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Polymers for Melt Electrowriting

Juliane C. Kade and Paul D. Dalton*

1.1. What Is MEW?

Melt electrowriting (MEW) is an emerging high-resolution additive

manufacturing technique based on the electrohydrodynamic processing of
polymers. MEW is predominantly used to fabricate scaffolds for biomedical
applications, where the microscale fiber positioning has substantial
implications in its macroscopic mechanical properties. This review gives an
update on the increasing number of polymers processed via MEW and
different commercial sources of the gold standard poly(e-caprolactone) (PCL).
A description of MEW-processed polymers beyond PCL is introduced,
including blends and coated fibers to provide specific advantages in
biomedical applications. Furthermore, a perspective on printer designs and
developments is highlighted, to keep expanding the variety of processable

polymers for MEW.

1. Introduction

Additive manufacturing (AM) is increasingly used for appli-
cations in biomaterials, tissue engineering, and biofabrica-
tion partly due to the potential fabrication of patient-specific
designs.!! In general, every fabrication technology has an ideal
printing resolution range and for many techniques this is 50—
500 pm.[23] For biomedical applications that aim to replicate the
tissue microarchitecture, it is necessary to be able to print even
smaller structural features in the low micrometer or nanometer
scale. Such small fiber diameters can be facilitated with electro-
hydrodynamic (EHD) techniques such as solution electrospin-
ning (SES), melt electrospinning (MES), and melt electrowrit-
ing (MEW).[l This review is directed at the latter AM technol-
ogy, highlighting the different materials that have been used and
provide a forward perspective on the material options for this
technique.
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MEW is a high-resolution AM method with
the capability to produce fibers in the micro-
and nanometer range using a similar con-
figuration to MES, except using different
parameters and with a moving collector that
facilitates direct-writing.’! A MEW device
consists of a printing head equipped with a
heating system to melt the material within
a syringe, which is delivered to a metal noz-
zle. The MEW head is configured with a
computer-aided translating system so that
direct writing onto a collector is established.
A delivery system (typically air pressure)
forces the extrusion of the polymer melt
through the nozzle and an applied poten-
tial difference between the nozzle to the
collector leads to an electrical field. While this configuration
has similarities to electrospinning, there are important distinc-
tions between MEW and MES with respect to ideal parame-
ters, particularly the collector distance and the required electric
field.[®]

Applying an electric field concentrates charges in the fluid
drop at the closest point to the collector. In SES, these charges
overcome the surface tension forces and a conical-shaped jet is
ejected toward the collector. The beginning of this jet and the
remaining fluid at the tip of the nozzle is termed as the Taylor
cone, named after Sir Geoffrey Taylor, a 20th century physicist
who performed substantial fluid mechanics research including
EHD phenomenon.”! For SES, this is a rapid event with a Taylor
cone generated within seconds, as soon as the applied electrical
field overcomes the surface tension of the droplet at the tip of the
nozzle.[#?] As the jet approaches the collector for SES and MES,
the surface charges increase in density to a level that secondary
electrical instabilities, often called whipping, occur.'”! There are
even further levels of electrical instability that stretch the jet into
the nanoscale dimensions typically observed for SES.[?!

Figure 1A shows how jet initiation for MEW occurs. Simi-
lar to SES, applying an electric field results in charges aggregat-
ing at the part of the drop closest to the electric field. Polymer
melts used in effective MEW, however, are typically more viscous
and have less molecular species capable of charging compared
to solvent-based systems. As shown in Figure 1A, this charge
concentration does not overcome surface tension and no jet is
formed for over a minute. As the Taylor cone is filled with more
molten polymer, the weight of the melt begins to neck from the
initial droplet forming a thin column. This proceeds until the
forces (gravitational and charges) draw the solidified polymer
to be in contact with the collector (Figure 1A). While variations
on this jet initiation can occur, such as the solidification of the
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Figure 1. MEW jet initiation of poly(e-caprolactone) and examples of scaffolds. A) Photograph sequence with time indicated after high voltage (HV)
application. When an electric field is applied to a PCL melt drop, charges aggregate at the surface of the liquid closest to the collector. As the drop
increases in volume, it is distorted after +1:00 min, leading to a fluid column and jet at +1:16 min (yellow arrow). Another 30 s is required for the excess
volume in the Taylor cone to be drawn to the collector, at which time (+1:48 min), the MEW jet is ready to direct-write. B) Schematic showing how this
jet initiation can be followed by a stabilization pattern off-sample, with the slug being the collected material in the jet initiation step shown in (A). SEM
images of MEW scaffolds in a box morphology using different diameter fibers of C) 20 ym and D) 10 pm and fiber spacings of 250 pm and 125 pm,
respectively. E) The hexagonal laydown pattern results in a triangular morphology. A) Snapshots from a previously unpublished video kindly provided by
Mr. Thomas Robinson. B) Adapted with permission under the terms of the Creative Commons Attribution-NonCommercial License.['"] Copyright 2017
The Authors. Published by Wiley-VCH GmbH. C-E) Reproduced with permission.['?l Copyright 2019, Mary Ann Liebert, Inc. Scale bars: (A) = 1 mm;

(C)—(E) = 100 pm.

polymer drop before reaching the collector, only when the poly-
mer touches the collector can direct-writing be commenced. The
initiation of a jet within MEW depends on the mass flow rate to
the nozzle, applied voltage, and collector distance, and can take
in the order of several or even tens of minutes, depending on the
flow rate and/or melt viscosity. The molten jet is stabilized with
the voltage and the whipping that is associated with electrospin-
ning does not occur.

This EHD effect that prevents Plateau—Rayleigh instabili-
ties allows the nozzle flow rate to be substantially reduced for
MEW.>1] Additionally, the comparable high viscosity and low
conductivity of melt fluids support the control and stability of
the jet.[>3"1%] This in combination with the controllable collec-
tor plate, allows the defined deposition of the jet, which starts
to solidify on the way to the collector enabling the layer-by-layer
process.[>3] Depending on the printing parameters, the result-
ing fiber diameter can be controlled, adjusted, and direct-written
in different configurations (Figure 1B-E).[111¢] The controlled
fiber placement of small diameter fibers allows one to print
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porous structures, called scaffolds, that are used in biomedical
sciences.[>1718]

Depending on the collector speed, the jet can be deposited as
straightlines as soon as the collector speed is higher than the crit-
ical translation speed (CTS) of the polymer melt."!] The CTS is
defined as the speed at which the jet results in straight lines. This
phenomenon is analogous to the liquid rope coiling of a viscous
thread solution.>*"]

2. Poly(e-caprolactone) (PCL)

Without question, the current gold standard polymer used for
MEW is PCL.I'""1¢] In the literature, studies are performed with
different designs including the typical box-structured scaffolds!*®!
or scaffolds for cell experiments!?*22] to more complicated de-
signs like sinusoid structures with horizontal layer stacking,!?’!
tubes, 1221 or a fiber-hydrogel composite with mechanical prop-
erties similar to that of a heart valve.[2°]
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2.1. Why PCL?

PCL is a semicrystalline, biodegradable polyester that is read-
ily processable via MEW due to its low melting temperature!>?’]
and rapid solidification.!?®] It is favorable from the biomedical
perspective as it is approved by the U.S. Food and Drug Ad-
ministration (FDA) for certain clinical purposes!®! and offers a
slow degradation rate up to several years.['#273% PCL is also well-
studied in biomedical engineering as part of many other manu-
facturing technologies, such as SES, phase separation, and dip-
coating. Its interaction with different cell types has been widely
used for tissue engineering and in the biomedical field[?”:23%] due
to the availability in different molecular weights.

For MEW, the most widely studied polymer is medical-
grade PCL (PC12; Corbion, NL), which is made using good-
manufacturing practices (GMP) (Table 1). Medical-grade PCL has
improved purity compared to technical-grade PCL and, in our ex-
perience, produces the highest printing quality. Table 1 demon-
strates an interesting perspective for MEW, that the gold stan-
dard polymer with the most processing knowledge is one made
under GMP conditions. As PCL is highlighted in several reviews
on clinical translation of tissue engineering products, the tran-
sition from university-led research to application in the clinic
is often negatively impacted by the need to repeat experiments
with medical-grade polymers. In this instance, our understand-

Table 1. Sources of linear PCL used for MEW.

