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Hans-Werner Schmidt,* and Paul D. Dalton*

1. Introduction

Various (AB),, and (ABAC), segmented copolymers with hydrophilic and

hydrophobic segments are processed via melt electrowriting (MEW). Two
different (AB), segmented copolymers composed of bisurea segments and
hydrophobic poly(dimethyl siloxane) (PDMS) or hydrophilic poly(propylene
oxide)-poly(ethylene oxide)-poly(propylene oxide) (PPO-PEG-PPO) segments,
while the amphiphilic (ABAC),, segmented copolymers consist of bisurea
segments in the combination of hydrophobic PDMS segments and
hydrophilic PPO-PEG-PPO segments with different ratios, are explored. All
copolymer compositions are processed using the same conditions, including
nozzle temperature, applied voltage, and collector distance, while changes in
applied pressure and collector speed altered the fiber diameter in the range of
7 and 60 pm. All copolymers showed excellent processability with MEW,
well-controlled fiber stacking, and inter-layer bonding. Notably, the surfaces of
all four copolymer fibers are very smooth when visualized using scanning
electron microscopy. However, the fibers show different roughness
demonstrated with atomic force microscopy. The non-cytotoxic copolymers
increased L929 fibroblast attachment with increasing PDMS content while the
different copolymer compositions result in a spectrum of physical properties.
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Additive manufacturing (AM) technolo-
gies have been used for different applica-
tions including soft robotics,!! sensors,?!
biomaterials,3* and tissue engineering.[*!
AM, often referred to as 3D printing, is
based on layer-by-layer fabrication princi-
ples that are employed by a spectrum of
different technologies.’] Melt electrowrit-
ing (MEW) is one such AM technology that
uses an applied electric field to produce fine
fiber diameters,!! typically much smaller
than 100 um,!”! and 820 nm at their small-
est to date.l®] The high viscosity of polymer
melts assists in the reduction in fiber diam-
eter without jet breakup!®! and computer-
aided control of the collector direct-writes
the desired pattern according to G-codes.l’]

While different polymers can be pro-
cessed via MEW, poly(e-caprolactone)
(PCL) is the benchmark polymer due to
its low melting point (60 °C) and slow
thermal/hydrolytic degradation.['! Beyond
PCL, other polymers processed with MEW
include  poly(vinylidene difluoride),l'!l  polypropylene,?!
poly(L-lactide-co-E-CL-co-acryloyl carbonate),l3] poly(L-lactide-
co-caprolactone),['l  poly(2-ethyl-2-oxazoline),'>)  poly(urea-
siloxane)['® and poly(urea-ethylene glycol).'”] The majority
of polymers processed to date are hydrophobic, which absorb
proteins that influence cell adhesion.['#!

Hydrophilic polymers can reduce cell adhesion,!*! recently
more and more are available for MEW, which, in turn, aids
certain biomedical devices to improve their function.?*] The
improved hydrophilic properties can thus result in a signifi-
cant enhancement in the biocompatibility and functionality of
the materials.[?!l Within biofabrication, where soluble properties
have utility in the formation of perfusable channels, the polymer
may need to be water-soluble over time,[?223] or on-demand.[**]
Additionally, for any application that involves contact with cells,
the polymers should be cytocompatible.?]

Electrohydrodynamically stabilized jets of aqueous-based poly-
mer and macromer solutions have been previously reported,!?¢:%’]
with post-crosslinking required to achieve a hydrogel fiber.
When processing via MEW, however, hydrogel fibers are
made by printing a melt and then swelling in aqueous
media.l”! Since the preprinting period for MEW requires ex-
trusion through a nozzle, non-crosslinked melts that crosslink
after deposition has been developed and reported. There are

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmacp.202100259&domain=pdf&date_stamp=2021-10-17

