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Abstract

It is envisaged that the creation of cellular environments at multiple length scales, that recapitulate in vivo bioactive and
structural roles, may hold the key to creating functional, complex tissues in the laboratory. This review considers recent
advances in biofabrication and bioprinting techniques across different length scales. Particular focus is placed on 3D printing
of hydrogels and fabrication of biomaterial fibres that could extend the feature resolution and material functionality of soft
tissue constructs. The outlook from this review discusses how one might create and simulate microenvironmental cues in
vitro. A fabrication platform that integrates the competencies of different biofabrication technologies is proposed. Such a
multi-process, multiscale fabrication strategy may ultimately translate engineering capability into an accessible life sciences
toolkit, fulfilling its potential to deliver in vitro disease models and engineered tissue implants.

Keywords 3D bioprinting - Electrospinning - Additive manufacturing - Microenvironment - Disease modelling - Tissue

engineering

Introduction

Advances in 3D bioprinting and biofabrication are accel-
erating the progress of biological tissue construction with
greater complexity and are beginning to realise applications
in tissue engineering and in vitro disease modelling [1-5].
Functional tissue formation requires synergistic combination
of biologically active materials and bioreactor technology.
Hence, tissue assembly often requires configuration of a
diverse range of materials and phases, from cell solutions
to polymer support structures, at multiple length scales. 3D
bioprinting consists of a variety of strategies including those
widely used in additive manufacturing mechanisms, such as
Inkjet printing [6], microextrusion [7], and stereolithogra-
phy (SLA) [8-11]. Each printing mechanism has its own
associated merits and drawbacks with regard to processing
and their subsequent effects on cell behaviour. Combining
multiple printing mechanisms in parallel has the potential
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to unite their respective strengths and create multi-material,
hierarchical structures which simulates those of biological
tissues.

Many commercially available bioprinters now offer multi-
nozzle systems for depositing different materials and further
the ability to accommodate different printing mechanisms.
With examples shown in Table 1, these printing mechanisms
range from the extrusion, inkjet, light curing processes, to
melt electrospinning [7,8,10]. With the availability of these
tools, tissue and scaffold structures can be potentially made
with enhanced complexity, at the micro- and potentially
nanoscale, and furthermore integrate multiple functional
components [12,13].

In this article, we will draw philosophy from the stem
cell microenvironments [14,15], to consider how differ-
ent biofabrication techniques can contribute to the spatial
patterning of some known microenvironmental cues. Spe-
cific focus is placed on extracellular matrices (ECMs) and
ECM-like materials. The review starts by considering the
structure and function of native ECM and that the ana-
logue of ECM exists in two distinct physical phases, fibril
and non-fibrillar (or gel) structures, with separate yet inter-
twining roles in regulating cellular behaviour. Subsequently,
we will evaluate the technology currently available to pro-
cess the two ECM phases independently. Lastly, we will
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Table1 Commercially
available bioprinters which
support multiple printing
mechanisms [7,8,10]

Company model (origin)

Biofabrication mechanisms

AXis resolution

3D Bioprinting Solutions’ FAB (Russia)

Advanced Solutions ‘BioAssembly Bot” (USA)
Aether ‘Aether 1’ (USA)

Allevi ‘Allevi 6 (USA)

Aspect Biosystems ‘RX1’ (Canada)
Cellink ‘Bio X’ (USA)

Cyfuse ‘Regenova’ (Japan)

Photocuring, Spm
Electromagnetic pneumatic

extrusion
Pneumatic extrusion ~ pum
Pneumatic extrusion I pwm (XY)
Inkjet/droplet 0.43nm (Z)
Filament meltextrusion
Photocuring
Pneumatic microextrusion < lpm
Photocuring (XYZ)
Pneumatic extrusion ~ pum
Pneumatic extrusion 1pm
Filament meltextrusion (XYZ)

Mechanical extrusion
Inkjet
Photocuring

Spheroid stacking and
maturationin needle array

Spheroid diameter

EnvisionTEC Bioplotter Pneumatic extrusion 1 pm
(German) Photocuring (XYZ)
GeSim ‘BioScaffolder 3.2’ Pneumatic extrusion 2pm(XY)
(Germany) Piezoelectric nanoliter- 10pum (Z)

pipetting(Inkjet)

Melt electrospinning

Photocuring
Organovo’s NovoGen MMX (USA) Mechanical microextrusion 20 pm
Poietis ‘NGB 17.03’ (France) LIFT 20 wm
RegenHU’s ‘3D Discovery’ (Switzerland) Pneumatic extrusion Spm

Mechanical extrusion

Inkjet/droplet

Photocuring

Melt electrospinning

Filament melt extrusion
SunP Biotech International, LLC Mechanical extrusion 5Spm

‘Alpha-* Series(USA/China)

Photocuring

consider how the integration between printed cells, extra-
cellular matrices, and microfluidics can potentially lead to
more precise and flexible recreation of microenvironmental
cues in vitro. Cross-comparison between different biofabri-
cation techniques in their operation length scale, materials
library and processing merits are provided in the forms of
tables and schematics.

Extracellular matrices and their functions

In vivo, the extracellular matrix (ECM) forms part of the
cellular microenvironment, providing structural support as
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well as biochemical and biomechanical cues that regulate
tissue differentiation, homeostasis and morphogenesis [16].
Itis comprised of polysaccharides, structural proteins, bound
growth factors and cytokines, and extracellular vesicles that
were secreted and maintained by the cells that once inhab-
ited it [16]. The hierarchical architecture of ECMs have
features that span over 7 orders of magnitude, from the sub-
nanometre level of molecular sequence, meso-scale fibrils,
to the millimetre level of distinct tissue layers [15,17,18].
ECMs have complex compositions, are organ-specific and
remodel dynamically with age or disease [16—19]. Despite
such detailed complexity, an ECM could be seen to struc-
turally exist with two phases, a fibril architecture and a
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Fig.1 Two physical components of the ECM work in synergy. Contri-
butions from the fibril architecture and interstitial matrix regulate cell
function from the bulk tissue to the subcellular level

hydrated interstitial gel. For most ECM types, from bone
to heart to brain, modelling the ECM as a fibre-reinforced
matrix holds true for biomechanical behaviour [20]. The
relative abundance and structure of these two components
vary drastically in different tissue types from ‘hard’ to ‘soft’
and can simplistically account for the diverse biomechan-
ical properties of bulk tissues. However, the implications
of fibril and gel phases extend beyond biomechanical func-
tions. A schematic illustration of the functions of these two
phases is shown in Fig. 1. The fibrous network provides
tensile strength; it further provides the substrate and topo-
graphic cues to regulate cell adhesion, guiding migration and
directing tissue formation. ECM components that fall in this
category include collagen, fibronectin, elastin and laminin
[16]. The interstitial gel consists of a watery mix of proteogly-
cans, which maintain cell hydration and homeostasis through
buffering and binding soluble factors. A good example of its
functionality is the hydrated glycoproteins, hyaluronan and
proteoglycans present in the cartilage tissue, which interact
with the fibril network to provide resistance against excessive
tissue compression [16].