Description  Properties M,, [g mol~"] References
(flow properties)
PURASORB  Medical grade Viscosity 1.2dLg™!  [1116,12:2022-24,2631-55)]
PC12 Measured as
M,, = 80 kDal3"]
Sigma Aldrich Product number M, = 80 x 10%(5:21:56:57] [5:13,21,56-61]
440744146] M, =35 x 10°

M,, = 83 x 1013
M,, = 45 kDal8-60]
M, = 45 x 10%61]

Capa 6400 M, ~ 37 x 1037 [6263]
MFI = 40"
Capa 6430 M, ~ 43 x 103% (14,25,64-66]
MFI = 40"
M, =83 kDal™!
M,, = 37 kDal®
Capa 6500 M,, = 50 x 103 [5,67,68,64,15]
MFI = 77
M,, = 45.6 x 103(67.68]
M,, = 50 kDal®4]
Capa 6500C  High clarity grade M,, =50 X 1039 169] [69,70]
when molten MFI = 7%
Capa 6506 Medical grade M,, = 50 kDal?*] 129]
Capa 6800 M, ~ 80 x 10°” 71
MFI = 3%
CELLINK M, = 500072] (72]

Note: Weight average molecular weight (M, ); number average molecular weight
(M,). 2 Approximate molecular weight )Typical values, melt flow index (MFI) mea-
sured with Tin. PVC die, 2.16 kg weight, g/10 min at indicated temperature; for 6200 s
at 80 °C, 6500 and 6800 s at 160 °C. Values/information provided by Perstorp CAPA
brochure.
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ing of processing via MEW is predominantly obtained with GMP-
manufactured PCL. Using medical-grade PCL for MEW should
therefore be the preferable material compared to technical-grade
PCL as the processed structures and designs have excellent con-
trol and accuracy (Figure 1).

There are many studies investigating the printing parame-
ters or phenomena using PCL'311:1667] 5o as to make different
scaffold designs for biomedical applications.l! This includes the
standard box pore morphology scaffolds (Figure 1C,D) or triangu-
lar pore scaffolds (Figure 1E) that are followed by understanding
how this influences cell morphology and cell adhesion,[20-223146]
including mathematical modeling of pore bridging dynamics.[®!
However, more recently, complex designs or further improve-
ments for specific applications are gaining more and more in-
terest. Some designs approached are discussed next, while an in-
depth review on MEW designs can be found elsewhere.

Importantly, MEW can be used to fabricate microstructures
with tailored mechanical behavior and response. Depending on
the direct-written fibers, the structures can result in ultrastretch-
able scaffolds.[*®! Those hexagonal scaffolds showed up to 40
times more elastic energy compared to rectangular box struc-
tures and exhibited large biaxial deformations. Furthermore, the
hexagonal microstructures were used to engineer native-like my-
ocardial muscle.(*®!

Medical-grade PCL was used to fabricate constructs with dif-
ferent pattern designs similar to the wavy architecture of native
collagen fibers to mimic the anisotropy and viscoelastic proper-
ties of native heart valve leaflets.?*! By changing design parame-
ters like the radial fiber spacing, curvature degree, and number
of printed layers, the fabricated constructs displayed tunable ten-
sile properties. Furthermore, the scaffolds supported growth of
human vascular smooth muscle cells and demonstrated excellent
acute hydrodynamic performance under aortic physiological con-
ditions in a custom-made flow loop offering a promising design
approach for heart valve tissue engineering.!?¢]

Complex designs can not only be used to improve approaches
regarding their specific applications but also can change the me-
chanical properties or result in auxetics, which expand in trans-
verse directions when applying tensile load (Figure 2A). Nor-
mally, constructs with a positive Poisson”s ratio shrink under
tensile loading.>73] A similar approach is shown by Paxton
et al.I®®] fabricated MEW tubes with a negative Poisson”s ratio
enabled expansion under tensile load based on a reentrant honey-
comb unit cell design (Figure 2B). With this approach, the tubular
scaffolds enabled a diameter increase up to 80.8%, depending on
the applied tensile load, until the honeycomb design aligned with
the axis of the tube.[]

2.2. Surface Coatings of PCL

PCL is a hydrophobic polymer and lacks bioactive cues, even
though it supports cell attachment and proliferation through
protein adsorption.l**”#l Due to the hydrophobicity, air bubbles
trapped between the PCL fibers can cause handling issues es-
pecially within cell culture media. To overcome this limitation,
several studies have focused on hydrophilizing the PCL fiber
surface and improving properties for cells,[**3* adding elec-
troactive cues to aid cell alignment!®® or to introduce specific

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 2. A) Schematic principle of auxetic designs with transverse expansion under tensile load and B) implemented in a tubular MEW scaffold. C)
Polypyrrole (PPy) coating of auxetic patches enhancing electroconductive properties. D) Scanning electron microscope (SEM) images of neat PCL, PPy-
coated MEW fibers and E) showing Live/dead staining of neonatal cardiac fibroblasts after 48 h on PCL and PPy-coated PCL fibers. A,C-E) Reproduced
with permission.[>8] Copyright 2020, Wiley-VCH GmbH. B) Adapted under the terms of the Creative Commons CC-BY license.[?°] Copyright 2020 The

Authors. Published by Elsevier Ltd.

properties by coating with calcium phosphate (CaP)33! or con-
ductive materials.5861]

Olvera et al.’®] fabricated an auxetic PCL patch with fiber di-
ameters of 80-120 pm and a fiber spacing set to 2 mm, which
is designed to adapt the strains and stresses by the human my-
ocardium and was treated with an electroconductive coating (Fig-
ure 2C,D). These patches were designed to offer the possibil-
ity of longitudinal and transverse deformations by the fabrica-
tion of missing-rib geometry for anisotropic behavior compared
to the typical box-structured MEW scaffolds.l*®! The PCL scaf-
folds were coated with polypyrrole (PPy) to impart the electro-
conductive properties for stimulating the human myocardium
and those patches demonstrated cytocompatibility (Figure 2E).[%®]
The auxetic patches showed average values of electroconductiv-
ity of 2.51 + 0.7 S m~! in transverse direction and 2.07 + 0.4 S
m™! in the longitudinal direction for a coating thickness of 0.77 +
0.15 pm.8

Wang and colleagues sputter-coated box-structured PCL scaf-
folds with resulting fiber diameters of around 15 pm and fiber
spacings of 200 pm with a nanolayer of gold (Au) ranging from
10 to 80 nm to enhance conductivity for the application in nerve
regeneration (Figure 3A,C).[°!] Due to the high flexibility and re-
coverability of the coated samples, the scaffolds were injectable
through a needle. Furthermore, the Au coating enabled conduc-
tivity of 0.12 S cm™! (Au thickness of 10 nm) to 1.39 S cm™!
(Au thickness of 80 nm) as demonstrated in Figure 3D and sig-
nificantly increased the neurite number per cell and the neurite
length, especially under electrical stimulation.*!]

As previously mentioned, coatings can reduce the hydropho-
bicity of PCL scaffolds resulting in improved handling during
cell culture. Extracellular matrix (ECM) coatings on PCL are
commonplace”! and are also effective with MEW scaffolds.
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For example, an ECM suspension made from human decellu-
larized adipose tissue provided an adipo-inductive microenvi-
ronment for human bone-marrow mesenchymal stromal cells
(bmMSCs).3* To both hydrophilize the PCL fibers and function-
alize them, a hydrogel coating based on a six-arm star-shaped
NCO-poly(ethylene oxide-stat-propylene oxide) (sP(EO-stat-PO))
was used to prevent unspecific interactions with proteins and
cells.®¥] Additionally, this approach offers the possibility to co-
valently attach bioactive molecules resulting in a photoactivat-
able scaffold that enables the binding of sterically demanding
molecules via postmodification irrespective of time and pH.[*!
This leads to a successful collagen coating (Figure 3E) with the
collagen fibrils along the PCL fibers and biofunctionalization was
proven by postseeding of human MSCs showing a high cell via-
bility after 8 d.[**]

CaP coatings are known to be hydrophilic,3'7¢! offer higher
surface areas supporting cell adhesion and subsequent cellular
behavior,*»”7] and therefore offering promising results for bone
regeneration using medical-grade PCL scaffolds.*>1 PCL fibers
with diameters of 6 to 10 pm were coated with inorganic CaP and
are shown in Figure 3F. The coating had no significant effect on
the resulting pore size of the scaffolds or the fiber diameter but
increased the surface area on the fiber.?!] Depending on the fiber
spacing (250, 500, and 750 pm) within the scaffolds, as well as
the fiber lay-down pattern with offsets (30/70 and 50/50) or gradi-
ent, the scaffolds resulted in different mechanical properties with
Young’s modulus ranging from 0.91 + 0.25 kPa for the 750 pm
spacing to 4.34 + 0.32 kPa for the 250 pm fiber spacing.*!!

