-
rostructure matrices to fine-tune cellular responses.
Thus, the use of sol-gel process combined with RC
technique, where the sol can be directly printed before
gelation in a one-pot procedure, permits the design of
hierarchical 3D meso-macroporoust®™. Hence, the
versatility of RC allowed the addition of biodegradable
polymers into the slurries avoiding high temperature
processing and improving its mechanical properties.
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Figure 4. Schematics of two rapid prototyping (RP) methods for the manufacture of 3D scaffolds based in bioceramics and metals

via (A) robocasting (RC) and (B) selective laser based techniques.
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This feature permits incorporating biologically active
molecules, such as therapeutic drugs and osteoinduc-
tive agents, during the manufacture of the scaffold.
Thus, 3D scaffolds based in demineraized bone matrix
(DBM) containing nanocrystalline silicon doped hy-
droxyapatite (HA) and PCL have been fabricated*.

3.2 Selective Laser Based Techniques

Among the most used laser-assisted additive manu-
facturing are the SLS and SLM techniques™®. These
techniques involved selective use of alaser to build up
amodel layer by layer from a fine powder bed (Figure
4B). The fine powder particles adhere and sinter when
illuminated by a laser beam. Each layer is scanned
according to its corresponding cross-section as calcu-
lated from the CAD model. The immediate advantage
offered by these techniques is that there is no re-
quirement of support structures, since the un-sintered
powder provides support during the build and leads to
the possibility of obtaining polymeric, ceramic and
metallic based-scaffolds’®%. Usually, ceramic and
polymeric 3D scaffolds are manufactured by the SLS
technique, which permits fabricating complex geome-
tries with controllable internal architecture such as
those required for BTE applications*"#1%% |n vivo
evaluations revedled that the 3D ceramic scaffolds
were biocompatible and that the macropores were
filled by mineralization. For instance, porous calcium
phosphate ceramic scaffolds have been fabricated us-
ing different weight ratios of tricalcium phosphate
(TCP)/HA via SLS. Rapid heating and cooling of SLS
were used, which reduced the decomposition of HA
due to shorter exposure at high temperature®.

SLM, which emerged to aleviate some of the is-
sues associated to SLS technique, uses a high-energy
laser beam to directly fuse the high-temperature me-
tallic powder layers consecutively deposited as ultra-
thin 2D cross-sections. In this sense, SLM has been
proven to be beneficial for the manufacture of bone
tissue engineering metallic scaffolds and implants by
producing very fine and porous structures with me-

chanical properties similar to those of bulk mate-
rial S[100,106] .

4. Conclusion

Recent scientific advances have permitted the devel-
opment of novel alternatives to antibiotics treatment
for the management and prevention of bone implant
infections. The fine tuning of chemical and nano-

structural properties of biomaterial surfaces permits
providing bioceramic and metallic substrates antibac-
terial properties by notably reducing bacterial adhe-
sion and biofilm formation compared to bare sub-
strates. The application of these approaches to 3D
scaffolds augur promising opportunities in the field of
bone tissue engineering.
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Abstract: We describe a method to prepare patterned environments for eukaryotic cells by inkjet printing paraffin wax
onto a substrate. This technique bypasses the requirement to create a master mould, typically required with the use of
polydimethylsiloxane techniques and the printed structure could be immediately used to guide cell proliferation. In a
space of 2—3 hours, the desired pattern could be created with computer assisted design, printed and have cells seeded
onto the scaffold, which could reduce the cycle time of prototyping micropattern designs. Human dermal fibroblasts and
RN22 Schwann cells were seen to proliferate within the fabricated patterns and survive for more than 7 days. Addition-
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tinuing to proliferate. Thus, we report on a simple but novel approach for the controlled physical positioning of live
cells by wax inkjet printing.
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1. Introduction

esearch into cell patterning and spatial coor-
dination are growing fields, as new technolo-
gies enable researchers to accurately position
populations of cells and promote the design of bet-
ter biological systems*?. Geometry and topology are
important factors that affect anchorage-dependent
celld*¥ as living cells actively investigate their sur-
roundings, which can influence function and mor-

phology!®. Cell behaviour can be better elucidated if
there was a technique that allowed the rapid creation
of appropriate environments to better understand the
dynamic mechanism that affects cell architecture, po-
larity, morphology, survival and division within their
surrounding environments™>"®. With much interdis-
ciplinary use of mechanical techniques being applied
in the further study of tissue engineering, much
has been learnt recently about cell behaviour in a mi-
croenvironment and the creation of microstructures,
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that are essentia in the understanding of fabricating
microdevices to control cell-substrate interaction
The importance of such research was highlighted in a
specia themed issue of Soft Matter in 2014 on cellsin
patterned environments*¥. Being able to control the
deposition and location of cells onto a surface alows
the creation of scaffolds suitable for tissue engineering,
biosensors, the formation of neuronal networks, cell-
based assays and for the study of cell-cdll interactions.

The current “gold standard” for preparing patterned
environments for cells uses PDMS (polydimethylsi-
loxane) during the construction of lab-on-a-chip de-
vices and micropatterning™¥. With the ability to mod-
ify mechanical, optical and chemical properties, pat-
terning on glass™ or silicon!’®, PDMS is a versatile
material. An essential requirement when using PDMS
is the creation of a master mould, into which PDMS
can be poured, cured and removed to create the de-
sired construct. There has been research in reducing
and making the process easier, as the pattern design
can be created on the master mould through soft-litho-
graphy, or through etching into silicon. The photo-
mask can be created using high resolution printers*
or photo-plotters™™, but a clean room environment is
required for fabrication. Solid object printers have been
used to create the initial patterns for the master
mould™®, with resolutions of >250 pm. Other tech-
nigues have also been investigated by researchers,
which deposit a cell attractive or repelling agent onto
a substrate, with cells thereafter physically restrained
to grow within the confines™**. Such approaches,
however, do not alow the user to remove such a
physical confine at alater time.

The use of PDMS is advantageous if severa copies
of the master pattern are required. However, when the
user requires alarge range of variances in their design
during prototyping, atypical need exists to create tens,
or even hundreds of master moulds. In contrast, the
direct patterning of a design using wax printed on a
substrate bypasses the conventional process of using
PDMS. Potential applications of our proposed method
are found in the field of simulation studies and opti-
mising microdevice prototypes®?.

Using inkjet printing to produce patterned envi-
ronments offers fewer limitations compared to pre-
viously mentioned techniques that use UV exposure,
photomasks and organic and toxic solvents, and re-
quire long processing times, complicated machinery,
etching and multiple steps. Avoiding these drawbacks
would aid in the fabrication of microfluidic devicesin
research and industry settings, as the turnaround times

J9-12]

inherent in these techniques can be reduced, from
around 24 hours (with the majority of this time being
used for mould preparation), to hours.

With respect to inkjet printing for cell guidance,
this typically involves depositing a biologically active
molecule such as fibronectin, collagen and/or poly-
mers, to selectively adhere cells at specific places on a
substrate”?. The use of wax for the creation of mi-
crofluidic devices has been used to create paper and
glass-based devices as a simple and inexpensive me-
thod using commercialy available materials®=>.
This ahility to create biosensors has been investigated
to an extent with inkjet printing technology!**>.

In this paper we have described for first time inkjet
printing paraffin wax on tissue culture plastic and on a
plain glass substrate and these formed structures were
then used to guide cell attachment, spreading and pro-
liferation, without further processing steps. Previous
research using paraffin wax for the creation of micro-
fluidic devices described wax deposition integrated
with paper, film or combined with PDMS stam-
ping™*=3. The current approach for cell patterning
involves creating the desired pattern by CAD software
(Figure 1A), bypassing the need to create a master
mould or use of PDMS, and thereafter the immediate
seeding of cells after fabrication (Figure 1B). The in-
kjet printing system was able to move through three
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Figure 1. (A) Wax was printed in the desired micrometre scale
shape on a substrate; (B) cells were seeded onto the substrate
and left to attach, spread and proliferate; (C) when required, the
wax could be physically removed, to leave the cellsin situ.
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axes (x,y,2) and was therefore not limited to 2D design
structures. 3D and topologicaly irregular surfaces
could be printed. At any point during the experiment,
the wax could be removed to alow cells to freely mi-
grate on the substrate, permitting the further study of
cell behaviour (Figure 1C).

2. Materialsand Methods

2.1 Inkjet Printing System

A single nozzle piezoelectric inkjet device (MicroFab,
Texas, USA) was used to print paraffin wax. Specifi-
caly, a Jetlab4 xI-A table top printing platform with
position accuracy and repeatability of 25 um and 5 um
respectively, with a 50 um orifice diameter (PH-0O4a
Polymer Jet™) high-temperature, drop-on-demand
printhead, was used. This was a drop-on-demand prin-
thead that was connected together to the cartridge re-
servoir through an integrated filter. It allows print-
on-the-fly and point-to-point printing, through vector
and raster printing modes.

Such a system had a 30 mL stainless steel reservoir
and the system could heat up to 240°C. A CT-PT4
four-channel pressure controller was used, made by
Microfab to maintain a slight negative pressure within
the system to control the creation of the correct nozzle
meniscus level for optimal jetting. The print head was
made of a glass capillary tapered to the stated orifice
size and encased in a metal body surrounded by a
piezoelectric actuator. JetDrive |11 software was used
to drive the electronics to control the generation of a
waveform to provide complex drive waveforms to
tailor the jetting parameters of the print heads. Prior to
jetting, al the tubings, reservoirs and the print head
were flushed with 1% Micro-90 cleaning solution and
distilled de-ionised water.

2.2 RN22 Schwann Cells and Dermal Fibroblasts

Rat RN22 Schwann cells were purchased from the
European Callection of Cell Cultures (ECACC) (Pub-
lic Health England, Porton Down, Salisbury, UK).
Human dermal fibroblasts were obtained from abdo-
minoplasty or breast reduction operations according to
local ethically approved guidelines (under an HTA
Research Tissue Bank license number 12179). All cell
types were cultured independently and grown in Dul-
becco’'s Modified Eagle Medium (DMEM) containing
10% (v/v) feta calf serum (FCS), 1% (v/v) glutamine,
1% (v/v) penicillin/streptomycin, and 0.5% amphote-
ricin B (under serum-free conditions) in a humidified

atmosphere with 5% CO, at 37°C. Prior to seeding,
cells were grown to near confluence, and detached
with 0.05% trypsin/EDTA (GIBCO, Invitrogen, Karl-
sruhe, Germany). A Neubauer chamber was used to
count the cells. Passages 20 to 22 were used for RN22
Schwann cells and dermal fibroblasts respectively.

2.3 Par affin Wax

Paraffin wax was placed inside the cartridge reservoir
and the printing system was heated up to 75°C for
printing, while the printing platform was heated to
30°C to improve the topography of the printed struc-
tures. Wax viscosity was measured with a rheometer
(AR 2000, TA Instruments) at different temperatures
(Figure 2). When the temperature reached above 60°C,
the viscosity was less than 10 mPa:s (10 centipoise).
Specification guidelines from Microfab stated that
inks should have a viscosity below 20 mPa:s (20 cen-
tipoise) for successful droplet formation during inkjet
printing. At the temperature of printing (75°C) the
viscosity was 6.02 mPas (6 centipoise), which was
within optimal printing limits.

2.4 Wax Patterning

Using a combination of Microsoft Paint and MS
Windows-based computer aided design software en-
vironment (Jetlab4, Microfab), varying shapes and
designs of wax structures were created with varying
channel widths and complexity onto tissue culture
plastic and glass substrates. Inkjet printing parameters
were optimised to create a single wax droplet per gec-
tion, with droplet spacing of 40 um between each
droplet to create an impermeable scaffold block of
wax. The volume of wax that was ejected from the
piezoelectric print head could be manipulated through
the fine tuning of its printing parameters, such as the

Viscosity of paraffin wax at varying temperatures
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Figure 2. Viscosity values of paraffin wax over a range of
temperatures, which was Newtonian when molten. Printing
parameters below 20 mPa:s are optimal for printing.
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voltage, rise and echo time, which alters the size and
velocity of the wax droplet to create optimum condi-
tions to print on varying surfaces and resolutions. When
required during the study, the wax was removed by
physical lifting with a scalpel.

2.5 Cell Seeding

After the wax template had been printed onto the sub-
strate (tissue culture plastic or glass substrates), the
sample was placed in a petri dish and cells were
seeded at 2 x 10° cells per samplein 1 mL, and left in
the incubator for 60 minutes. After thistime, the sample
was supplemented with 10 mL cell medium to cover
the entire substrate, and left to proliferate for up to 7
days and wax remova when necessary, during which
images were captured to record cell growth aong the
substrate with and without the patterned wax.

2.6 Analysis of Samples

Images were obtained using an inverted Olympus
CK40 phase contrast microscope. Images were cap-
tured of samples prior to cell seeding, after cell seed-
ing and after wax remova through physical lift off
with a sharp scalpel.

2.7 Image Processing

All image processing was performed with Image] (U.S.
Nationa Institutes of Health). The orientation field
was obtained using the ImageJ plugin, OrientationJ.
The colour survey was set with the following settings
— Hue: Orientation, Saturation: Coherency, Bright-
ness. Original-Image. With this, it was possible to bet-
ter visualise the orientation of cells along the patterned
substrate, with and without the wax template over time.

2.8 Confocal Fluorescence Microscopy

For confocal fluorescence imaging, RN22 Schwann
cells and dermal fibroblasts were seeded on the scaf-
folds at 2 x 10* cells per sample, stained with phalloi-
din-fluorescein isothiocyanate (FITC) for F-actin fila
ments and 4',6-diamidino-2-phenylindole dihydroch-
loride (DAPI) for nuclear staining.

Samples were fixed with 3.7% formaldehyde in
PBS for 30 minutes at room temperature and permea-
bilised with 0.1% (v/v) Triton X-100 in PBS for 30
minutes. Phalloidin:FITC was added at 1:1000 in PBS
in combination with DAPI at 1:1000 (300 nM) for 30
minutes, washed and stored in PBS at 4°C until imag-
ing. Cells were washed with PBS (x3) for 5 mi-
nutes between each step.

A confocal scanning microscope (Carl Zeiss LSM-
510-META, Germany) with magnification x10 and x40
long-range water-dipping lenses were used. FITC cha
nnel (Aex = 485 NM; Aem = 520 nm). DAPI (Ae 400 nm;
Aem = 460 nm). Image acquisition and analysis were
carried out with Carl Zeiss Laser Scanning Systems
LSM 510 software.

3. Results and Discussion

3.1Inkjet Printing of Wax Guides

A variety of designs were created that were suitable
for isolating and connecting islands of cells on sub-
strates (Figure 3A—C). Under high magnification, as
exemplified in Figure 3A single wax rows of droplets
appeared to have a dightly uneven topography due to
scalloping behaviour. The final shape and surface tex-
ture of the resultant printed structure was dependent
on conditions that include the wettability of the sub-
strate and its temperature, print head temperature, gap
distance from the print head to the substrate and drop-
let material’®**. The scalloping behaviour was due to
the droplets being cooled quicker than optimal during
jetted flight, after landing on the substrate, merging
with the previous deposited droplet and partialy re-
tained their individual rounded contact lines™". Print-
ing wax allowed the creation of a range of different
complexities and channel widths that allowed the cre-
ation of thick impermeable blocks, to channels as
small as 30 um. The smallest dimensions that can be
created with the wax struts is a single line of inkjet
printed paraffin wax. Using a 50 pum diameter print-
head nozzle, wax lines with a minimum width of 50 pm
could be created to act as a barrier between each
compartment.

3.2 Cell Seeding

Human dermal fibroblasts and RN22 rat Schwann
cells were seeded and imaged to show cell compart-
mentalisation and connection within the wax struc-
tures. Figure 4A and B show images taken after 24
hours of cell culture with fibroblasts and Schwann
cells on a glass substrate, respectively. Figure 4C and
D show cellsthat have proliferated after 5 days, where
the cells were able to grow in a wax-containing envi-
ronment on tissue culture plastic. No cells were ob-
served growing across and over the wax structures,
showing how this technique was effective at impeding
the cell interactions between individual compartments
and creating separate environments for collections of
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Figure 3. Micrographs of printed wax on glass. (A—C) show
different patterns that were produced. Magnified light micro-
scopy images are shown in the small frame. Bar = 200 um.

cellsto grow.

With isolated arrays, cells proliferated in random
shapes with no obvious direction (Figure 4A and B), but
when a linear patterned structure was created, cells
aligned in the direction of the structure (Figure 4C and

D). Figure 5 show cells aligning to the same orienta-
tion as the channel, and through the use of Imagel
software, the orientation of cells could be clearly ob-
served following the direction of the channdl. Cell
aignment could be investigated with this methodolo-
gy asin the research reported by Duclos et al.!¥, who
described how NIH-3T3 mouse embryo fibroblasts
aligned on confined strips from 30 umto 1.5 mm.

After fibroblasts or Schwann cells were seeded,
they adhered, had spread and thereafter proliferated
into the desired positions and orientation. The wax
structures were easily removed from the samples with
a sharp scalpel, which was used to physically ped the
wax off, to leave the cells to grow without any space
limitations. Figure 6 shows images of the fabricated
wax structures, patterned cells before and after wax
remova. Cells maintained their position and orienta-
tion for at least 7 days after seeding as shown.

3.3 Cell Proliferation After Removal of Wax

A wax scaffold with channel widths of 40 um and 30
um connected together at one end were created and
fibroblasts were seeded into the structure and cultured.
After 2 days of culture and prior to wax removal, fi-
broblasts had aligned within the shape of the open
channels (Figure 7A). Upon wax removal, cells were
not limited to the channel space (Figure 7B) and had
spread to cover the substrate, which was observed 24
to 48 hours after wax removal (Figure 7C and D). The
wax printing technique could therefore be used in-
itially to deposit cells in the desired areas spatialy.
The ability of the wax to be removed from the sub-
strate, without the addition of new substances into the
environment, alowed for a new method to analyse
cell migration and proliferation on open substrates
to be studied over time. We observed a high level of
aignment to the direction of channels with diameters
of less than 160 um, and consequently the authors of
this paper suggest that this work would have imme-
diate applications in cell migration and “scratch as-
say” type studies, commonly used in wound healing
and cancer cell migration research.

Cells were able to remain attached onto the sub-
strate even after wax removal. An exception to this
occurred when cell concentration exceeded confluence.
From this study, when cell density began to reach con-
fluency (typically more than 300 cellmm?) an in-
creased proportion of cells detached. All cells within
the scaffold were removed when cell density reached
above 700 cellsymm?. It was postulated that this was
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Figure 4. Micrographs of (A) fibroblasts after 24 hours on glass substrate, (B) RN22 Schwann cells after 24 hours on glass, (C) fi-
brablasts after 5 days cultured on tissue culture plastic, (D) RN22 Schwann cells after 5 days cultured on tissue culture plastic, with
inkjet printed wax scaffolds. Bars = 50 um, 40 um, 100 pm and 100 pum respectively.

Orientation

+90

Figure 5. Micrographs showing (A) awax pattern on glass where fibroblasts are proliferating and orientating along the channel after
2 days in culture and (B) the same picture after processing with OrientationJ to highlight the alignment of cells within the channel.
Channel widths are 40 pm and 60 pm and bar = 100 pm.

caused by adhered cells depositing a proportionate was a high concentration of cells, the volume of
amount of extracellular matrix along their local envi- extracellular matrix that was produced was enough to
ronment, which had spread over time and was able create a sheet on which the cells grew on, and allowed
to bind onto the substrate, wax and cells. When there the cells to be peeled off along with the wax when the
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Figure 6. Light microscopy and confocal micrograph images that showed Schwann cells proliferated and aligned between two com-
partments through an open channel; (A) printed paraffin wax on glass; (B) confocal image immediately after wax removal, after 2
days of Schwann cells cultured on wax structures, stained for actin (green; phalloidin-FITC) and nuclei (blue; DAPI); (C) Schwann
cells proliferated and remained within the confines of the wax structures, with the channel width that spanned severa cell widths; (D)
confocal image of Schwann cells immediately after wax removal, after 7 days of culture, cells were seen firmly adhered and aigned
with the orientation of the channel stained for actin (green; phalloidin-FITC) and nuclei (blue; DAPI). Channel widths averaged 30 pm
(i.e., the confines of the wax). Bars = 100 um, 100 pm, 200 um, 200 pm respectively.

wax was lifted off. This could be considered a limita-
tion of this study; as the extracellular matrix deposited
caused the cells to adhere on the wax.

