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1. Introduction

Melt electrowriting, a high-resolution additive manufacturing technique, is

used in this study to process a magnetic polymer-based blend for the first
time. Carbonyl iron (Cl) particles homogenously distribute into
poly(vinylidene fluoride) (PVDF) melts to result in well-defined, highly porous
structures or scaffolds comprised of fibers ranging from 30 to 50 um in
diameter. This study observes that Cl particle incorporation is possible up to
30 wt% without nozzle clogging, albeit that the highest concentration results
in heterogeneous fiber morphologies. In contrast, the direct writing of
homogeneous PVDF fibers with up to 15 wt% Cl is possible. The fibers can be
readily displaced using magnets at concentrations of 1 wt% and above.
Combined with good viability of L929 CC1 cells using Live/Dead imaging on
scaffolds for all Cl concentrations indicates that these formulations have
potential for the usage in stimuli-responsive applications such as 4D printing.
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Blends of poly(vinylidene fluoride) (PVDF)
and magnetic particles, to induce advan-
tageous properties in addition to PVDF’s
piezoelectricity, are gaining attention(!™]
and are being studied for stimulation of
cells.[® Different processing techniques for
electroactive polymers have been studied;!”!
however, many require volatile solvents or
lack control over the design and/or the res-
olution. Using melt electrowriting (MEW)
to fabricate 3D constructs offers the pos-
sibility to process highly porous and well-
defined structures without the addition of
toxic solvents.[®]

MEW is a high-resolution additive manu-
facturing technique based on an electrohy-
drodynamic effect to place fibers layer-by-
layer to produce designs onto a computer-
aided moveable collector.>!%1 Briefly, an
applied (air) pressure extrudes the polymer melt out of a metal
nozzle, which falls onto the collector substrate to establish a fluid
column, or jet.''l With the jet connecting the nozzle and the
collector the application of a voltage stabilizes this column so
that it can be direct written onto the collector, typically produc-
ing uniform fibers with diameters between 5 and 50 um depend-
ing on the polymer and conditions.['!! Therefore, MEW bridges
the gap between solution electrospun fibers, with diameters com-
monly in the nanometer range, and extrusion-based printed con-
structs with an upper resolution limit of ~100-150 pm.[12-14]
The resulting MEW-processed scaffolds are often used to guide
cell growth in tissue engineering applications!">1° or to rein-
force hydrogels providing mechanical stability and improved
handling.[1217]

After poly(e-caprolactone) (PCL), PVDF is the most commonly
MEW-processed polymer(#1°] but has not yet been combined
with filler particles. While particles of hydroxyapatite (HAp),*!
strontium-substituted bioactive glass (SrBG),[?!] bioactive milk
proteins, lactoferrin, whey protein,!??l or reduced graphene ox-
ide (rGO) (2] have been combined with PCL, particles with mag-
netic capacity such as carbonyl iron (CI) have not previously been
studied for MEW. The CI particles constitute a magnetic powder
known for its high thermal stability, cytotoxicity!**?] and are of-
ten used in magnetic polymer-based blends.[>?*?’] In addition,
high particle contents are expected to change the polymer prop-
erties and therefore, might require high pressures, to extrude the
material, which are not achievable by pneumatically driven MEW
printers, or lead to nozzle clogging.
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Figure 1. Dependence of the complex viscosity on the frequency for various master batches containing different amounts of carbonyl iron (Cl) (1-30

wt%) at temperature of 200 °C with the inset showing a magnified view.

Shape changing scaffolds, either induced by different
printing parameters!?®] or through a multiphasic material
combination,!?* are of interest due to their ability to change
their configuration.’2] An interesting class of materials en-
abling these properties are, for example, hydrogels!?*33 and
electroactive materials.®*) Therefore, 4D printing enables mo-
tions or functions of 3D-printed constructs controlled by external
stimuli.l®?) One example of such stimuli responsive materials
are magnetically responsive polymers.[>>=7]

In this study, PVDF blends containing up to 30 wt% CI par-
ticles were prepared and characterized for thermal properties
and melt viscosity. Different blends with particles showed suf-
ficient MEW processability without nozzle clogging or the need
for solvents to lower the viscosity.[?! MEW-processed constructs
were imaged and characterized using scanning electron mi-
croscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX).
The magnetic behavior of the printed constructs was shown, cell
viability was investigated using L929 CC1 cells over a period of
4 d. Therefore, PVDF containing up to 30 wt% CI particles of-
fers the potential to be used for magnetoactive cell stimulation in
tissue engineering.