In a different study, a cell-accumulation and scaffold layering
technique increased the thickness of medical-grade PCL scaf-
folds resulting in oriented capillary-like networks.l”8] The PCL
scaffolds were fibronectin-coated and then seeded with human

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Various coating approaches for MEW scaffolds. A) SEM images of a gold (Au) coated PCL and B) EDS elemental analysis (Au in yellow
and carbon in green). C) The resistance of the PCL scaffold coated with 50 nm Au and D) quantitative conductivity of the different thicknesses of Au
coating. E) Confocal microscopy images of collagen-functionalized PCL scaffolds highlighted through red staining. F) SEM images of the inorganic CaP
coating deposited on PCL fibers showing the surface morphology and cross sections of the fibers. A-D) Reproduced with permission.[®1] Copyright 2020,
Elsevier B.V. All rights reserved. E) Reproduced with permission.[**] Copyright 2019, Wiley-VCH GmbH. F) Reproduced with permission.[3'l Copyright
2019, American Chemical Society. Scale bars: (B) =5 mm and 200 pm and (F) = 10, 10, 1, and 3 pm, respectively.
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Figure 4. Dissolving MEW fibers to make channels. A) A series of images showing the PCL fibers embedded in a hydrogel that are then dissolved away and
backfilled with fluorescent dye. B) Fluorescence images of FDM and MEW processed fibers resulting in channels with varying diameters. C) Schematic
of inverse molding by curing the polymer PDMS around MEW fibers followed by delamination, for use as D) microfluidic systems. A) Reproduced with
permission.l”?l Copyright 2015, Wiley-VCH GmbH. B) Reproduced under the terms of the Creative Commons CC-BY license.[%] Copyright 2020 The

Authors. Published by Wiley-VCH GmbH. C-D) Reprinted by permission.[3%] Copyright 2020, Springer Nature.

umbilical vein endothelial cells and, afterward, with human
dermal fibroblasts incorporated in a gelatin nanofilm.[”® With
this technique, the orientation of capillary-like structures and
the guidance of neovascular structures were successfully influ-
enced into the center of the pores within the scaffolds. Further-
more, this approach should be easily applicable to other MEW-
processable thermoresponsive polymers with the advantage of
being dissolvable resulting in microchannel networks.”®]

2.3. Dissolvable Channels
The embedding of particulates/fibers to later dissolve them
away is one technique to introduce porosity/channels within a

hydrogell®®”°] or polymer!® as shown in Figure 4. Haigh et al.””]
submersed PCL scaffolds within poly(2-ethyl-2-oxazoline-co-2-
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(3-butenyl)-2-oxazoline) (PEtOx-ButenOx) copolymer hydrogels
(Figure 4A). Afterward, the PCL was dissolved with an ace-
tone:water solution resulting in porous hydrogel structures.
The dissolved channels were then back-filled with a fluorescent
dye.l”]

Wang and colleagues further built on this using both fused de-
position modeling (FDM) and MEW to fabricate a PCL template,
which was later embedded in a PEG hydrogel.] The swollen
PEG enabled the simple removal of the PCL fibers and scaffolds
(Figure 4B), then the resulting hollow structures post-treated
with cell-adhesion peptides that allowed cell guidance through-
out the channels without active perfusion.*’]

Another MEW fiber dissolution approach also demonstrates
microfluidic potential (Figure 4C,D). Once PCL fibers are
printed, they are embedded in poly(dimethyl siloxane) (PDMS)

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 5. A-l) Scanning electron microscope (SEM) and microscope images of MEW-processed materials beyond PCL and J]-M) compounded par-
ticulates within polymers to improve the polymer properties. A) MEW-processed polyester and B) printed thermoplastic elastomer with high printing
accuracy similar to the gold-standard material PCL. C) A printed scaffold of water-soluble PEtOx and stereomicroscopic images of D) dry and E) swollen
hydrogel PEtOzi scaffolds. SEM images of photocurable F) p(LLA-CL-AC) with smooth and uniform fiber surface and G) p(CL-AC) with rougher fiber
surface morphology. Typical box-structure scaffold made of H) nondegradable PP and I) electroactive PVDF. PCL fibers including J) HAp particles and K)
the fiber morphology of PLA-PEG-PLA blends including bioactive glass (BG) particles. L) PCL fibers with incorporated 33 wt% strontium-substituted BG
particles dissolved in chloroform and M) PCL-PEG scaffold loaded with roxithromycin enabling antibacterial and drug-release properties. A) Reprinted
with permission.[34] Copyright 2017, Wiley-VCH GmbH. B) Reproduced with permission.!3>] Copyright 2018, Wiley-VCH GmbH. C) Reproduced with
permission.[36] Copyright 2014, the Authors. Published by Elsevier Ltd. D,E) Reproduced with permission.[87] Copyright 2020, The Royal Society of Chem-
istry. F) Reproduced with permission.[®] Copyright 2015, American Chemical Society. G) Reproduced with permission.[3%] Copyright 2018, Elsevier Ltd.
H) Reproduced with permission.[?°] Copyright 2017, Elsevier B.V. I) Reproduced with permission.[®] Copyright 2018, Society of Chemical Industry. J)
Reproduced with permission.[*’] Copyright 2018, Elsevier Ltd. All rights reserved. K) Reproduced with permission.[?] Copyright 2017, the Authors.
Published by Elsevier B.V. L) Reproduced with permission.[54] Copyright 2019, Wiley-VCH GmbH. M) Reproduced with permission.[”% Copyright 2019,

Elsevier B.V. All rights reserved. Scale bar: (A) = 300 and 100 pm, respectively.

and dissolved away afterward.®®) Laminar flow and controlled
mixing is demonstrated in this study.®®) MEW-processed PCL
was used as a dissolvable material embedded in an amorphous
silica nanocomposite that is ultraviolet (UV)-crosslinked and sub-
sequently heated to 1300 °C.*"l Thermal debinding and sintering
of the silica nanocomposite resulted in suspended hollow mi-
crostructures in fused silica glass for applications in optics and
photonics, microfluidics, and lab-on-a-chip.!*!

3. Materials beyond PCL

There is a general lack of well-studied processable materials for
MEW), contrasting with the many different polymers investigated
and possible for SES.[*#8!] This is an indication of the early stage
of development for the process, as the electrohydrodynamic effect
of jet stabilization is generally applicable to fluids. Polymer solu-
tions can similarly be direct-written with EHD principles, 8283
and there are differences with respect to electric field and fiber
placement.®3] For biomedical applications, melt processing pro-
vides an opportunity to process polymers without toxic solvents
within the fabrication process. However, this comes with limita-
tions on the types of polymers that can be processed, including
those that are thermally stable. Nonetheless, several important
polymers (Table 2) such as poly(propylene) (PP), poly(vinylidene
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fluoride) (PVDF), and poly(2-oxazoline)s (POx) can be readily pro-
cessed to provide different properties than MEW-processed PCL.