4. Conclusion

A new method of creating cell guided structures thr-
ough the use of paraffin wax deposited by inkjet prin-
ting has been presented. Channel widths of 30 um and
wax widths of 50 um could be produced. RN22 Sch-
wann and dermal fibroblast cells were seen to proliferate
for over 7 days as exemplars, with and without wax
present, on tissue culture plastic and glass substrates.
The design of the wax pattern could be easily changed
and directly patterned onto a substrate through CAD,
without multiple processes or use of lithography tech-
nigues to create a master mould, which is advanta-
geous when experimental procedures require slight
variances in each microdevice design to be fabricated.
Such examples include optimising the channel width,

length, height and complexity of a prototype lab-on-a-
chip for cell study. Compared to other cell guidance
techniques, this technique does not require the use of
harsh chemical treatments, long procedures to create
the desired structures, is low cost and easy to fabricate.
During cell seeding, the wax scaffold can be removed
at any point, so that users can study the behaviour of
cells that are allowed to proliferate freely on the sub-
strate. Limitations can arise with this technique when
studies involve lifting the wax off when growing cul-
tures to confluence; due to the deposition of extracel-
lular matrix from adhered cells that glue the constitu-
ents of the surrounding environment together. More
cells are lifted off with increasing cell density and
narrower wax channels. A smooth substrate was used
in our studies; however the inkjet printing platform
was able to move through three axes (x, y, 2) and the-
refore is not limited to 2D design structures. Non-flat
surfaces can also be printed on, aong with topologically
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Figure 7. Micrographs showing (A) fibroblasts aligning within wax structures on glass, after 2 days of cell culture on wax structures,
(B) immediately after wax removal, (C) 24 hours and (D) 48 hours after wax removal taken in the same sample region of interest.
Each image was processed with OrientationJ to highlight the alignment of cells within the channel. Bar = 50 pm.

irregular surfaces as a substrate.

Future research will involve the application of pat-
terned environments with co-culture of cells. Orga-
nised formations of cell constructs can be created
which would be of benefit to fields such as neuronal
research. Nerve cells could be patterned onto a sample
within an organised wax structure, and once the nerve
cells have adhered and the wax has been removed,
support cells can be seeded on the sample to create a
patterned co-culture environment.
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Abstract: Organ printing is a computer-aided additive biofabrication of functional three-dimensional human tissue and
organ constructs according to digital model using the tissue spheroids as building blocks. The fundamenta biological
principle of organ printing technology is a phenomenon of tissue fusion. Closely placed tissue spheroids undergo tissue
fusion driven by surface tension forces. In order to ensure tissue fusion in the course of post-printing, tissue spheroids
must be placed and maintained close to each other. We report here that tissue spheroids biofabricated from primary hu-
man fibroblasts could be placed and maintained on the surface of biocompatible electrospun polyurethane matrix using
3D bioprinter according to desirable pattern. The patterned tissue spheroids attach to polyurethane matrix during several
hours and became completely spread during several days. Tissue constructions biofabricated by spreading of patterned
tissue spheroids on the biocompatible electrospun polyurethane matrix is a novel technological platform for 3D bio-
printing of human tissue and organs.
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puter-aided robotic additive biofabrication of func-
tional human tissue and organ constructs according to
digital model using tissue spheroids as building blo-

1. Introduction

medical researchi™@ aimed by biofabrication of

human tissues and organs to solve one of the
most important and urgent medical problems — the
shortage of human organs for transplantation. There
are different variants of emerging 3D bioprinting
technology™®. Organ printing is a variant of 3D bio-
printing technology which could be defined as a com-

3D bioprinting is a rapidly evolving area of bio-

cks"9. Tissue spheroids are closely packed aggregates
of living cells. The fundamental biomimetic principle
of organ printing technology is a phenomenon of tis-
sue fusion which often occurs during embryonic de-
velopment!®. Two closely placed tissue spheroids un-
dergo tissue fusion driven by surface tension forces!'?.
Thus, to enable post-printed tissue spheroids fusion it
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is necessary to keep them close to each other in three-
dimensiona space. Severa different approaches have
been developed to enable controllable tissue spheroids
fusion, which include placing tissue sphe-roids inside
3D printed synthetic scaffolds™™¥, using bioprintable
hydrogel™*™™ and even metallic rods’®. The search
for the effective methods to keep tissue spheroids
close to each other during 3D bioprinting continues
and one of the possible perspective approaches is an
application of nanotechnology. It have been postulated
in recent reviews that application of nanotechnology
will enable biofabrication of complex human tissues
and even organs™"®. Fabrication of nano-/microfib-
rous synthetic scaffolds by electrospinning is one of
popular application of nanotechnology in tissue engi-
neering™*?%. It has been demonstrated that tissue sph-
eroids can attach, spread and fuse on synthetic elec-
trospun matrices®#3.

Moreover, recently reported magnetic functionali-
zation of electrospun synthetic matrices with magnetic
nanoparticles® as well as biofabrication of tissue
spheroids from cells labelled with magnetic nanopar-
ticles®2" alow the development of magnetic forces-
driven biofabrication and even 3D magnetic bioprint-
ing based on principles of magnetic levitation?®=".
Thus, application of nanotechnology can enable devel-
opment of novel technology of magnetic 3D bioprinting.

We hypothesize that precise placing of tissue sphe-
roids using 3D bioprinter on biocompatible electros-
pun polyurethane matrix followed by their attachment
and spreading will optimize biofabrication of tissue
engineered constructions of desirable pattern and thi-
ckness and alow the use of electrospun synthetic ma-
trices as carrier for tissue spheroids. Thus, tissue en-
gineered constructions formed by tissue spheroids
patterned, attached and spread on the surface of bio-
compatible electrospun synthetic matrices could be
used as a novel technology platform in organ printing.
Reported spreading of patterned tissue spheroids could
be also used as an in vitro assay for testing biocompa-
tibility of various synthetic el ectrospun biomaterials.

2. Materialsand Methods

2.1 Electrospinning

Polyurethane was kindly provided by Dr Xuejun Wen
((EG-85A, Lubrizol, USA). Electrospinning of micro
fibrous polyurethane matrix have been performed using
commercial apparatus Professional Electrospinning Lab
Device (Yflow, Spain). Electrospinning was performed

under voltage 17kV; the distance between needle end
and collector was 20 cm; speed of polymer movement
was 1.3 mL/h; diameter of needle was 0.84 mm. Poly-
urethane have been dissolved to concentration 17% in
solvents containing 40% N,N-dimethylformamide (DMF)
and 60% tetrahydrofuran (THF).

2.2 Biomechanical Testing

Tensile tests were performed for electrospun polyure-
thane material. Rectangular specimens (n = 5) were
cut out using a template (two parallel blades). Dimen-
sions of the trimmed specimens were: width — 5 mm;
length — 30 mm. The thickness of samples was mea-
sured using a cathetometer KLM-4 (Russia). The pre-
cision of measurement was 0.001 mm. For tensile test
Zwick-Roell BDO-FBO.5TS Test System (Germany)
with load cell 50 N connected to PC was used. Sam-
ples were deformed with the speed of 5 mm/min until
rupture. Maximal (failure) strain and maximal stress
were estimated for each sample using TestExpert
software Version 11.02 (Germany). The stiffness of
the material was assessed as the slope of the first li-
near range of the stress-strain curve, and was ex-
pressed as atangential modulus of elasticity.

2.3 Normal Human Dermal Fibroblast Cell Culture

Norma human dermal fibroblasts (NHDF) were ob-
tained from Lonza (cat.# CC-2511). NHDF cells were
grown in DMEM (Gibco, cat.# 12491-015) containing
10% FBS (Gibco, cat.# 16000-044) supplemented with
antibiotic/antimycotic mix (Gibco, cat.# 15240-062),
1 mM L-glutamine (Paneco, cat.# F032). The cdls
were cultivated at 37°C in humidified atmosphere with
5% CO, and split at 85-95% confluence.

2.4 Biofabrication of Tissue Spheroids

The tissue spheroids were formed using the 3D petri
dishes (Microtissues, cat.# 12-81) according to manu-
facturing protocol. Briefly, the 3D petri dishes were
prepared from 2% agarose in PBS. NHDF monolayer
cells reached 95% confluence were rinsed by Versen
(Paneco, cat.# R080), harvested from the culture fla
sks by 0.25% trypsin — 0.53 mM EDTA (Gibco, cat.#
25200-114) and then re-suspended in cell culture me-
dium. The concentrations of the NHDF cells were 6.8 x
10° per milliliter. 190 pL of cell suspension was see-
ded into the 3D petri dishes. After 40 minutes addi-
tional culture medium was added. The 3D petri dishes
containing the tissue spheroids were incubated 4 days
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a 37°C in a humidified atmosphere with 5% CO,.,
NHDF spheroids were visualized by inverted light
microscopy (Eclipse TS100, Nikon, Japan). Spheroid
diameters were measured using ImageJ software. Dia-
meter distribution plots were analyzed using Graph-
Pad Prism software (GraphPad Software, Inc., La Jolla,
CA). 4 days tissue spheroids have been used for their
robotic placing on el ectrospun polyurethane matrix.

2.5 Patterning of Tissue Spheroids

The suspension of tissue spheroids have been placed
according to digital model (linear and hexagonal order)
on the surface of electrospun polyurethane matrix us-
ing original 3D bioprinter Fabion with conus-like pi-
pets, allowing precision placing of tissue spheroid one
by one.

2.6 Kinetics of Tissue Spheroids Spreading

The kinetics of tissue spheroids spreading on electros-
pinning polyurethane matrix was evaluated by mea
suring the spheroid’s diameter in the course of attach-
ing and spreading. Several experiments were per-
formed. In each experiment the following time points
were evaluated: 4 hours, 24 hours, 48 hours, 4 days
and 7 days. 15 to 20 spheroids were measured at each
time point.

2.7 Morphometric Analysis of Electrospun Micro-
fibers

Morphometric analysis of diameter of electrospun
polyurethane filaments have been performed using
scanning electron micrographs under large magnifica-
tion (n =100).

2.8 Estimation of Viability of Tissue Spheroids

Viability of tissue spheroids from human fibroblasts
(NHDF) on electrospun matrix was assessed using the
CdITiter-Glo 3D Cell Viabhility Assay kit (Promega,
USA). Briefly, identical samples of electrospun matrix
were placed into the wells of 24-well plates. 4-days
NHDF spheroids were seeded on electrospun matrix
or tissue culture-treated plastic (positive control for
determination of 100% viability) at a seeding density
8 spheroids/well. At 24 or 72 hours, the CellTiter-Glo
3D reagent was added to each well. Plates were sha-
ken for 5 minutes, incubated at RT for an additional
25 minutes, then supernatants were transferred to
96-well plates and the luminescence was read using
VICTOR X3 Multilabel Plate Reader (Perkin Elmer,

USA). Tissue spheroids viability data were analyzed
using GraphPad Prism software (GraphPad Software,
Inc., LaJolla, CA).

2.9 Scanning Electron Microscopy

Electrospun polyurethane matrix was gold-coated us-
ing ion coater (I1B-3, EIKO, Japan) and the structure of
the microfilaments was characterized by scanning
electron microscope (SEM) (JSM-6510LV). Samples
were observed at 30 kV accelerating voltage. The sam-
ples of tissue spheroids on eectrospun polyurethane
matrix were fixed with 2.5% glutaraldehyde/0.1M ca-
codylate buffer, dehydrated through ethanol series and
then were dried in a critica point dryer (HCP-2, Hita-
chi Koki Co. Ltd., Japan). The samples are mounted
on a stub of metal with adhesive, coated with gold us-
ing ion coater (1B-3, EIKO, Japan) and then observed
under the microscope JSM -6510 LV (JEOL, Japan).

2.10 Statistical Analysis

The statistical analysis was performed using software
GraphPad Prism (USA).

3. Results

The microfibrous synthetic matrix composed of thin
filaments was fabricated using electrospinning of po-
lyurethane (Figure 1A). Dense 3D network of thin
filaments was formed as a result of fusion of adjacent
electrospun filaments at their intersection points
(Figure 1B). The average diameter of electrospun po-
lyurethane filaments was 3.24 + 0.144 pum (n = 100).

<A Q 3 T L& 7 \ i > |
Y WV Ml A SO

Figure 1. Electrospun polyurethane matrix. (A) Dense network
of polyurethane matrix formed by electrospun filaments of
regular diameter. (B) Electrospun polyurethane matrix. Fusion
of intersected polyurethane filaments is indicated by arrows.
Scanning electron microscopy.
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Fusion of filaments with regular diameter leads to the
formation of larger diameter filaments. The electrospun
polyurethane matrix has typical non-linear stress-strain
relationship for synthetic elastic biomaterials (Figure 2).
The ultimate stress, ultimate strain and tangentia
modulus of elasticity were 3.18 + 0.48 MPa, 200.40 £
15.74% and 6.66 + 1.02 M Pa, respectively.

Tissue spheroids have been biofabricated using mi-
cromolded non-adhesive hydrogel. The suspension of
human fibroblasts has been placed into micromolded
replicain agarose hydrogel. After overnight incubation,
tissue spheroids of standard shape and size have been
biofabricated (Figure 3). The redistribution of tissue
spheroids diameter is presented at Figure 4. Tissue
spheroids have been placed on the electrospun polyu-
rethane matrix using original multifunctional 3D

Stress, MPa

[0 A T T T T T T Y T |
0 50 100 150 200

Strain, %

Figure 2. Representative stress-strain curve of the electrospun
polyurethane matrix.

Figure 3. Biofabricated tissue spheroids in micromolded aga-
rose hydrogel. Bar = 200 micrometers.
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Figure 4. Distribution of diameter of tissue spheroids biofabri-
cated from human fibroblasts using micromolded non-adhesive
agarose hydrogel.

bioprinter Fabion (Figure 5). The dispensing of tissue
spheroids by conus-like nozzle is documented on Fig-
ure 6.

The 3D bioprinter enabled placing and patterning of
tissue spheroidsin desirable regular patterns according
to selected digital model (Figure 7 and 8). The placed
tissue spheroids attached to electrospun polyurethane
matrix during several hours and became completely
spread during several days (Figure 9). The kinetics
tissue spheroids spreading was measured and it have
been demonstrated that diameter of tissue spheroids
increases 8.4-fold during the spreading on electrospun
polyurethane matrix (Figure 10). Tissue spheroids
demonstrated high viability (95 + 4.6%).

| ==

Figure 5. 3D bioprinter Fabion developed by 3D Bioprinting
Solutions (Russia) and used for patterning of tissue spheroids
on electrospun polyurethane matrix.

4. Discussion

We have demonstrated that tissue spheroids biofabri-
cated from human dermal fibroblasts could be pat-
terned on the surface of electrospun polyurethane us-
ing 3D bioprinter. This fact isin good accordance with
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Figure 6. Dispensing of tissue spheroids using 3D bioprinter:
(A) Beginning of bioprinting, (B) Linear pattern of tissue
spheroids.

Figure 7. Tissue spheroid on the surface of electrospun polyu-
rethane matrices. Scanning electron microscopy.

previous published reports about attachment, spreading
and fusion of tissue spheroids placed manualy on
electrospun matrices®??. The main advantage in us-
ing 3D bioprinter for automated placing of tissue
spheroids is a possibility to create regular pattern of
their redistribution and, thus, to control the resulted
thickness of bioprinted tissue construct. Using this
approach the tissue constructs could be rationally de-
signed with desirable thickness (Figure 11). Moreover,
in our previous publication we have demonstrated that

ST M

Figure 8. Patterned (regularly placed by 3D bioprinter) tissue
spheroids on the surface of electrospun polyurethane matrices.
Scanning €lectron microscopy.

resulted thickness of bioprinted 3D tissue construct
including several layers of tissue spheroids could be
precisely predicted®. The demonstrated rapid at-
tachment and spreading of patterned tissue spheroids
on electrospun polyurethane matrix also prove its op-
timal in vitro biocompatibility. In this context quantit-
ative analysis of tissue spheroids attachment and
spreading could be used as a novel high throughput in
vitro assay to test tissue biocompatibility of different
electrospun biomaterials. Estimated material proper-
ties of electrospun polyurethane could serve as control
for future studies of tissue engineered constructs bio-
fabricated on the surface polyurethane matrices. Com-
pared to testing of attachment and spreading of single
cells on electrospun matrices, the application of 3D
tissue spheroids provides more authentic information
about biocompatibility at tissue level because im-
planted in vivo electorspun biomaterials interact with
complex 3D connective tissue, not just with single
cells. Theoreticaly, there are three potential outcomes
of direct interaction of tissue spheroids with electros-
pun biomaterias: (i) tissue spheroids can attach and
sequentially completely spread as we reported here; (i)
tissue spheroids can only attach but not spread and
form so-called tethered spheroids, which aready is
used in microfluidics toxicity assays™?; finaly, (iii) if
electrospun biomaterias are toxic, then spheroids will
not attach and will not spread. The cells composing
spheroids in case of third theoretical outcome will die
as a result of necrosis. Thus, patterned tissue sphero-
ids on novel electrospun biomaterials could be used in
toxicology studies. Repeatable patterning of tissue
spheroids with 3D bioprinter will enable standardization
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Figure 9. Spreading of tissue spheroids on the surface of electrospun polyurethane matrix: (A) 4 hours, scale bar — 100 um; (B) 1
day, scale bar — 100 um; (C) 4 days, scale bar — 200 um; (D) 7 days, white arrow indicates area of tissue fusion of two adjacent
spreading tissue spheroids, scale bar — 100 um. Scanning electron microscopy.
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Figure 10. The dynamics of tissue spheroids spreading on the
surface of electrospun polyurethane matrix.

of in vitro assays.

Another important potential application of pat-
terned tissue spheroids is tissue engineering and bio-
fabrication (Figure 12). Tissue spheroids biofabricated
from human fibroblasts spread on electrospun matric-
es (Figure 12A) could be used for biofabrication of

dense connective tissue after decellularization (Figure
12B). Spreading of tissue spheroids from human fib-
roblast on one side of electrospun polyurethane matrix

(A)
OO0 == [1T1]

(B)

©

Figure 11. Scheme demonstrating the effect of distance be-
tween placed tissue spheroids on thickness of engineered tissue:
(A) Tissue spheroids are placed in direct contact with each
other; (B) Tissue spheroids are placed at the distance of one

spheroid diameter; (C) Tissue spheroids are placed at the dis-
tance of two spheroids diameter.