2. Experimental Section

2.1. Materials

CI magnetic particles (BASF, Germany) with 99.5% purity, mag-
netic saturation of 229 emu g™ and negligible magnetization
saturation,[?*] were used as received. These particles were also
used due to their known cytocompatibility.?#?’] PVDF (Sigma
Aldrich, USA) formed the polymer matrix of the blends and was
used as received. PVDF has M, = 107 kg mol~!, with a dispersity
of b = 2.33 and was supplied in the form of pellets.

2.2. Mixing and Viscosity
The master batches consisting of PVDF and various amount

of CI particles (1, 5, 15, and 30 wt%) were mixed using lab-
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oratory twin-screw mixing machine DSM MC-15 (Xplore In-
struments, Netherlands), where temperature during mixing was
set to 200 °C and screw rotation to 50 rpm. The rheological
characteristics of the blends were measured utilizing rheome-
ter Physica (MCR502, Anton Paar, Austria) connected to Peltier
heating/cooling fixture and parallel-plate geometry (PP10). Sam-
ples in form of discs were prepared from the master batches
using hot-pressing at 200 °C for 5 min within special molds.
The final shape of the samples has a thickness of 1 mm and
a diameter of 10 mm. To avoid sample slippage, a constant
0.3 N force was applied to initially determine the linear vis-
coelastic region (Figure S1, Supporting Information). All fur-
ther measurements were performed within this region. Subse-
quently, a frequency sweep in the range from 107! to 10! Hz
was performed. The values given in the figures are average val-
ues obtained from three individual measurements. It should
be noted that standard deviation of the individual measure-
ments is smaller than the height of the symbol presented in the
Figure 1.

2.3. Differential Scanning Calorimetry (DSC)

DSC measurements were performed using differential scan-
ning calorimeter (DSC-1, Mettler-Toledo, Switzerland). The ni-
trogen gas flow rate was set to 20 mL min~! and the weight of
the investigated samples ranged from 4 to 5 mg. DSC curves
were obtained by heating/cooling from —80 to 200 °C and
back at a rate of 10 °C min~'. All experiments were performed
three times, and average values were used. In order to show if
the presence of CI particles affects the crystallinity, X of the
PVDF based samples was calculated using Equation (1),383]
where AH,, is the heat of fusion for individual samples and
AH, " is the heat of fusion obtained for 100% crystalline PVDF
(1045 ] g—l)[38,39]

AH,,
X = Nk 100 (1)
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2.4. Melt Electrowriting Printer Configuration

MEW was conducted using a custom-built printer as previously
described.l’! The material was placed in a glass syringe (3 mL
FORTUNA OPTIMA Luer Lock Tip, Poulten & Graf GmbH,
Wertheim, Germany) and connected to a metal nozzle (26-gauge
with Luer Lock, Carl Roth, Germany), cut to a length of 7.0 +
0.4 mm. The print head and the nozzle were heated to 200 °C
for each material with two separate electrical heaters and a con-
trollable air pressure system set to 3 bar enabling extrusion of
the melt. Printing parameters were chosen to be constant for the
neat PVDF and all blends to be able to compare the resulting sam-
ples and to study the influence of the particle content on MEW
processability. Moving of the print head in Z-direction and the
collector in X- and Y-direction is enabled by linear stages (Bosch
Rexroth AG, Lohr am Main, Germany) and controlled via G-code
using the software Indra Works Operation (Bosch Rexroth AG,
Lohr am Main, Germany). The collector distance to the print
head was set to 2.5 mm, a voltage of +1.5 and —1.5 kV was ap-
plied to the nozzle tip and the collector, respectively, supplied by
a high voltage laboratory power supply (Heinzinger LNC 10000-5
pos/neg, Rosenheim, Germany).

Single layered fibers were printed for fiber diameter analy-
sis onto glass microscope slides (ground edge, cat. No. 631-
1552, VWR, Germany). In addition to single fibers, MEW scaf-
folds were direct-written upon glass microscope slides with
20 x 20 mm in dimensions and fiber orientation of 0°-90° be-
tween each alternating layer within the programmed G-code.