3.1. Polyesters beyond PCL

While PCL is a polyester, this specific polymer has been de-
scribed separately due to the substantial research already per-
formed. Beyond pure PCL, Castilho and colleagues!®*! blended
a less hydrophobic material poly(hydroxymethylglycolide-co-e-
caprolactone) (pHMGCL) with PCL for cardiac tissue engineer-
ing processed using MEW. The hydroxyl-functionalized polyester
pHMGCL has increased hydrophilicity compared to pure PCL,[*
and offers the possibility for further functionalization and tun-
able degradation rate.®***] Furthermore, the blend showed en-
hanced biocompatibility and improved fiber architecture stimu-
lating cell retention and guiding cardiac cell growth.®* The print-
ability of pHMGCL compared to PURAC PC-12 PCL, however,
was reduced (Figure 5A). Since PCL is ductile, more elastic ma-
terials for MEW have been synthesized to overcome this limi-
tation. For example, the MEW processability of a thermoplastic
elastomer (TPE) based on an (AB),-type segmented copolymer
was studied.®! This urea-siloxane copolymer consists of hard
urea units in combination with soft PDMS segments to provide

© 2020 The Authors. Published by Wiley-VCH GmbH
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a combination of typical thermoplastic polymer properties and
elastomers. Materials with thermoreversible physical crosslinks
were processable with MEW resulting in scaffolds and fibers with
elastomeric properties. Additionally, this material could be con-
tinuously processed for 14 h at a moderate processing tempera-
ture of 90 °C. The resulting poly(urea-siloxane) scaffolds printed
with were especially well-stacked without fiber sagging at inter-
secting points at 50 layers (Figure 5B) resulting in stacking ability
superior to the benchmark medical-grade PCL.[*]

3.2. Water-Soluble Polymers

Another class of materials are hydrophilic polymers, often
used in medical and pharmaceutical applications. One class of
these polymers is POx with adjustable macromolecular structure
known to be biologically compatible and for the ability as a drug
delivery system. Poly(2-ethyl-2-oxazoline) (PEtOx) is one type of
POx with a high melting temperature between 200 and 220 °C
demonstrated to be an excellent candidate for MEW as demon-
strated in Figure 5C. Additionally, the sharp transition temper-
ature for POx opens the possibility to design and adjust mate-
rial properties during the polymer synthesis for thermoreversible
behavior. This provides a tool for postprinting control through
swelling,®”] as POx-based polymers can be synthesized to con-
trol water solubility in temperature ranges for cell viability or to
control drug release.[®¢]

3.3. Hydrogel MEW Fibers

Another hydrophilic polymer synthesized for MEW is poly(2-
ethyl-2-oxazine) (PEtOzi). This novel biomaterial ink sponta-
neously crosslinks via dynamic Diels—Alder click chemistry after
processing as shown by Nahm and colleagues.!®”] Therefore, the
hydrogel can be MEW-processed into scaffolds, which are both
soft and robust with thermoreversible hydrogel characteristics in
dry and swollen state (Figure 5D,E). The successful fabricated hy-
drogel scaffolds can be inserted into aqueous solutions and show
temperature-dependent deswelling from 2 to 80 °C by 50% of the
relative area. The robust mechanical properties allowed the scaf-
fold to be repeatedly aspirated and ejected through a canula with-
out any visible structural damage. These properties are highly de-
sirable for injectable scaffolds, which can be direct-written into
any essential microstructured design.[®”)

3.4. Photocurable Polymers

Due to creep and the plasticizing effect of absorbed water
when incorporating the fabricated constructs in an aqueous so-
lution, the modulus of a swollen polymer can decrease.[%>%!
Therefore, synthesizing and processing a polymer, which can
be post-crosslinked and thereby resisting the plasticizing effect
in aqueous media could overcome this issue. On the basis of
an already electrospun polymer poly(zr-lactide-co-acryloyl carbon-
ate) (poly(LLA-AC)),®! which provided a high modulus in the
hydrated scaffold after post-photocrosslinking, Chen and col-
leagues synthesized a poly(r-lactide-co-e-caprolactone-co-acryloyl
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carbonate) (poly(LLA-e-CL-AC)) polymer in an actual molar ra-
tio of 60/31/9, which did slowly undergo premature crosslinking
while melting.[#8) However, the premature crosslinking was slow
enough to enable MEW-processing of the poly(LLA-e-CL-AC)
polymer as shown in Figure 5F. The new synthesized polymer
was prepared by mixing 1-lactide (LLA), a trimethylene carbonate-
based monomer (5-methyl-2-oxo-1,3-dioxan-5-yl acrylate, or acry-
loyl carbonate (AC)) and e-caprolactone (e-CL). The ¢-CL was
added to adjust the melting point required for MEW resulting
in a melting onset temperature of 87 °C. Irgacure 651, a ther-
mally stable crosslinking agent to temperatures up to 160 °C, was
added to enable post-crosslinking of the MEW-processed scaf-
folds. The hydrated constructs showed an increased modulus and
good stability after dynamic loading due to the successful post
UV-irradiation at room temperature.®!

Hochleitner and colleagues!®! investigated another photopoly-
merizable polymer, poly(e-CL-AC). Compared to the previous
investigated polymer poly(LLA-¢-CL-AC), poly(e-CL-AC) showed
considerably longer printing lifetime of up to 13 + 7 h compared
to 1.4 + 0.7 h due to a remarkable slower crosslinking within the
melt reservoir during MEW.I8#9] Additionally, the melting onset
temperature of the polymer was reduced to 55 °C due to the ab-
sence of lactide in the polymer. With this, poly(e-CL-AC) resulted
in a stable and controllable printing process with homogeneous
and accurate fiber placement (Figure 5G). The postprinting UV-
curing process improved the tensile strength and the Young’s
modulus, as well as the elasticity and the creep resistance.!®!
Therefore, the polymer was used to fabricate crimped patterns
using sub-CTS deposition of sinusoidal fibers to mimic tendon
and ligament tissue as it is already shown that such morphologies
are beneficial in generating fibroblast extracellular.!®*%7]

3.5. Nondegradable Polymers

Compared to the elastic properties given by the aforementioned
polymers, some applications require mechanical strength and
long-term stability of the scaffolds or implants. Therefore, an-
other well-known material, PP, with a long-term stability in med-
ical devices was tested for MEW to fabricate microscale fibers by
Haigh and colleagues.[*"! Using MEW to process PP offers the po-
tential to fabricate small diameter fibers and constructs in an or-
dered manner (Figure 5H). However, compared to PCL and other
MEW-processed materials, PP requires a high set temperature of
215 °C to be extrudable using MEW. Together with the high vis-
cosity, a melt flow rate of 16 g min~! (ISO1 133 230 °C/2.16 kg),
the extruded PP does not adhere to the collector, which inhibits a
stable jet. Using a heated collector, as shown by other extrusion-
based techniques like FDM, enabled the fabrication of linear PP
fibers and porous scaffolds.[*"]

3.6. Electroactive Polymers

Another material family with remarkable properties, gaining
more and more attention within the last years, are electroac-
tive polymers (EAP). EAPs can generate electrical activity in re-
sponse to deformations and are widely used in various elec-
tronic and biomedical applications.[*®?] PVDF-based polymers

© 2020 The Authors. Published by Wiley-VCH GmbH
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are fluorinated electroactive materials, which are known for
their remarkable ferroelectric and piezoelectric properties.[*®]
Compared to other piezoelectric materials such as lead zir-
conate titanatel!®! or aluminum nitrite,['°) PVDF-based poly-
mers are mechanically flexiblel®® and mainly processed using
SES.[102]

Florczak et al.®! processed PVDF using MEW for the first
time. A processing temperature of around 170 °C was needed
and a voltage of around 2.70 kV was applied.®!! The fibers were
uniform in shape, had diameters in the range from 17 to 55 ym,
and showed sufficient coherence resulting in stable constructs.
Scaffolds were fabricated with up to five alternating layers in
0° and 90° (Figure 5I), however, higher amounts of printed lay-
ers were not possible due to lifting of the scaffold edges while
printing.[*!l The MEW-processed polymer showed an increase in
p-phase content to 79% compared to unprocessed material (49%)
resulting in good piezoresponse with d,; values from 15.4 to 23.7
pm V-L.91 The fabrication of electroactive PVDF fibers with high
control over the fiber placement and design offers promising po-
tential for the use as sensors or actuators.!]

3.7. Compounding Particulates

For in vivo applications of PCL it is advantageous that the
biodegradability can be tailored, however, due to its hydropho-
bic properties, there is a limitation regarding the attachment of
cells.[%4103] Therefore, PCL can be modified by adding substitutes
to design a PCL-based material with the desired properties.