ADVANCED
SCIENCE NEWS

‘[M acro-
olecular
Chemistry ana Physics

www.advancedsciencenews.com

www.mcp-journal.de

)OL JOL

| |
Wy w“/fsro d :
HoOHH b/

bisurea segment

hydrophobic segment  ~ N

JL A JL/\/flo>A/>szar R xk{ﬁhw%%

bisurea segment hydrophobic segment

bisurea segment

hydrophilic segment

= Wﬁ@#%

bisurea segment

2= o}

6

hydrophilic segment

y~125andx+z~6

Segment content

Copolymer
No.
Bisurea
1 12
2 13
3 15
4 19

(Wt.%)
PDMS PPO-PEG-PPO
88 0
80 7
53 32
0 81

Figure 1. Chemical structures of the (AB), segmented bisurea copolymer 1 and 4, and the (ABAC),, segmented copolymers 2 and 3. In all cases, the
bisurea segments contain a hexamethylene unit. The copolymers differ in the content of the different segments as listed in the table.

several ways to achieve this crosslinking, including via UV-
light,[*3] Diels—Alder chemistry,**] or using physical crosslink-
ing such as reported with (AB), segmented copolymers.!'”]
The (AB), segmented copolymers belong to the class of phys-
ically crosslinked hydrogels. These copolymers are based on
reversible, non-covalent crosslinks formed by hydrogen bond-
ing, which allows the processing from the melt.[”) The pro-
cessability of (AB), segmented copolymers with MEW pro-
vides unique properties due to high-resolution printing and
design flexibility, which makes them interesting for optics,!*’
microfluidics,?” flexible electronic devices,?!) and soft net-
work composites(*?] in materials science and soft robotics. This
study investigated the MEW processability of four different
(AB), and (ABAC), segmented copolymers combined of bisurea,
hydrophobic poly(dimethyl siloxane) (PDMS), and hydrophilic

Macromol. Chem. Phys. 2021, 222, 2100259 2100259 (2 of 9)

poly(propylene oxide)-poly(ethylene oxide)-poly(propylene oxide)
(PPO-PEG-PPO) segments (Figure 1). These copolymers have
adjustable hydrophilic properties depending on their content
of PPO-PEG-PPO segments. Copolymer 1 is hydrophobic due
to the PDMS segments, whereas copolymer 4 is hydrophilic
due to the PPO-PEG-PPO segments. Copolymers 2 and 3, how-
ever, have different hydrophobic and hydrophilic properties de-
pending on PDMS and PPO-PEG-PPO segment contents. (AB),
and (ABAC), segmented copolymers are ideally suited for MEW
due to their physical crosslinks reversibly disassemble and as-
semble upon heating and cooling, respectively. For all copoly-
mers, MEW processing conditions such as molten polymer
temperature, applied pressure, voltage, tip to collector distance,
and collector speed!?®?°] were systematically investigated, and the
fiber diameter was correlated with the pressure and collector
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speed. The copolymers used in this study have unique properties
compared to polymers, which have been already processed with
MEW including i) thermally reversibility, ii) a highly smooth sur-
face, iii) transparency, iv) strong inter-layer bonding between the
fibers, and v) adjustable hydrophilic and hydrophobic behavior.
The morphology, mechanical properties, cytotoxicity, and cell ad-
hesion behavior of the copolymers and the MEW scaffolds were
examined.

2. Results and Discussion

2.1. Copolymer Properties

The (AB), segmented copolymers are composed of bisurea seg-
ments and hydrophobic PDMS or hydrophilic PPO-PEG-PPO
segments (Figure 1). Furthermore, the (ABAC), segmented
copolymers contain all three segments: besides bisurea, both
hydrophobic, and hydrophilic segments are now incorporated
in the same polymer chain by varying compositions. The
bisurea segment is responsible for the thermoreversible physical
crosslinking of the copolymer chains due to the formation
of strong bidental hydrogen bonds. The hydrophobic PDMS
segments provide mechanical stability, while water uptake is
governed by the hydrophilic PPO-PEG-PPO segments. The hy-
drophilicity and thus water uptake can be adjusted by varying the
ratio of PDMS to PPO-PEG-PPO segments. Extensive details on
the polymer synthesis and resulting bulk properties can be found
elsewhere.?’]