2.5. Sample Imaging and Videography

For sample imaging, a SEM (Crossbeam 340 SEM equipped with
GEMINI e-Beam column, Carl Zeiss Microscopy, Géttingen, Ger-
many) was used. EDX was conducted on 4 nm platinum sputter-
coated (Leica EM ACEG600, Wetzlar, Germany) blends.

Magnetic behaviour was demonstrated on highly porous struc-
ture using PVDF scaffolds containing 30 wt% CI particles and a
PVDF scaffold without particles as a non-magnetic control using
amagnet. The magnetic properties of the CI particles were inves-
tigated using vibration sample magnetometry (VSM) in previous
studies.!?*2]

Videography was performed using a Nikon Z6 digital camera
with Nikon ED 200 mm lens. Editing of the videos was performed
using the software DaVinci Resolve 16.

2.6. Magnetic Field Measurements

In order to investigate the capability to stimulate fabricated scaf-
folds, the typical electromagnet utilizing DC magnetic field con-
nected to the DC voltage source Keithley 2401 (Keithley, USA) op-
erating at 24.6 V during measurements provided magnetic field
in the range from 40 to 240 kA m~! depending on the distance
from the electromagnet. The magnetic field strength was checked
using TeslaMeter FH-51 with probe HS-TB51 (Magnet-Physik,
Germany).

MEW-processed scaffolds were fixed and placed between the
electromagnet and a magnetic field of 240, 220, 136, and 64 kA

Macromol. Mater. Eng. 2022, 2200478 2200478 (3 Of8)
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Table 1. Summarized results obtained for various master batches of PVDF
containing Cl particles up to 30 wt%.

Sample code T [°C] AH, [ g7 T.[°C] X [%]
Neat PVDF 172+ 0.8 43 +0.2 132+0.2 41+0.6
PVDF 1-1 wt% 172 + 0.6 42+06 136+ 1.2 41403
PVDF 2-5 wt% 172+ 0.9 41+05 137+ 0.9 39407
PVDF 3-15 wt% 172 £0.2 36+ 1.3 137 £ 0.7 35+04
PVDF 4-30 wt% 172+ 0.4 32+09 137 + 1.4 31+ 1.1

were applied to stimulate the PVDF scaffolds containing 1, 5, 15,
or 30 wt% CI particles, respectively.

2.7. Cell Adhesion/Viability Tests

The viability of murine fibroblast cell line L929 CC1 (ATCC,
Rockville, USA), which were cultured on neat PVDF and PVDF
containing 1, 5, 15, and 30 wt% of CI particles scaffolds, were ob-
served via live/dead-staining (LIVE/DEAD Viability/Cytotoxicity
Kit, ThermoFisher Scientific). L929 CC1 (0.5 x 10°) were seeded
on each scaffold. Cells were cultured up to 4 d in Dulbecco’s
Modified Eagle Medium (DMEM) F-12 (+1vol% Pen/Strep and
+10vol% FCS) (Gibco, Thermo Fisher Scientific Inc., Waltham,
MA) at 37 °C (5% CO,/95% air). Live/dead-staining was per-
formed and the cell seeded scaffolds were imaged using fluo-
rescence microscopy (Axio Observer, Zeiss equipped with epi
fluorescence optics, an MRm camera, and an Apotome; Zeiss,
Oberkochen, Germany) with at least three samples for each con-
dition and five different images per sample.

3. Results and Discussion

In this study, the processability and the influence on the MEW
process of PVDF/CI particle blends were investigated for particle
contents ranging from 1 to 30 wt%. Due to long heating times of
several hours, both, the thermal stability and the melting temper-
ature of the processed materials are of importance for the MEW
process, as slight changes can influence the process.[**! There-
fore, thermogravimetric analysis (TGA) measurements were con-
ducted and revealed appropriate thermal stability of the neat
PVDF, as well as the blends with varying CI particle contents up
to 350 °C (Figure S2, Supporting Information). Using DSC, the
influence of the particle concentration on the melting tempera-
ture was investigated which demonstrated that the melting point
of PVDF does not shift by the addition of CI, as it remained at
172 °C despite the increasing amount of the magnetic particles
(Table 1 and Figure S3, Supporting Information).