While adhesion molecules and topography relate to sur-
face properties of a material, the internal 2D and 3D
architecture is an intrinsic contributor to the material’s bulk
stiffness. Native soft tissues cover a broad range of apparent
bulk moduli from that of the brain (a couple of hundred Pas-
cals) to tendons and cartilage which are in the mega-Pascals
range [21]. As cells attach and pull against a matrix, there is
an assessment of the substrate’s elastic resistance through a
complex array of cell surface and intracellular proteins that
combine to form a mechano-transducer that determines how
much force is required for matrix deformation [22,23]. The
stiffness of a cell interface therefore greatly influences cell
morphology and function and plays a significant part in the
extracellular environment. Many studies have attempted to

exploit this within the context of stem cells, aiming to design
microenvironment combinations to specify cell lineage in a
tissue-dependent manner, e.g., [23,24]. Within native tissues,
the composition and structure of the fibril versus non-fibril
phases of ECMs determines the tissue stiffness. As alluded
to in Fig. 1, high tensile stiffness is a property largely depen-
dent on the collagen, elastin and fibrin fibril architecture
that also provides nanotopographic cues in the ECM [16].
Compressive stiffness is normally provided by the charged
proteoglycan network (which is considered as an intersti-
tial gel here) [24,25]. There is the potential to independently
tune the two phases to improve tissue microenvironmental
mimicry with the various biofabrication techniques devel-
oped, as is reviewed subsequently.

Replicating extracellular microenvironment
function

To illustrate the microstructures of native ECM, scanning
electron microscope (SEM) images of selected decellularised
soft tissues are shown in Fig. 2a—d. These images display the
diversity and heterogeneity of ECM microstructures, from
fibrous to macro-porous characteristics. Total replication of
the ECM is an impossible task and may not be necessary.
Prioritising the features that recreate some bioinspired func-
tionalities, as is the reasoning in the following paragraphs,
may be adequate for many applications.

Hydrogels are commonly used to recapitulate the ECM
environment. As indicated in Fig. 2e—h, bioprinted hydrogel
assemblies exhibit largely homogenous, isotropic structures
at the single cell level. This is distinct to the heterogeneous
and often anisotropic fibrous architecture shown in Fig. 2a—
d for the native matrices. Thus, whilst selected hydrogel
materials may be adequate to model some aspects of ECM
features at molecular level, they may lack the ability to
present topographical features of a cell interface. In contrast,
while synthetic fibrous structures such as those produced by
electrospinning (see Fig. 2i) can provide topography and con-
tact guidance, the close packing of conventional electrospun
fibre scaffolds can be restrictive to cell infiltration and long-
term viability [26-28]. Moving to the multicellular scale,
the macro-porosity of the biofabricated structures shown in
Fig. 2j , k can be over an order of magnitude greater than
the cellular level, which is permissive for cell infiltration and
proliferation. Itis also important to note that the chosen fabri-
cation technique strongly influences the matrix architecture.
As shown in Fig. 2f, j, the same chemical constituent colla-
gen exhibits distinct topography and consequently disparate
macroscale scaffold properties dependent on the material
processing technique.

Focusing on the fabrication feature size, Fig. 3 summarises
the scale lengths at which the core biofabrication techniques
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Fig. 2 Microstructure comparison between decellularised ECM and
biofabricated matrix materials. a—-d SEM images of example dECMs
(decellularised extracellular matrices), kidney (glomerular basement
membrane) [85] tendon [86] aortic valve [87] and d invertebrate disc
(nucleus pulposus) tissues [88]. e-h The microarchitecture of several
popular hydrogels, with gelatine methacryloyl (GelMA) [89] collagen
[90] agarose [91], and matrigel [92]. i-] Biofabricated structures, with
electrospinning [93] gel extrusion of collagen [94] microextrusion of
decellularised ECM [95] and 2PP [96]. The orange outline indicated on

operate. By contrasting these length scales to some of the
key features of the ECM, it is shown that cross-length scale
biochemical and structural mimicry requires the combina-
tion of multiple fabrication techniques. In addition to the
restrictions on feature size, the various techniques also have
their strengths and limitations due to their processing mech-
anisms, which underpins their compatibility with cells or
heat-sensitive material printing (see Tables 2, 3). For a more
in-depth discussion, the following subsections consider the
technical details to replicate the two phases of the ECM
previously identified: the non-fibril (gel) matrix and fibril
architecture. They are reviewed independently according to
their intended functionality, starting with methods of design-
ing the gel matrix via various means of gel printing and in
situ assembly.
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Gel matrix assembly

The precise and ‘safe’ patterning of cells and biomolecules
can define key microenvironmental factors such as cell—cell
interactions and cell signalling. In most cases, 3D bio-
printing utilises a hydrogel matrix to encapsulate cells or
biomolecules (the combination of which is commonly termed
bioink). The primary function of the hydrogel is to deliver
living components in a hydrated environment, immobilise
them in their designated position with gelling mechanisms
and protect them from the processing conditions [29]. The
key exceptions are ‘scaffold-free’ tissue spheroid printing
approaches [30,31], which applies developmental biology
and tissue morphogenesis. In the following, we will briefly
overview the design of bioinks in terms of the attainable
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Melt ES (1 um-250 um) (>~50 pm)

Biofabrication Capability

Gel Printing & 3D Bioprinting Approaches

Fibre Approaches

Characteristic ECM Components

Cells

Table 2 Comparison of biofabrication techniques

Technique Biomaterials Demonstrated Cell Pr ing M Patterning Control
E 1
Inkjet[6] Low viscosity bioinks- v 10-300pm Solvent processing CAD model directs robotic droplet deposition, drop on demand.
fibrin, agar, collagen, alginate 10° cells/mL Photo-polymerisation
Gelation
Microextrusion[7],[12  High viscosity materials- cell 200-1000um  Melt processing CAD model directs robotic extruded fibre deposition.
1]-[123] aggregates, gelatin, alginate, collagen, Cell dispersion and Nozzle extrusion
fibrin, dECM, PCL, PLA, ABS, PDMS cell spheroids Chemical crosslinking
(~10%) Physical crosslinking,
Photo-polymerisation
LIFT[10],[11] Cells in media- hydrogels, nano- v 10-100pm Chemical crosslinking Laser-directed ejection of hydrogels towards a target, via an
hydroxyapatite ~107-10° cells/mL Photo-polymerisation intermediate absorbing layer.
SLA[124] Acrylate-based materials- GeIMA, v 100pum Photo-polymerisation Use of projected patterns of light to selectively cure resin and
GelMA-PEGDA hybrid hydrogels <10°® cells/mL build up objects layer-wise.
2 Photon Ormocers®, PEGDA, organic- X 10nm-pm Photo-polymerization Laser pulse energy and number of pulses control resolution and
Polymerization[125] inorganic Zr-hybrids, PLA; gelatin, patterning.
HA-PEGDA, chitosan
Cell Electrospinning Core: cells in medium, shell: liquid v ~5-30um Solvent processing Randomly aligned cell mats.
[126],[127] PDMS (~10° cell/mL) Voltage application (5—11kV)
Electrospinning, near-  PEO, PS, PVP, thermoplastics such as X 10nm-10pum Solvent processing Placement of fibres by moving toolpath or moving substrate.