2.2. MEW Processing

For the successful printing of MEW constructs, the polymer melt
viscosity at the processing temperature is an important parame-
ter. Thus, the melt viscosity should be low enough to allow ex-
trusion through the fine nozzle at pressures governed by the ex-
perimental setup. As shown in previous studies on similar (AB),
segmented copolymers,['®17] complex melt viscosities are com-
parable to viscosities obtained by rotational measurements, thus
comply with the Cox/Merz relationship. The complex melt vis-
cosity (1) for the copolymers 1 to 4 upon cooling from the melt
was measured at the MEW processing temperature of 100 °C by
oscillatory shear rheology and are depicted in Figure 2. At this
temperature, 1 was found in the range between 40 and 500 Pa
s, thus suitable for MEW in the existing MEW printer configu-
ration. Upon heating, the physical crosslinks of the urea bonds
disaggregate into a viscous melt and, when cooled, the viscosity
curves show a sudden increase between 70 and 40 °C. This in-
crease in viscosity is caused by the distinct hydrogen bond reag-
gregation typical for hexamethylene urea groups. At room tem-
perature for all segmented copolymers, the #* is around three
orders of magnitude higher compared to the values in the melt.
Thus, a fast solidification of the printed MEW constructs is ex-
pected.

While MEW is a multi-parametric manufacturing technology,
which is typically optimized for each polymer, here we aimed to
process the four different copolymers under similar conditions.
When using identical processing parameters — applied pressure
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Figure 2. Complex melt viscosity (") versus temperature, shown are the
first cooling curves of copolymers 1, 2, 3, and 4. Values of n* at the MEW
processing temperature of 100 °C are listed also in the plot. (Conditions:
oscillating shear rheology utilizing a plate-plate geometry (25 mm) at 1 Hz
with a cooling rate of 2 K min~1).

and collector speed included — notably different jet behaviors re-
sulted for copolymers 1 to 4 (Figure 3 and Video S1, Supporting
Information). The critical translational speed (CTS) is when the
collector speed matches the molten jet speed and is determined
experimentally as a straight linel**] of the polymer jet towards the
collector as seen for copolymer 3 (Figure 3C). Increasing the col-
lector speed beyond the CTS increases the lag of the jet, as ob-
served for copolymer 1 and 2 in Figure 3A,B, and affects the accu-
racy of the printed constructs.*>*° For copolymer 4, the jet speed
is slightly faster than the collector speed and a pronounced heel
appears, where the jet moves ahead of the nozzle (black arrow;
Figure 3D).

Parameters such as applied voltage (3 kV), collector distance
(2.2 mm) and melt processing temperature (100 °C) were kept
constant for all four copolymers. The influence of the applied
pressure and collector speed was investigated and is shown
in Figure 3E. The thinnest fiber diameter, 7.6 + 3.0 pm, was
achieved using 2800 mm min~! collector speed and 1 bar for
copolymer 1. The thickest fiber diameter was obtained using a
low collector speed of 500 mm min~! and 1 bar, which results in
59.0 = 12.5 um for copolymer 4. In general, and in line with previ-
ous studies for other copolymers,!*’! the fiber diameter decreases
with increasing collector speed due to the mechanical stretching
of the jet. An increase in the pressure also resulted in a thicker
fiber diameter due to increased mass in the jet.

The fiber diameter did not significantly reduce at speeds
greater than 1500 mm min~! for both applied pressures of 0.5
and 1 bar. The fiber diameter at 1 bar resulted in fiber puls-
ing with long beading®**! and substantially varied compared to
0.5 bar. Comparing the four copolymers, the viscosity and prob-
ably the ratio of PPO-PEG-PPO segments in the copolymer ap-
peared to affect the fiber diameter, with copolymer 4 having
the thickest fiber diameter. The CTS of copolymer 4 was also
higher than the CTS of the other copolymers. All copolymers
generally printed well, and defined scaffolds could be readily fab-
ricated. The stacking behavior of the fibers was examined using
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Figure 3. Jet behavior of four different copolymers using the same processing parameter (100 °C, 1000 mm min~", 1 bar, and 3 kV, see red box on the

graph). Copolymers 1 A),

B) 2, C) 3 have a typical jet lag which can be seen when the collector speed is faster or equal to CTS and the fibers are straight,

however, copolymer D) 4 has a pronounced “heel” typical when the collector speed is lower than the CTS, and it advances in front of the nozzle and the

fibers are non-linear (scale bar:1 mm) (see Video S1, Supporting Information).