Neat PVDF showed an X-ray diffraction pattern in good accor-
dance with the literature.l*!] The overall crystallinity was nearly
identical for individual master batches shown by the XRD mea-
surements (Figure S3C, Supporting Information), as well as the
resulting f-phase contents of the MEW-processed scaffolds cal-
culated from the Fourier-transform infrared spectroscopy (FTIR)
analysis (Figure S4, Supporting Information). Similar results
have been previously observed in literature for PVDF films con-
taining 1 to 10 wt% CI particles.’] The continual decrease of
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Figure 2. Overview SEM images of the scaffolds (top row, scale bar = 250 um), and stereomicroscopic (middle row, scale bar = 100 pm), as well as SEM
(bottom row, scale bar = 50 um) images of the neat PVDF and blends with increasing magnetic Cl particle content.

the crystallinity (X.) was connected to the increasing amount of
the magnetic particles in the master batches and thus the lower
amount of PVDF present in the system (Table 1).

Another important factor for MEW is the melt viscosity of the
polymer. Florczak et al.,['® showed that PVDF, investigated un-
der steady shear conditions, has a strong pseudoplastic character
and a viscosity around 100 Pa s for low shear rates at 190 °C. In
the present study, a different grade of PVDF was employed, and
the addition of CI particles could be expected to increase the vis-
cosity. At 200 °C, the viscosity of the blends increases moderately
but noticeably in the range from around 70 to 120 Pa s with in-
creasing CI particle content (Figure 1). However, these changes
should not significantly impact the ability to perform MEW.

MEW of PVDF and its copolymers, as already shown by
Florczak et al.’® and Kade et al.[*?! provides an option for
solvent-free fabrication of well-defined structures using elec-
troactive polymers. Furthermore, combining these materials
with magnetic particles offers the possibility to introduce mag-
netoactivity. Previously, the highest particle content which has
been added to a polymer matrix for electrohydrodynamic jetting
was 33 wt% of strontium-substituted bioactive glass embedded
within PCL.!) However, direct writing of these composite for-
mulations was only achieved using an evaporable solvent to re-
duce the viscosity.[*!) The highest particle concentration reporte-
for MEW to date is 7 wt% of hydroxyapatite particles.[2"]

PVDF could be MEW processed here with different amounts
of CI particles (1, 5, 15, and 30 wt%) using MEW without clog-
ging the nozzle and without any further additives or solvents.
Interestingly, the printing of all five materials below the criti-
cal translation speed (CTS) resulted in fiber pulsing and there-
fore, major variations of the fiber diameter (Video S1, Support-
ing Information). Increasing the speed reduced this fiber pulsing
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phenomenon. As previously described when MEW-processing
PVDF!'319] and its copolymer,[*?] the rapid solidification of these
materials during the printing process can lead to limited adher-
ence onto the collector, as well as reduced fiber stacking and warp-
ing of the printed constructs.

In this study, the extruded material cooled down “in air” while
the fibers were coiling for printing speeds below the CTS (Video
S1, Supporting Information). To direct-write straight fibers of
all materials studied in this work, printing speeds of 2000 and
2800 mm min~! were used. Furthermore, other processing pa-
rameters, e.g., collector-to-print head distance, applied voltage,
and temperatures, were chosen to result in a stable and homoge-
nous MEW jet and the parameters were kept constant for the neat
PVDF and all blends to enable better comparison and investiga-
tion of the particle content onto the MEW process.

Stereomicroscopic images of all processed blends visualize the
increasing amount of particles and the color changes to more
black fibers depending on the particle content (Figure 2).

When direct writing at speeds greater than the CTS, the neat
PVDF fibers showed a homogenous and smooth fiber surface
with similar results for the blends containing 1 and 5 wt% of
CI particles, as indicated by SEM images (Figure 2). Only for
the collector speed of 2000 mm min~! the neat PVDF resulted
in larger fiber diameters and with less accurate fiber placement
compared to the blends processed at the same collector speed,
which could be improved when adjusting the processing param-
eter, such as applied voltage, collector speed, and pressure, indi-
vidually for each direct-written material. Fiber uniformity started
to be affected for the PVDF/15 wt% CI which can also be seen
in the higher standard deviation for the fiber diameters (Ta-
ble 2). The blend containing 30 wt% CI particles resulted in the
smallest fiber diameters with nonuniform shape due to the high
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Table 2. Influence of two different collector speeds on the fiber diameter for neat PVDF and the different PVDF blends containing 1, 5, 15, and 30 wt%

Cl particles.