field, melt, direct-
write

PLA, PCL, gelatine, collagen, chitosan

Mechanical elongation
Voltage application (0.05-30kV)

Modulated by voltage application, material deposition rate and
horizontal translation and mechanical drawing of viscous
solutions.

processes[55],[58],[99],
[116],[128]-[135]

Blue are techniques suited for gel printing, pink fibril printing, and purple uncategorised
ABS acrylonitrile-butadiene—styrene; dECM decellularised extracellular matrix; Ge/MA gelatine methacryloyl; HA hyaluronic acid; NFES near-field
electrospinning; PCL polycaprolactone; PDMS polydimethylsiloxane; PEGDA poly(ethylene glycol) diacrylate; PEO poly(ethylene oxide); PLA

polylactic acid; PS polystyrene; PVP polyvinylpyrrolidone

shape fidelity, printing resolution and molecular biomimicry
with current technologies. Bioink material properties and
their influence on cell viability has already been reviewed
in work such as that of the Shah and co-workers [32]. Here,
we instead focus on how these printed bioink or gel charac-
teristics will contribute to the multi-process integration.
Shape fidelity and print resolution The printing of cell-
laden hydrogels in 3D often presents a dichotomy between
maintaining built up spatial arrangement, preserving delicate
material properties and uninhibited future cell functionality.

To attain optimal shape fidelity, high polymer concentrations
are necessary which may limit cell viability post-printing
[33,34] as cell proliferation and infiltration into the scaffold
is hindered. On the other hand, rheology, hydrogel cross-
linking mechanisms, surface tension, and liquid—surface
interactions determine the resolution of printed hydrogels
and soft materials [10,35,36]. Hence, the resolution of
the printed constructs will be significantly lower than the
described axes resolution of commercially available bioprint-
ers (as stated in Table 1). These factors have established a
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‘biofabrication window’ referring to the conflict which needs
to be reconciled between the mechanical demands for printed
shape fidelity and establishing physiologically relevant stiff-
ness and substrate cues for cell function [35]. Additional
limitations on printed resolution are related to the inherent
restriction on nozzle size to avoid cell membrane damage due
to shear stress or issues of nozzle clogging. The rheology of
the bioink can be highly influential to mitigate these issues
[10,37,38]. A common strategy is to design bioink chem-
istry to have shear-thinning behaviour [39], which enables
the bioink to have lower viscosity during nozzle extrusion to
reduce cell damage, and yet maintain print resolution through
the increased viscosity immediately following deposition.

Hydrogel chemistry Hydrogel cross-linking is necessary
to fix printed gels in place and determines their mechanical
behaviour. Naturally derived hydrogels usually use phys-
ical cross-linking mechanisms which are either ionic or
temperature dependent [35]. For example, naturally derived
collagen gel assembles upon physical cross-linking at the
point of pH neutralisation at physiological temperature.
Consequently, it is widely used in the field of biology. How-
ever, physical cross-linking mechanisms generally produce
mechanically weak gels that often have slow cross-linking
dynamics, which are difficult to control. Compared to phys-
ical cross-linking, photoinitiated chemical polymerisation
offers rapid cross-linking with controllable reaction dynam-
ics, which allows greater adjustment of cross-link density
and can produce higher-resolution macrostructures. Synthet-
ically derived poly ethylene glycol (PEG)-based hydrogels
have been particularly favoured due to the ease with which
their elastic and degradation properties can be tailored
[40,41]. Much research has been conducted in the effort to
find optimal photoinitiators and refine their concentration in
order to minimise radical-induced damage to the polymer
backbone and to cells [42-44]. Chemical modification of
naturally derived biomaterials to facilitate photopolymeri-
sation has also attracted significant interest. For example,
photosensitive gelatin methacryloyl (GelMA) hydrogel is
especially popular [45,46]. Aside from controlling the built-
shape, hydrogel cross-links also strongly influences whether
the resident cells can perform matrix remodelling and matrix
degradation. Recent developments in supramolecular assem-
bly hydrogels can be used to tailor reversible hydrogel
bonding. This may yield structures with good temporary
mechanical properties upon deposition, which later have
more appropriate permeability and degradation properties for
tissue maturation [47,48].

Two-photon polymerisation (2PP) high-resolution print-
ing achieved by 2PP can be imparted by the strong covalent
bonds that take place between inorganic and organic polymer
components, which enable structures to withstand greater
stresses post-fabrication [49]. Improved printing resolution
is often a result of enhanced mechanical stability given by a
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high degree of polymerisation, utilising higher strength inter-
molecular bonding. The correlation of stiffness with bond
strength varies between polymerisation methods. In some
instances, the strength of these bonds yields elastic proper-
ties (~ 7.2 GPa for ORMOCER ceramic [50]) that are alien
to that of soft tissues (~ 1kPa—100MPa) [51,52].

2D and 3D fibre patterning

As introduced in Sect. 2, the fibrous structures that exist
in the ECM and their interplay with cells provide critical
mechanical, topographic and substrate environmental cues
to cell function. Hydrogel-based 3D printed structures can-
not reach the resolution of the native meso-fibril architecture;
see Fig. 2, which is considered a solid structure with diame-
ters from tens of nanometres to a few microns. As previously
discussed, the resolution constraints are not due to preci-
sion in robotic control, but the stabilising mechanisms in
biomaterials processing. Electrospinning can produce fibres
which offer topographical function but conventionally the
technique has poor patterning control, particularly in 3D.
Electrohydrodynamic fibre writing techniques, such as melt
electrospinning and near-field electrospinning, can poten-
tially address these limitations in a manner akin to additive
layer manufacture. Incorporating designable fibril networks
within a cellular interface is a logical step towards improv-
ing the functionality of bioprinted tissues, which to date is
predominated by hydrogel printing. In the following subsec-
tion, we summarise advances in 3D nanofibril patterning and
approaches suitable for process integration with 3D bioprint-
ing.

The high voltage applied in conventional electrospin-
ning (10-30kV) is utilised to draw fine fibres but it is also
responsible for poor fibre patterning control. Melt process-
ing will give better controllability in patterning precision due
to the melt elastic property and by eliminating of the influ-
ence of solvent evaporation [53]. Melt electrospinning has
already been incorporated in conjunction with other more
well-established printing mechanisms such as inkjet and
extrusion on some commercial bioprinting systems. Conduc-
tive patterned substrates can also act as effective guides to
the deposition path of electrospun fibres, though are very
sensitive to disturbance in local substrate electric field. This
strategy has shown to produce layered placement of melt
electrospun fibres, as reported by Brown et al. [53,54]. How-
ever, the high-temperature melt processing and high applied
voltage (>5kV) utilised by the melt electrospinning pro-
cessing confines material selection to thermoplastics, further
limiting the fibre surface properties and biofunctionality of
the fibril network.