E) Effect of pressure and collector speed on the fiber diameter for the

copolymers 1 to 4 at 100 °C of melt processing temperature, 2.2 mm of collector distance, and 3 kV of applied voltage.

Figure 4. SEM images of copolymers 1 to 4. A-D) Square-shaped MEW scaffolds with 500 um inter-fiber distance presenting the accurate and precise

MEW fibers on top of each other for copolymer 1, 2, 3, 4 respectively (scale bar: 500 um). E

—H) Well-stacked fibers on top of each other for copolymer

1, 2, 3, 4 respectively (scale bar: 20 um), and |-L) showing the smooth surface of the fibers for copolymer 1, 2, 3, 4 respectively (scale bar: 2 um).

square-shaped 10- and 20-layered constructs (Figure 4 and Fig-
ure S1, Supporting Information). As previously reported, copoly-
mer 1 has an accurate and precise stacking behavior!'®! while the
copolymer 4 has lower shape fidelity compared to other copoly-
mers at the same processing parameters. All other copolymers
similarly stacked well; some defects begin occurring after 20 lay-
ers (Figure S1, Supporting Information). The copolymers also
stacked upon each other with no observable deleterious interac-
tions shown by Figure S2A,B, Supporting Information, wherein
copolymer 3 was MEW upon a square design scaffold of copoly-
mer 2. A rationale to research physically crosslinked polymers
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is that increased self-healing for improved fiber fusion, impor-
tant for overall mechanics. The various swelling ratios or me-
chanical behaviors between different copolymers make this of
interest for soft robotics. Using similar MEW processing condi-
tions help when potentially switching between different copoly-
mers while using a single nozzle — an approach already adopted
within for extrusion direct writing.*®! For the future direction,
the multi-material multi-nozzle 3D printing head could be used
for MEW and in combination with the adjustable properties of
segmented copolymers, very tiny voxelated soft matter can be
generated.
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Figure 5. AFM height images of the copolymers. Copolymer A) 1, B) 2, C) 3, and D) 4 (scale bar: 200 nm). Height bar for all images shown on the right.

2.3. Topographical Analysis of Fiber Surfaces

The influence of different segment ratios of the (AB), and
(ABAC), segmented copolymers on fiber topography was in-
vestigated using single layer MEW fibers with 20 um diame-
ter for each copolymer. The fibers were printed between 800
and 2000 mm min~! with 3.0 kV, 1.0 bar, and 2.2 mm collec-
tor distance. The single layer, straight and continuous copoly-
mer fibers with a uniform diameter were used in the study. The
MEW fibers were extremely homogenous and exhibited a smooth
fiber surface for all the copolymers as seen by scanning elec-
tron microscopy (SEM) (Figure 4I-L). Compared to other poly-
mers investigated for MEW,[1%3%] the smoothness and roughness
of the fiber surface are notable difference. Often, morphological
features such as spherulites(!?] or striations!*! indicating flow-
induced crystallization or microphase separation have been ob-
served on the surface of MEW fibers, when semi-crystalline poly-
mers were processed.

It is well-known that the chemical structure, average molec-
ular weight, polarity, and volume fraction of the different seg-
ments strongly influence the morphology of a copolymer.[0#1]
Therefore, atomic force microscopy (AFM) was used to investi-
gate surface properties for the four different copolymers. AFM
analysis suggests that the ratio between the different copoly-
mer components influences the topography of the fiber surface
(Figure 5). In particular, copolymer 4 fibers showed a rougher sur-
face topography compared to the other copolymers, with a root
mean square deviation of 1.11 + 0.37 nm. In comparison, surface
roughness of copolymers 1, 2, and 3 were 0.81 + 0.09, 0.44 + 0.04,
and 0.42 + 0.04 nm, respectively. All surfaces have significantly
different roughness values compared to each other, except for the
comparably smooth surfaces of copolymers 2 and 3 (p < 0.005).
Those roughness values are smaller than MEW PCL.*!