Collector speed Neat PVDF PVDF 1-1 wt% ClI PVDF 2-5 wt% ClI PVDF 3-15 wt% Cl PVDF 4-30 wt% ClI
[mm min~"] Diameter [um]

2000 51+7 42 +5 42 +5 50+9 37+12
2800 42+9 40+6 43+ 10 45+ 12 33+ 11

Figure 3. A) SEM and B,C) EDX images of a scaffolds printed with PVDF including 30 wt% Cl particles showing homogenous distribution throughout
the printed fibers. In (B1) and (C1) the fluorine (F) within the PVDF in yellow; in (B2) and (C2) the iron (Fe) in red and (B3) and (C3) the merged images

are visualized. Scale bars are A) 10 pm, B) 25 um, and C) T mm.

particle content, however, was still processable without nozzle
clogging.

Furthermore, the fiber diameter tested at two different speeds
well above the CTS remained similar for the different blends ex-
cept PVDF/30 wt% CI, which resulted in a decrease of fiber di-
ameters of around 10 um (Table 2). In addition, the warping of
printed constructs was visible for all materials (Video S1, Sup-
porting Information) affecting the printing process and resulting
in limited layer stacking, as previously mentioned and observed
for PVDF.[18:19]

With increasing amount of particles, more particles were visi-
ble on the fiber morphology as shown in Figure 2. Even though
the particles appeared mostly homogenously dispersed within
the PVDF matrix, the blends with 5 wt% or more CI also showed
domains with agglomerated particles. A similar surface morphol-
ogy was observed in films of 1-10 wt% CI particles in PVDF by
SEM showing a rougher surface with increasing particle content
compared to neat PVDF films.[’!

EDX results of the fabricated scaffolds confirmed the presence
of the iron (Fe) and gave further evidence of the rather homoge-
nous distribution of the particles within the fibers even for PVDF
with 30 wt% magnetic particles (Figure 3). In Figure 3A, agglom-
erations of a few particles were visible on the fiber surface. Sim-
ilar surface mophologies and particle clusters could be seen pre-
viously for PVDF films with different CI particle contents.>] In-
terestingly, the larger inhomogeneities (bulges) within the fibers
were not directly connected to the localised aggregation of CI par-
ticles, as these bulges did not show a visible increase or clustering
of Fe in EDX (Figure 3B1-3). Similar bulges have been observed

Macromol. Mater. Eng. 2022, 2200478 2200478 (5 of 8)

for CI particles (5%-13% (m/m)) dispersed in a polysulfone poly-
mer solution within electrospun fibers, especially with increasing
additive content.*}] Higher particle amounts within the polymer
solution did not enable sufficient fiber production resulting in
nozzle clogging due to the high viscosity and density of the incor-
porated particles.[*}] Figure 3C1-3 highlights the reduced stack-
ing accuracy of the PVDF 4-30 wt% CI blend, as well as the less
uniform fiber diameter.

Incorporated CI particles are known to offer potential mag-
netic behavior and have previously been investigated using a
VSM resulting in values between 188 and 229 emu g~! for the
neat particles.[?#?] Furthermore, CI particles incorporated within
a PVDF film showed a saturation magnetization commencing at
18 emu g~! for PVDF films containing 1 wt% of CI and increased
with increasing particle amount to 29 emu g~! for 10 wt% as in-
vestigated by Sang et al.l’]

The magnetic behavior of the MEW-processed scaffold using
the PVDF containing 30 wt% CI particles was compared to a scaf-
fold made from neat PVDF (Video S2, Supporting Information).
The scaffold containing CI particles adhered to magnets and fol-
lowed its movement in contrast to the neat PVDF scaffold without
particles. Furthermore, magnetic field measurements were per-
formed for the blends containing 1, 5, 15, and 30 wt% CI parti-
cles showing magnetic activity in response to the applied field. In
Videos S3 and S4 (Supporting Information), the magnetic activity
of MEW scaffolds containing 1 and 30 wt% CI particles are shown
with an applied magnetic field of 240 and 64 kA, respectively. All
blends with CI particles showed magnetic properties and mag-
netoactivity increased with increasing CI particle concentration
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Figure 4. Live/Dead staining using L929 cells with the corresponding cell viability at A~E) day 1 and F—J) day 4 for MEW-processed scaffolds using A,F)
neat PVDF without particles and blends containing B,G) 1wt%, C,H) 5 wt%, D,l) 15 wt%, and E,J) 30 wt% of Cl particles. Scale bars are 100 um. Green

(Calcein AM): live cells, red (Ethidium homodimer-1): dead cells.

within the PVDF matrix. Nevertheless, further in-depth investi-
gation of the magnetic properties might be needed depending on
the chosen application.