An electrostatically driven, solution-based approach will
naturally enable processing of a wider range of materials
compared to a mechanically driven technique (e.g., lig-
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uid drawing). Near-field electrospinning (NFES) techniques
lower the applied voltage (1-5kV range) but achieve the same
tensile drawing effect by reducing the tip-collector distance
to maintain the electric field strength [55]. Rapid linear move-
ment of either collecting substrate or the printhead can create
micron to sub-micron-level fibres. This compensates for the
absence of the fibre elongation from the bending instabil-
ity and facilitates fibre patterning in 2D. Solvent processing
also offers the potential to manipulate fibre cross section
and adjoining behaviour; a recent study utilised the merging
behaviour of wet fibres to form strong orthogonal fibre junc-
tions. The interconnected fibre network possessed enhanced
mechanical properties and demonstrated a collagen and PCL
blend thus showing prospective applications in mechanical
reinforcement of natural biomaterials [56]. By tuning the
substrate properties, it is possible to build 3D structures
using the fibre patterns [57]. Recent development in the near-
field techniques has further lowered the operating voltage to
the range of 100 V. Low-voltage electrospinning patterning
(LEP) utilises both mechanical and electrical forces for fibre
initiation, in addition to the mechanical stretching of the fibre
against a collection substrate. As such, deposition of sus-
pended biological fibres was demonstrated on 3D printed
supports, in addition to suspended fibre membranes over
microfluidic channels [58]. The main benefit of lowering the
applied voltage in electrostatic processing is the minimised
damage to the bioactive components, and greater flexibil-
ity to combine with bioprinting mechanisms. Advances in
3D electrospun architecture and solution drawn fibres indi-
cate that with precise tuning of working parameters, complex
micro- or even nanoscale structures can foreseeably pattern
synthetic and naturally derived biopolymers in 3D.

Biphasic fibre-gel architecture

With the complementary roles played by fibres and interstitial
gels in a native ECM, one can anticipate that the combina-
tion of these two phases could be desired for creating more
complex bioinspired structures. Due to current technologi-
cal limitations in combining these two phases, most studies
to date report multistage, manual manipulation. Reviews by,
e.g., Bosworth [59], Butcher [60] and more recently Xu [61]
et al. detail different methodologies to assemble composite
structures. The methodologies to create the biphasic struc-
tures can be classified under the categories of lamination,
encapsulation, injectable hydrogels, and dual electrospinning
[59]. More recently, Fattahi et al. demonstrated a near-field
electrospinning process capable of depositing PMMA fibres
with controlled alignment layered on top of slabs of collagen
hydrogel [62]. So far, the aspirational applications for these
composite structures have been motivated by their enhanced
biomechanical properties, such as the repair of bone [63,64],
cartilage [65-67], tendons [68], and heart valves [69,70].

From comparison to either purely hydrogel-based or
fibrous scaffolds, existing fibre-reinforced composites have
reported enhanced control of cell distribution, viability, and
activity afforded by the contact guidance of the fibre compo-
nents coupled to the tailored permeability with the gel matrix
[27,70,71]. For example, Han et al. intentionally exploited
the small pore size afforded by electrospun fibres to pace
the release of neurotrophins from their hydrogel for PC12
neural stem cell differentiation [72]. Xu et al. reported a fibre—
hydrogel composite designed to grow cortical bone tissue,
the scaffold’s degradation coincided with when stromal bone
marrow cells began to secrete their own ECM, followed by
mineralisation [64]. Similarly, composites designed to form
cartilage-like tissues showed enhanced production of type
II collagen and GAGs by chondrocytes [65,73] and neural
progenitor stem cells embedded in a composite showed phys-
iologically relevant gene upregulation [74] when contrasted
to single phase gel counterparts.

Finally, microfluidic cell culture has also been coupled
with nanofibrous structures as a platform to potentially
biomimic the cell microenvironment through control of
soluble, mechanical and topographical cues. Wallin et al.
integrated nanofibres in various orientations and alignments
within a microfluidic chip to mimic the surface topography
of the extracellular matrix of glial cells. Simultaneously, a
physiologically relevant neurotropic chemical gradient was
established in the microfluidic channel to mimic the microen-
vironmental conditions to model axon outgrowth [75]. This
configuration was used to study the interdependency of topo-
graphical and chemical cues and their relative strength when
acting in alignment and in opposition to one another. The
idea of combined modelling of substrate and soluble cues
of the ECM can foreseeably be extended to capture greater
microenvironmental complexity and extend physiologically
relevant in vitro functionality.

Prospective fabrication of cellular
microenvironments at multiscale

With the potential of multi-material processing in an inte-
grated platform, Fig. 4 maps the regions of material viscosity
and printed construct resolution that different printing mech-
anisms and microfabrication technologies operate. By a
‘mix-and-match’ approach towards complementary tech-
niques, one can potentially design a bioinspired cell scaffold
offering both biological functions and sensing functions
[76]. To attain biological functionality, one should include
appropriate microenvironmental cues within the design to
influence the living components and be mindful of what cues
are created by the fabrication process itself. This warrants
the question of whether it will be ultimately possible to posi-
tion cells in way that maintains macroscale shape fidelity, but
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Table 3 Merits and precautions
of processing mechanisms
commonly used in

Processing mechanism

Merits and associated
advantages

Limitations and precautions

biofabrication. Solvent processing

Physical cross-linking

Chemical cross-linking

Photopolymerisation

Melt processing

Voltage application

Nozzle extrusion

Takes place in ambient
conditions.

If solvents are water-based can
be helpful for cell hydration

Selected processes occur under
physiological pH and
temperature

Improved control for shape
fidelity

Rapid gelation

Good shape fidelity

Rapid gelation

No harmful solvent residues

Control of solidification with
temperature
Improved resolution by

overcoming liquid surface
tension

Can be used as an indirect
control of fibre suspension

Simple configuration

Can tune ink rheology
properties to incorporate
different print functionalities

Residual solvents (if non-biocompatible)
could influence cell behaviour

Weak gelation

Poor mechanical properties

Control of cross-linking homogeneity
important

Choice of cross-linking agent and amount
important to avoid cytotoxicity

Photoirradiation damage to polymer
backbone produces free radicals, which
can be damaging to cells and degrades
biomolecules

Choice of cross-linking agent and amount
important to avoid cytotoxicity

High processing temperatures may be
unsuitable to integrate with parallel
processing of cells, proteins and some
biomaterials

Applied currents may affect cell viability

If solvent is used, need to incorporate
adequate solvent removal procedure

Residual charges may limit patterning
capability

Shear stresses may lead to cell death or a
change in cell phenotype

Limited to ink viscosity greater than
30mPa/s [10]

does not adversely interfere with microenvironmental cues.
Answers may lie in the design of temporary external sup-
port structures to allow in situ self-assembly into mature and
mechanically stable tissue constructs [77]. In situ bioprint-
ing of small-scale tissue scaffolds could also be key in the
development of implantable tissues.