50 International Journal of Bioprinting (2016)-Volume 2, Issue 1



Elizabeth V. Koudan, Elena A. Bulanova, Frederico DAS Pereira, et al

Figure 12. Tissue constructs formed by attachment of patterned
tissue spheroids to electrospun polyurethane matrix as a tech-
nology platform for 3D bioprinting: (A) Patterned tissue sphe-
roids attached to electrospun polyurethane matrix; (B) Biofa-
brication of acellular collagen patches; (C) Biofabrication of
human skin; (D) Biofabrication of cartilage.

and tissue spheroids from keratinocytes on another
side of matrix will enable biofabrication of human skin
(Figure 12C). Using several layers of chondrospheres
attached to electrospun polyurethane matrix will also
allow to biofabricate human cartilage (Figure 12D).
Finally, using magneticaly functionalized electro-
spun matrices with magnetic nanoparticles® as well
as using tissue spheroids biofabricated from cells labe-
lled with magnetic nanoparticles® 2" will enable the
development of novel magnetic 3D bioprinting tech-
nology based on principles of magnetic levitation or
translocation of tissue constructs using magnetic for-

ced(28-30)

5. Conclusion

Tissue spheroids biofabricated from human fibroblasts
have been placed in regular patterns on the surface of
electrospun polyurethane matrix using 3D bioprinter.
Spreading of patterned tissue spheroids demonstrated
an in vitro biocompatibiity of electrospun microfibr-
ous polyurethane. The biocompatible el ectrospun poly-
urethane matrix could serve as a carrier for tissue sph-
eroids. Thus, tissue spheroids spread on microfibrous
electrospun polyurethane matrix is a novel technolo-
gical platform for advancing biofabrication and 3D
bioprinting.
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Abstract: Bioprinting is a promising automated platform that enables the simultaneous deposition of multiple types of
cells and biomaterials to fabricate complex three-dimensional (3D) tissue constructs. Collagen-based biomaterial used
in most of the previous works on skin bioprinting has poor printability and long crosslinking time. This posed an im-
mense challenge to create 3D constructs with pre-determined shape and configuration at high throughput. Recently, the
use of chitosan for wound healing applications has attracted huge attention due to its attractive traits such as its antimi-
crobial properties and ability to trigger hemostasis. In this paper, we optimized polyel ectrolyte gelatin-chitosan hydrogel
for 3D bioprinting. Modification to the chitosan was carried out via the oppositely charged functional groups from chi-
tosan and gelatin at a specific pH of ~pH 6.5 to form polyelectrolyte complexes. The polyelectrolyte hydrogels were
evaluated in terms of physical interactions within polymer blend, rheological properties (viscosities, storage and loss
modulus), printing resolution at varying pressures and feed rates and biocompatibility. The polyelectrolyte gela-
tin-chitosan hydrogels formulated in this work was optimized for 3D bioprinting at room temperature to achieve high
shape fidelity of the printed 3D constructs and good biocompatibility with fibroblast skin cells.
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epidermal and dermal regions of the skin plays nu-
merous roles ranging from regulation of cellular pro-
liferation to manipulation of stem cell fate. Bioprint-

1. Introduction

issue engineering has emerged as a multi-dis-
ciplinary field that involves clinicians, scien-

tists and engineers to create anatomically rele-
vant tissue constructs that aleviate the shortage of
donor tissues/organs'™. Despite major advancements
in the field of tissue engineering, simple cell seeding
over pre-formed polymeric scaffolds is not sufficient
to fully replicate the sophisticated cell-matrix interac-
tions within the native tissues?. The heterogeneity in
extracellular matrix (ECM) composition within both

ing, which is an emerging technology, can be defined
as “the use of 3D printing technology that incorpo-
rates viable living cells with biomaterials to fabricate
sophisticated tissues/organs’™®. The bioprinting tech-
nology not only enables the simultaneous deposition
of different biomaterials and multiple cell types, but
aso provides flexibility in the design and fabrication
of customizable patient-specific tissue-engineered
constructs®, demonstrating great potential for fabrica-

Polyelectrolyte gelatin-chitosan hydrogel optimized for 3D bioprinting in skin tissue engineering. © 2016 Wei Long Ng, et a. Thisis an Open Access
article distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/lic-
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tion of complex 3D multicellular tissue constructs.

Despite being in its stage of infancy, bioprinting has
aready demonstrated great potential for fabrication of
multi-layered skin®®™, cartilage®® and liver con-
structs’?. 1t was highly anticipated that production of
less-sophisticated human tissues/organs such as skin
would be a redlity in the near future™. Some current
works on bioprinting of skin constructs include fabri-
cation of hydrogel constructs consisting of different
skin cells (keratinocytes and fibroblasts)®® and in-situ
printing of skin cells and biomaterials directly over
the wound sité™). Contrary to the common miscon-
ception that skin is a relatively simple 2D tissue, the
thin layer of human skin has a unique pattern created
by the natural compartmentalization of different types
of skin cells that are positioned relative to each other
a high degree of specificity“z]. This specific ar-
rangement of skin cells is essential for cell-cell inte-
ractions that initiate autocrine and paracrine signaling
within the native human skinf*¥.

As skin cells (fibroblasts) are capable of producing
their own ECM proteins, the bio-inks serve as tempo-
rary 3D templates to guide the tissue morphogenesis.
Collagen type |, the most abundant ECM protein in
human skin, is widely used for bioprinting of skin
constructs. Most of the biomaterials used in those stu-
dies®>5*?% \were mainly collagen-based, which has
relatively poor printability. Lee et al. printed layers of
collagen to create a 3D bioprinted collagen construct
with stacking height of 1.2 mm®. Another work
demonstrated printing of multi-layered cell-laden col-
lagen constructs on non-planar surface using nebulized
crosslinking reagent™. Only planar sandwich con-
structs were fabricated using the vave-based tech-
nigue due to the slow pH-dependent crosslinking of
collagen prior to printing of subsequent layers. Koch
et al. printed layers of encapsulated keratinocytes and
fibroblasts onto a decellularized dermal matrix sheet
via laser-based method!®. The printed construct com-
prised high number of keratinocytes and fibroblasts
(different from representative cellular density within
native human skin) and there is no variation in the
extracellular matrix density across the depth of printed
structure™”.

Progress in bioprinting of skin is severely hindered
due to limited choices of printable biomaterials. Over
the recent years, the attractive traits of chitosan poly-
mer have gained huge attention for wound healing
applications*?%. Chitosan is a linear polysaccharide
of D-glucosamine and N-acetyl-D-glucosamine, which

can be prepared by the N-deacetylation of insoluble
chitin in the presence of akaline solution®. In the
presence of lysozymes, chitosan undergoes in vivo
degradation via enzymatic hydrolysis to form by-pro-
duct, glucosamine, which does not pose any toxi-
city!?. Furthermore, chitosan triggers hemostasis and
accelerates tissue regeneration due to the migration of
inflammatory cells and activation of fibroblasts that
produce multiple cytokines®. Notably, chitosan-based
biomaterials have antimicrobia properties which can
help to reduce the incidence of sepsis®. Chitosan
powders are generally soluble at acidic pH and the
amine groups in chitosan are protonated at pH lower
than 6 to confer the poly-cationic behavior to chitosan.
With increasing pH, the amine groups become depro-
tonated to form insoluble chitosan polymer. This so-
luble-insoluble transition occurs at its pK, value aro-
und pH 6-6.5, which is dependent on degree of
N-deacetylation and molecular weight®. Despite its
attractive properties, chitosan alone has poor printabil-
ity!?®? and further modifications are required to in-
crease the printability of chitosan-based hydrogels.

Gelatin, which is commonly used for biomedica
applications, exhibits negative charges when the pH of
medium is above its isoelectric point (pHis = 4.7)%2.
As such, interactions between the positively charged
ammonium ions from chitosan react with carboxylate
groups from the ampholytic gelatin result in the for-
mation of a polyelectrolyte complex. Prior works on
polyelectrolyte gelatin-chitosan scaffol ds/filmg'?*2
have demonstrated great potentia for skin tissue en-
gineering applications. The polyelectrolyte gelatin-
chitosan hydrogel did not experience significant con-
traction in the in-vitro cell culture test over 4 weeks
and also demonstrated potential antimicrobia activ-
ity An in-vivo study over a period of 16 weeks re-
vealed that the chitosan/gelatin hydrogel was efficient
in inducing fibrin formation and vascularization at the
implant-host interface®”. The polyelectrolyte gelatin-
chitosan scaffolds are commonly prepared via freeze-
drying!?*2* or solvent-casting approaches®>*%,

In this paper, gelatin was modified with chitosan to
form polyelectrolyte gelatin-chitosan (PGC) hydrogels
to demonstrate its potential for bioprinting applica-
tions. The interactions between the chitosan and gela-
tin within the polyel ectrolyte complex were evaluated,
followed by rheological characterization of the PGC
hydrogels at varying shear rates and temperatures.
Next, different combinations of printing pressures and
feed rates were utilized for different PGC hydrogels to
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determine the highest possible printing resolution and
printing accuracy at room temperature. Lastly, bio-
compatibility tests were conducted to evauate the
potential use of PGC hydrogels for bioprinting of skin
constructs. These outcomes will provide valuable in-
sights into development of printable hydrogels for
bioprinting of 3D tissue constructs.

2. Materialsand M ethods
2.1 Materialsand Cells

Chitosan (low molecular weight, 75-85% deacetyla-
tion) and gelatin (porcine skin, Type A) powders were
obtained from (Sigma Aldrich, Singapore). Other rea
gents like acetic acid, sodium hydroxide (NaOH) and
phosphate buffered saline (PBS) solution (pH 7.4 at
0.01 M) were sterile-filtered before use. Neonatal hu-
man foreskin fibroblasts (HFF-1 from ATCC® SCRC-
1041™) were used in this study. The cell line was
cultured in a HERACcell 150i cell incubator (Thermo
Scientific) at 37°C in 5% CO, using ATCC-formulated
Dulbecco’'s Modified Eagle’'s Medium (DMEM) sup-
plemented with 15% fetal bovine serum (HyClone™
from GE Healthcare). Culture media was changed
every 3 days and the cells were routinely passaged in
tissue culture flasks (cells were not used after Passage
6). The adherent HFF-1 cells were harvested using
0.25% trypsin/ethylenediaminetetraacetic acid (EDTA)
(Invitrogen) at 90% confluency.

2.2 Synthesis of Polyelectrolyte Gelatin-chitosan
Hydrogels

Modification of chitosan was carried out via the addi-
tion of gelatin to create a polyelectrolyte gelatin-chi-
tosan hydrogel®®. 2.5% w/v chitosan was dissolved in
acetic acid and mechanically agitated for three hours
to obtain a homogeneous gel. Varying concentration of
gelatin solutions (2.5%, 5% and 7.5% wi/v) were dis-
solved in sterile PBS solution and stirred at 40°C for
complete dissolution of gelatin powder. The gelatin
solution of varying concentration was then added sep-
arately to the chitosan gel at a pH greater than 4.7 to
initiate the formation of polyelectrolyte complex be-
tween the positively-charged chitosan and negatively
charged gelatin and they were designated hereafter as
2.5%, 5% and 7.5% PGC respectively. Equal volume
of gelatin solution was added to the chitosan gel in a
drop-wise manner under constant mechanical agitation,
followed by subsequent addition of NaOH solution to
the gelatin-chitosan polymer blend in a drop-wise

manner till the pH of the mixture reaches ~ 6.5 to in-
itiate the pH-dependent crosslinking using a pH meter
(HM Digital. Inc.).

2.3 FTIR Characterization

The interactions between chitosan and gelatin within
the polymer blend were investigated with dried gelatin-
chitosan hydrogels using a Fourier Transform Infrared
(FTIR) Spectrometer (Bruker Vertex 80v, Germany).
Each dried gelatin-chitosan hydrogel was placed
within the enclosed vacuum chamber one at a time
and FTIR spectra were collected within the range of
8002000 cm ' via attenuated total reflectance (ATR)
technique. The measurements were conducted in trip-
licate and presented in the transmittance mode.

2.4 Rheological Characterization

The rheological properties of PGC hydrogels were
evaluated using the Discovery hybrid rheometer (TA
instruments, USA). The values of the strain amplitude
were first verified to ensure that all measurements
were performed within the linear viscoelastic region.
Next, the viscosities of PGC hydrogels were evaluated
for shear rates ranging from 0.1 to 100 s* at a constant
temperature of 27°C (room temperature). To evaluate
the sol-gel transition state of the hydrogels, (i) storage
modulus (G’) and (ii) loss modulus (G”) of the 2.5%,
5% and 7.5% PGC were then measured at varying
temperatures from 20 to 40°C at a fixed shear strain of
2%. The sol-gel transition state can be determined by
the G'/G” ratio, whereby G'/G” = 1 is the gelling
point. All measurements were conducted in triplicate.

2.5 Bioprinting of Biomaterials

A 3-D bioprinter, Biofactory® (regenHU Ltd., Swit-
zerland), was used for printing of PGC hydrogels. The
PGC bio-ink was loaded into a sterile printing car-
tridge and the printing process was conducted using
an extrusion-based print-head. The hydrogel was de-
posited via extrusion-based printing approach and the
material flow for each print-head was controlled by
individual pressure regulators. Pre-defined structures
were input into BioCAD (regenHU Ltd., Switzerland).

The printability of different PGC hydrogels was eva-
luated using a combination of different printing pres-
sures (1-3.5 bars) and feed rates (6001000 mm/min)
using a constant nozzle diameter of 210 pum. Adjacent
filaments of 2 cm length at inter-spacing of 1 mm (n =
6) were printed and measured in terms of filament
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widths at varying printing pressures and feed rates
using Image] processing software. To demonstrate its
ability to fabricate a multi-layered hydrogel construct,
a 3-layered hydrogel construct with grid-like patterns
was fabricated by printing each layer of grid-like pat-
terns directly over the previous layer using an optimal
combination of feed rates and printing pressures.

2.6 Biocompatibility of PGC Hydrogels

To assess the biocompatibility of PGC hydrogels, PGC
hydrogels were manually casted followed by seeding
150,000 HFF-1 cells on surface of PGC hydrogels in
each of the 6-well plates (n = 5) and 2 mL of complete
growth medium was added into each well plate. A
control setup with 2.5% chitosan was used in this
study. The cells were incubated for 4 days prior to
performing cell viability assay on Day 4 using Mole-
cular Probes® Live/Dead staining kits (Life-Techno-
logies) according to the manufacturer’s manual. The
calcein AM will stain the viable cells green, while the
ethidium homodimer-1 will stain the dead cells red.
The samples were washed twice with PBS and 1 mL
of staining solution was added to each of the 6-well
plates containing the PGC hydrogels and incubated for

an hour before observation under Carl Zeiss Axio Vert.

A1l Inverted Microscopy.
3. Results and Discussion

Anidea printable material should provide good shape
fidelity and high printing resolution. An important
characteristic of printable biomaterias is to have con-
sistent flow that facilitates deposition at high repeata-
bility. Notably, the hydrogel-based bio-inks with nat-
ura porosity offer good permeability to oxygen and
nutrients'®,

3.1 FTIR Characterization

To evaluate the interactions between the chitosan and
gelatin within the polymer blend, FTIR anaysis was
conducted. The IR spectra of the gelatin-chitosan po-
lymer blend and their respective polymers were shown
in Figure 1. The IR spectrum of chitosan polymer dis-
played saccharide peaks at approximately 896 and
1152 cm™, an amino characteristic peak at 1550 cm ™
and an amide | peak of the acetyl group at 1643 cmi ™.
Gelatin polymer was characterized by its amino peak
at 1539 cm* and carbonyl peak at 1628 cm™. The
gelatin-chitosan polymer blend led to dight adjust-
ment in the spectrum, i.e., shifting of both carbonyl

— Chitosan (2.5% w/v)
—2.5% PGC
—5.0% PGC
—7.5% PGC

—— Gelatin (7.5% wiv)

®
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Figure 1. IR spectra of gelatin-chitosan polymer blend along
with their individual polymers. The shifting of both carbonyl
and amino bands indicate the formation of hydrogen bonds
between chitosan and gelatin molecules in the polyelectrolyte
complex.

(from 1643 to 1628 cm™) and amino bands (from 1550
to 1539 cm™). This illustrated that hydrogen bonding
are formed between chitosan and gelatin molecules in
the polyelectrolyte complex, which is supported by
other reported results™®. The shifting of the peaks
implied that hydrogen bonding occurs between the
chitosan and gelatin polymers to form polyelectrolyte

hydrogels, which is consistent with previous reported
results 303637,

3.2 Rheological Characterization

The rheological properties of different PGC hydrogels
were investigated at 27°C to analyze how varying
shear rates affect viscosity of the hydrogels during
printing process a room temperature. A force is re-
quired to overcome yield stress of the hydrogel before
it undergoes a shear-thinning process with increasing
shear rates. It was reported that a suitable range of
printing viscosity is ~ 4 to 30 Pas for extrusion-based
printing®. The generated shear rate in our printing
process was estimated in the range of 2060 s™. As
shown in Figure 2, PGC hydrogels with higher gelatin
concentrations exhibited higher yield stress and vis-
cosity. The increased gelatin concentration resulted in
more interactions between the positively-charged am-
monium ions from chitosan and negatively-charged
carboxylate groups from the ampholytic gelatin, re-
sulting in higher viscosity. It was observed that as the
shear rate increases, viscosity of 2.5% PGC hydrogels
falls out of the ideal printing viscosity. The resultant
low viscosity would result in poor printing accuracy
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Viscosity [Pa-s]

Shear Rate [1/s]

Figure 2. Rheological behavior of PGC hydrogels at varying
shear rates (0.1-100 s%) at 27°C (room temperature). All 3
different PGC hydrogels fall within the suitable range of print-
ing viscosity (~ 4 to 30 Pa:s) at varying shear rates.

but both 5% and 7.5% PGC hydrogels have relatively
more suitable printing viscosities.

As gelatin is a thermo-sensitive polymer, it is im-
portant to evaluate the rheological behaviour of PGC
hydrogels at varying temperatures. The storage and
loss modulus of PGC hydrogels were evaluated over a
temperature range of 20-40°C. Prior to the addition of
NaOH, al the PGC hydrogels were in sol state with
low viscosity at temperatures above 25°C, assuchiit is
difficult to achieve good shape fidelity above printing
temperatures of 25°C. To analyze sol-gel transition
state of the PGC hydrogels, the storage (G’) and loss
modulus (G”) of the PGC hydrogels were measured.
Theratio of G'/G” (tan «) determines the sol-gel state
of the hydrogel. When tan « is greater than 1, it indi-
cates that the material isin a gel state, while atan
lower than 1 indicates that the materia isin asol state.
As shown in Figure 3; only 5% and 7.5% PGC hy-
drogels exhibit gel-like behaviour within the tempera-
ture range of 2040°C. The tan « of 2.5% PGC hy-
drogel approaches 1 near 37°C and its tana value de-
creases below 1 at temperatures above 37°C. As such,
2.5% PGC hydrogel will not be used in the bioprinting
process as loss of shape fidelity might occur during
the incubation of the printed construct at higher tem-
perature. Conversely, both 5% and 7.5% PGC hydro-
gd s exhibit significantly high G'/G” ratio, which would
offer good shape fidelity of the printed structures.

3.3 Bioprinting of Biomaterials

There are currently two different modes of printing;

54 ——GIG" for 25%PGC
G/G' for 5.0%PGC

——GIG" for 7.5%PGC

——tandelta=1

Temperature (°C)

Figure 3. G'/G” ratio of different PGC hydrogels at varying
temperatures at fixed shear strain of 2%. A high G'/G” ratio (>1)
would offer good shape fidelity of the printed structures.

one is the deposition of cell-laden hydrogel and the
other approach is to print the hydrogel and cells sepa-
rately. The latter approach offers better control over
the celular density and distribution across each
printed layer. As such in our printing process, we fo-
cus on the printing of acellular biomaterials using the
extrusion-based printing technique.

As shown in Figure 4, the suitable range of printing
pressures for each PGC hydrogd is different. Gener-
aly, higher pressures are required to extrude the more
viscous hydrogels®. It was observed that the filament
widths of 2.5% PGC hydrogels increase exponentialy
with increasing printing pressures. This is probably
due to the intrinsic low viscosity of 2.5% PGC hydro-
gel which causes higher extent of filament spreading
when a larger printing pressure was used. A similar
trend was also observed in 5% PGC hydrogel; the fi-
lament widths increase in a linear manner from print-
ing pressures of 2—2.8 bars and subsequently increase
in an exponential manner when the printing pressures
are above 2.8 bars. In contrast, the most viscous 7.5%
PGC hydrogels demonstrated a linear relationship bet-
ween printing pressures and filament widths through-
out 2.6 bars to 3.4 bars. It is likely that the high vis-
cosity of 7.5% PGC hydrogel reduces the extent of
filament spreading at higher printing pressures (above
3 bars). It was also observed that standard deviation of
printed filament widths decreases with PGC hydrogels
of higher viscosity. Hence, a more viscous hydrogel
offers higher printing consistency and better control
over the printed filament widths at increasing printing
pressure.

Generally, ahigher feed rate would result in athinner
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Figure 4. Effect of printing pressures on printed filament
widths.

filament width (Figure 5). It was observed in 2.5%
PGC hydrogels that the printed filament widths in-
crease to a larger extent with decreasing feed rates
when higher printing pressures were used (indicated
by the gradient of the plotted lines). Conversely, the
most viscous 7.5% PGC hydrogels exhibited a linear
relationship between the feed rates and printed filament
widths within its suitable range of printing pressures.
Hence, varying feed rates has significant effect on the
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Figure 5. Effect of feed rates on printed filament widths.

less viscous hydrogels such as 2.5% PGC hydrogels
with increasing printing pressures.

As shown in Figure 6, an optima combination of
both printing pressures and feed rates is required to
obtain a complete grid-like pattern. A high printing
pressure would result in excessive materia deposition,
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Figure. 6. (Left) Excessive material deposition, (Middle) optimal printing parameters, (Right) incomplete printing (scale bar: 500 pum).

while a low printing pressure would result in incom-
plete patterning. Among all the PGC hydrogels and
different combinations of printing pressures and feed
rates, the 5% PGC hydrogels at printing conditions of
2.4 bars and 1000 mm/min feed rate enables the fa
brication of complete grid-like patterns at highest
printing resolution. Using the optimal combination of
printing pressures and feed rates and a pre-defined
layer thickness of 160 um, a 3-layered PGC hydrogel
construct with grid-like structures was printed and
shown in Figure 7. It was observed that the estimated
height of the printed construct (~400 pum) was lower
than the pre-defined height of 480 um and the fila
ment widths increased from ~314 um (1-layer) to ~
450 pm (3-layers). It is likely that the nozzle tip
transversed within the layer and induced compression
of each printed layer (lower height and higher filament
widths). Further optimization to the layer thickness is
required to improve the accuracy of printed 3D con-
structs.