2.4. Inter-Layer Bonding Test

Bisurea segmented copolymers are also known for excellent
bonding between single layers, meaning that physical crosslinks
re-assemble after breaking.['#!] At the MEW processing temper-
ature, the bisurea segments disaggregate and reform during fiber
formation upon cooling, acting as physical crosslinks through-
out the polymer network. It is therefore expected that layers will
strongly bond together at intersection points. The inter-layer
bonding of 20 um MEW fibers from copolymers 1 to 3 are tested

Macromol. Chem. Phys. 2021, 222, 2100259 2100259 (5 of 9)

with Y-shaped constructs (Figure 6A). The design of Y-shaped
constructs is a fiber wall divided into two different walls to mea-
sure the strength of the bonds between the layers. The constructs
are bent backward by 180° and peeled under uniaxial tensile load-
ing condition shown in Figure 6B and C. Y-shaped constructs of
copolymer 1 are shown in Figure 6D before the test and of copoly-
mer 3 after testing in Figure 6E. It is ensured that the bonded por-
tion of the Y-shaped constructs remains perpendicular to the ap-
plied force. Maximal force is calculated using force—displacement
curve (Figure 6F,G). During printing, collector speeds are ad-
justed to achieve the same fiber diameters for all copolymers.
However, such different collector speeds will affect the jet cooling
rate and therefore inter-layer bonding. The collector speeds for
Y-shaped construct are 800, 2000, and 2000 mm min~! for copoly-
mer 1, 2, and 3, respectively. All three copolymers have signifi-
cantly different maximum forces (Figure 6G), while copolymer 3
has the strongest inter-layer bonding with 21 + 1 mN. The results
show that the inter-layer bonding was improved with the consist-
ing of bisurea and PPO-PEG-PPO segments and the increasing
printing speed.l*?] The copolymer 4 could not be performed for
this test because this copolymer shows an adhesive behavior on
the printed surface and could not be removed without damage.

2.5. Contact Angle Measurement and Swelling Test

The surface hydrophilicity of the copolymers is examined on
square-shaped MEW 10-layer scaffolds with 200 pym inter-fiber
distance. The scaffolds have 109 + 20°, 107 + 13°, and 98 + 5°
contact angles for copolymer 1, 2, and 3 respectively. Copoly-
mer 4 immediately dissolved, when the water droplet is placed
upon it.

The swelling behavior of the MEW scaffolds is examined by
measuring the difference of the fiber width of 1-layer scaffolds
and the area of 10-layer scaffolds, both with 500 pym inter-fiber
distance, between in dry state and after the exposure to water for
3 h. The fibers show a rapid swelling due to their small diam-
eters. The maximum swelling is reached immediately after the
scaffolds were exposed to water (Figure S3, Supporting Informa-
tion). As expected, the degree of swelling increases with the hy-
drophilicity of the copolymer from 1 to 4. Due to its hydropho-
bicity, copolymer 1 shows no swelling behavior. Swelling is in-
vestigated for copolymer 2 with 39% while copolymer 3 shows
a swelling of 42% on fiber diameter; 3% and 22% swelling is
observed on 10-layer scaffold areas for copolymer 2 and 3, respec-
tively.

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 6. The inter-layer bonding behavior of the copolymers at crossover junctions. A) Rendered schematic of the test setup with two samples on
metal pins. Inter-layer bonding testing setup B) before starting the test and C) during the test for copolymer 3. D) SEM pictures at crossover junction of
copolymer 1 before the test and E) copolymer 3 after the test (scale bar: 200 um). F) Force displacement and G) the average maximal force plot of the

copolymers 1, 2, and 3.

2.6. In Vitro Cytocompatibility

Cytotoxicity of copolymers 1, 2, 3, and 4 is verified by elute
test with L929 mouse murine fibroblast cells, as shown in
Figure 7. Tissue culture polystyrene (PS) is used as a negative
control and normalization for cellular activity, while poly(vinyl
chloride) (PVC) is the positive control. The results of ds-
DNA amounts (Figure 7A), metabolic activity (Figure 7B), and
metabolic activity per cells (Figure 7C) were normalized to neg-
ative control. Copolymers 1, 2, and 3 are non-cytotoxic. How-
ever, the cytotoxicity of copolymer 4 is depending on the concen-
tration, thus, the copolymer displayed cytotoxicity in the range
of 50-100%. The cytotoxicity of copolymer 4 is attributed to the
PPO-PEG-PPO segments, which behave as a surfactant to the cell
membrane.[*]