To illustrate further how a stem cell niche concept can
potentially be used to guide a biofabrication strategy, Fig. 5
illustrates some of the key microenvironmental cues and indi-
cates potentially suited technique(s) which have the potential
to replicate them. Bioink printing (or 3D Bioprinting as
illustrated in the figure) is an effective way of placing cell
suspensions with adequate precision. Bioink printing can
provide versatile and potentially temporary support struc-
tures to maintain macroscale shape fidelity. Electrospinning

@ Springer

and other fibre drawing technologies can offer a means of
creating micro- and nanoscale fibres. In 2D, these have
already shown promise for the application of cellular assays.
One example used patterned fibril arrays to study endothe-
lial response to ROCK inhibition and this in vitro platform
permitted statistical single-cell image cytometry using con-
ventional microscopy [78]. In 3D, the patterning of ECM-like
fibres could provide the substrate and topographical cues
that soft 3D printed hydrogels cannot offer. Furthermore,
they can act to modulate tissue stiffness and other biome-
chanical properties without compromising cell proliferation
and motility. It may also be possible with core—shell electro-
spun fibres to programme controlled release of soluble factors
from within a biodegradable sheath to sustain cell develop-
ment over a longer period. Microfluidic devices offer the
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possibility to design chemotactic stimuli and dynamic biome-
chanical conditions [79-81]. This can be utilised to establish
physiologically relevant metabolic cues such as oxygen and
ion gradients in addition to perfusing media and soluble fac-
tors around the chambers, in the fashion of a miniaturised
bioreactor. The shear stresses that ensue from dispersing
fluids around cells equally contribute to the biomechanical
microenvironmental cues that direct cell fate. Fluidic cham-
bers can also be adapted to co-culturing different cell types
in 3D and simulating physiologically relevant mechanical
strain by incorporating other microelectromechanical sys-
tems (MEMS) features.

Emphasis should be focused on the dynamic aspect of
microenvironmental cues that make up a cell niche and simu-
late their naturally integrated multiple feedback mechanisms.
As such any foreseeable design should incorporate an ele-
ment of timing and hence the terminological transition to
‘4D printing.” This incorporates cues which enable printed
objects to continuously evolve under environmental stimuli
[82,83]. Tissue maturation itself can be considered a dynamic
‘4D’ process. Thus, the placement of relevant growth factors
and chemokines within hydrogel matrices has the capability
to guide cell growth and differentiation post-printing, which
is a clear example of how time co-ordination shall need to
play a role in future biofabrication strategies.

With tailored design of microenvironmental cues which
culture progenitor cell populations, it should be possible to
model tissue-specific and even patient-specific responses to
environmental stimuli [18]. It will be important to translate
the technical advances in biofabrication technology into tools
with the designated end user in mind, the biomedical commu-
nity [84]. Tissue biofabrication will need to be reproducible,
validated and economically viable. It is also crucial to ensure
that multi-process printing and patterning steps are compat-
ible with one another as well as to allow tissue constructs
to support further biochemical analysis, or be appropriately
prepared for later in vivo implantation. Continued devel-
opments in biofabrication and stem cell technologies have
tremendous potential in the intermediate term to revolu-
tionise drug-screening procedures. In the longer term, they
have the potential to help advance our fundamental under-
standing of pathology significantly and ultimately deliver
patient-specific clinical treatments and prevention.

Acknowledgements EG is a scholarship recipient from the WD Arm-
strong Trust. YYSH thank funding support from The Engineering and
Physical Sciences Research Council (EPSRC) UK under the Grant
Number EP/M018989/1, The European Research Council Starting
Grant (ERC-StG, 758865), and the Royal Society.

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

86

Bio-Design and Manufacturing (2018) 1:77-88

to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. XuTetal (2013) Hybrid printing of mechanically and biologically

improved constructs for cartilage tissue engineering applications.
Biofabrication 5:15001

. MaY etal (2015) Bioprinting 3D cell-laden hydrogel microarray

for screening human periodontal ligament stem cell response to
extracellular matrix. Biofabrication 7:44105

. Norona LM, Nguyen DG, Gerber DA, Presnell SC, LeCluyse

EL (2016) Editor’s highlight: modeling compound-induced fibro-
genesis in vitro using three-dimensional bioprinted human liver
tissues. Toxicol Sci 154:354-367

. Martine LC et al (2017) Engineering a humanized bone organ

model in mice to study bone metastases. Nat Protoc 12:639-663

. Shery Huang YY, Zhang D, Liu Y (2017) Bioprinting of three-

dimensional culture models and organ-on-a-chip systems. MRS
Bull 42:593-599

. Gudapati H, Dey M, Ozbolat I (2016) A comprehensive review

on droplet-based bioprinting: past, present and future. https://doi.
org/10.1016/j.biomaterials.2016.06.012

. Ozbolat IT, Hospodiuk M (2016) Current advances and future

perspectives in extrusion-based bioprinting. Biomaterials 76:321—
343

. Arslan-Yildiz A etal (2016) Towards artificial tissue models: past,

present, and future of 3D bioprinting. Biofabrication 8:14103

. Murphy SV, Atala A (2014) 3D bioprinting of tissues and organs.

Nat Biotechnol 32:733-785

Holzl K et al (2016) Bioink properties before, during and after 3D
bioprinting. Biofabrication 8:32002

Mandrycky C, Wang Z, Kim K, Kim D-H (2016) 3D bioprinting
for engineering complex tissues. Biotechnol Adv 34:422-434
MacDonald E, Wicker R (2016) Multiprocess 3D printing for
increasing component functionality. Science 80(353):aaf2093
Truby RL, Lewis JA (2016) Printing soft matter in three dimen-
sions. Nature. https://doi.org/10.1038/nature21003

Lane SW, Williams DA, Watt FM (2014) Modulating the stem
cell niche for tissue regeneration. Nat Biotechnol 32:795-803
Stevens MM (2005) Exploring and engineering the cell-surface
interface. Science 310:1135-1138

Frantz C, Stewart KM, Weaver VM (2010) The extracellular
matrix at a glance. J Cell Sci 123:4195-4200

Parker KK, Ingber DE (2007) Extracellular matrix, mechanotrans-
duction and structural hierarchies in heart tissue engineering.
Philos Trans R Soc Lond B Biol Sci 362:1267-79

Beachley VZ et al (2015) Tissue matrix arrays for high-throughput
screening and systems analysis of cell function. Nat Methods
12:1197-1204

Brown BN, Badylak SF (2014) Extracellular matrix as an induc-
tive scaffold for functional tissue reconstruction. Transl Res
163:268-85

Oomens CWIJ, Brekelmans M, Baaijens FPT (2009) Biome-
chanics: concepts and computation. Cambridge University Press,
Cambridge

Wells RG (2008) The role of matrix stiffness in regulating cell
behavior. Hepatology 47:1394—-1400

Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elas-
ticity directs stem cell lineage specification. Cell 126:677-689
Elosegui-Artola A et al (2016) Mechanical regulation of a molec-
ular clutch defines force transmission and transduction in response
to matrix rigidity Nat. Cell Biol 18:540-548

@ Springer

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44,

45.