3.4 Biocompatibility of PGC Hydrogels

To evaluate the biocompatibility of the PGC hydrogel,
5% PGC hydrogel was manually casted onto 6 well

‘:‘f!:\‘{} AR .-‘,‘.__‘z. \
"_'.”‘AH'H vy -y~
> : .
n"“'\\'_\\ g r
. o

WA T

plates followed by seeding of HFF-1 cells onto the
surface and a control set-up with 2.5% chitosan was
used in this study. The seeded HFF-1 cells were gen-
eraly round in shape and evenly distributed over the
surface of PGC hydrogels. Live-dead staining was
conducted to visually inspect the cell viability and
morphology after 4 days. As shown in Figure 8, the
green viable fibroblast cells exhibited the spindle-like
morphology indicating that they were able to attach
and proliferate. It was noted that a small number of
dead HFF-1 cells, as represented by red colour, was
also present in the 3D construct. A greater number of
viable HFF-1 cells were observed on 5% PGC hydro-
gel as compared to the 2.5% chitosan hydrogel. The
incorporation of gelatin within the polymer blend im-
proved the biocompatibility by shielding the excessive
positive charges on chitosan polymer to a suitable
charge density?®”. This enables the cells to attach and
proliferate better as compared to the pure chitosan
biomaterial*”).

4. Conclusion

We envision that the bioprinting of both biomaterials
and cells with pre-defined structures will eventually

Figure 7. 3D printed multi-layered PGC hydrogel structure view at various persepectives. The resultant 3D construct has a lower
height than the pre-defined value and the filament widths increased with increasing layers. 5% PGC hydrogel was tested for the
fabrication of 3D hydrogel construct, number of layers 3, scale bar = 5 mm
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Figure 8. Live-dead staining on Day 4. (Left) chitosan hydrogel, (Right) 5% PGC hydrogel (scale bar: 100 um).

mature to form a functional tissue. As such, 3D bio-
printing serves as an attractive platform to facilitate
cellular and matrix deposition in a spatially-controlled
3D matrix. Chitosan is a promising polymer used in
wound healing applications due to its antimicrobial
and hemostasis properties. In this work, modification
to the chitosan was carried out via the addition of ge-
latin to form printable polyelectrolyte gelatin-chitosan
(PGC) hydrogels. We have optimized PGC hydrogels
for bioprinting of skin constructs. The PGC hydrogels
exhibited a sufficiently high viscosity that is suitable
for our printing chamber which has a temperature of
27°C and its high G'/G” ratio resulted in good shape
fidelity of the printed constructs. The highest resolu-
tion for the grid-like pattern using the 210 um nozzle
tip was 314 pm at an optimal combination of 2.4 bars
and 1000 mm/min feed rate. The important functions
of bioengineered skin are to provide barrier function
and a temporary scaffold to guide tissue morphogene-
sid*. The use of bioprinting offers good spatial con-
trol over deposition of selected biomaterials at specific
regions to fabricate customizable tissue-engineered
constructs correlating to wound area and depth. Full-
thickness human skin ranges between 1.5-2.5 mm in
thickness. The epidermal region is approximately 75
to 150 pm in thickness and the dermal region is usually
less than 2 mm. The printed constructs (~400 pum for 3
layers) are representative of the outer epidermal layer
and part of the dermal region. These results suggest
the potential use of PGC hydrogels for bioprinting
applications. More work needs to be conducted on
thixotropy and swelling behavior of the PCG hydro-
gels to further optimize the printing process.
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Abstract: Tissue engineering is a promising technology in the field of regenerative medicine with its potential to create
tissues de novo. Though there has been a good progress in this field so far, there still exists the challenge of providing a
3D micro-architecture to the artificial tissue construct, to mimic the native cell or tissue environment. Both 3D printing
and 3D bioprinting are looked upon as an excellent solution due to their capabilities of mimicking the native tissue
architecture layer-by-layer with high precision and appreciable resolution. Electrohydrodynamic jetting (E-jetting) is
one type of 3D printing, in which, a high electric voltage is applied between the extruding nozzle and the substrate in
order to print highly controlled fibres. In this study, an E-jetting system was developed in-house for the purpose of 3D
printing of fibrous scaffolds. The effect of various E-jetting parameters, namely the supply voltage, solution concentra-
tion, nozzle-to-substrate distance, stage (printing) speed and solution dispensing feed rate on the diameter of printed
fibres were studied at the first stage. Optimized parameters were then used to print Polycaprolactone (PCL) scaffolds of
highly complex geometries, i.e., semi-lunar and spiral geometries, with the aim of demonstrating the flexibility and ca-
pability of the system to fabricate complex geometry scaffolds and biomimic the complex 3D micro-architecture of na-
tive tissue environment. The spiral geometry is expected to result in better cell migration during cell culture and tissue
maturation.
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1. Introduction fold and developed into a tissue. Most of the times,
L o ] the engineered tissue is incubated in a bioreactor to

caffolds have a significant role in tissue engi-  facilitate maturation. The structure and properties of
neering. In brief, cells are cultured invittoon a  the final engineered tissue predominantly depends on
scaffold and allowed to migrate, proliferate and  the material, structure and properties of the scaffold.
differentiate, which eventually attached to the scaf- Many requirements are expected in order for scaffolds
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to be successful in engineering a tissue™ 2, namely (i)
scaffold should biomimic the native tissue environ-
ment as close as possible, (ii) material selection,
should be biocompatible and biodegradable, (iii) ap-
propriate surface chemistry to promote cell attachment,
proliferation and differentiation, (iv) adequate me-
chanical properties, and (v) fabrication flexibility to
have a variety of shapes and sizes. The utmost cha-
llenge with the current tissue engineering techniques
is imitation of the native tissue environment. Tradi-
tional tissue engineering methods use 2D materials or
scaffolds for cell culture and tissue construction. The
main drawback of 2D substrate is that it fails to pro-
vide the cell with its native architecture. Most impor-
tantly, native tissue micro-architecture is highly
complex and highly oriented due to its 3D environ-
ment. Obviously, when a 3D environment is provided
rather than 2D or 2.5D, the cells grow, proliferate and
differentiate closer to the native tissue!®™!. There are
several techniques to create a3D environment, such as
solvent-casting particulate-leeching, gas foaming, ph-
ase separation, melt moulding, solution casting, freeze
drying and emulsion freeze drying, however, they suf-
fer from the drawback of producing only a foam
structure, and not a highly controlled porous 3D mi-
cro-architecture, which leads to several other prob-
lemst®. Though microscale fabrication technologies
like soft lithography were able to create a microscale
resolution scaffold! !, they also suffer from several
limitations associated with inflexibility in fabricating
complex geometries and the optimization of scaffold
architecture®™. Electrospinning is looked at as an al-
ternate technology to fabricate nanofibrous scaffolds
for tissue engineering applications™ ! and shows a
considerable progress with several reports portraying
its successfulness. Nonetheless, electrospinning tech-
nology suffers from the limitation of randomly ori-
ented fibres and inability to fabricate a controlled
uniformly porous scaffolds. 3D printing is currently
seen as the potential solution to fabricate layer by layer,
controlled 3D porous scaffolds’®*>™". A new term
known as 3D bioprinting has emerged recently and
researchers are working towards the realization of
printing functional human organs with this novel
technology. An et al.”™ reviewed vastly on various
state-of-the-art 3D printing technologies for tissue
engineering applications, limitations of the current
technologies and the possible future improvements.
Electrohydrodynamic Jetting, which is also known as
EHD-Jetting or E-jetting is one type of bioprinting

technology. E-jetting has the same working principle
as Electrospinning technique which is widely
used to fabricate controlled porous scaffolds for tissue
engineering applications’?!. Various studies were
made on the effect of Electrospinning parameters on
the electrospun fibres®’ . Subsequently, the most
important parameters that have been identified were
namely, the volumetric charge density, distance from
nozzle to collector, initial jet/orifice radius, relaxation
time, and viscosity™™. Numerous novel and hybrid
techniques of Electrospinning were developed in or-
der to overcome the limitation of non-orientated ran-
dom fibres from the Electrospinning process. Bu et
al.P% developed a mechano-electrospinning technique
for fabricating oriented nanofibres and the controlled
parameter was the moving speed of the substrate.
Chanthakulchan et al.**! developed an Electrospin-
ning-based rapid prototyping method for fabrication
of patterned scaffolds but only achieved a certain level,
due to the challenges of controlling the vibration. Au-
yson et al.*¥ studied the effect of various parameters
of the hybrid Electrospinning / Fused Depositio Mod-
elling (FDM) on the fabricated scaffold and concluded
that two most important parameters to get a conti-
nuous jet are the voltage applied and the standoff dist-
ance between the nozzle and the substrate. On the other
hand, a low voltage near-field Electrospinning method
reported by Bisht et al.* was able to pattern nanofi-
bres continuously on both 2D and 3D substrates, re-
spectively. Besides that, other vital parameters were
namely, the viscosity and elasticity of the polymer ink*l.

In this study, an E-jetting setup was built in-house
in order to fabricate 3D scaffolds out of PCL material.
PCL material is widely used as a biomaterial for scaf-
folds which possess extremely good mechanical pro-
perties. The structure of the printed scaffold depends
on two important elements namely, the fibre diameter
and the pore size. The parameters of the E-jetting system,
i.e. the supply voltage, solution concentration, nozzle-
to-substrate distance, stage (printing) speed and solu-
tion dispensing feed rate greatly influences the fibre
diameter of the printed structure. Briefly, the relation
between these parameters and the fibre diameter were
discussed in this work. Parameters were optimized and
scaffolds of complex geometries i.e. semi-lunar and
spiral shapes have been successfully printed.

2. Experimental Section

2.1Materials
Acetate (Aladdin A116171, electronic grade, >99.7%)
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which is commonly referred to acetic acid was used as
the solvent. Polycaprolactone (PCL) pellets with an
average molecular weight of 80 kDa (Polycaprolac-
tone, Scientific Polymer Products Inc, Ontario, NY)
was used as the solute biomaterial. PCL pellets were
put in the acetic acid solution (50%, 60%, 70%, 80%
and 90%) (w/v) and sonicated by using an ultrasonic
sonicator at 30°C and 40 kHz for 3 hours. Then, the
mixture was stirred well and re-sonicated for another
1.5 hours in order to obtain a homogeneous solution.
The solution was left at room temperature for a while
before unloaded it into the syringe for E-jetting pur-
pose. Polished silicon wafers with the diameter of 100
mm were used as substrates.

2.2 Experimental Setup

An E-jetting system was built in-house for the purpose
of fabrication of scaffolds. The schematic diagram of
the experimental setup and the actual system are
shown in Figure 1 and Figure 2, respectively. The
main components of the system are namely, the high
voltage power source, a high precision XYZT stage
along with the controller, a syringe pump and a
computer. The software for stage control, connecting
tubes, syringes and needles are other components. A
13 mm internal diameter syringe and 0.5 mm internal
diameter needle were used in all the experimental tri-
als. The high precision stage, purchased from Aerotech
Company (Pittsburgh, PA, USA) was driven by linear
motors. The X and Y axis has the travel distance of up
to 150 mm and can be precisely controlled up to 3
um, while the Z axis has the travel distance of 50 mm
and can be precisely controlled up to 5 um. Ensemble
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Figure 1. Conceptual diagram of E-jetting system.

IDE is the software that controls the movement of the
XYZT stage through a communication interface,
which also gives the real-time position and velocity
information for effective monitoring and control.

The working principle is based on the balance be-
tween the electrostatic force and the combined surface
tension and viscoelastic force of the liquid. A high
voltage (DC) is applied between the nozzle and the
substrate, typically in the order of-3  kV. The sur-
face tension force of the liquid at the nozzle tip was
overcome by the electrostatic force between the nozzle
and substrate, hence forcing the solution to come out
of the nozzle and printed onto the substrate. The
whole process happens in two stages. The first stage
was the formation of the Taylor cone at the apex of
the conical meniscus, due to which the electric field
stretches the liquid. Then it progresses to the second
stage of Rayleigh-Plateau instability. As the electric
field force increases, Rayleigh-Plateau instability be-
comes larger than the combined surface tension and
viscoelastic force, while a jet of liquid is formed and
ejected continuously onto the substrate. The substrate

- = * 4
| Power supply [ ™

Figure 2. In-house E-jetting system.
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was placed on the XYZT stage and moved in accor-
dance to the computer program pertaining to the de-
sired geometry, pore size and number of layers. A
square-mesh pattern is used for the optimization stu-
dies of various parameters and its effects on the fibre
diameter. The traverse path of square-mesh scaffolds is
shown in Figure 3.

2.3 Characterization of Fibrous Scaffolds

The morphology of fibre was analysed under an Opti-
cal Microscope (OLYMPUS, BX51M) and FESEM
(FEI Quanta 250 FEG, FEI Inc, OR, USA) at an acce-
lerating voltage of 15 KV. Acceleration voltage is the
voltage in which the electrons are accelerated down
the SEM column. In other words, it is the highest
voltage applied to the filament. The higher the ac-
celerating voltage, the faster the electrons travel
down the column and the more penetrating
power they have, reducing spherical abberation
of the system and thereby increasing the reso-
lution. The diameter of the fibre was measured both
using the optimal microscope images (MShot Digital
Imaging System software) and FESEM. Six mea-
surements were made and the average value was cal-
culated. The images from optical microscope and
SEM are shown in Figure 4. The sample size for each
data point for all the experiments was three whereas

mBeuluBala

the standard deviation (SD) was less than 20 um. In
fact, most of the data points had a SD of 2-5 pm.

3. Results and Discussion

3.1 Effect of Stage Speed on Fibre Diameter

The effect of varying stage speed on fibre diameter is
shown in Figure 5. Stage speed is varied from 10
mm/s to 140 mm/s, while all other parameters are kept
constant (Fd = 6 pL/min, D = 3 mm, V = 3 kV), at two
different solution concentrations (C) viz. 50% and
70% wiv. As expected, the size of the fibre diameter
decreased with the increment of stage speed. This is
due to the fact that at higher speed, the duration of
e-jetting at a particular point of substrate have les-
sened and the fibre’s diameter was also reduced natu-
rally. However, at very high speeds, discontinuous
fibres resulted. This might be because of the fact that
the frictional force between the jetted fibre and the
substrate increases greatly at very high speeds, which
at a certain critical value exceeds the viscoelastic force
and hence results in discontinuous fibres. In other
words, when the stage speed was increased to
more than 160 mm/s, the traction force caused by
the adhesion in-between the nozzle and substrate
could exceed the viscoelastic force of the PCL fibre,
thus resulting in the formation of discontinuous fibres

A
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©

Figure 3. Traverse path of the square-mesh scaffold, (A) first layer (B) second layer (C) E-jetted square- mesh PCL scaffold, 40 x 40 mm, pore

size of 0.5 x 0.5 mm and fibre diameter of 100 pum.
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Figure4. Characterization of fibre through (A) Optical Microscope and (B) SEM. (C) A closer view of the SEM measurement.
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Figureb. Effect of stage speed on fibre diameter.

or no fibre being attached onto the substrate. On top of
that, the effect of stage speed on fibre diameter was
found to be different at various solution concentrations.
With increase in concentration the fibre diameter is
larger, at the same stage speed . As seen from Figure 5,
at a particular stage speed, the fibre diameter of 70%
wi/v solution is much higher than that of 50% w/v so-
lution. On an average, the difference is more than 40%,
which is predominantly due to the increase in the vis-
coelastic force, with increase in the concentration.
The effect was more pronounced at lower speeds and
the differences were narrowed down slowly as the
stage speed increases, which apparently prove the same
fact.

3.2 Effect of Solution Feed Rate on Fibre Diameter

The feed rate at which the solution was delivered by
the syringe pump to the nozzle and onto the substrate
plays a significant role in determining the final fibre
diameter. Figure 6 shows the relationship between the
solution feed rate and fibre diameter. The solution feed
rate was varied from 4 to 20 pL/min, while the other
parameters were kept constant (D = 2.5 mm, V = 3 kV
and S = 150 mm/s). The study was conducted in three
different solution concentrations (60%, 70% and 90%)
(w/v). The fibre diameter increased with increase in
solution feed rate, as expected. At the same stage
speed and voltage, when the feed rate is increased,
the amount of solution that is e-jetted out of the noz-
zle per unit of time will also increase, thereby re-
sulting in deposition of an increased volume of solu-
tion on the substrate and hence, the fibre diameter
also increases. Also, at the same feed rate, solutions
with higher concentration resulted in greater fibre
diameter than the solution with lower concentration,
which is due to the dominant viscoelastic force as
discussed in the previous section. One important ob-
servation to make is that at very high concentration

(90% wi/v), the effect of solution feed rate is much
less pronounced compared to the low concentration
solutions. To put it in other words, for the same range
of feed rate variation (4—20 ulL/min), the variation
range of fibre diameter is larger in low concentration
solutions (50 um to as large as 200 um), whereas the
fibre diameter range is considerably lesser in high
concentration solution (100 pm to 140 pm only).
This is attributed to the reason that the viscoelastic
force due to the higher solution concentration is so
dominant that the effect of increased feed rate be-
comes very less.
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Figure 6. Effect of solution feed rate on fibre diameter.

3.3 Effect of Supply Voltage on Fibre Diameter

Supply voltage is a very important parameter in the
E-jetting process, not only for the integrity of the fibre
structure but also a safety concern. Too high values
may result in sparking, eventually leading to greater
safety risks. It is important to know the effect of supply
voltage on fibre diameter so as to not exceed a certain
value for safety reasons. The relationship between the
supply voltage and the fibre diameter is shown in Fig-
ure 7. Voltage is varied from 2 kV to 3.5 kV, in small
steps, with all other parameters constant (D = 2.5 mm,
Fd = 10puL/min, S = 150 mm/s) and at three different
solution concentrations (60% w/v, 70% w/v and 80%
wi/v). Voltage values below 2 kV resulted in disconti-
nuous jet formations because of the inability of the
electric field force to overcome the surface tension and
viscoelastic force of the solution. The relationship is
not well established and the trend is not regular. How-
ever, two regions could be identified. In the first region,
at lower voltages, a small change in voltage resulted in
a major change in the fibre diameter, For instance, at a
solution concentration of 60% wi/v, when the voltage is
increased from 2 to 2.4 kV, the diameter increased
from 20 to 100 um and at solution concentration of 70%
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wi/v, when the voltage is increased from 2 to 2.4 kV,
the diameter increased from 55 to 95 pm. This is fol-
lowed by the second region, where the effect of in-
creased voltage has less pronounced effect on the fibre
diameter. This may be due to the reason that in region
one, there lies the transition point at which the electric
field force reaches a critical value and when it exceeds
the combined effect of surface tension and viscoelastic
forces. However, at a higher solution concentration, the
trend looks murky and no stable pattern and the effect
is also less pronounced, due to the dominant viscoelas-
tic force. This may also be attributed to the complex
interaction between the supply voltage and nozzle-to-
substrate distance, which goes hand in hand.
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Figure7. Effect of supply voltage on fibre diameter.

3.4 Effect of Nozzle-to-substrate Distance on Fibre
Diameter

Another important parameter which plays a significant
role in the E-jetting process is the gap between the
nozzle and the substrate. This parameter works rela-
tive to the supply voltage, i.e., if the gap is very small,
applying a higher voltage will result in sparking and if
the gap is very large, a very high voltage is required to
overcome the surface tension and viscoelastic forces
of the solution. The relationship between the nozzle-
to-substrate distance and the fibre diameter is shown
in Figure 8. Nozzle-to-substrate distance is varied
from 1.5 to 3.5 mm, in small steps, with all other pa-
rameters constant (V = 2.5 kV, Fd = 10uL/min, S =
150 mm/s) and at three different solution concentra-
tions (60% w/v, 70% w/v and 80% w/v). Values below
1.5 mm resulted in sparking. The observed relation-
ship has no regular trend. But certain important ob-
servations can be made. While at lower values of gap,
the fibre diameter increases at some concentrations
and decreases at some other concentrations when the
gap is increased, eventually there is a plateau region,

where the fibre diameter doesn’t vary much and is sta-
ble. After a certain higher value of nozzle-to-substrate
distance, the fibre diameter tends to decrease drasti-
cally. This is due to the reason that when the gap is
larger, at the same supply voltage, the electric field
force at the nozzle tip reduces greatly and hence una-
ble to overcome the surface tension and viscoelastic
forces and also the fibres were not very stable and
discontinuous. The trend is a bit different at very high
solution concentration; in the plateau (middle) region
where for other lower concentrations (60% w/v, 70%
wi/v) the fibre diameter does not vary much, it de-
creases in the higher concentration solution (80% wi/v),
again due to the dominant viscoelastic force.
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Figure 8. Effect of nozzle-to-substrate distance on fibre diameter.