Therefore, hydroxyapatite (HAp) particles were added to
medical-grade PCL to enhance the bioactivity of MEW-
fabricated PCL scaffolds for the application in mineralized
tissue reconstruction.*’l The PCL/HAp composites showed
good control over the fiber placement and high stacking abil-
ity (Figure 5J). The influence of the incorporated particles
on the fiber diameter was studied and showed an increasing
fiber diameter with increasing amount of HAp particles. The
fiber morphology of the PCL/HAp fibers was slightly rougher
compared to plain medical-grade PCL fibers and the HAp
nanoparticles were uniformly distributed throughout the fibers.
The resulting composite scaffolds induced higher cell growth
of human osteoblasts cultured over 7 d and a significant accel-
eration in degradation rate compared to plain medical-grade
scaffolds.l*’] In general, the PCL/HAp composites offer a promis-
ing material for MEW-fabricated scaffolds for bone regeneration
applications.[*’]

Another approach to increase the bioactivity of MEW PCL scaf-
folds is demonstrated by Hewitt et al.?®! combining PCL with
bioactive milk proteins, lactoferrin, and whey protein for skin re-
generation. Printed scaffolds showed smooth and homogenous
fibers.

Mixing and blending materials can easily improve limited
or nonexisting material properties, as well as broaden up the
range of MEW-processable polymers. Therefore, Hochleitner
and colleagues!®?! used a poly(lactide-block-ethylene glycol-block-
lactide) (PLA-PEG-PLA) triblock copolymer and blended it with
low molecular weight PLA to lower the melting temperature of
the degradable polymer. The PLA-PEG-PLA blend with 10 wt%
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PLA showed promising printing results regarding the shape fi-
delity of the scaffolds and additionally, incorporating 5 wt% solid
4585 bioactive glass (BG) particles did not negatively influence
the printability and processability (Figure 5K). This approach rep-
resents a promising novel material combination for bone tissue
engineering and cell culture research.[?]

By adding strontium-substituted bioactive glass (StBG) to PCL,
Paxton and colleagues(®! were able to combine the beneficial
properties of the bioactive StBG with the good mechanical prop-
erties and the simple processability of PCL.['%1%4] With this ap-
proach, it was the first time that a PCL/SrBG composite was ex-
truded and direct-written with a StBG concentration of 33 wt%
demonstrated in Figure 5L. However, this was only possible by
dissolving the PCL/SrBG 33 wt% composite in chloroform, an
evaporable solvent, which reduced the viscosity of around 100
times and enabled MEW processability.[**] This study showed the
advantage of combining a well-studied MEW-processable mate-
rial with an additive resulting in the fabrication of direct-written
scaffolds using a high-ceramic-content polymer.[¢4]

Another approach to combine different materials for the appli-
cation in bone repair and regeneration is shown by adding PEG,
as well as roxithromycin (ROX) to PCL resulting in smooth and
homogenous fibers (Figure 5M)."") Therefore, PEG and ROX
increased the hydrophilicity of the processed material and en-
abled effective antibacterial properties while retaining cell viabil-
ity and cell growth on the scaffolds. Additionally, the fabricated
scaffolds featured an initial short-term burst release and subse-
quent long-term sustained antibiotic release behavior due to the
added ROX.7

4. Hybrid Fabrication

One general approach to improve deficiencies in scaffold fabrica-
tion is to combine different manufacturing processes overcom-
ing limitations in any single technology. Hybrid fabrication!1%]
and a detailed summary of hybrid developments using MEW
are given by Afghah et al.l'%l Using composite materials and
techniques offers promising strategies to combine advantageous
properties of different materials or techniques to one design ap-
proach (Figure 6).

4.1. Soft Network Composites

Soft network composites are the combination of MEW fibers and
cast/bioprinted hydrogels. The synergistic mechanical reinforce-
ment of MEW scaffolds with weak, cell-friendly hydrogels offers
the possibility to mitigate limitations regarding biomechanical
properties. This is one approach to shift the biofabrication win-
dow to softer hydrogels and matrices while retaining handling or
biomechanical requirements.[3>38:4257]

Such composite approaches, reinforcing MEW-fabricated
PCL scaffolds into hydrogels that include gelatin methacryloyl
(GelMA), show promising results regarding the stiffness in-
creasing by up to 54-fold.[*?! In this fiber-reinforced composite
study, embedded human chondrocytes showed good viability and
retained their roundish morphology, showing compatibility in
terms of stiffness and biological cues for cartilage applications.[*?]
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Figure 6. Various hybrid fabrication approaches of soft network composites embedding poly(caprolactone) (PCL) fibers in A) PHEMA (core) and com-
pressed collagen (skirt) as artificial cornea, and B) GelMA including amorphous magnesium phosphate (AMP). C) Combining different fabrication
techniques like electrospinning and MEW resulting in bilayered tubular scaffolds and D) combining MEW and SES to design tight filters as E) on-site
substrate of circulating tumor cells stained for cytokeratin (magenta), DNA (blue), and CD45 (green). F) A bone—cartilage interface design using MEW
of GelMA reinforced PCL and extrusion-based printing of printable calcium phosphate (CaP). A) Reproduced with permission.[>¢ Copyright 2020, EI-
sevier Ltd. All rights reserved. B) Reproduced with permission.[”2] Copyright 2020, Elsevier Ltd. All rights reserved. C) Reproduced with permission.[*°]
Copyright 2019, IOP Publishing Ltd. D,E) Reproduced with permission.[>° Copyright 2020, The Author(s). Published by Elsevier Ltd. F) Reproduced with

permission.[32] Copyright 2020, The Author(s). Published by IOP Publishing Ltd. Scale bars: (B) = 100 pm and (F) = 50 ym.

To further improve and investigate the reinforcement mech-
anism behind the composite PCL/GelMA structures, the com-
posites were tested under axial compression to obtain more in
detail insights into the deformation process, which can help fur-
ther planning for designs of the embedded MEW scaffolds.[3’!
Agarwal et al.l’”] also embedded PCL scaffolds within a polyvinyl
alcohol (PVA) matrix resulting in hybrid films with improved
mechanical stability. Finally, to provide 3D neuronal cell cul-
ture models with a weak matrix microenvironment closer to
the native tissue, MEW fabricated scaffolds were embedded into
Matrigel.*®#! Those reinforced scaffolds within the Matrigel im-
proved the mechanical properties and therefore the handling of
the delicate constructs.>34!]

Another approach to mimic native tissue and its composition
was demonstrated by using orthogonal microfiber scaffolds em-
bedded into compressed collagen to design an artificial cornea.l>®!
Furthermore, the PCL scaffold served as an interface between the
compressed collagen and a PHEMA hydrogel resulting in a core-
skirt design (Figure 6A).

To even further increase the stability of the hydrogel-fiber com-
posites, out-of-plane fibers stabilized an existing MEW wall-like
structure.’”] Those fibers were printed in sinusoids above the ex-
isting wall structure to specifically increase the shear modulus.
Those composite structures were designed to better withstand
mechanical load that the matrix is subjected to once implanted
in the body.*’]

Similar to the previous studies, the combination of a porous
MEW mesh with a soft material allows flexibility regarding the
mechanical properties and additionally, for further modification
by doping the hydrogels with bioactive cues. Dubey et al.l’?] up-
graded a GelMA hydrogel with amorphous magnesium phos-
phate to improve the osteogenic ability of the reinforced con-
structs for guided bone regeneration, shown in Figure 6B.
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4.2. Combining Electrospinning with MEW

Combining different fiber orientations, diameters or even differ-
ent fabrication techniques can improve the outcome of the design
regarding the mechanical properties or the hierarchical design.
Especially SES or MES with MEW is more frequently combined
for different approaches.