Swift J et al (2013) Nuclear lamin-A scales with tissue
stiffness and enhances matrix-directed differentiation. Science
341:1240104

Charras G, Sahai E (2014) Physical influences of the extracellular
environment on cell migration. Nat Rev Mol Cell Biol 15:813-824
Li W-J, Laurencin CT, Caterson EJ, Tuan RS, Ko FK (2002)
Electrospun nanofibrous structure: a novel scaffold for tissue engi-
neering. ] Biomed Mater Res 60:613-621

Ekaputra AK, Prestwich GD, Cool SM, Hutmacher DW (2008)
Combining electrospun scaffolds with electrosprayed hydrogels
leads to three-dimensional cellularization of hybrid constructs.
Biomacromolecules 9:2097-2103

Shin HJ et al (2006) Electrospun PLGA nanofiber scaffolds for
articular cartilage reconstruction: mechanical stability, degrada-
tion and cellular responses under mechanical stimulation in vitro.
J Biomater Sci Polym Ed 17:103-119

Murphy SV, Skardal A, Atala A (2013) Evaluation of hydro-
gels for bio-printing applications. J Biomed Mater Res Part A
101:272-284

Mironov V et al (2009) Organ printing: tissue spheroids as build-
ing blocks. Biomaterials 30:2164-74

Marga F et al (2012) Toward engineering functional organ mod-
ules by additive manufacturing. Biofabrication 4:22001

Rutz AL, Lewis PL, Shah RN (2017) Toward next-generation
bioinks: tuning material properties pre- and post-printing to opti-
mize cell viability. MRS Bull 42:563-570

Xiao W et al (2011) Synthesis and characterization of pho-
tocrosslinkable gelatin and silk fibroin interpenetrating polymer
network hydrogels. Acta Biomater 7:2384-2393

Blaeser A et al (2016) Controlling shear stress in 3D bioprinting is
a key factor to balance printing resolution and stem cell integrity.
Adv Healthc Mater 5:326-333

Malda J et al (2013) 25th anniversary article: engineering hydro-
gels for biofabrication. Adv Mater 25:5011-5028

Hinton TJ et al (2015) Three-dimensional printing of complex bio-
logical structures by freeform reversible embedding of suspended
hydrogels. Sci Adv 1:1-10

. Nair K (2008) Multi-scale computational modeling and char-

acterization of bioprinted tissue scaffolds. Drexel University,
Philadelphia

Nair K et al (2009) Characterization of cell viability during bio-
printing processes. Biotechnol J 4:1168-77

Schacht K et al (2015) Biofabrication of cell-loaded 3D spider
silk constructs. Angew Chem Int Ed 54:2816-2820

Zustiak SP, Leach JB (2010) Hydrolytically degradable
poly(ethylene glycol) hydrogel scaffolds with tunable degradation
and mechanical properties. Biomacromolecules 11:1348-1357
Kim P, Yuan A, Nam K-H, Jiao A, Kim D-H (2014) Fabrication
of poly(ethylene glycol): gelatin methacrylate composite nanos-
tructures with tunable stiffness and degradation for vascular tissue
engineering. Biofabrication 6:24112

Brinkman WT, Nagapudi K, Thomas BS, Chaikof EL (2003)
Photo-cross-linking of type I collagen gels in the presence of
smooth muscle cells: Mechanical properties, cell viability, and
function. Biomacromolecules 4:890-895

Ibusuki S et al (2007) Photochemically cross-linked collagen gels
as three-dimensional scaffolds for tissue engineering. Tiss Eng
13:1995-2001

Achilli M, Lagueux J, Mantovani D (2010) On the effects of UV-
C and pH on the mechanical behavior, molecular conformation
and cell viability of collagen-based scaffold for vascular tissue
engineering. Macromol Biosci 10:307-316

Yue K et al (2015) Synthesis, properties, and biomedical applica-
tions of gelatin methacryloyl (GelMA) hydrogels. Biomaterials
73:254-271


https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1016/j.biomaterials.2016.06.012
https://doi.org/10.1038/nature21003

Bio-Design and Manufacturing (2018) 1:77-88

87

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Loessner D et al (2016) Functionalization, preparation and use
of cell-laden gelatin methacryloyl-based hydrogels as modular
tissue culture platforms. Nat Protoc 11:727-746

Li C et al (2015) Rapid formation of a supramolecular
polypeptide-DNA hydrogel for in situ three-dimensional multi-
layer bioprinting. Angew Chem Int Ed Engl 1-6. https://doi.org/
10.1002/anie.201411383

Wang Y et al (2017) Constructing tissuelike complex structures
using cell-laden DNA hydrogel bricks. ACS Appl Mater Inter-
faces. https://doi.org/10.1021/acsami.7b01604

Emons M et al (2012) Two-photon polymerization technique with
sub-50 nm resolution by sub-10 fs laser pulses Opt. Mater Express
2:942

Bacchi A et al (2015) Shrinkage, stress, and modulus of
dimethacrylate, ormocer, and silorane composites. J Conserv Dent
18:384-8

Kim HN et al (2012) Patterning methods for polymers in cell and
tissue engineering. Ann Biomed Eng 40:1339-1355

Nemir S, West JL (2010) Synthetic materials in the study of cell
response to substrate rigidity. Ann Biomed Eng 38:2-20
Hochleitner G et al (2015) Additive manufacturing of scaffolds
with sub-micron filaments via melt electrospinning writing. Bio-
fabrication 7:35002

Melchels FPW et al (2016) Hydrogel-based reinforcement of 3D
bioprinted constructs. Biofabrication 8:35004

Sun D, Chang C, Li S, Lin L (2006) Near-field electrospinning.
Nano Lett 6:839-842

Middleton R et al (2018) Near-field electrospinning patterning
polycaprolactone and polycaprolactone/collagen interconnected
fiber membrane macromol. Mater Eng 303:1700463

Luo G et al (2015) Direct-write, self-aligned electrospinning on
paper for controllable fabrication of three-dimensional structures.
ACS Appl Mater Interfaces 7:27765-27770

Li X etal (2016) Low-voltage continuous electrospinning pattern-
ing. ACS Appl Mater Interfaces. https://doi.org/10.1021/acsami.
6b07797

Bosworth LA, Turner L-A, Cartmell SH (2013) State of the art
composites comprising electrospun fibres coupled with hydro-
gels: a review. Nanomed Nanotechnol Biol Med 9:322-335
Butcher AL, Offeddu GS, Oyen ML (2014) Nanofibrous hydrogel
composites as mechanically robust tissue engineering scaffolds.
Trends Biotechnol 32:564-570

Xu S, Deng L, Zhang J, Yin L, Dong A (2016) Composites of
electrospun-fibers and hydrogels: a potential solution to current
challenges in biological and biomedical field. J Biomed Mater
Res Part B Appl Biomater 104:640-656