3.53D Printing of PCL Scaffoldswith Complex
Geometries

From the parametric study, the E-jetting process was
optimized and range for each parameter is obtained
S0 as to get stable, continuous E-jetting fibres. The
concentration of the PCL solution was fixed at 70% wi/v,
stage speed at 150 mm/s, supply voltage 2.5 to 3 kV,
solution feed rate 4-10uL/min and nozzle -to-substrate
distance 2.5 or 3 mm for all the subsequent experimental
trials. Scaffolds of different geometries, with complex
architecture were printed. Semi-lunar or curved scaf-
folds are printed as shown in Figure 9. This geometry
is necessary for reconstruction of soft tissues espe-
cially the knee meniscus®®. The E-jetting parameters
were C = 70%, Fd = 8uL/min, V = 3 kV, S = 150 mm/s
and D = 2.5 mm. Several trials were made and the
fibre diameter measured was 90 + 5 pum. A novel spir-
al scaffold was also printed as shown in Figure 10 for
the first time. The E-jetting parameters were, for Fig-
ure 10C, C = 70%, Fd = 6 uL/min, V = 2.5 kV, S = 100
mm/s and D = 3 mm, and for Figure 10D, C = 70%,
Fd = 0.4 uL/min, V = 2.55 kv, S = 100 mm/s and
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Figure 10. (A) & (B) Conceptual images of spiral scaffold. (C) & (D) SEM Images of spiral PCL scaffolds.

D = 3 mm. Different types of cells show different pro-
liferation responses to the environment. Spiral scaf-
folds may be suitable for tissue engineering of soft
tissues, with the spiral design improving the cell mi-
gration and formation of cell-cell junctions.

4. Conclusion

Development of the field of tissue engineering and
successful clinical translation of this technology de-
pends on how closely the engineered tissue biomimic
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the native tissue architecture. 3D printing of scaffolds
for tissue engineering and 3D Bioprinting are rela-
tively new technologies which have the potential to
meet this requirement. In this study, E-jetting process
is studied in detail and the effect of various parame-
ters on the printed fibre diameter analysed, pertaining
to PCL biomaterial. The relationship between these
parameters, in combination, is complex. Hence, a
detailed parametric study has to be performed for
finding the optimum parameters of E-jetting to print
stable, regular, continuous fibres and hence scaffolds
with good structural and spatial properties. In fact, the
greatest advantage of this technology is the patterning
and orientation of fibres in a controlled manner in
desired architecture. The complex geometries like
semi-lunar and spiral shaped scaffolds are printed
using this technique, which will be very useful for
certain complex soft tissues in body like the knee
meniscus or tendon. These different complex shapes
are also expected to influence the cell proliferation
positively, in terms of better cell migration within the
scaffold and formation of cell-cell junctions, which
has to be validated by future in vitro studies. Devel-
opment of the field of tissue engineering and success-
ful clinical translation of this technology depends on
how closely the engineered tissue biomimic the native
tissue architecture. Both 3D printing of scaffolds for
tissue engineering and 3D bioprinting are relatively
new technologies which have the potential to meet this
requirement. In this study, E-jetting process is studied
in detail and the effect of various parameters on the
printed fibre diameter analyzed, pertaining to PCL
biomaterial. The relationship between these parame-
ters, in combination, is complex. Hence, a detailed
parametric study has to be performed for finding the
optimum parameters of E-jetting process to print sta-
ble, regular, continuous fibres and hence scaffolds
with good structural and spatial properties. In fact, the
greatest advantage of this technology is the patterning
and orientation of fibres in a controlled manner in de-
sired architecture. The complex geometries like semi-
lunar and spiral shaped scaffolds are printed using this
technique, which will be very useful for certain com-
plex soft tissues in body like the knee meniscus or
tendon. These different complex shapes are also ex-
pected to influence the cell proliferation positively, in
terms of better cell migration within the scaffold and
formation of cell-cell junctions, which has to be vali-
dated by future invitro studies.
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Microstereolithography-fabricated microneedles for
fluid sampling of histamine-contaminated tuna
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Abstract: A custom-designed microneedle sampling system was prepared using dynamic mask microstereolithography;
this sampling system was used for determination of histamine content in fresh, histamine-spiked, and spoiled tuna flesh.
Lateral flow (test strip) assays were successfully utilized in the microneedle sampling system to assess histamine con-
tent. Good agreement was noted between data obtained from the microneedle sampling system and a commercialy
available histamine detection kit. A discrepancy was noted in the results from the microneedle sampling system and the
commercially available histamine detection kit at low (negative) levels of histamine. There was an improvement in the
agreement between the microneedle sampling system and the commercially available histamine detection kit at higher
histamine levels. The results, which showed an improvement in the test duration and the amount of reagent needed for
histamine detection, indicate the promise of printed microneedle sampling systems for histamine detection in seafood
samples and other types of food testing.
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1. Introduction

ood poisoning is a concern when consuming
fish that has been exposed to elevated tempera

tures for extended periods of time. Histamine
fish poisoning is one of the most common types of
seafood consumption-related illnesses in the United
States”). Histamine fish poisoning (HFP), which is
sometimes referred to as scrombroid fish poisoning, is
associated with mishandling of the Scrombridae fam-
ily of fish (e.g., tuna and mahi-mahi), which have high
levels of histidine in their muscles®. A biogenic am-
ine known as histamine is formed during bacteria de-
carboxylation of histidine in the raw fish®. Although

histamine is naturally present in humans and humans
possess a protective mechanism in the digestive tract
to handle small amounts of consumed histamine,
ingestion of tainted fish with high levels of histamine
may overwhelm the protective mechanism and result
in histamine intoxication, which resembles an allergic
reaction'®”. Histamine levels that are greater than or
equal to 500 mg/kg of fish tissue are noted to be toxic
when ingested!®; the United States Food & Drug Ad-
ministration has set the acceptability limit at 50 mg/kg.
It is concerning to note that fish with unacceptable
levels of histamine may not exhibit a different ap-
pearance or emit a different odor than fish that has not
been compromised®*?. Furthermore, heating fish to

Microstereolithography-fabricated microneedles for fluid sampling of histamine-contaminated tuna. © 2016 Ryan D. Boehm, et a. This is an Open Access
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normal cooking temperatures does not necessarily
ater the histamine levels within the fisht".

Due to concerns associated with histamine conta-
mination of fish, a number of methods have been de-
veloped to screen fish flesh and ensure that it does not
contain dangerous levels of histamine. Screening of
histamine levels in fish may be conducted using a va
riety of methods, including high purity liquid chro-
matography (HPLC)™, enzymatic test kits, enzyme-
linked immunosorbent assays (ELISA), and lateral
flow immunochromatographic test strips™3. The later-
al flow test strips are particularly useful for fieldwork
since they do not require complex equipment for
analysis. Lateral flow tests, sometimes referred to as
dipsticks, are used in many environmental and health-
care applications (e.g., colorimetric pregnancy tests)!™.
For example, latera flow tests have been used for bo-
tulinum neurotoxin, aflatoxin B1, and virus detec-
tion™". One such lateral flow test is the Reveal® for
Histamine test kit (Neogen® Corporation, Lansing, M1,
USA), which can screen for histamine in tuna and
mahi-mahi; the Revead® for Histamine test kit was
used as the histamine detection mechanism in this
study.

One procedure that is described in many histamine
detection methods is homogenization of fish flesh;
most assays are performed on fluid extracts from the
homogenized fish flesh. In this study, we investigated
use of a microstereolithography-prepared microneedle
sampling system for detecting histamine in fish flesh.
Systems containing microneedle arrays have previ-
ously been developed for sampling of analytesin tran-
sdermal blood and/or interstitial fluid™®2%. For in-
stance, systems containing microneedles arrays have
been developed for detection of glutamaté®!, glu-
cosd??? | and potassium ions?¥. In this study, micro-
needle arrays were used as a sampling mechanism for
detection of histamine in fish flesh. Visible light dy-
namic mask microstereolithography was used to pre-
pare customized microneedle arrays; this approach has
been previously used to create microneedle arrays for
drug delivery®2® and biosensing applications®?%.
Reveal® for Histamine |ateral flow test strips were inte-
grated with the microneedle sampling system. Flesh
from fresh, histamine-spiked, and spoiled tuna was
examined with the microneedle sampling system; the
results from the microneedle sampling system were
compared to results from the manufacturer’s protocol
that involved homogenization of tunaflesh.

2. Materialsand Methods
2.1 Microneedleand L ateral Flow Test Holder

To sample the tuna flesh for histamine, arrays of mi-
croneedles were used to capture fluid from the tuna
samples. A custom latera flow test strip holder was
designed to stabilize a microneedle array, alowing the
sampled fluid to be washed off of the microneedle
array and into a reservoir for wetting of a lateral flow
test (Figure 1). Both of these components were custom
designed using computer-aided design software (Solid-
Works Education Edition 20142015, Dassault Systémes
SolidWorks Corporation, Concord, NH, USA). The
microneedle arrays were composed of nine offset mi-
croneedles, which exhibited a thin pyramidal shape
and atrapezoidal eyelet design to capture fluid (Figure
1A). The test strip and microneedle holder (Figure 1C)
was designed with three chambers: (i) a washed sam-
ple reservoir for placement of the latera flow test, (ii)
the microneedle holder/wash chamber, and (iii) an

(B)

Figure 1. Computer aided design schematic of the microneedle
array and the custom lateral flow test holder. (A) Front, |eft, top,
and isometric views of the microneedle design are shown
clockwise from upper left position. (B) Insertion of the micro-
needle into the central chamber of the test strip holder follow-
ing application of the microneedle array to the tuna sample. (C)
Section view of the custom test strip holder showing: (1) the
washed sample reservoir for the test strip, (2) the centra
chamber holding the microneedle array in place, and (3) the
inlet port for the sample diluent. (D) The sample diluent is
added to the port at site (3), where it runs through the channel
to (2) the central chamber, washing the acquired sample from
the microneedle array into the reservoir at site (1). The latera
flow test strip is placed into the groove at site (1) and is wetted
by the microneedle array wash/diluent at the beginning of the
screening test.

International Journal of Bioprinting (2016)-Volume 2, Issue 1 73



Microstereolithography-fabricated microneedles for fluid sampling of histamine-contaminated tuna

inlet port for the sample diluent.

The devices were fabricated using a photosensitive
acrylate-based, class-l1a biocompatible polymer known
by the tradename eShell 200 (Envisiontec, Ferndale,
USA)P. This material was polymerized into the de-
sired component geometries based on STL files, which
were created using computer aided design software. A
Perfactory 11l SXGA+ visible light dynamic mask
mi crostereolithography system with an Enhanced Res-
olution Module (EnvisionTEC GmbH, Gladbeck, Ger-
many) was utilized to fabricate the devices in an addi-
tive layer-by-layer manner. A z-direction step size of
50 pum was used to build the devices; the dynamic
mask was illuminated with visible light at a lamp
power of 550 mWw.

Following the microstereolithography step, the de-
vices were rinsed with isoproponal 2-3 times and
dried with compressed air. The test strip holders were
immersed in isopropanol for 15 minutes and sonicated
in an ultrasonic bath. The parts were then removed,
dried with compressed air, and hand-rinsed with iso-
propanol as needed to remove unpolymerized resin.
Both types of devices were dried in a heated chamber
at 30C for at least 30 min utes before undergoing a
post curing procedure. For post curing, the parts were
loaded into an Otoflash Post Curing Light Pulsing
Unit (EnvisionTEC GmbH, Gladbeck, Germany) and
exposed to two sets of 2000 light pulses. This units
utilizes light pulses in the 300—700 nm spectral range
at 10 Hz to polymerize residual unpolymerized ma
terial within the devices™. The devices were imaged
with a VHX-5000 optical microscope (Keyence,
Itaska, IL, USA).

2.2 Fish Preparation

Tuna steaks that were cut to a 1-inch thickness were
used to perform histamine testing. The tuna samples
were acquired from a local fresh fish market. To
calibrate the microneedle testing procedure, tuna
pieces were incubated overnight in histamine solu-
tions within vacuum seal bags in a refrigerator. Pieces
of tuna were trimmed to ~100 g pieces and loaded into
individual vacuum sedl bags. Histamine (Sigma-Aldrich
Co. LLC, St. Louis, MO, USA) solutions were prepared
in 1 x phosphate buffered saline (PBS) to 0.5 mg/mL
and 1.0 mg/mL concentrations; 1 x PBS alone was
used as a negative control. A volume of 5 mL of each
of these solutions was added to individual vacuum bags
containing the tuna and zip-sealed; most of the air in
the bags was then removed. The tuna samples were

incubated overnight with the histamine solutions in a
4°C refrigerator.

In addition, tuna samples were prepared for a time
course examination, which involved placing samples
in the refrigerator for up to seven days. Tuna steaks
again were cut into approximately 100 g individual
pieces, placed into vacuum bags, and zip sealed; in
this study, the bags were not vacuumed to remove air.
Five time points were used to measure the fish spoi-
lage over the course of the seven day period. For the
“Day 0" time point, a piece of tuna flesh was imme-
diately frozen. Tuna flesh from days 1, 3, 5, and 7
were also removed from incubation in the refrigerator
and frozen for histamine testing at alater time.

Lastly, a piece of spoiled tuna was examined with
the microneedle sampling system procedure and the
manufacturer-described procedure to obtain a com-
parison between the two procedures. The tuna flesh
for this study was stored in a vacuum sealed bag con-
taining 1 x PBS with the air removed by vacuum; the
sample was then placed in a refrigerator overnight.
The tuna flesh was originally designated as a negative
control during the calibration steps described above;
however, it was determined that the tuna flesh was
spoiled upon acquisition from the source. This occur-
rence provided an opportunity to study a tuna flesh
sample acquired from a commercial source in an au-
thentic spoilage scenario.

2.3 Histamine Testing Procedure

To conduct the histamine screening, colorimetric lat-
era flow tests were acquired as components of Re-
veal® for Histamine screening test kits (Neogen® Cor-
poration, Lansing, MI, USA), which provide a detec-
tion threshold of 50 ppm. For the microneedle sam-
pling system procedure, the microneedle array was
pressed into the tuna sample for 5 seconds to acquire a
fluid sample. The microneedle array was then placed
into the test strip holder as seen in Figure 1. With the
microneedle array in place, 1000 pL of the sample
diluent provided in the test kit was added to the input
port of the test strip holder. This fluid flowed over the
microneedle array, washing the test fluid sample into
the reservoir, where one of the Reveal® test strips was
placed to begin the screening. The test strip was al-
lowed to incubate in the sample fluid for 10 minutes
or less before the result was determined.

To more objectively compare positive test results
and negative test results, an Accuscan® Gold (Neo-
gen® Corporation, Lansing, M1, USA) test strip reader
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was used to optically measure the intensities of the
colored test and control lines in the lateral flow strip.
Each test strip has colored control and test lines that
appear upon introduction of a fluid sample. The ratio
of the color intensities of these lines was used to as-
sess if a sample was positive or negative for histamine
at the 50 ppm level. The Accuscan® reader provided a
ratiometric readout of the lines, which was used to
differentiate between a positive result and a negative
result. If the ratio of the test:control lines was greater
than or equal to one, the test was read as negative for
histamine. If the ratio of the test:control lines was less
than one, the test was read as positive for histamine.
For each test lateral flow strip, three measurements
were taken in short succession with the reader; the
average ratio was used to determine positive versus
negative for the individual strip. For the calibration
studies with the 1 x PBS, 0.5 mg/mL histamine, and
1.0 mg/mL histamine solutions, nine test strips were
used for each type of tuna sample. Five test strips
were used for the time course study. Four test strips
for each method were used in the time course study.

For the calibration studies and the spoiled fish study,
the protocol® described by the Reveal® for histamine
test kits was used to vaidate the findings of the mi-
croneedle sampling system procedure. Briefly, the
procedure involved acquiring a 10 g piece of tuna
flesh, blending the tuna flesh in a food prep blender
until it was homogenized, and adding 190 mL of deio-
nized water to the blended sample. The sample was
then hand-shaken for 20 seconds and alowed to rest
for 5 minutes; the shaking and resting sequence was
then repeated. Immediately prior to sampling the
blended fluid, the container was shaken; the tuna sam-
ple was alowed to settle in the suspension and 100 pL
of fluid was removed. This 100 pL sample was added
to a bottle containing sample diluent and then mixed.
200 pL of fluid was removed from the sample diluent
bottle provided in the test kit; this fluid was added to a
small sample cup, which contained a lateral flow test
strip. The lateral flow test strip was allowed to devel-
op in the solution for at least 5 minutes and then eva-
luated with the Accuscan® reader. A positive result
from the Accuscan® reader indicated that the sample
contained greater than 50 ppm of histamine.

3. Results and Discussion

3.1 Microneedle and Test Holder Fabrication

The microstereolithography process was successful in

creating (a) the microneedle arrays for sample acquisi-
tion from the tuna samples, (b) the microneedle holder,
and (c) the latera flow test holder. As seen in Figure
2A—C, the microneedles were arranged in staggered 3
x 3 rows in each microneedle sampling system. The
trapezoidal eyelet extending from the microneedle
base toward the microneedle tip served as a capture
point for fluid from the tuna sample. The micro-
needles had heights of 1150 um and base widths of
950 um. Figure 2B—C show the insertion of the mi-
croneedle array into a piece of tuna and the indention
left in the tuna sample upon remova of the micro-
needle array.

As illustrated in Figure 1B-D, following insertion
of the microneedle array into the tuna sample, the mi-
croneedle array was inserted into the central chamber
of the test strip and microneedle array holder. Oncein
place, a lateral flow test strip was placed in the
washed sample reservoir and 1000 uL of sample dilu-
ent from the Reveal® kit was added to the inlet port
chamber of the device. The diluent traveled through
the inlet channel, washed over the microneedles that
were used to sample the tuna flesh, and entered the
chamber holding the lateral flow test strip. Figure 2F
shows an example of a completed test that followed
this procedure. The latera flow strip is shown to ex-
tend vertically out from the reservoir chamber, having
been exposed to the diluent that flowed over the mi-
croneedles located in the central chamber. The latera
flow test strip in Figure 2F shows a positive histamine
reading; a pink control band is observed in the upper
portion and a more faintly pink test band is observed
in the central portion. A ratio of the test: control line
color intensity below 1 is indicative of a positive
reading.

3.2 Comparison of Testing Methodswith Histamine-
Spiked Tuna Samples

For calibration of the microneedle sampling system
procedure with the tuna flesh, pieces of tuna were in-
cubated overnight in solutions of 1 x PBS (negative
contral), 0.5 mg/mL histamine, and 1.0 mg/mL hista-
mine. The microneedle sampling system procedure
was used to obtain fluid from the tuna sample. The
same tuna sample was then evauated using the
manufacturer-described procedure (i.e., the procedure
described in the Reveal® for Histamine kit). Compar-
isons between the data acquired from both testing
methods for each solution type were made using a
difference of the means with a 95% confidence interval.
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Figure 2. Optica micrographs of the microstereolithography-fabricated microneedles (A—C), including (A) a front view of the
microneedles showing the trapezoidal cutouts, (B) a top view of the microneedles showing the thin pyramidal geometries and the
staggered orientation, (C) an angled view of the microneedle array; the scale bars in these images are 2 mm. In (D) a microneedle is
inserted into a fresh piece of tuna. After removal in (E), indentations of the hand-applied microneedle array are noted in the tuna
sample. An example of a positive test is shown in (F); in this figure, a lateral flow test strip was placed in the sample chamber and
was alowed to develop after incubating in diluent. The diluent washed over a microneedle array that had sampled a piece of hista-

mine-spiked tuna

The following formulas were used to compare results
from the tuna samples and establish the difference of
means confidence interval:

C.l Upper = (M3~ M,) +(togs)(Sum,)  (3D)

C.l.Lower =(M;—M;)~(tog5)(Su,-m,)  (32)
_[g£).(2

Sw,-m, = ( oy ]‘*‘[ an (33

The upper and lower limits of the confidence interval
were calculated using Equations 3.1 and 3.2, with My
and M; representing the means of the microneedle
sampling system procedure and manufacturer-descr-
ibed procedure Accuscan® reading ratios, respectively.
The tp 95 value is the t-table value at 95% confidence
level. The S _\, represents the standard deviation

for the difference of means; it was calculated by use of
Equation 3.3. In this equation, S and S are the

variance and n; and n, as the number of samples for
the microneedle sampling system procedure and the
manufacturer-described procedure measurements, re-
spectively. Upon calculating the confidence intervals,
if the range of the interval spans both positive and
negative values, no satistical difference exists be-
tween the two means within the indicated level of
confidence.