Live/Dead staining is performed with 1929 cells on MEW scaf-
folds (Figure 7D-1) and cell viability is over 80% for copolymer 1,
2, and 3 at day 4. The attachment and proliferation, as well as
metabolic activity of L929 cells on the MEW scaffolds, are deter-
mined via dsDNA content and metabolic cell activity at days 1 and
4 (Figure S4, Supporting Information). The results of PicoGreen
assay indicate that dsDNA amounts are increased at day 4 com-
pared to day 1 (Figure S4B, Supporting Information). However,
the cell attachment is lower on copolymer 3 at day 1 compared
to copolymer 1 and 2 due to the bioinert nature of PPO-PEG-
PPO segments. Also, there is significantly less adhesion on the
copolymer 3 scaffold compared to copolymer 1 and 2 at day 4.
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The metabolic cell activity on MEW scaffolds is increased at day
4 except for copolymer 3 (Figure S4A, Supporting Information).
Copolymer 4 is not investigated due to its immediate dissolution.

3. Conclusion

In conclusion, (AB), and (ABAC), segmented copolymers are
well compatible with MEW at similar processing conditions.
Smooth, well-formed fibers could be formed across different
chemical compositions that ranged from hydrophobic through
to hydrophilic. The fiber deposition can be well-controlled, en-
abling the fabrication of complex and layer-by-layer structures.
When in contact with cells, the scaffolds either supported adhe-
sion or dissolved without cytotoxic products at lower concentra-
tions indicating that this class of copolymers has broad physi-
cal properties. There are several specialized areas such as capil-
lary origami, microfluidic, flexible electronic device, soft network
composites, sacrificial materials where these copolymers could
have utility due to their unique surface properties, transparency,
and adjustable hydrophilicity.

4. Experimental Section

Materials: The (AB), and (ABAC),, segmented copolymers (Figure 1)
were synthesized according to the previous work.['®17:33] Copolymer 1 is
a hydrophobic (AB), segmented copolymer made of bisurea segments

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 7. Cytotoxiciity tests of copolymer films using L929 murine fibroblasts A-C) and viability of L929 murine fibroblast cells on MEW copolymers
D-1). A) dsDNA amounts, B) metabolic activity, and C) metabolic activity per cell determined via eluate testing using PS and PVC as controls. Live/Dead
staining (alive cells: green; dead cells: red) of attached L929 cells to MEW copolymers D—F) copolymer 1, 2, and 3 at day 1, G-I) at day 4, respectively.
The cell attachment is lower with the present of the PPO-PEG-PPO segments (scale bar: 100 um at (E-I), 50 um at (D)).

and PDMS segments. Copolymers 2 and 3 are amphiphilic (ABAC),, seg-
mented copolymers consisting of bisurea segments, hydrophobic PDMS
segments, and hydrophilic PPO-PEG-PPO segments. The ratios between
bisurea, PDMS, and PPO-PEG-PPO segments are 13:80:7 wt.% for copoly-
mer 2 and 15:53:32 wt.% for copolymer 3. Copolymer 4 is a hydrophilic
(AB),, segmented copolymer and has bisurea segments and PPO-PEG-
PPO segments.

Rheology: Oscillatory shear rheology experiments of the copolymers
were conducted using a Kinexus lab™ rheometer (Malvern Panalytical) ata
cooling rate of 2 Kmin~" and a frequency of 1 Hz. Samples with a thickness
around 1 mm were investigated in a 25 mm plate-plate geometry. First
cooling cycle was recorded, whereas melting the sample in the rheometer
was considered as first heating.

MEW Device and Printing Parameters:  All experiments were performed
with a custom-built MEW printer as previously described!'’] and sy-
ringes pressurized with N, and regulated using a pressure gauge (FESTO,
Berkheim, Germany). Inside the MEW head, a 26-gauge nozzle with the
length of 5.4 or 7 mm (Unimed S.A., Lausanne, Switzerland) and a glass
syringe (FORTUNA® Optima, 3 mL, Poulten & Graf GmbH, Wertheim,
Germany) with the copolymer was heated by three ceramic electric heaters
(Bach RS, Germany). The x-y movement of the collector was controlled by
linear stages and operated by G-code. All MEW constructs were printed at
an ambient temperature of 21.5 + 1.5 °C and relative humidity of 35 + 2%.
Furthermore, all copolymers were processed at 100 °C and printability as-
sessed using collector speeds ranging from 500 to 2800 mm min~" for 0.5
to 1.0 bar. The scaffold printing ultimately was performed on between 800
and 2000 mm min~" at 1.0 bar.