Fattahi P, Dover JT, Brown JL (2017) 3D near-field electro-
spinning of biomaterial microfibers with potential for blended
microfiber-cell-loaded gel composite structures. Adv Healthc
Mater. https://doi.org/10.1002/adhm.201700456

Yang Y, Wimpenny I, Ahearne M (2011) Portable nanofiber
meshes dictate cell orientation throughout three-dimensional
hydrogels. Nanomed Nanotechnol Biol Med 7:131-136

Xu W, Ma J, Jabbari E (2010) Material properties and osteogenic
differentiation of marrow stromal cells on fiber-reinforced lami-
nated hydrogel nanocomposites. Acta Biomater 6:1992-2002
XuTetal (2013) Hybrid printing of mechanically and biologically
improved constructs for cartilage tissue engineering applications.
Biofabrication 5:15001

Visser J et al (2015) Reinforcement of hydrogels using three-
dimensionally printed microfibres. Nat Commun 6:6933

Coburn J et al (2011) Biomimetics of the extracellular matrix: an
integrated three-dimensional fiber-hydrogel composite for carti-
lage tissue engineering. Smart Struct Syst 7:213-222

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Yang G, Lin H, Rothrauff BB, Yu S, Tuan RS (2016) Multilayered
polycaprolactone/gelatin fiber-hydrogel composite for tendon tis-
sue engineering. Acta Biomater 35:68-76

Puperi DS et al (2016) Electrospun polyurethane and hydrogel
composite scaffolds as biomechanical mimics for aortic valve tis-
sue engineering. ACS Biomater Sci Eng 2:1546-1558

Eslami M et al (2014) Fiber-reinforced hydrogel scaffolds for
heart valve tissue engineering. J Biomater Appl 29:399-410
Hong Y etal (2011) Mechanical properties and in vivo behavior of
abiodegradable synthetic polymer microfiber-extracellular matrix
hydrogel biohybrid scaffold. Biomaterials 32:3387-3394

Han N et al (2011) Hydrogel-electrospun fiber mat composite
coatings for neural prostheses. Front Neuroeng 4:2

Formica FA et al (2016) Electrospinning: a bioinspired ultra-
porous nanofiber-hydrogel mimic of the cartilage extracellular
matrix (Adv. Healthcare Mater. 24/2016). Adv Healthc Mater
5:3216-3216

Hsieh A et al (2010) Hydrogel/electrospun fiber composites influ-
ence neural stem/progenitor cell fate. Soft Matter 6:2227

Wallin P et al (2012) A method to integrate patterned electrospun
fibers with microfluidic systems to generate complex microenvi-
ronments for cell culture applications. Biomicrofluidics 6:24131
Lind JU et al (2016) Instrumented cardiac microphysiological
devices via multimaterial three-dimensional printing. Nat Mater
16:303-308

Kang H-W et al (2016) A 3D bioprinting system to pro-
duce human-scale tissue constructs with structural integrity. Nat
Biotechnol 34:312-319

Xue N et al (2014) Rapid patterning of 1-D collagenous topogra-
phy as an ECM protein fibril platform for image cytometry. PLoS
One 9:¢93590

Huh D, Torisawa Y, Hamilton GA, Kim HJ, Ingber DE (2012)
Microengineered physiological biomimicry: organs-on-chips.
Lab Chip 12:2156

Benam KH et al (2015) Engineered in vitro disease models. Annu
Rev Pathol 10:195-262

Bhatia SN, Ingber DE (2014) Microfluidic organs-on-chips. Nat
Biotechnol 32:760-72

Gao B et al (2016) 4D bioprinting for biomedical applications.
Trends Biotechnol 34:746-756

Sydney Gladman A, Matsumoto EA, Nuzzo RG, Mahadevan L,
Lewis JA (2016) Biomimetic 4D printing. Nat Mater 15:413-418
Liu Y, Gill EL, Huang YYS (2017) Microfluidic on-chip
biomimicry for 3D cell culture: a fit-for-purpose investigation
from the end user standpoint. Futur Sci. https://doi.org/10.4155/
fsoa-2016-0084

Orlando G et al (2013) Discarded human kidneys as a source of
ECM scaffold for kidney regeneration technologies. Biomaterials
34:5915-5925

Deeken CR et al (2011) Method of preparing a decellularized
porcine tendon using tributyl phosphate. J] Biomed Mater Res Part
B Appl Biomater 96(B):199-206

Ye X et al (2013) The effect of heparin-VEGF multilayer on the
biocompatibility of decellularized aortic valve with platelet and
endothelial progenitor cells. PLoS One 8:¢54622

Chan LKY et al (2013) Decellularized bovine intervertebral disc
as a natural scaffold for xenogenic cell studies. Acta Biomater
9:5262-5272

Zhou L et al (2014) Biomimetic mineralization of anionic gelatin
hydrogels: effect of degree of methacrylation. RSC Adv 4:21997
Raub CB et al (2007) Noninvasive assessment of collagen gel
microstructure and mechanics using multiphoton microscopy.
Biophys J 92:2212-2222

Tan YJ et al (2016) Hybrid microscaffold-based 3D bioprinting of
multi-cellular constructs with high compressive strength: a new
biofabrication strategy. Sci Rep 6:39140

@ Springer


https://doi.org/10.1002/anie.201411383
https://doi.org/10.1002/anie.201411383
https://doi.org/10.1021/acsami.7b01604
https://doi.org/10.1021/acsami.6b07797
https://doi.org/10.1021/acsami.6b07797
https://doi.org/10.1002/adhm.201700456
https://doi.org/10.4155/fsoa-2016-0084
https://doi.org/10.4155/fsoa-2016-0084