One potential application for the magnetoactive fibers pre-
sented here is magnetically responsive 3D constructs for stimuli-
responsive 4D printing. MEW allows to overcome current resolu-
tion limits of other 3D printing techniques and offers freedom in
the design of scaffolds with high accuracy in fiber placement.[*!
A recent study, for example, developed a MEW fiber embedded
silicone tube that provided ultrafast actuation.[*}! Furthermore,
an improved MEW printer capable of printing more than one ma-
terial at a time could further enhance the complexity of printed
constructs by combining advantageous properties of different
materials, such as producing shape morphing constructs!2°-31:3]
within a single processing step.

As a first step to expand the list of potential applications to-
wards biomedical use, a live/dead assay was performed with L929
cells on those scaffolds at day 1 and day 4 (Figure 4). The cell vi-
ability at day 1 for the PVDF control was 97 + 2%, and 87 + 8%,
89 + 1%, 82 + 11%, and 80 + 7% for 1, 5, 15, and 30 wt% CI par-
ticles containing scaffolds, respectively. The fluorescence images
of 1929 cells on the novel hybrid materials also confirmed cells
adhering well to PVDF scaffolds containing CI particles. The cell
viability at day 4 was 88 & 7% for the neat PVDF, and 85 + 8%, 87
+ 9%, 87 + 10%, and 78 + 12% for 1, 5, 15, and 30 wt% CI par-
ticles containing scaffolds, respectively. The lowest cell viability
was shown for scaffolds containing 30 wt% CI particles. Previ-
ously, other studies also that CI particles are commonly consid-
ered as nontoxicl?*?’! and, therefore, are promising candidates
for biomedical applications. Nevertheless, outcomes regarding
the toxicity of neat CI particles are variable,*’] and likely related
to their preparation and purification.

These first cell viability test of the electroactive PVDF scaffolds
containing up to 30 wt% CI particles could lead to promising
applications, especially for biomechanical stimulation through
loads induced via magnetic fields.[®) For such 4D printing ap-
proaches, further investigations would be needed with appropri-
ate cells that incorporate proliferation assays, surface functional-
ity, and mechanical stimulation. Piezoelectric PVDF containing

Macromol. Mater. Eng. 2022, 2200478 2200478 (6 Of8)

magnetostrictive particles such as cobalt iron oxide (CoFe,0,)
demonstrated promising results for bone tissue repair strate-
gies due to the magnetomechanical and magnetoelectrical re-
sponse of the material.[® These hybrid materials have the poten-
tial for many tissue engineering applications since they can stim-
ulate tissue regeneration via magnetic to mechanical to electri-
cal conversion/stimuli and external scaffold control via magnetic
fields.[*¢] Similar applications are envisioned for the presented
micro periodic PVDF scaffolds.

4, Conclusion

In summary, the MEW-processability of PVDF blends with up
to 15 wt% CI particles provided a good balance of particle dis-
tribution, print quality, magneto-activity, and cell adhesion while
avoiding nozzle clogging. Investigations of the crystalline phase
using XRD and DSC showed negligible change in the material
properties, and viscoelastic investigations confirmed slightly in-
creased viscosity for the master batches with higher particles con-
tent. Furthermore, the particles did not significantly affect the
printability of the blends, as we could process the melts to obtain
stable jets and microfiber scaffolds. Mostly, the fabricated fibers
were uniform and showed diameters between 30 and 50 pm.
Only the blend containing 30 wt% CI particles resulted in less
uniform fibers, as well as less accurate placement and rougher
fiber surface. Nevertheless, to the best of our knowledge, this is
the highest particle amount in MEW-processed polymers with-
out the need of additives or solvents, while still enabling a stable
jet and sufficient MEW-processability without major parametric
changes compared to the neat material resulting in magnetically
active scaffolds even at only 1 wt% CI particle loading.
Furthermore, the cell viability of L929 cells showed similar be-
havior for the PVDF control sample and the blends containing up
to 30 wt% CI particles with sufficient cell adherence at day 4. With
further investigations into their cytocompatibility, these blends
could offer potential magnetoactive cell stimulation or stimuli-
responsive 4D printing using MEW. From the processing per-
spective, including CI particles into the melt minimally affected
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the jet, offering a road map for researcher to introduce more func-
tion into MEW-processable materials.
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