Using this method, the confidence intervals com-
paring the difference of means for the microneedle
sampling system procedure and the manufacturer-de-
scribed procedure were compared. For the negative
control with PBS, the 95% C.I. range was calculated
to be-0.14 > §, _y,>-10.76, with a difference of
means of—5.45. Based on this calculation, a slight
statistical difference was noted between the test me-
thods for PBS. When examining the 0.5 mg/mL test
comparison, the 95% C.I. range was -3.962 S, _\,

>-4.21, with a difference of means of —0.13. Look-
ing a the 1.0 mg/mL values, the 95% C.I. spanned
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05228, _y, 2-0.01, with a difference of means of

0.25. For the nine sampl es tested using each method in
this comparison, no statistical difference was observed
at a 95% confidence level between the microneedle
sampling system procedure results and the
manufacturer- described procedure results. Although a
difference between the microneedle sampling system
procedure results and the manufacturer-described
procedure results was noted for the PBS-incubated
samples, the histamine-spiked samples showed com-
parable results for the microneedle sampling system
procedure and the manufacturer-described procedure.
Figure 3 shows the mean values of Accuscan® ratio
readings for each type of sample. A decrease in the
relative differences between the ratios of the micro-
needle sampling system procedure results and the
manufacturer-described procedure results was noted
as the sample type changed from PBS-spiked to his-
tamine-spiked.

el Histamine-Spiked Samples
® 25; )
° Microneedle Test
5 20} I = Blended Test
e
S 15¢
Q
Z 10l
c 1
5r *
: -
g o - -
< PBS 0.5 mg/mL 1.0 mg/mL

Histamine Concentration

Figure 3. Graph of the mean (+ S.E.M.) of the Accuscan®
reader test:control ratio data for histamine-spiked tuna samples
acquired through the microneedle sampling system procedure
and the manufacturer-described procedure. For comparisons
marked with “*”, no statistical difference was noted between
the results from the microneedle sampling system procedure
and the manufacturer-described procedure when looking at the
difference of means 95% confidence intervals for n = 9 of each
test type.

3.3 Testing of Tuna from Time Course and Spoiled
Samples

In addition to the histamine-spiked tuna samples that
were used to compare the microneedle sampling sys-
tem procedure and the manufacturer-described proce-
dure, tuna samples that were Ieft in a refrigerator for
seven days were tested using both procedures. Figure
4 shows the test:control ratio values and standard error
of the mean values for each set of measurements at
Day 0 — Day 7 time points. Large differences were
noted between results from the microneedle sampling

system procedure and results from the manufac-
turer-described procedure for Day 0 — Day 3. These
results from both procedures were well into the nega-
tive ratio values; athough a large discrepancy in the
results from the two procedures was noted, both pro-
cedures showed that the samples were negative for
histamine at the 50 ppm threshold. The Day 5 results
showed a dip in the ratio readings. Both procedures
detected increasing levels of histamine; however, both
procedures showed that the samples were negative for
histamine at the 50 ppm threshold. A substantia dip in
the microneedle sampling system procedure results
was noted at Day 5. At the Day 7 time point, the de-
crease in readings for both test procedures continued.
Using the confidence interval comparison method des-
cribed previously, no difference between the results
from the two test methods was noted at Day 7. The
results remained negative at the 50 ppm histamine
detection level at al time points over the 7-day time
course.
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Figure 4. Graph of the mean (+ SE.M.) of the Accuscan®
reader test:control ratio data for tuna samples over the refrige-
rated 7-day time course. Color intensity ratios acquired through
the microneedle sampling system procedure and the manu-
facturer-described procedure were compared. For comparison
marked with “*”, no statistical difference was noted between
the microneedle sampling system procedure and the manufa-
cturer-described procedure when looking at the difference of
means 95% confidence intervals for n = 5 of each test type.

While the testing of time course samples remained
negative, a spoiled piece of tuna was identified during
the study. As described earlier, pieces of tuna that
were incubated in PBS overnight under refrigerated
conditions were meant to serve as negative controls
during the histamine-spiking tests. However, one of
the pieces of tuna that was tested in this manner re-
turned a positive result for histamine. It was deter-
mined that the tuna sample was spoiled upon acquisi-
tion from the local fresh market. This spoiled tuna
sample provided an opportunity to compare the mi-
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croneedle sampling system procedure and the manufa-
cturer-described procedure. The positive results were
initially detected using the microneedle procedure;
four independent test strips were used to assess that
particular piece of tuna. Upon obtaining these unex-
pected positive results, the histamine detection proce-
dure outlined by the commercial Reveal® test kits was
used to assess whether or not the tuna contained his-
tamine. Four independent test strips were conducted
on the tuna sample, which indicated that the tuna
sample was spoiled and contained levels of histamine
above the 50 ppm threshold. Figure 5 shows the mean
color intensity ratios of the two test methods acquired
from the Accuscan® reader. Using the difference of
means calculation with a 95% C.I., no statistical dif-
ference was observed between the two test methods.
The 95% C.I. for the difference of means for these
samples was —0.008< S, _y, <0.028. It is interest-

ing to note that the microneedle sampling system pro-
cedure was successfully able to detect histamine con-
tamination in a tuna sample that had unexpectedly
spoiled.
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Figure 5. Graph of the mean (+ SE.M.) of the Accuscan®
reader test:control ratio data for the spoiled tuna sample. Color
intensity ratios acquired through the microneedle sampling
system procedure and the manufacturer-described procedure
were compared. In a comparison of the difference of means 95%
confidence intervals for n = 4 of each test type, no statistical
difference was noted between the microneedle sampling system
procedure and the manufacturer-described procedure.

Other benefits of the microneedle sampling system
procedure were noted throughout the course of the
study. The amount of sample diluent used to process a
sample was lower for the microneedle sampling sys-
tem procedure than for the commercialy available
histamine detection kit procedure. The commercially
available histamine detection kit provides sample di-
luent bottles containing 7 mL of solution to be used
with each test strip. On the other hand, the micro-

needle sampling system utilizes only 1 mL of solution.
In addition, the amount of time required to perform
the microneedle sampling system procedure was much
lower than the time required to perform the commer-
cialy available histamine detection kit procedure. The
commercially available histamine detection kit proce-
dure involves weighing 10 g of the sample, homoge-
nization of the sample, addition of water, mixing, di-
lution, and use of the latera flow test strip assay. On
the other hand, the microneedle sampling system pro-
cedure involved application of the microneedle array
to the sample for a few seconds, placement of the mi-
croneedle array into the sample holder, pipetting 1 mL
of diluent into the holder, and use of the lateral flow
test strip assay. The homogenization step associated
with the commercially available histamine detection
kit procedure added ten or more minutes of prepara
tion time per sample. The microneedle sampling sys-
tem procedure does not involve homogenization of the
sample or cleaning of the homogenizer/blender bet-
ween samples. The microneedle sampling system can
be implemented as a single-use disposable unit, which
minimizes the time needed for histamine detection.

4. Conclusion

A custom-designed microneedle sampling system was
designed and used for determination of histamine
content in fresh, histamine-spiked, and spoiled tuna
samples. Lateral flow test strip assays were succe-
ssfully integrated with the microneedle sampling sys-
tem for determining histamine levels in tuna samples.
Good agreement was noted between the microneedle
sampling system procedure and the procedure outlined
in a commercially available histamine detection kit. A
discrepancy between the results from the microneedle
sampling system procedure and the commercial pro-
cedure was noted at low (negative) levels of histamine;
a higher histamine levels, an improvement in the
statistical agreement between the procedures was
noted. The microneedle sampling system procedure
showed an improvement in the amount of time needed
and the amount of reagent needed to screen for hista-
mine in tuna samples. As such, the microneedle sam-
pling system shows promise for future food testing
studies.
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Abstract: Electrospun polymeric nanofibrous scaffold possesses significant potential in the field of tissue engineering
due to its extracellular matrix mimicking topographical features that modulate a variety of key cellular activities. How-
ever, traditional two-dimensional (2D) electrospun scaffolds are generally close-packed fiber mats which prohibit cell
infiltration and proliferation. Consequently, the applications of electrospun scaffolds in regenerative medicine are li-
mited. In this study, we detail the use of a needle collector to fabricate three-dimensional (3D) electrospun poly-¢-cap-
rolactone (PCL) scaffolds with multi-scale fiber dimensions. The resultant pore size is 4 times larger than conventional
2D electrospun scaffolds with interweaving micro (3.3 £ 0.6 um) and nano (240 + 50 nm) fibers. The scaffold was sur-
face modified by grafting with gelatin molecules. It was found that surface modification significantly improved human
dermal fibroblasts (HDFs) cell infiltration throughout the 3D multi-scale scaffold. Even after an extended culture period
of up to 28 days, cell proliferation was well supported in the surface-modified 3D multi-scale scaffold as confirmed by
Ki67 staining. Extracellular matrix proteins secreted by the HDFs was evident on the 3D multi-scale PCL scaffold
showing promising potential to facilitate tissue regeneration, in particular dermal tissue engineering.
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for full thickness!™ and chronic non-healing wound!.
Continuous effort is focused on developing bio-
mimicry scaffolds to trigger cell response and function
as those tissues of which they aim to restore. One of
the approaches is to replicate extracellular matrix (ECM)

1. Introduction

issue engineering aims to improve the health
and quality of human lives by restoring, main-
taining, or enhancing the function of tissue and

organ™. Among all, skin tissue engineering is one of
the most developed areas where engineered skin subs-
titutes are commercially available (e.g., Integra™,
Dermagraft'™, Apligraf™™). However, they do not fully
recreate the function and aesthetics of the skin. As a
result, it leads to unsatisfactory treatment, especially

environment using nanofibrous scaffold. Nanofibers
have been demonstrated to promote vascularization™*!
and mimic the native ECMP® to potentially develop
functional tissue. Recently, nanofibers which are
known to have great influence over cellular behavior
have been incorporated as promising scaffold feature
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for skin tissue regeneration and wound healingt”). Sca-
ffold fabrication techniques, e.g., electrospinning, self-
assembling peptides and phase separation, have been
outlined as the three promising methods to create
scaffold of fiber sizes close to the ECM fibrils in na-
noscale®. Among them, electrospinning offers supe-
rior versatility capable of fabricating nanofibrous
scaffold of high porosity at controllable structure, low
cost, and high repeatability from a wide range of po-
lymers. Furthermore, the use of electrospinning allows
tailoring of scaffold’s properties according to targeted
tissue. The large surface to volume ratio of the nano-
fiber scaffold also promotes cell adhesion and cell
migration.

Conventional electrospinning collects nanofibers on
a plate collector where nanofibers are formed and col-
lected as a 2D mat. This results in densely packed na-
nofibers with reduced pore size and porosity and it is
challenging to build a scaffold with thickness beyond
100 um using this conventional method™.. The limited
cell infiltration due to the densely packed structure
and small pore size has restricted the application of
electrospun scaffold™®. Numerous approaches have be-
en reported to increase the pore size of the traditional
electrospun scaffold™ 2, including mechanical ex-
pansion™, inclusion of porogen™ increment of the
fiber diameter!™, incorporation of sacrificial fibers™™*"],
cryogenic electropinning™®, and addition of microscale
(3~10 um)**? or macroscale (~300 pm)®?? fibers
into the nanoscale fiber (~600 nm) scaffold. However,
the fabricated scaffold’s thickness is still limited and
cellular infiltration was either not studied or limited to
the surface of the scaffold.

A thicker scaffold, with versatility to be optimized
to the dimension of wound size, may be helpful for
treatment of deep skin injury where greater structural
support is required to enhance wound healing. To
overcome this inherent limitation associated with tra-
ditional electrospinning technique, several variants of
electrospinning have been devised®?%. In recent stu-
dies, collector design has been changed from tradi-
tional flat surface to protruded shape to increase pore
size in electrospun scaffold”*?). For example, fabri-
cation of cotton ball-like 3D scaffold called FLUF
(Focused, Low density, and Uncompressed nanoFibr-
ous) mesh used an array of point collectors embedded
in a spherical dish?®]. The pore size of the FLUF mesh
was increased from typical <1 pm to between 2 um to
5 um as viewed under scanning electron microscopy
(SEM). The cell infiltration was demonstrated at ~300

um below scaffold surface using rat insulinoma cell
line INS-1. This research demonstrated the feasibility
to produce porous nanofibrous 3D scaffold using elec-
trospinning with customized collector. Even though
the response of human cells was not investigated in
the FLUF mesh, this study has proven the concept of
changing collection method in a way of changing the
electrical field to collect electrospinning fibers in 3D.
However, such a collector must be tailor-made to in-
dividual electrospinning setup due to the difference in
the dimension and environment which may interfere
with the electrical field. Practically this system is dif-
ficult to be implemented to different kinds of conven-
tional setup as there are too many parameters which
may affect the fiber formation. These parameters in-
clude the diameter, thickness and material of the
spherical dish, position, number, length and diameter
of the needles.

In this work, we aim to fabricate 3D poly-¢-cap-
rolactone (PCL) scaffold with multi-scale fibers via an
improved electrospinning process based on the con-
ventional setup. The method is easy to set up and
can be adapted by any conventional electrospinning
setup. The scaffold fabricated was then surface mod-
ified to improve the hyrophilicity of the PCL material
for better cell adhesion and penetration. Human der-
mal fibroblasts (HDFs) were used to check the effec-
tiveness of the 3D multi-scale scaffold for cell infiltra-
tion and ECM protein deposition. This strategy pro-
vides a cost-effective and feasible solution for over-
coming the current challenges based on conventional
electrospinning to produce 3D instead of 2D scaffold
and has great potential across a wide range of tissue
engineering applications?®®),

2. Materialsand Methods

2.1 Materials

Poly (e-caprolactone) (PCL) (Mn 80,000) granules, Type
A gelatin derived from porcine skin, 25% glutaralde-
hyde, and ethylenediamine (Fluka) were purchased
from Sigma Aldrich. Organic solvent dichloromethane
(DCM) was purchased from TEDIA, USA. N,N-Di-
methylformamide (DMF) was purchased from Merck,
USA. HDFs were purchased from Life Technologies,
USA. Phosphate buffer saline (PBS), low glucose
Dulbecco’s Modified Eagle Medium (DMEM), high
glucose DMEM, gold fetal bovine serum (FBS),
L-glutamine and 1% penicillin-streptomycin were
purchased from PAA Laboratories, Pasching, Austria.
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Minisart High Flow 0.2 pm syringe filter unit was
purchased from Sartorius Stedim Biotech S.A., Au-
bagne, France. Jung tissue freezing medium was pur-
chased from Leica Instruments, Germany.

2.2 Fabrication of Electrospun Scaffold

Electrospun scaffolds were fabricated using electros-
pinning chamber, Nanon-01A (Mecc Co. Ltd, Japan).
Briefly, PCL was dissolved in DCM and DMF at
3.5:6.5 (v/v) ratio to obtain 13% (w/v) solution. The
polymer solution was spun through 21G metal nozzle
at accelerating voltage 18kV and flow rate 0.5 mL/h.
Working distance was set at 15 cm for 2D scaffold
collected on collector plate, and 7.5 cm for 3D scaf-
fold collected on a 7.5 cm stainless steel medical hy-
podermic 18G needle insulated from ground. Elec-
trospinning was carried out for 4 hours for collection
of 2D scaffold and 30 minutes for collection of 3D
scaffold. Collected electrospun scaffolds were dried in
vacuum oven at 37°C for 1 week to remove any resi-
dual solvent.

2.3 Surface Modification

Gelatin was grafted onto the electrospun fiber surface
through aminolysis®®”.. Briefly, scaffolds were washed
in 70% ethanol and deionized (DI) water, followed by
immersion in 40%(v/v) ethylenediamine at room
temperature for 14 hours. Scaffolds were then rinsed 3
times with DI water for 10 minutes to remove free
ethylenediamine. After that, scaffolds were immersed
in 2.5% (by weight) glutaraldehyde (GA) for 4 hours
at room temperature, followed by washing 3 times
with DI water for 10 minutes. GA grafted scaffolds
were then incubated in 3 mg/mL filtered gelatin at
37°C for 24 hours. Gelatin immobilized scaffolds
were then rinsed 3 times with DI water for 10 minutes
to remove free gelatin. Lastly, prior to cell culture,
scaffolds were sterilized under ultraviolet light for 10
minutes.

All chemical treatment and washing processes in-
volving the use of solution were carried out within
vacuum chamber to ensure complete perfusion of the
solution. Prior to subsequent characterization, all
scaffolds were freeze-dried to ensure the volume and
shape of the scaffolds remained intact, and no mois-
ture was trapped within the scaffolds.

2.4 Contact Angle M easurement

Static water contact angle measurements on 2D elec-
trospun scaffold membranes were carried out using

FTA 200 (First Ten Angstroms, USA) via the sessile
drop method with 0.5 pL of DI dispensed from the
syringe of the system.

2.5 Mechanical Testing

The mechanical properties of 2D electrospun scaffolds
were investigated using Instron microtester 5848. The
samples were die cut into dumbbell shapes according
to ASTM D638. The sample was tested under a
crosshead speed of 10 mm/min at room temperature.
5 surface modified scaffolds and 5 surface non-mod-
ified scaffolds were tested to investigate the effect of
surface modification on the mechanical properties of
the scaffolds.

2.6 SEM Characterization and Fiber Diameter
M easurements

The electrospun PCL scaffolds were sputter coated
with gold for 30 seconds at 18mA. The size and mor-
phology of scaffolds were observed using SEM (JEOL
JSM-5310). Fiber diameters were measured using
Imaged®®® from triplicates. At least 50 measurements
were taken at random locations in SEM micrograph.

2.7 Porosity and Pore Size M easurements

Micrometritics Autopore 1V 9500 Mercury Porosime-
ter was used to investigate pore size and porosimetry
of non-modified 3D and 2D electrospun scaffold. The
range of pore diameters, d,, could be calculated using
the Washburn equation (Equation (1)).
—4ycosé
=T (1)
where y is the surface tension of mercury, 6 is the
contact angle between the mercury and the scaffold
and P is the pressure. As reported in literature™, a
contact angle of 140° between PCL and mercury in air
was used. Four replicates were measured for each
scaffold type.

d

2.8 Cell Seeding

HDFs were cultured in fibroblasts cell basal medium
(high glucose DMEM supplemented with 10% Gold
FBS, 1% penicillin streptomycin, 1% Amphotericin
B). To prepare scaffolds for cell culture, 3D scaffolds
were cut into 0.6x0.6x0.6 cm® cube while 2D scaf-
folds were cut into 1.6x1.7x0.08 cm® sheet. The cells
were seeded at same density (500 cells/mm®) on 2D
and 3D scaffolds. Cell culture media were changed
every two days.
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2.9 Cdll Infiltration Characterization

Cryosectioning technique was employed to obtain the
information of cell infiltration. HDFs were cultured on
electrospun scaffold for 24 hours. After that, the cells
were washed with phosphate buffer saline, and then
fixed with 4% paraformaldehyde for 20 minutes, fol-
lowed by 3 times rinsing in PBS for 10 minutes. The
fixed samples were embedded in tissue embedding
medium (Jung tissue freezing medium), leaving in a
fridge overnight at 4°C to allow full penetration. The
samples were then frozen in liquid nitrogen and cut
into 5 um thick sections in the center part via a cryos-
tat (CM3050S, Leica Microsystems, Bannockburn,
IL). All the samples were placed onto glass slides
coated with 1% gelatin. The nucleus of cells were
stained with 4',6-diamidino-2-phenylindole (DAPI)
that emitted blue fluorescence when viewed under a
fluorescent microscope (Eclipse 80i microscope, Ni-
kon). Triplicates were viewed and captured for each
scaffold type.