Imaging: The average fiber diameters were measured by using a table-
top SEM (TM3030, Hitachi High-Technologies Corporation, Mannheim,
Germany) and a crossbeam 340 SEM equipped with GEMINI e-Beam col-
umn (Carl Zeiss Microscopy GmbH) with all samples imaged after plat-
inum coating (Leica EM ACE600, Wetzlar, Germany). Video was recorded
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using a Nikon Z6 digital camera with Nikon ED 200 mm lens. Further-
more, the SEM FEI Quanta FEG 250 (Thermo Fisher Scientific) was used
for imaging the surface of the constructs. The untreated constructs were
placed in the sample chamber of the FEI Quanta FEG 250, and the mea-
surements were conducted in the low vacuum mode (water pressure of
40 Pa in the sample chamber).

Atomic Force Microscopy (AFM):  AFM imaging was performed in air
on a Molecular Force Probe (MFP) 3D system (Asylum Research, Oxford
Instruments). Samples were scanned at 2.5 um s~ in amplitude modu-
lation mode using AC240 AFM probes with nominal resonance frequency
of 70 kHz and spring constant of 2 N m~'. Images were recorded at a
resolution of 1.95 nm pixel™'. Surface roughness values are given as aver-
ages from 8 to 14 different surface areas of 250 nm X 250 nm in at least
two 1 um X 1 um images from independent fiber positions per sample
and were measured as root mean square height variations using the MFP
software (Asylum Research, Oxford Instruments).

Contact Angle Measurement and Swelling Tests:  For the surface wetta-
bility test, MEW scaffolds with 10 layers with 200 um inter-fiber distance
were used. The measurement was performed with deionized water using
a static contact angle measurement instrument (Contact Angle System
OCA20).

For the swelling experiment, a 1-layer and a 10-layer MEW scaffold
with 500 pm inter-fiber distance from every copolymer was exposed to
deionized water at ambient conditions. The swelling was monitored and
recorded by microscope (Nikon Dualphot 300). Pictures were taken for 3 h
with a magnification at 10x. The fiber diameter and scaffold size change
were determined by using Image].

Inter-Layer Bonding Test: The Y-shaped constructs and mechanical
setup allowed to test fiber bonding between layers shown in Figure 6A. Ad-
ditional G-codes are provided in Supporting Information. The inter-layer
bonding was measured with an ElectroForce 5500 test instrument (TA In-
struments, USA) using a 250 g load cell, previously described.[*4]

© 2021 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Eluate and Direct Cell Cytotoxicity Testing:  Eluate tests were performed
according to ISO 10 993-5 applying L929 (ATCC, Rockville, USA) cells.
Copolymer films were incubated in cell culture media consisting of
Dulbecco’s modified Eagle’s medium, GlutaMax, 1%, 1 m HEPES, 1%
penicillin—streptomycin, and 10% FCS. Cytotoxic PVC platelets were used
as a positive control. Elution medium without any incubated material
served as a negative control while eluates prepared by material incubation
for 48 h at 37 °C. Then, suspended sediments were centrifuged and the
supernatant was referred to 100% eluate. Both 50% and 25% eluates were
prepared by dilution with fresh cell culture medium. WST-1 and PicoGreen
assays were performed to determine metabolic L929 cell activity and DNA
amount, respectively after 2 days of incubation. All samples were tested at
least in triplicates.

Cell adhesion experiments were performed with L929 cells, where a total
of 500 000 cells were seeded on MEW 10-layer scaffolds with 500 or 250 um
inter-fiber distance. Live dead staining, PicoGreen, and WST-1 assays were
performed on day 1 and 4 according to manufacturer’s instruction.

Statistics: One-way analysis of variance was performed for statistical
analysis. Statistical significance is defined as p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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