Therefore, Zhang et al.l®) used SES to fabricate aligned PCL
nanofibrous meshes, which were coated with gold in different
thicknesses to introduce electroactive cues to the nanoscale PCL
meshes. MEW was used to direct-write microgrooves, also made
of PCL on top of the coated meshes. Those hierarchically orga-
nized scaffolds were fabricated to investigate the influence of the
nano- and microfibers in combination with the electroactive cues
on myotube guidance for skeletal muscle regeneration.[®] Fur-
thermore, the hierarchically hybrid scaffolds were rolled up to
form fascicle mimicking the native bundles of parallel aligned
myofibers within skeletal muscles.[*]

A hierarchically bilayered tubular scaffold was fabricated by
combining the two techniques SES and MEW.*! The inner
SES layer enabled a dense fiber mesh with randomly oriented
nanofibers and the outer layer was fabricated using MEW to con-
trol the microfiber placement and orientation. The tubular scaf-
fold showed promising results directing the cell morphology and
differentiation, as well as mimicking the intimal and medial lay-
ers of native vessels.*®] To further improve this approach, Pen-
nings et al.*%! developed a bioreactor system for the coculture
of endothelial colony forming cells and multipotent mesenchy-
mal stromal cells within the hybrid tubular scaffolds described
previously (Figure 6C).[*8] The bioreactor induced simultaneous
layer-specific cell differentiation under shear stress. These stud-
ies showed promising results for bioengineered vascular grafts,
particularly, mimicking the tunica intima and media.[*84°]
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Hybrid scaffolds fabricated using the combination of SES and
MEW can also be used for applications in cancer treatment.!>°]
The scaffolds made of non-medical-grade PCL were designed as
a filter to catch circulating tumor cells within the blood, as well as
the culture substrate directly on site (Figure 6D,E).>! For the fil-
ters, different solvents were used to fabricate coiled fiber arrays
by SES and on top of those tight membranes, MEW-processed
fibers were printed as a frame in the shape of typical box struc-
tures to stabilize the constructs.>!

One strength of MEW is its solvent-free perspective, and there-
fore combining with SES diminishes this standpoint. Recently,
MES nanofibers with a diameter as small as 275 nm were gener-
ated by inserting an acupuncture needle in a nozzle.'”’] In this
way, medical-grade PCL could be used to produce nanofibers that
are of such interest for biomedical engineers. This study addi-
tionally combined this MES nozzle with MEW using a dual-head
printer, where electrospinning formed a thin barrier of nonwo-
ven fibers and could be subsequently direct-written upon. There-
fore, a nanoscale/microscale product could be generated using
GMP-manufactured polymer on a single printer without the use
of solvents.!1]

4.3. Combining Extrusion-Based 3D Bioprinting with MEW

Soft network composites showed promising results regarding the
adaptable mechanical properties and the handling of the sam-
ples. Additionally, the hydrogel can provide an improved biolog-
ical environment for cells.3>37:384142] However, embedding the
MEW scaffold into a gel prevents an accurate and controlled
placement of the cells within the constructs. Therefore, de Ruijter
et al.[*3l used a simultaneous micropatterning approach by com-
bining extrusion-based bioprinting and MEW. 3D bioprinting en-
abled the accurate and controlled placement of the cell-laden hy-
drogel and allowed the fabrication of more complex organized
cellular structures by converging this technique with MEW.[*3]
GelMA including fluorescent dyes labeled equine-derived mes-
enchymal stromal cells was printed into the pores of the medical-
grade PCL scaffold and the biological tolerance was demon-
strated. This converged one-step printing approach offers im-
proved freedom in design and a defined control over cell depo-
sition within the MEW scaffold.*’]

Diloksumpan et al.>?l used an extrusion-based printer in com-
bination with MEW to engineer a bone—cartilage interface. The
hierarchically organized construct consisted of a bioceramic part
of printable CaP-based ink, which was deposited onto a MEW
scaffold made of medical-grade PCL to directly anchor the two
components. To further mimic the chondral component, the
MEW scaffold was embedded in GelMA,*? as shown in Fig-
ure GF.

5. Future Perspectives for MEW Printers

While the future of MEW may partly be an essential addi-
tional head for a bioprinter, there are several reasons to pursue
research-line, standalone devices. Both commercial and custom-
built MEW printers are available, with over 95% of MEW publi-
cations coming from the latter. Custom-built systems allow spe-
cialized MEW-processing research and provide indicators of re-
quired properties for any future MEW head. There are several
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different concept MEW printers described, for research perspec-
tives such as Printomics!'® as well as scale-up systems.

5.1. Collectors

Beyond a flat collector substrate, a cylindrical collector has been
demonstrated for MEW.[24.25:4849.53.109.110] \When calculating the
printing path, a current limitation of MEW is not being read-
ily able to stop/start the jet. Therefore, a tubular shape such as
shown in Figure 7A requires some mathematical calculations to
generate the appropriate G-codes for winding/translation.[2+1%]
An open-access web-based application “MEWTubes” allows such
design of the tubes with different pore size, winding angle, and
the lengths of translation, described in detail by McColl et al.?4]
Similar to when performing MEW on flat collectors, the laydown
pattern has a clear influence on the mechanical properties of
the fabricated structures?*1%! and can result in auxetic tubular
scaffolds.?]

As previously discussed, the collector and its properties have a
significant role for MEW to enable polymer processability and to
fabricate constructs with accurate fiber placement even on tubu-
lar collectors. Since MEW is based on the EHD principle stabi-
lizing the polymer jetl®! and therefore enabling the fabrication
of fibers in the micrometer range due to a constant electrical
field,!5% it also limits the fabrication of uniform fibers onto more
complex, nonuniform collectors.>**] This technical boundary is
due to the interaction of the collector with the EHD working prin-
ciple leading to jet instabilities and limiting the accurate fiber
placement.>*#*] One approach to overcome these limitations is
shown by using a hybrid collector consisting of an aluminum (Al)
mandrel in combination with a 3D-printed PLA tube.>*] Com-
pared to a full Al mandrel and a full conductive combination of
Al and titanium, the Al-PLA setup enabled a consistent electrical
field strength. Using the double-component collector consisting
of a conductive and a nonconductive material combination, the
PLA part collected the deposited fibers without causing electrical
field disruptions and furthermore, enabled to possibility to fab-
ricate patient-specific designs due to the advantage of being 3D
printed (Figure 7B).>* Using this collector approach, the fabrica-
tion of an aortic wall including three aortic sinuses was possible
and proved that MEW can be used to fabricate nonuniform com-
plex designs.[>*

Another approach to print medical-grade PCL in anatomical
relevant structures with nonflat (wedge- and curved-shaped) ge-
ometries was demonstrated with different collector substrates
for nonconductive materials like magnesium phosphate (MgP)
and PCL, as well as on conductive materials like GelMA and
ALPS! Comparing the different collector substrates, the conduc-
tive materials did result in bigger fiber diameters and higher
scaffolds, as well as, for the first layer, a more flattened (ellip-
soidal) fiber shape. Using computational stimulations, it was pos-
sible to relate these findings to a higher electrical field strength
for conductive collecting materials compared to the nonconduc-
tive materials.[®l Furthermore, fiber deposition with high accu-
racy onto nonflat collectors was possible with a z-correction in
the printhead trajectory keeping the distance between the col-
lector and the printhead, as well as the electrical field strength
constant.[>]

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 7. SEM images of melt electrowritten scaffold designs using medical-grade PCL: Different complex architectures include A) tubular constructs,
including B) anatomically relevant tubes such as the aortic root model, C-F) microscale layer shifting and tilting due to increasing amplitudes resulting
in fiber walls, triangle-shaped pores, circular pores, and horizontal fibers. A) Reproduced with permission.[?4] Copyright 2018 The Authors. Published by
Elsevier Ltd. B) Reproduced under the terms of the Creative Common CC-BY license.[*] Copyright 2020, the Authors. Published by Frontiers Media S.A.
C-F) Reproduced under the terms of the Creative Common CC-BY license.[?3] Copyright 2020, the Authors. Published by Wiley-VCH GmbH.

The accuracy of MEW is also dependent on the stage quality,
especially the axis precision.®®] Additionally, remaining charges
as well as electrostatic attraction of the fibers is restricting the
design and the result of MEW-processed constructs. Therefore,
understanding the principle of the jet formation, the influences
on it and by controlling the jet lag for each layer while printing,
inaccuracies can be corrected enabling control over fiber place-
ment and horizontal layer stacking.[?)] Medical-grade PCL has
been processed into complex structures with overhangs, wall tex-
turing, and branching by introducing vertical layer shifting (Fig-
ure 7C,F).1] Using those approaches, mechanical properties can
be tailored by changing the scaffold design introduced by mi-
croscale layer shifting and furthermore, opening a new possibil-
ity to even more complex constructs.!?}] Such shifts in printing
path are as low as 6 pm, therefore stages are required that can
deliver such precision.