2.10 Detection of ECM Proteins Deposited by HDFs

Surface modified 3D multi-scale scaffold were seeded
with HDFs for 21 and 28 days. The scaffolds were
then immersed in Jung tissue freezing medium and
frozen in liquid nitrogen before kept in a —80°C freez-
er. Staining of proliferation marker, Ki67 and ECM
proteins, including Collagen I, Collagen Ill, Fibronec-
tin and Elastin, were carried out according to standard
protocols. Positive control (mouse multi-tissue) and
negative control (samples stained in the absence of
primary antibody) were stained for comparison during
immunohistochemistry study.

2.11 Statistical Analysis

Experimental data were expressed as means + stan-
dard deviation (SD). Student’s t-test assuming unequal
variance was used to calculate p-values, where p<0.05
were considered significant.

3. Results and Discussion

3.1 Surface Modification of 2D Electrospun PCL
Scaffold

When hydrophobic PCL was electrospun into a 2D
fiber mat with high surface roughness and pores, the
wettability was significantly decreased further. The
contact angle of this 2D electrospun PCL fiber mat
measured with sessile drops method was 116°, show-
ing the high hydrophobicity of the surface. The super-

hydrophobic nature of 2D electrospun PCL fiber mat
limits diffusion of polar fluid such as cell culture me-
dium and cell containing solution into electrospun
PCL fiber mat, thereby limiting the functions of a
scaffold in promoting cellular infiltration and mass
transfer. In order to address this concern, surface
modification was carried out in this study. Here, polar
amino group was introduced onto the fiber surface by
aminolysis. Subsequently, glutaraldehyde was intro-
duced as bifunctional linker to link proteins to fiber
surface. Therefore, this allows the modified PCL na-
nofiber to couple with various hydrophilic biomole-
cules (e.g., collagen, gelatin, peptides) that would be
recognized by cell receptor. Among all, gelatin is
chosen in this study because it is recognized as one of
the most cost-effective peptides with great potential to
promote epithelization and granulation tissue forma-
tion during wound healing®®”. After grafting with ge-
latin molecules, the contact angle measured on 2D
electrospun PCL fiber mat was significantly reduced
from 116° to 46°, showing enhanced surface wettabil-
ity. This enhanced surface wettability and bioactivity
provided by the gelatin molecules would be essential
to promote cell infiltration and proliferation, as well as
nutrient exchange within the scaffold.

3.2 Morphology and Mechanical Properties of
Surface M odified 2D Electrospun PCL Scaffold

The effect of surface modification on the electrospun
fibrous scaffold physical properties was examined
with SEM and tensile testing. As shown in Figure 1,
SEM micrographs revealed that surface modification
process did not alter the electrospun fiber network
structure. Gelatin grafted electrospun fibers remained
intact with fiber diameter and arrangement similar to
pristine electrospun PCL scaffold. Tensile test also
demonstrated similar Young’s modulus, yield stress,
ultimate tensile stress, yield strain and elongation
at break for both 2D electrospun PCL scaffold with
and without surface modification, as summarized in
Table 1. It can be concluded that surface modification
process neither disrupted the fiber morphology nor
altered the mechanical properties of electrospun PCL,
despite the concern of strong basicity of diamine on
the bulk mechanical property of electrospun pcLE,
Even though 2D instead of 3D scaffold was used to
demonstrate the effect of surface modifcation on the
scaffold property, it is expected that 3D scaffold
would not behave differently because the response
would be an inherent property of the material.
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Surface modified electrospun PCL

7 T P

Figure 1. SEM micrographs of electrospun PCL without and with surface modification reveal no physical deterioration despite the

chemical treatment.

Table 1. Table showing similar mechanical properties observed between 2D electrospun PCL scaffold with or without surface mod-

ification

Young’s modulus, Yield stress, oy [Mpa]

Ultimate tensile stress,

Yield strain [%] Elongation at break,

E [Mpa] curs [Mpa] & [%]
Surface modified 15.86+4.00 3.14+0.48 5.91+0.17 20.34+2.98 321.13+118.25
Non modified 13.9615.35 2.48+0.28 6.28+1.47 19.1445.06 260.79+58.65

3.3 Fabrication of 3D Multi-scale Scaffold Using
Hypoder mic Needle Collector

Replacing the plate collector with a hypodermic
needle collector completely transforms the physical
structure of fibrous scaffold. Instead of a dense 2D
mat as shown, the structure collected using the needle
collector was a fluffy ball of loosely interwoven fibers
as shown in Figure 2A. The fiber diameter of such 3D
scaffold was measured to be a mixture of micro- (3.3
+ 0.6 um) and nano- (240 = 50 nm) fibers. The col-
lected scaffold also replicates the inherent mi-
cro-nanoscale features in ECM that is essential in
triggering series of cell activities***%. The scaffold is
therefore termed 3D multi-scale scaffold herein. In
comparison, the 2D electrospun PCL collected on tra-
ditional plate collector has a relatively uniform fiber
diameter with a value of 0.7 + 0.3 um (Figure 2C).
Mercury porosimetry measurements provided insights
into the pore structure of the scaffold collected on the
two different scaffolds (Figure 3). Remarkably, the use
of a needle collector resulted in an approximately
four-fold increment in scaffold pore size (~42 pm)
while maintaining the high porosity of about 92%.
The function of the hypodermic needle is to disrupt
the closely packed fiber deposition pattern collected
using a conventional electrospinning setup (Figure 4A).
Hypodermic needle collector has a much smaller col-
lector area compared to plate collector. It confines the

electric field from spreading but form into spindle
shapel®). The fibers are therefore randomly deposited
around the needle tip which has the highest electric
field. When the positively charged polymer solution is
deposited onto the needle collector, these positive
charges are not discharged rapidly enough due to in-
sulation from grounded conductor plate, and inherent
poor conductivity of polymer fibers. As a result, the
deposited fibers have residue positive charges. There-
fore, repulsive static force exists between the depo-
sited polymer fiber and the subsequent depositing po-
lymer solution jet. This results in the formation of
loosely packed electrospun fibers. Over time, the
loose structure increased in volume on the needle col-
lector. At the same time, during the collection of fiber
on the needle collector, the non-conducted positive
charges on needle tip, as well as the movement of
spinneret, created a dynamic electrical field that drives
the polymer solution to spin into fibers of different
diameters.

Unlike the design of tip collector with protruded metal
struts®™! or point collector with sharp tip®® reported
earlier, hypodermic needle used in this study is a hol-
low tube with slanted cylindrical opening (Figure 4B).
The slanted area of needle opening offered alternate
landing surface for fiber deposition when the sharpest
tip was occupied and reduced in electrical conductivi-
ty. Therefore, deposited fibers would fold on the
needle collector when subsequent fibers landed on the
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Figure 2. Comparison between 3D multi-scale scaffold and 2D electrospun scaffold. (A) 3D multi-scale scaffold has folded into
cotton ball like shape. Scanning electron image on the right shows a mixture of (i) micro-fibers of 3.3 um diameter and (ii) na-
no-fibers of 0.2 um diameter. (B) Diameters of fibers in 3D multi-scale scaffold are mostly in the range of 0.2~0.4 um, or 2~4 pm.
(C) 2D scaffold electrospun scaffold collected on aluminium foil wrapped on plate collector. Micro-fibers of 0.7 um are densely
packed in traditional 2D scaffold.
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Figure 3. Mercury porosimeter revealed a four-fold increment
in pore size in 3D scaffold in comparison with 2D scaffold,
with little change in porosity.

slanted needle opening instead of the needle tip.
Eventually, newly spun fibers would wrap around the
needle tip and develop into a cotton-like scaffold. The
scaffold thickness collected within 30 minutes was
more than 6 mm and this is about 75 times more than
that in 2D electrospun PCL scaffold. On the other
hand, existence of a mixture of micro- and nano- fiber
could play a part in disrupting fibers packing, result-
ing in an increase of the pore size of the scaffold™ 22,
Larger pore size offers higher opportunities for cell
infiltration and mass transfer without sacrificing the
ECM mimicry nanofeatures.

3.4 Comparison of HDFs Distribution Between 2D
Electrospun and 3D Multi-scale Scaffold

Both 2D electrospun and 3D multi-scale scaffold were

A

+18kV

S

examined to study the effect of pore size of electros-
pun scaffold on cellular distribution in scaffold after
cell seeding. Both types of scaffolds were surface
modified with the chosen surface modification method
demonstrated in Section 3.1, and compared to that
without surface modification. As discussed earlier,
surface modification significantly enhanced hydrophi-
licity of the PCL scaffold without deteriorating the
architectural properties. As shown in Figure 5, 3D
multi-scale electrospun PCL improved in water ab-
sorption and expanded in phosphate buffer solution
only after effective surface modification.

Cell culture results as shown in Figure 6 revealed
the difficulty for HDFs to be seeded into traditional
2D electrospun scaffold. Traditional 2D PCL elec-
trospun scaffold had desired porosity for tissue engi-
neering but the dense fiber packing resulted in small
pore size which restricted cell to be seeded throughout
the whole scaffold (Figure 6A). Even with the aid of
gelatin grafting to improve wettability and cell-sca-
ffold interaction, no significant improvement in cellu-
lar distribution was observed. HDFs seeded on gelatin
grafted 2D electrospun scaffold were found to adhere
on the top surface only, despite the enhanced wettabil-
ity (Figure 6B). This is a common issue that has re-
stricted the application of electrospun scaffold®'%. By
increasing the pore size of the scaffold using needle

B

/ insulator

Figure 4. Electrospinning setup. (A) Collection of 2D electrospun scaffold on plate collector; (B) Collection of 3D electrospun scaf-

fold on needle collector.
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Non-modified

In air

In PBS

Surface modified

Figure 5. Surface modification on 3D multi-scale scaffold. PBS can penetrate into modified but not non modified 3D multi-scale
scaffold easily. Therefore, surface modified 3D multi-scale scaffold absorbs PBS and expand in size when immersed in PBS.

Scale bar =2 mm.

collector, better cellular distribution at seeding was
observed even for the unmodified 3D multi-scale
scaffold. The images of the cryo-sectioned scaffold
demonstrated HDFs infiltration after 24 hours of cell
seeding but was limited to 21% (1.2 mm) of the total
depth (6 mm), presumably due to the hydrophobic
surface which retarded further infiltration of medium
and cells (Figure 6C). Whereas in the gelatin modified
3D multi-scale scaffold, cells were distributed through
the whole thickness of the scaffold (Figure 6D). The
low cell number observed here is due to the low initial
seeding density which was deliberate in order to have
a more definite observation of the effect of cell distri-
bution. It is evident from this study that improvement
in 3D scaffold architecture with larger pores, wettabili-
ty and bioactivity enhance uniform cellular distribution
throughout the thickness of the scaffold. Although
some studies have reported electrospun scaffold fa-
bricated with enlarged pore size, few have demon-
strated the complete cellular distribution throughout
the scaffold. Our study has highlighted that in addition
to having large enough pore size, it is also important

to have hydrophilic and conducive surface properties
to promote cell infiltration and migration. This
has bridged the electrospinning technology with its
potential application by showing thorough cellular
distribution and active proliferation into electrospun
scaffold with a thickness of a few millimeters.

3.5 Gelatin Grafted 3D Multi-scale Scaffold for
Dermal Tissue Engineering

HDFs were seeded in gelatin grafted 3D multi-scale
scaffold for 21 and 28 days prior to characterization
for its proliferation marker and ECM deposition re-
spectively. As shown in Figure 7, HDFs were prolife-
rating throughout 28 days of culturing as indicated by
positive staining of cellular marker for proliferation,
Ki67, in cell nuclei. Despite the large scaffold size and
high cell density anchor on scaffold‘s surface, HDFs
has successfully penetrated into the scaffold and re-
mained viable with the proliferative protein expressed.
This has indicated efficient nutrient and mass transfer
in and out of the millimeter-thick multi-scale scaffold.
However, the cell number was observed to be on the
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Non modified

Surface modified

2D scaffold

3D multi-scale scaffold

Figure 6. Cross-section images of scaffold comparing cell distribution on 2D (A,B) versus 3D multi-scale scaffold (C,D) after 24
hours of culturing. White dotted line indicates the boundary of scaffold. (A,B) HDFs were seen only at the external surface of scaf-
fold for both non-modified and surface modified 2D electrospun scaffold. (C) Cross-section of 3D multi-scale scaffold shows cells
attached to only the sub-surface region of the scaffold without surface modification. (D) After surface modification, HDFs were seen
to have penetrated throughout the 3D multi-scale scaffold. Solid white arrows show cells. (A,B) Scale bar = 100 um and (C,D)

Scale bar = 0.5 mm.

low side due to the low initial seeding density and
therefore perhaps a longer culture time or higher
seeding density would be required to resolve this issue.
ECM deposition by cells is an essential process for
remodelling and repair of skin defects®* and therefore
it is important to characterize this cellular behavior on
the scaffold. Deposition of the two fibroblastic origin
extracellular matrix proteins, Collagen | and Collagen
111, was observed after both 21 and 28 days of culturing
in gelatin grafted 3D multi-scale scaffold (Figure 7B
and Figure 7C). Elastin, which determines the elastic-
ity of the skin tissue, was also observed to increase in
amount over time (Figure 7D). Fibronectin, which is
involved in cell adhesion, growth, migration and dif-
ferentiation, was found to increasingly deposit in bun-
dle format within the scaffold over time, as an evidence

of cell-extracellular matrix adhesion (Figure 7E). These
encouraging positive stainings of ECM proteins indi-
cated favorable interaction between 3D scaffold and
HDFs, which is essential for the eventual application
in tissue engineering.

Taken together, the presence of large, interconnectted
pores in gelatin grafted 3D electrospun scaffold pro-
moted infiltration of HDFs throughout the millimeter-
thick scaffold, and also encouraged nutrients and mass
exchange which are all crucial requirements of tissue
engineering scaffolds. This study has successfully
demonstrated a user-friendly and cost-effective needle
collector technique to produce 3D electrospining
scaffold with enlarged pores. Coupled with simple
surface modification, the scaffold showed promising
cellular interaction and support.
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Figure 7. Histology staining of 3D multi-scale scaffold seeded with HDFs for 21 days and 28 days. Ki67 was positively stained
throughout the culturing period, which suggests that cells are proliferative. Furthermore, increased deposition of various ECM pro-
teins (Collagen I, Collagen 11, Elastin, and Fibronectin) was observed from 21 days to 28 days. Scale bar = 200 um.

4. Conclusion

Application of electrospun scaffold in tissue engi-
neering has been hindered by limited cell infiltration
into the scaffold due to its dense 2D structure. This
study has successfully resolved this issue via two ap-
proaches. Firstly, we improvised the collector such
that the resultant scaffold would be deposited into a
3D structure with sufficiently large pores for cell infil-
tration. Besides enlarged pore sizes, the fibers forming
3D scaffold mimicked closely the ECM architecture
with multi-scale diameters (from ~200 nm to 3 pum).
Secondly, we improved the surface wettability and
bioactivity of electrospun scaffold through surface
modification. As a result, cell infiltration throughout
the entirety of the 6 mm fibrous scaffold was observed

after 24 hours of cell seeding. Proliferation and ECM
deposition of HDFs in the gelatin grafted 3D scaffold
were observed up to 28 days of cell culture. The con-
ducive environment of gelatin grafted 3D multi-scale
scaffold for attachment, infiltration and ECM deposi-
tion of HDFs may find wide applications in the bio-
medical field particularly in tissue engineering or as
fillers.
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providing artificial vascularized test beds to simulate
the effect of pharmaceuticals into the blood through
the skin.

To date, it has only been possible to cultivate the
upper layers of the skin — the epidermis and dermis
— with a total thickness of up to 200 micrometers
outside the human body. A complete skin system,

1. Background

ascularization is one of the most important

and highly challenging issues in the devel-

opment of soft tissue. It is necessary to supply
cells with nutrition within a multilayer tissue, for ex-
amplein artificial skin.

Research on artificial skin is driven by an increas-
ing demand for two main applications. Firstly, for the
field of regenerative medicine, the aim is to provide
patients with implants or grafts to replace damaged
soft tissue after traumatic injuries or ablation surgery.
Secondly, another aim is to substitute expensive and
ethically disputed pharmaceutical tests on animals by

however, should also include the subcutaneous tissues
having an overall thickness of several millimeters. In
order to co-cultivate the hypodermis, blood vessels
supplying this tissue are imperative. The aim of the
ArtiVasc 3D project was to enable significantly more
complex tissues to be cultivated in vitro by developing
artificial blood vessels.

Artificial vascularized scaffolds for 3D-tissue regeneration — areport of the ArtiVasc 3D Project. © 2016 Richard Bibb, et a. Thisis 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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2. Introduction

The aim of this paper is to offer a perspective on this
large and ambitious project. It aims to disseminate the
main findings and achievements of the ArtiVasc 3D
project to the wider international academic and re-
search community. The paper provides an overview of
the aims and objectives of the project, summarizes the
work conducted and highlights some of the most sig-
nificant achievements with references to published
results where possible. The paper offers a critical re-
view of the project and the relative advantages and
disadvantages of the large, multidisciplinary, mul-
ti-center approach.

The multidisciplinary ArtiVasc 3D project consisted
of a consortium of partners from research and indus-
trial ingtitutions across Europe. The project brought
together experts in biomaterials devel opment, cell-ma-
trix interaction, angiogenesis, tissue engineering, Si-
mulation, design and additive manufacturing to gener-
ate bioartificial vascularized skin in a fully automated
and standardized manufacturing approach, rapidly and
inexpensively. To achieve these aims, ArtiVasc 3D
needed to provide a micro- and nano-scale manufac-
turing and functionalization technology that would
enabl e the generation of fully vascularized bioartificial
tissue capable of the necessary nutrition and metabol-
ism functions (illustrated in Figure 1).

Figure 1. Conceptua illustration of the 3-layer, full thickness,
artificial skin construct.

By overcoming these scientific and technical chal-
lenges, the project aimed to make a significant contri-
bution to improving and accelerating patient treatment
in emergencies and to reducing animal testing to an

absolute minimum. The recently completed project
was four years in duration starting in November 2011.
The project was coordinated by Fraunhofer ILT and
involved 20 partners across Europe (see acknowledg-
ments for the full list). The €7.8 million funding was
obtained through peer-reviewed open competition
from the EU 7" Framework Programme call (FP7-
NMP-2010-Large-4, GA no.: 236416). More details

about the project can be found in the project web-
site™l.

3. Project Work Packages

As is typical in large European projects, the research
and development required was broken down into a
series of work packages (WP) covering three main
areas. materia development and characterization,
process development, and matrix tissue interaction
and tissue development. In total, 12 work packages
were established as shown in Table 1. Work packages
1, 11 and 12, which are italicized, were largely con-
cerned with the scientific coordination, dissemination
and management of the project.

Table 1. List of work packages

WP no. Description of work package

wpP1 Scientific coordination and definition of requirements

WP2 Material development and characterisation

WP3 Modelling and design

WP4 Process development

WP5 Biofunctionalization

WP6 Matrix-tissue interactions

WP7 Machine prototype development

WP8 Machine demonstration

WP9 Development of a vascularized composite tissue graft

WP10 Validation of a vascularized composite tissue graft

WP11 Dissemination, training, exploitation and IPR man-
agement

wpr12 Project management

4. Material Development and Char acterization
(WPs2and 5)

The overall goal of this section was to provide a new
tailored material combination that fulfilled the requ-
irements for soft tissue engineering but was aso
compatible with additive manufacturing (AM) pro-
cesses, specifically inkjet printing, stereolithography/
multiphoton polymerization (MPP) and electrospin-
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ning, as well as enabling biofunctionalization. The
most important challenge of the material development
research was not related to a singular parameter, but
rather the combination of all of the desired properties
within an appropriate combination of materials. With-
in this WP, the materials were also evauated regard-
ing their chemical, physical, thermal and mechanica
properties as well as fundamental tests of cytotoxicity.