88 Bio-Design and Manufacturing (2018) 1:77-88
92. Gelain F, Bottai D, Vescovi A, Zhang S, Stark B (2006) Designer 115. Kadomae Y, Maruyama Y, Sugimoto M, Taniguchi T, Koyama
self-assembling peptide nanofiber scaffolds for adult mouse neu- K (2009) Relation between tacticity and fiber diameter in melt-
ral stem cell 3-dimensional cultures. PLoS One 1:e119 electrospinning of polypropylene. Fibers Polym 10:275-279
93. Zhang YZ, Venugopal J, Huang Z-M, Lim CT, Ramakrishna S 116. Bisht GS et al (2011) Controlled continuous patterning of
(2006) Crosslinking of the electrospun gelatin nanofibers. Poly- polymeric nanofibers on three-dimensional substrates using low-
mer (Guildf) 47:2911-2917 voltage near-field electrospinning. Nano Lett 11:1831-1837
94. Nocera AD, Comin R, Salvatierra NA, Cid MP (2018) Develop- 117. Zheng G et al (2010) Precision deposition of a nanofibre by near-
ment of 3D printed fibrillar collagen scaffold for tissue engineer- field electrospinning. J Phys D Appl Phys 43:415501
ing. Biomed Microdev 20:26 118. Schneider J et al (2016) Electrohydrodynamic nanodrip printing
95. Jang J et al (2016) Tailoring mechanical properties of decel- of high aspect ratio metal grid transparent electrodes. Adv Funct
lularized extracellular matrix bioink by vitamin B2-induced Mater 26:833-840
photo-crosslinking. Acta Biomater 33:88-95 119. Galliker P et al (2012) Direct printing of nanostructures by elec-
96. Claeyssens F et al (2009) Three-dimensional biodegradable trostatic autofocussing of ink nanodroplets. Nat Commun 3:890
structures fabricated by two-photon polymerization. Langmuir 120. Huang Y et al (2014) Versatile, kinetically controlled, high pre-
25:3219-3223 cision electrohydrodynamic writing of micro/nanofibers. Sci Rep
97. Kam KR etal (2014) The effect of nanotopography on modulating 4:4634-4667
protein adsorption and the fibrotic response. Tissue Eng Part A 121. Panwar A, Tan L (2016) Current status of bioinks for micro-
20:130-138 extrusion-based 3D bioprinting. Molecules 21:685
98. Shoulders MD, Raines RT (2010) Collagen structure and stability. 122. Kolesky DB et al (2014) 3D bioprinting of vascularized, hetero-
Annu Rev Biochem 78:929-958 geneous cell-laden tissue constructs. Adv Mater 26:3124-30
99. Brown TD, Dalton PD, Hutmacher DW (2016) Melt electrospin- 123. Pati F et al (2014) Printing three-dimensional tissue analogues
ning today: an opportune time for an emerging polymer process. with decellularized extracellular matrix bioink. Nat Commun
Prog Polym Sci 56:116-166 5:1009-1014
100. Khan WS, Asmatulu R, Ceylan M, Jabbarnia A (2013) Recent 124. Wang Z, Abdulla R, Parker B, Samanipour R (2015) A simple and
progress on conventional and non-conventional electrospinning high-resolution stereolithography-based 3D bioprinting system
processes. Fibers Polym 14:1235-1247 using visible light crosslinkable bioinks. Biofabrication 7:1-29
101. Di Camillo D et al (2013) Near-field electrospinning of light- 125. Chichkov BN, Ostendorf A (2006) Two-photon polymerization:
emitting conjugated polymer nanofibers. Nanoscale 5:11637 a new approach to micromachining. Photon Spectra 40:72-79
102. Friih SM, Schoen I, Ries J, Vogel V, Schmoranzer J (2015) Molec- 126. Townsend-Nicholson A, Jayasinghe SN (2006) Cell electrospin-
ular architecture of native fibronectin fibrils. Nat Commun 6:7275 ning: aunique biotechnique for encapsulating living organisms for
103. Smay JE, Nadkarni SS, Xu J (2007) Direct writing of dielectric generating active biological microthreads/scaffolds. Biomacro-
ceramics and base metal electrodes. Int J Appl Ceram Technol molecules 7:3364-3369
4:47-52 127. Sampson SL, Saraiva L, Gustafsson K, Jayasinghe SN, Robertson
104. Derby B (2010) Inkjet printing of functional and structural mate- BD (2014) Cell electrospinning: an in vitro and in vivo study.
rials: fluid property requirements, feature stability, and resolution. Small 10:78-82
Annu Rev Mater Res 40:395-414 128. Wang J, Nain AS (2014) Suspended micro/nanofiber hierarchical
105. Tumbleston JR etal (2015) Continuous liquid interface production biological scaffolds fabricated using non-electrospinning STEP
of 3D objects. Science 347:1349-1352 technique. Langmuir 30:13641-13649
106. Stampfl J et al (2008) Photopolymers with tunable mechanical 129. Chang C, Limkrailassiri K, Lin L (2008) Continuous near-field
properties processed by laser-based high-resolution stereolithog- electrospinning for large area deposition of orderly nanofiber pat-
raphy. J Micromech Microeng 18:125014 terns. Appl Phys Lett 93:123111
107. Zhou X, Hou Y, Lin J (2015) A review on the processing accuracy 130. BuN, Huang Y, Wang X, Yin Z (2012) Continuously tunable and
of two-photon polymerization. AIP Adv 5:30701 oriented nanofiber direct-written by mechano-electrospinning.
108. Sun H-B, Kawata S (2006) Two-photon photopolymerization and Mater Manuf Process 27:1318-1323
3D lithographic microfabrication. Springer, Berlin, pp 169—-173. 131. Song C, Rogers JA, Kim J-M, Ahn H (2015) Patterned
https://doi.org/10.1007/b94405 polydiacetylene-embedded polystyrene nanofibers based on elec-
109. Yu JH, Kim SY, Hwang J (2007) Effect of viscosity of silver trohydrodynamic jet printing. Macromol Res 23:118-123
nanoparticle suspension on conductive line patterned by electro- 132. XinY, Reneker DH (2012) Hierarchical polystyrene patterns pro-
hydrodynamic jet printing. Appl Phys A 89:157-159 duced by electrospinning. Polymer 53:4254-4261
110. Nangrejo M, Ahmad Z, Stride E, Edirisinghe M, Colombo P 133. Zheng J et al (2012) Polymer nanofibers prepared by low-voltage
(2008) Preparation of polymeric and ceramic porous capsules by a near-field electrospinning Chinese. Phys. B 21:48102
novel electrohydrodynamic process. Pharm Dev Technol 13:425- 134. Farrugia BL et al (2013) Dermal fibroblast infiltration of poly(e-
432 caprolactone) scaffolds fabricated by melt electrospinning in a
111. Rahman K, Khan A, Muhammad NM, Jo J, Choi K-H (2012) direct writing mode. Biofabrication 5:25001
Fine-resolution patterning of copper nanoparticles through elec- 135. Brown TD et al (2015) Melt electrospinning of poly(e-

112.

113.

114.

trohydrodynamic jet printing. J Micromech Microeng 22:65012
Brown TD, Dalton PD, Hutmacher DW (2011) Direct writing by
way of melt electrospinning. Adv Mater 23:5651-5657
Hochleitner G et al (2015) Additive manufacturing of scaffolds
with sub-micron filaments via melt electrospinning writing. Bio-
fabrication 7:35002

Mota C, Puppi D, Gazzarri M, Bartolo P, Chiellini F (2013)
Melt electrospinning writing of three-dimensional star poly(e-
caprolactone) scaffolds. Polym Int 62:893-900

@ Springer

caprolactone) scaffolds: phenomenological observations asso-
ciated with collection and direct writing. Mater Sci Eng C
45:698-708


https://doi.org/10.1007/b94405

	Multi-length scale bioprinting towards simulating microenvironmental cues
	Abstract
	Introduction
	Extracellular matrices and their functions
	Replicating extracellular microenvironment function
	Gel matrix assembly
	2D and 3D fibre patterning
	Biphasic fibre–gel architecture

	Prospective fabrication of cellular microenvironments at multiscale
	Acknowledgements
	References