5.2. Delivery of Melt to the Nozzle

Some of the first MEW printers used a piston attached to a sy-
ringe pump to control the melt flow to the nozzle.l>*l More re-
cently, air (or nitrogen) pressure has been used for pressurizing
the syringe for melt flow with improved startup times. Further-
more, the use of digitally controlled pressure valves allows con-
trolled alteration of air pressure, resulting in the capability to
change the fiber diameter “on the fly” during a print. It is notable
that there are instances when a higher pressure (than 5 bar) is
required to achieve extrusion to the nozzle, [l or lower pressures
are needed to obtain small diameter fibers for MEW.!!]

Using the pressure to control fiber diameter, Hrynevich
et al.l!!l showed how variable diameters can be generated in a
single print, through controlling the collector speed and applied
pressure. The fabricated PCL scaffolds were adapted for spheroid
seeding to develop a sheet-like tissue scaffold including mul-
ticellular spheroids. The design was based on the typical box-
structured scaffolds, but included two 7 pm diameter catching
fibers close to the bottom of the scaffold, to prevent spheroids

Adv. Healthcare Mater. 2021, 10, 2001232

2001232 (12 of 18)

passing through during seeding and cultivation.[''#°] This tissue-
sheet construct enabled simultaneous high spheroid seeding ef-
ficiency with ease of handling, high cell viability, and successful
differentiation of the spheroids.[*’]

5.3. Thermal Requirements

When considering polymers beyond PCL, an increased operation
temperature is one significant area that is a prerequisite for many
of the polymers highlighted in Table 2 and Figure 5. Melt pro-
cessing temperatures above 100 °C are commonplace in other
technologies and there are important engineering polymers that
require processing at 200 °C and higher. There are three gen-
eral approaches for heating the MEW/MES jet: 1) electrical, 2)
circulating fluids/air (Figure 8A), and 3) infrared lasers. Both cir-
culating air and infrared lasers have advantages in both upper
temperature limits achievable and speed of jet initiation.['!!] The
most common approach, however, is the electrical heater (Fig-
ure 8B), designed to be isolated from the high voltage supply. Al-
ternatively, a high voltage can be applied to the collector and the
heating nozzle grounded. The implications of such voltage con-
figurations on the fiber diameter, stacking, pulsing, and the CTS
are still not fully elucidated.

Similar to FDM, MEW extrudes a polymer melt through a
small nozzle generating layer-by-layer constructs with partially
fiber fusion. However, the cooling down of the polymer within a
specific shape can cause internal stresses leading to deformations
(called warping) especially in corners.'?) Furthermore, when a
substantial temperature difference between the nozzle and the
ambient air is used, build plate adhesion issues are commonplace
for FDM printing and can result in poor fiber adhesion to the col-
lector. To overcome this issue, a heated collector has been shown
to be necessary to achieve fiber collection. When processing PP
with a spinneret temperature of 215 °C, for example, a heated
collector of 70 °C is needed for adhesion of the fibers.’! Ideally,
controlling all aspects of the heating profile including nozzle, sy-
ringe, ambient temperatures, and heated collector would ensure

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 8. Overview of MEW printers. A) Schematic illustration of a MEW printer using an industrial heat gun as hot air stream supply, heating the
polymer melt while the jet remains in ambient temperature conditions. B) Images of typical single material MEW head and C) the resulting polymer
jet. There are limitations during fiber generation resulting from D) polymer degradation due to high temperatures, E) high printing speeds resulting
in inaccurate fiber deposition, F) excessive voltage causing arcing, and G) electrical interference between close electrical fields. H) Schematic of fiber
printing defects as increased build height due to electrostatic repulsion and/or attraction of the polymer melt, fiber pulsing, or fiber attraction toward
the nozzle. I-J) CAD models showing different views of the high-throughput MEW printer using eight simultaneous printheads extruding onto a vertical
collector. K) Images of one side of the vertical collector with 576 scaffolds and L) the labeling of the eight printheads on both, the left and right side.
A) Reproduced with permission.[2!] Copyright 2018, Elsevier Ltd. All rights reserved. B-G) Reproduced with permission.[*4] Copyright 2019, Mary Ann
Liebert, Inc., publishers. H) Reproduced with permission.[>%] Copyright 2018, Wiley-VCH GmbH. I-L) Reproduced with permission.[“4] Copyright 2019,

Mary Ann Liebert, Inc.

control over jet processing, fiber adhesion, and fiber—fiber adhe-
sion with the latter, having a substantial influence on the me-
chanical properties of the printed material. While an ideal ambi-
ent humidity of 25-45% r.h. at room temperature allows sample
consistency, this level can be affected by seasonal changes.

5.4. Dynamic Electric Fields

MEW-processed scaffolds are quite limited in thickness and vol-
ume when static collector distances and voltages are used, due
to residual charges within the printed fibers that remain with
increasing build height similar to the principles previously dis-
cussed for nonuniform collectors. Wunner and colleagues®! in-
vestigated the underlying physical principles to overcome the cur-
rent limitation regarding the thickness of the scaffolds, and iden-
tified a solution to attain thick (7 mm) MEW scaffolds. Since
MEW requires an electrical field to form a stable jet, using a
fixed voltage and collector distance between the printhead and
the translating collector results in several complications. The re-
sulting scaffolds are limited in the accurate fiber placement with
increasing height due to the accumulation of excess charge (Fig-
ure 8H). These charges remaining in the deposited fibers result
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in attraction of the fibers back to the heated head and distort-
ing of the scaffold architectures.[®) Maintaining the electrostatic
force at a constant level during the print by an adjustable working
distance between collector and printhead, and an increase of the
voltage, a scaffold with a height of 7 mm was fabricated.>") MEW
printers therefore require the ability to digitally adjust both the
collector distance and applied voltage to obtain thicker scaffolds.

5.5. Imaging and Visualization: Toward Digitization

While different AM technologies have their strengths and weak-
nesses, MEW has extremely good advantageous visual access to
important monitoring information. While real-time visual infor-
mation from electron beam melting, stereolithography, or even
FDM is of limited value, the MEW nozzle raised several millime-
ters above the collector provides an excellent view of the electri-
fied jet. This information including jet angle provides process
stability information and is relatively simple to collect with dig-
ital cameras (Figure 1A).11%] Such camera information and its
subsequent digital processing was used to describe Printomics,
the analysis of MEW printing parameters, through digital control
and processing.'®! In this concept MEW printer, an inexpensive
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USB camera combined with a simple objective microscope was
used to provide the jet angle and fiber diameter information, re-
spectively. The lag in the jet is especially important for predictive
fiber placement. Jin et al.”! further established a model based
on a reversed speed planning process to compensate the lag ef-
fect, which limits the accurate fiber placement depending on the
printing speed using a high molecular weight PCL.

5.6. Scale-Up Systems

An increasing number of AM technologies are used to fabricate
3D scaffolds for cell culture experiments especially for the appli-
cation in tissue engineering and regenerative medicine. MEW,
therefore, was used to produce scaffolds for researchers consist-
ing of ordered fibers with micrometer size in diameter. However,
scale-up productions, which are necessary to effectively trans-
late to industrial applications, are only commencing!** and re-
quire uniform jet formation across different nozzles. Figure 81—
L shows a MEW system including eight simultaneously ex-
truding printheads, which enabled to fabricate large-scale struc-
tures based on printing parameters given from a single-head
system.I**] Scaffolds with identical morphologies and fiber di-
ameters were successfully fabricated in dimensions up to 78 x
78 cm.[*l To establish a MEW printer ecosystem, which can be
easily upscaled, the collector of the system was transferred to
the vertical mounting.** Previous research by Wunner et al.[’]
demonstrated the possibility to perform MEW printing from all
directions (horizontal, lateral, and upside down) without affect-
ing the fiber jet.[*4]

5.7. Future Perspectives for Processable Materials

Exploring the compatibility of new polymers with MEW has only
recently commenced, and improvements in printer designs and
expansion into applications beyond biomedical will enhance this
perspective. The capability of MEW printers is inextricably linked
to exploring new polymers, however, based on our fundamental
understanding of jet instabilities, it is possible to look forward
and identify the properties of fluids that will be compatible with
the process.