4.1 Objectives of WP2

The overal goa of WP2 was to provide a new tailored
material that fulfilled the requirements for soft tissue
engineering whilst also being compatible with the
combined AM processes and biof unctionalization.

e To design and synthesize 40 chemica struc-
tures for blood vessel materials and supporting
scaffold materials for 3D AM processes and fi-
ber materials for electrospinning,

e To characterize materials in terms of their che-
mical structure, thermal and mechanical prop-
erties, viscosity, photo-curing behavior, surface
functionality and cytotoxicity,

e To adapt polymers for AM and for the needs of
blood vessel systems in regard to demands for
permeability, mechanical properties and bio-
compatibility,

o To modify surfaces of polymers to enable bio-
functionalization,

e To anayze long-term (1-6 months) behavior of
basic materials for the vascular system.

4.2 Objectives of WP5

The overall objective was the biofunctionalization of
the artificia vascular structures and of the surrounding
fiber matrix obtained from WPs 2 and 4. The biofunc-
tionalization was specificaly aimed for the following:

e To minimize cytotoxicity of the biofunctiona-
lized material,

e To control cell adhesion and migration on ma-
terial surfaces and to stimulate proliferation by
binding functional groups to the surface,

o To stimulate neo-angiogenesis,

e To design a process that can be integrated into
the proposed combined AM process.

4.3 Highlights

Materials compatible with inkjet printing, stereolitho-
graphy/MPP for blood vessel generation were devel-
oped to fulfil the main requirements. An elastic, pho-
tocurable polymer that is inkjet printable and UV-

curable was successfully used to build branched por-
ous blood vessels by stereolithography!?. However,
developing an entirely compatible support material
proved challenging and was not achieved during the
project. Consequently, as inkjet printing necessitates a
removable support material, it was not possible to in-
kjet print vessel structures as envisaged. Additional
research was done on gelatin development for additive
manufacturing of vessel substitutes®¥,

To alow endothelialization of those vessels, an inn-
er-surface functionalization was necessary. The Uni-
versity of Stuttgart developed a procedure for coating
these vessels with heparin, which alows homogen-
eous cell cultivation!®. For local functionalization of
vessel scaffolds and cell guidance of the surrounding
scaffold, localized laser functionalization was inves-
tigated'®. Another aspect was the scaffold material for
the surrounding fat. For that reason, two kinds of ma-
terials are considered. One kind of materials are elec-
trospun fibres as scaffolds while the other kind are
hydrogels filling the pores between the fibres and pro-
viding growth factors and allow nutrition of embedded
celld”. Furthermore, a huge number of electro-
spinnable materials were tested for their biocompa-
tibility and showed very promising results (INNO).
Electrospun meshes have been successfully charac-
terized for their use in adipose tissue generation'®%.

5. Process Development (WPs 3, 4, 7 and 8)

The overall goal of this section was to develop and
demonstrate a combined AM process that integrated
the three technologies inkjet printing, stereolithogra-
phy/MPP and electrospinning to build up the vascula-
rized scaffold utilizing the newly developed materials.

The design of the vascular structures is essentia to
enable them to replicate human tissue performance.
The design and modelling tasks involved physiologi-
cal simulation and testing to define the optimum vessel
dimensions and configuration. This was done through
theoretical calculations, physical experimentation and
Computational Fluid Dynamics (CFD). To enable AM
the design phase needed to incorporate the optimized
parameters and produce three-dimensional models that
would define the structures. The design tasks involved
the creation of a bespoke Computer-Aided Design
(CAD) application that could take in physiological
parameters, number of branches, skin patch size, ves-
sel diameters, etc. and automatically generate the ves-
sel structure as a solid three-dimensional computer
model in a format suitable for AM (e.g., STL file). In
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order to integrate with the newly developed combined
AM process, computer programs were devised that
sliced the CAD model and produced appropriate layer
data for each aspect of the AM process. This included
image data to drive the inkjet printing steps and vector
filesto control the stereolithography steps.

For the AM process development, the first task was
to test the new materials for their suitability for inkjet
printing and to define the optimal printing parameters.
Secondly, MPP was adapted with regard to the devel-
oped material and the desired scaffold structures by
developing appropriate beam guidance and optics.
Thirdly, the materials were tested for their suitability
in the electrospinning process and to define the
process parameters. Further work involved the devel-
opment of a process-strategy and concept for combin-
ing inkjet, MPP and electrospinning and then to ex-
amine the co-action of all three production technolo-
gies. This required a test rig including al three tech-
nologies to be produced, as well as the development
and generation of the necessary machine control code
enabling process-integration and optimization.

5.1 Objectives of WP3

The overall goa was the modelling and design of a
vascular system that effectively delivers O, and other
nutrients from the circulating blood flow to the sur-
rounding tissue. Specific objectives were:

o To investigate the nutrient permeation within
the vascular system to the cells,

e To identify the requirements for the blood flow
through the system and provide an informed
design specification,

e Todevelop design tools for generating 3D CAD
models of optimum vascular systems (see Fig-
ure 2)[11,12],

e Totrandate 3D models into an appropriate data
format for the proposed AM process.

5.2 Objectives of WP4

The overall goal was to develop a combined AM
process that integrates inkjet printing, MPP and elec-
trospinning to work as one single process. Specific
objectives were:

o To deliver machine specification for building a
working process module in WP?7,

o To iteratively adapt and optimize the process
for each process technology in cooperation with
material development,

o To develop a strategy for combining these three

technologies in one process,

o To build atest rig where the combination of the
technologies can be examined and developed
further.

Figure 2. The user interface for the automated generation of
vessel designs.

5.3 Objectives of WP7

The overall goal was to develop the integrated mach-
ine prototype encompassing the developed processes
through a set of pre- and post-processing steps. Spec-
ific objectives were;

e To establish the machine prototype specifica-
tions for the machine demonstrator,

o To develop prototype solutions for the produc-
tion module, combining inkjet printing, MPP
and electrospinning and modules for necessary
pre- and post-processing steps,

e To manufacture and implement the integrated
machine prototype,

e To set the prototype into service, commissio-
ning, parameters tuning and equipment adjust-
ment.

5.4 Objectives of WP8

The overall goa was to demonstrate and test the pro-
totype process and equipment resulting from WP7.
Specific objectives were:
e To demonstrate the fulfilment of requirements
for the scaffold generation,
o To makefully functional scaffolds for analysis,
e To produce scaffolds for biologica applications.

5.5 Highlights

The three AM processes have been installed and ex-
tensively characterized. By using UV-curing it could be
demonstrated that vessels with different geometries and
sizes could be generated either by MPP with dimen-
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sions in the micron range or by stereolithography with
dimensions in the mm to cm range (see Figure 3)!

2,13]

FHG-ILT

Figure 3. Vessdl structure created using stereolithography.

Material development for inkjet printing proved to
be very challenging. It was possible to demonstrate
the printing of flat structures successfully. However,
the development of a support material necessary for
multi-layered structures that was water-soluble and yet
did not mix with build material proved impossible
during the project.

The goa of process combination was realized wit-
hin a manufacturing chain containing inkjet printing
units, stereolithography or MPP-module and UV-cur-
ing unit working under inert gas atmosphere (see Fig-
ure 4). Electrospinning was not integrated into this
machine but a separate el ectrospinning module exists
(INNO, UNISA) and it can be combined by using a
container transport system.

Figure 4. Prototype modular production unit (Fh-1PA).

6. Matrix Tissue I nteraction and Tissue De-
velopment (WPs 6, 9, 10)

The overdl objective of this WP was to achieve a de-
tailed understanding of the characteristics and func-

tions of vascular cells in contact with novel materials
to optimize the establishment of composite vascular
systems. This included the interaction of perivascular
cells, with endothelial cells and the underlying extra-
cellular matrix (ECM). Additionaly the interaction
between adipocytes and electrospun or biological ma-
trices will be investigated.

The vasculature is characterized by a composite
structure of functionaly distinct cells like pericytes
(PC) and endothelial cells (EC) in the vessel wall,
specialized ECM layers (vascular basement membrane,
interstitial matrix) and contacts with surrounding tis-
sues. This WP defined the effects of novel materials
on the phenotype, behavior and receptor-mediated
signaling of vascular cells with afocus on perivascular
and endothélial cells to improve maturation and sta-
bility of engineered vascular structures. In parallel
adipocyte interactions with electrospun and biological
scaffold materials was analyzed.

6.1 Objectivesfor WP6

The main objective was to achieve a detailed under-
standing of the characteristics and functions of vascu-
lar cells in contact with novel materials to optimize
the establishment of composite vascular systems. This
included perivascular cells, essential for the mutual
interactions of endothelial cells to the underlying ECM
and surrounding tissues. Additionally, the interaction
between adipocytes and electrospun or biological ma-
trices was investigated. Specific objectives were:

e To define and modify the effects of novel mate-
rials and specific ligands regarding to adhesion,
proliferation and differentiation on individual
vascular cells with a focus on pericytes, endo-
thelial cells and adipocytes,

o To redlize the efficient endothelialization of the
artificial vascular systems,

o To evaluate the interaction of adipocytes with
electrospun or biological matrices,

e To transfer the knowledge from the murine
system to human systems.

6.2 Objectivesfor WP9

The overall objective of WP9 was the development of
a vascularized composite graft using the example of
vascularized skin by the achievement of the following
specific objectives:
e To develop in vitro fatty tissues and compare
them to non-scaffold and scaffold-based models,
e To combine this fat layer with a dermal and
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epidermal layer,

e To integrate the artificial vascular system pro-
duced in WP6 in the fatty tissue,

e To build up avascularized composite tissue graft,
including afat, dermal and epidermal layer,

e To characterize and evaluate cell and tissue
properties considering in particular morphology,
viahility, cell proliferation and the expression of
specific markers.

6.3 Objectivesfor WP10

The overal aim of this work package was to validate
the biofunctionality of the delivered scaffolds and
composite grafts. Specific objectives were:
o To evaluate the biocompatibility of electro-spun
scaffolds and artificial vascularized raw material,
o« To validate the functionality of cell seeded
composites and their combination,
o To validate the usability of the artificial vascu-
larized skin as a pharmaceutical test system,
o To vaidate the usability of the artificial vascu-
larized skin as atissue graft.

6.4 Highlights

A three-layered vascularized skin will consist of at
least four or five different kinds of cells in co-cul-
tivation. All those cells will interact. Therefore, me-
chanisms and interaction effects have to be studied.
Additionally, al cells must be available from the same
species, in this case from human. However, until the
beginning of this project some cells e.g. pericytes had
only been characterized from mice. Therefore, scien-
tists had to establish protocols for the isolation of hu-
man pericytes. They characterized human pericytes in
comparison to mouse pericytes™. In the end, they
achieved stable human pericyte populations. Co-cul-
tivation of pericytes and endothelial cells was ana-
lyzed as well. A cultivation medium that supports both
cellswas found.

The second aspect was the build-up of fatty tissue.
After development of isolation and cultivation proto-
cols, the optimized surrounding material was tested.
Scientists chose a hydrogel from hyaluronic acid and
gelatin for the cultivation of adipocytes (see Figure
5)[15—19].

The integration of the vascular system into the fatty
tissue is the last challenge in the project. The first ex-
periments in the newly developed bioreactors are on-
going and results are expected in October 2015.

Figure 5. Newly developed bioreactor for vascularized fat cul-
tivation (Fh-1GB, Unitechnologies).

7. Overall Results

In order to achieve the desired properties, the scien-
tists in this project combined the freesform AM me-
thods of inkjet printing and stereolithography (or
MPP). With these combined processes, the researchers
were able to achieve a very fine resolution for the
construction of branched, porous blood vessels with
layer thicknesses of about 20 microns. The researchers
used mathematical simulations to develop data for the
construction of branched structures. This data should
create the conditions so that branched structures can
be generated which allow uniform blood supply to a
given size of skin patch. The use of the acrylate-based
synthetic polymer developed in the project permits the
scientists to construct these optimized vessels with a
pore diameter in the order of hundreds of microns.
Compared to conventional methods, the ArtiVasc 3D
process provides the general conditions to produce
branched and biocompatible vessels in this size range
for thefirst time.

The development of an artificial, three-layered per-
fused skin mode was ambitious and pioneering
but this project has developed a 3D Printing process
for the production of artificial blood vessels using inn-
ovative materias. The project has laid the foundation
to cultivate a full-thickness skin model to a much
greater layer thickness than previously possible.

One of the biggest challenges the project ArtiVasc
3D faced was to develop the right materia for the pro-
duction of artificial blood vessels. For them to be used
in the human body, these vessels must have the correct
mechanical properties and biocompatibility as well as
full processability. Indeed, endothelia cells and pericy-
tes must be able to colonize the artificial blood vessels.
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At the time of writing, the project has generated 26
conference presentations (2 pending), 15 journal pub-
lications (with 5 in press or under review) and a PhD
thesis. Many more are currently in progress.

8. Discussion

The results of ArtiVasc 3D are shaping the future. A
toolbox has been developed that can respond flexibly
to diverse materials, shapes and sizes. These results
can be viewed as a precursor to a fully automated
process chain for the production of artificial blood
vessels that can be integrated into existing lines.
Another highlight of the project is the successful
breeding of adipose tissue in a novel bioreactor. The
combination of the fatty tissue with an existing skin
model allowed the production of a full-thickness skin
model that has a thickness of up to 12 millimeters.

Throughout the four years of research, the re-
searchers have faced many challenges that were not
expected in the beginning. At the beginning, research-
ers defined specifications that were to be met at the
end of the project. Those specifications ranged from
material properties for processability, such as viscosity
and material interaction, to the biological require-
ments, such as biocompatibility and elasticity. The
material scientists met 9 out of 10 of those require-
ments. Nevertheless, the development of two bio-
compatible materials able to print next to each other
and to dissolve one of these materials afterwards (i.e.,
a support material) was unfortunately not possible
within the timeframe. This influences the build-up of
blood vessels within the combined automated process.
Nevertheless, researchers found aternative routes to
generate porous branched vessel structures by using
stereolithography and produce linear porous vessels
by using electrospinning or dip coating. Thus, new
technol ogies have been established to achieve the find
goal of porous vessels.

While engineers worked on vessel generation, ano-
ther group of chemists and biologists worked on the
endothelialization of those vessels. It took a lot of ef-
fort, a huge number of materials and protocols to de-
fine the best protocol for endothelialization.

In parallel, biologists and chemists broke new gro-
und in the field of fat tissue generation. The biggest,
and up until now unavailable, third layer of the three-
layered skin model. They developed protocols for iso-
lating cells and gained knowledge in handling of adi-
pose tissue derived stem cells and mature adipocytes.
In the end, they could successfully demonstrate cells

growing in hydrogels developed within the ArtiVasc
3D Project. It is still challenging to find the right cul-
tivation media alowing not only adipocytes but also
pericytes and endothelia cells to grow under co-cul-
ture conditions. Biologists together with engineers
developed a bioreactor that can be perfused with me-
diato provide nutrition to all cultivated cells.

Since not only fatty tissue was the goal of the
project but also three-layered skin, the biologists tried
to develop a dermal and epidermal tissue from exist-
ing protocols on top of the adipose tissue. In stainings,
they were able to show the formation of all three lay-
ers. Analysis of the expression of typical tissue marker
is still under investigation.

The final am to build up a genuinely vascularized
artificial skin remains a big challenge. Due to unfore-
seen challenges coming from the material and process
development and a tight project plan, some steps tow-
ards the vascularized tissue are still open. Up to now,
we have demonstrated the three-layered skin without
vessels. By using stereolithography as the build-up
strategy, branched porous vessels are available today.
The integration and function of these available endo-
thelialized vessels has to be demonstrated. We expect
neo-angiogenesis from those porous blood vessels
containing endothelial cells and pericytes, which
would be a real benefit for the nutrition of the thick
fatty tissue because more natural and reliable proc-
esses are expected. However, this will most probably
be a challenge for future research projects. The origi-
nal plan in ArtiVasc 3D foresaw the generation of an
elastic, branched blood vessel system, to provide a
scaffold for endothelia cell and pericyte organization.
Since we found that just a hollow channel in the mid-
dle of a hydrogel could be used as a supply channd,
we could imagine different strategies for nutrition
supply and vessel organization without having a static
scaffold wall. By just using functionalized hydrogels
that contain growth factors, those factors could be
released by time dependent or by photo-induced de-
gradation of the hydrogel. This would add the fourth
dimension (time or 4D) to the 3D printing technology
and could induce cell organization and blood vessel
formation with time”®. Nevertheless, the generation
of a branched blood vessel scaffold is necessary for
other applications such as blood vessel replacement.
The other reason for such a scaffold is the connectivi-
ty to the natural tissue in case of implantation in the
future. This will not be possible with those self-org-
anized vessel systems.
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The successful conguest of the third dimension
need not be confined to the skin, however. The Arti-
Vasc 3D project has aso laid the foundations for fu-
ture developments in three-dimensional tissue engi-
neering. By using the principle of blood circulation
with artificial blood vessels, medical engineers will be
able to build larger structures such as whole organs in
the future. For full skin cultured in vitro, there are a
variety of applications: quick assistance for large-area
skin injuries such as burns or after tumor resection as
well as a replacement model that would make animal
testing in the pharmaceutical industry unnecessary.

Whilst some of the objectives were not fully
achieved, the project has produced a significant num-
ber of scientific findings and technical innovations. It
is our view that these achievements could not have
been made by the individual partners working in iso-
lation. This kind of large, multidisciplinary, mul-
ti-ingtitution project poses some practica, logistica
and manageria challenges. Some of the pros and cons
are summarized in Table 2. However, the authors hope
that the achievements of the project illustrate that it
was productive and successful and forms a valuable
and significant contribution to the research in tissue
engineering and bioprinting. We encourage other rese-
archers in the international community to develop mul-
tidisciplinary and multi-institutional projects where
the combination of expertise and facilities can achieve
more than the sum of the parts.

9. TheArtiVasc 3D Project Partners

1. Adto University, Finland

2. Albert-Ludwig University of Freiburg, Ger-
many

3. AO Research Institute, Davos, Switzerland

4. International Management Services ARTTIC,
Germany

5. Beiersdorf AG, Germany

6. Berufsgenossenschaftliche Kliniken Berg-
mannsheil [Bergmannsheil Hospital of the
Ruhr-Université Bochum], Germany

7. Fraunhofer Institute for Applied Polymer Re-
search |AP, Germany

8. Fraunhofer Institute for Interfacial Engineering
and Biotechnology 1GB, Germany

9. Fraunhofer Institute for Laser Technology ILT,
Germany

10. Fraunhofer Institute for Production Technology
and Automation IPA, Germany

11. Fraunhofer Institute for Mechanics of Materials
IWM, Germany

12. INNOVENT eV. Technology Development
Jena, Germany

13. KMS Automation GmbH, Germany

14. Medical University of Vienna, Austria

15. Unitechnologies SA, Switzerland

16. University of East Anglia, UK

17. Loughborough University, UK

18. Ingtitute for Interfacial Engineering and Plasma
Technology IGVP, University of Stuttgart,
Germany

19. University of Salerno, Department of Industrial
Engineering, Italy

20. Vimecon GmbH, Germany

Table 2. Pros and cons of large, multidisciplinary, multi-partner projects

Pros
Positive features and opportunities

Cons
Negative features and challenges

e Enables multidisciplinary working

e  Well planned projects

® Clear aims and objectives

® Inclusive approach
Shared resources
Intellectual stimulation from wide variety of colleagues
Academic rigour (debate, consensus and internal peer review)

[ ]
[ ]
[ ]
®  Mutual, cross-disciplinary learning
e Training and researcher development

®  Forming new collaborations and future projects

® Co-authoring papers

e Wider international dissemination of results (in more languages)

e  Cultural exchange and learning

Challenging to set up the consortium and attract all the right part-
ners

Have to develop the proposal with little or no funding
Securing competitive funding

Communication difficulties — language barriers and translation
issues

Time and cost associated with travel

Logistical challenges (e.g. moving materials or equipment around
partners)

Tight plans and limited resources

Time and cost of legal agreements

Administrative burden of strictly controlled financial reporting and
record keeping

Unforeseen changes (people leaving, companies coming or going)
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10. Summary of Conference Presentations

The project outcomes have been presented in 28 pres-
entations including Tissue Engineering and Rege-
nerative Medicine International Society — EU Mest-
ing, Genova, Italy, 2014 (3 presentations); EuroBi-
oMat 2015 (4 presentations) and 2013 (2 presenta-
tions); 26th European Conference on Biomaterials, Liv-
erpool, UK, 2014 (3 presentations); Euronanoforum,
Dublin, Ireland, 2013 (3 presentations); DGBM con-
ference, Erlangen, Germany, 2013 (2 presentations)
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