Fundamentally, fluid columns exist under many circum-
stances; a simple example is when water comes out of a
faucet.['"] With unlimited space to fall, such a contiguous fluid
column eventually breaks due to Plateau—Rayleigh instabilities
(Figure 9A), where perturbations in the fluid column result in the
formation of a discontinuous phase (Figure 9B).[''*] Important
and well-known considerations that influence when this fluid
break up include the flow rate, the shape of the outlet, and the vis-
cosity of the fluid used.[''>1!>] When these fluids land on a solid
collector, they buckle and form patterns depending on various
parameters (Figure 9C-E).[115:116]

It is lesser known that applying a potential difference across
this fluid column can suppress the Plateau—Rayleigh instabili-
ties. Figure 9D shows how a column of deionized water can be
horizontally suspended in mid-air through the application of a
voltage. This floating water bridge shows that charged species at
the surface of the fluid column prevents local perturbations and
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therefore suppress fluid breakup.[''®] This EHD effect was also
shown by Sir Geoffrey Taylor in the 1960s!”! and is described in
detail elsewhere in the context of MEW.®l This is distinct to elec-
trospraying water where the voltage is increased to such a high
level that surface charges overcome surface tension."? It is these
two EHD effects that resulted in the distinction between MES
(where electrical instabilities in the jet are deliberately initiated)
and MEW (Figure 9G). Once a fluid column is stabilized by a volt-
age, it can persist at low flow rates (Figure 9H) depending on the
fluid properties.

When selecting a fluid to use for direct-writing jetting in gen-
eral, much can be learned from our understanding how non-
charged fluid columns behave (Figure 9C,D). As previously men-
tioned, the flow rate to the nozzle is a significant indicator of
whether a contiguous column is formed, as is the height of re-
lease. Higher flow rates can establish a fluid column, however
of greater importance to the additive manufacturing community
are smaller diameter fibers that result from low flow rates. Re-
search on Plateau—Rayleigh instabilities is often performed with
water/glycerol blends, where the viscosity can be substantially in-
creased with minimal changes in surface tension.['3]

Certain fluids form contiguous columns at low flow rates, for
example, honey, treacle, and certain o0ils.['?] Central to all of these
materials are long polymer chains that result in macromolec-
ular entanglement, which is also a commonality in all MEW-
processed polymers to date. The localized increased viscosity on
the jet (which also increases during cooling) minimizes jet per-
turbations, especially at low flow rates. For MEW to achieve a
small fiber diameter, an especially low flow rate is required—
measured at 2.6 pL h™! for 2-3 pm diameter fibers.[1”) Therefore,
low viscosity fluids are difficult to MEW process unless increased
flow rates (and therefore diameters) are adopted.

The use of heat for MEW processing can also affect the fluid
properties, both physical and chemical. The residency of a poly-
mer at elevated temperatures is amplified by the need for low
flow rates to achieve small diameter fibers. The heat applied to
the melt can have 1) no effect on the melt, 2) initiate crosslink-
ing, or 3) cause thermal degradation, depending on the chemi-
cal nature of the polymer used, and the level of heat required to
achieve molten flow through the nozzle. For biologically derived
polymers, denaturation!'?!] is an issue that needs to be overcome
or avoided in future printing iterations.

The quantity of charged species within the polymer melt will
also affect the printing properties of the polymer. As certain
classes such as conductive polymers are MEW-processed, the
printer configurations are expected to change accordingly. Also
observed with noncharged fluid columns, the diameter of the
nozzle affects the resulting thinning of the jet—this effect was
also observed in a previous MES paper.['??]

Understanding Plateau—Raleigh instabilities will enhance the
selection of new polymers for MEW and excellent research stud-
ies and reviews on this phenomenon are found elsewhere. It
is important to appreciate that, unlike electrospinning, MEW
uses the applied voltage to stabilize the jet and to prevent it
from breaking up droplets as known from noncharged falling
fluids.l”] In combination with the significant lower flow rates
and the smaller distance between collector and nozzle, it is essen-
tial that Plateau—Raleigh instabilities are prevented so that con-
trolled direct-writing can be achieved.®!

© 2020 The Authors. Published by Wiley-VCH GmbH

858017 SUOWILLIOD A1) 3ol [dde 8Ly Aq peusenob ke sajole YO 88N JO S3INJ 0§ A%euqi8U1IUO /8|1 UO (SUONIPUOD-PUR-SLLIBY/LIOD A8 1M AlRIq 1 BUI|UO//SdNY) SUORIPUOD pue swie | 8u88s *[£202/c0/ST] Uo AriqiTauliuo Ao1im *-13d3,12a enbeyiol|qig A ZE2T00202 WUpe/Z00T 0T/I0pAL0D" A8 | M Ake.q 1 |pul uo//:Sdny Woly pepeojumod ‘T ‘T202 ‘65922612



ADVANCED ADVANCED
SCIENCE NEWS l}ﬁﬁg{ﬁgﬁfg

www.advancedsciencenews.com www.advhealthmat.de

50 100
time (us)

30

\
\

\

\

Jet Cooling

Solidification

2 mm
—

Figure 9. Fluid jets and their breakup or stabilization. A) Photograph and schematic of a water jet that undergoes perturbations (red arrow) as part
of Plateau—Rayleigh instabilities and prior to jet breakup. B) Photograph of 49 jets at different stages of Plateau—Rayleigh instabilities. Photographs of
“liquid rope” coiling of C) honey and D) molten glass landing on a static collector with E) showing a render of how such fluid columns buckle and
land when direct-written. Photograph of F) a floating water bridge, where deionized water is suspended between two beakers using the application of a
voltage, and G) from an infrared camera of a PCL MEW jet landing on a stationary collector and H) a photograph of a MEW jet, showing how the applied
voltage can prevent this jet from undergoing Plateau—Rayleigh instabilities, even at low flow rates. A,B) Reproduced with permission.[''#] Copyright 2010,
AIP Publishing. C) Reproduced under the terms of the Creative Commons Agreement 4.0 (CC BY).['"”] Copyright 2018, the Authors. Published by MDPI.
D) Reproduced with permission.l''®] Copyright 2017, The Royal Society. E) Reprinted figure with permission.['"] Copyright 2015, American Physical
Society. F) Reproduced with permission.["] Copyright 2010, AIP Publishing. G) Previously unpublished image provided by Mr. Andrei Hrynevich. H)

Reproduced with permission.['%8] Copyright 2019, IOP Publishing.

Since the EHD effect of preventing fluid column breakup is
general to fluids, it is expected that many fluids will work in this
manner, although the lower dimensions achieved will be depen-
dent on their macromolecular interactions. The minimum oper-
ating temperature is also crucial, as this affects the degradation
profile (if any) and is one reason why the development of new
polymers needs to go hand-in-hand with improvements to MEW
printers. The temperature is important when delivering highly
viscous fluids through small diameter nozzles can therefore pose
problems in achieving certain flow rates. It is expected that over
the next five to ten years, however, researchers will dramatically
expand the number of polymers processable and enhance their
specific properties with some of the design possibilities also out-
lined here.

6. Conclusion

While the vast majority of publications on MEW research use
PCL, there is a growing number of studies demonstrating that
many other polymers can be processed with this technique. Keep-
ing in line with a biomedical application perspective, most other
studies are performed with various chemical permutations of
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hydrolytically degradable polyesters. Furthermore, surface coat-
ings of fabricated fibers and compounding additives into the
melt phase are two strategies used to impart further function
into the final printed structure. Beyond biomedical applications,
other fields such as microfluidics,’®! optic guides,['?] or pres-
sure sensors!!?*! are taking advantage of this high-resolution AM
technology. Expanding the number of processable polymers for
MEW will also require improvements to current printers, which
can lack the added features that aid in this type of processing.
However, based on the current trends and the general interest in
EHD-assisted AM, we expect many more polymers will be pro-
cessed via MEW.
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