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Abstract: With the increasing demand for smart textile and sensor applications, the interest in
printed electronics is rising. In this study, we explore the applicability of electrospun membranes,
characterized by high porosity and hydrophobicity, as potential substrates for printed electronics. The
two most common inks, silver and carbon, were used in inkjet printing to create a conductive paths
on electrospun membranes. As substrates, we selected hydrophobic polymers, such as polyimide
(PI), low- and high-molecular-weight poly (vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) and
polystyrene (PS). Electrospinning of PI and PVB resulted in nanofibers in the range of 300–500 nm
and PVB and PS microfibers (1–5 µm). The printed patterns were investigated with a scanning
electron microscope (SEM) and resistance measurements. To verify the biocompatibility of printed
electrodes on the membranes, an indirect cytotoxicity test with cells (MG-63) was performed. In this
research, we demonstrated good printability of silver and carbon inks on flexible PI, PVB and PS
electrospun membranes, leading to electrodes with excellent conductivity. The cytotoxicity study
indicated the possibility of using manufactured printed electronics for various sensors and also as
topical wearable devices.
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1. Introduction

Direct-write technologies have disrupted the manufacturing of electronic devices over
the last decade [1]. This simple and affordable strategy uses direct patterning of conducting
and functional inks on a wide variety of substrates [2]. Inkjet [3], electrohydrodynamic [4]
and aerosol jet [5] printing are common droplet-based printing techniques that fall under
additive manufacturing technology [6]. Various devices such as transistors, batteries, solar
cells, sensors and health monitoring have been fabricated using these techniques [7–10].
Inkjet technology is a digital, noncontact direct-write technique under printed electronics
that has shown great promise to fabricate flexible, bent and stretchable electronics [11].
Printing in the drop-on-demand (DOD) mode accelerates the development of new fields
of applications in smart textiles [12]. In inkjet printing, the drop ejection is controlled by
trigger signals passing through actuators in the printhead. The actuators used in DOD
inkjet printing are either thermal or piezoelectric. Thermal actuators heat up upon the
passage of the trigger signal, which leads to fluid expansion followed by drop ejection;
while in piezoelectric actuators, the trigger signal causes electromechanical displacement
in the piezoelement to thrust out an ink droplet [13,14]. Printed patterns on a substrate
need to undergo postprocessing steps such as drying and sintering to, respectively, remove
solvents and binders from functional inks and generate conductive paths [15].

Printing quality depends on various process parameters, such as droplet size, noz-
zle diameter, the distance between the nozzle and substrate, ink viscosity and surface
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tension [12,16]. Substrates can be selected from both synthetic and natural materials hav-
ing flexibility, heat resistance, surface smoothness, adjustable thickness and low cost [17].
Although the inkjet technique is becoming more and more popular, there are still some
limitations [18], and selecting the best substrates is still being investigated [19–21]. More-
over, choosing an appropriate sintering method for a particular substrate is demanding,
as the postprocessing methods should not damage the substrate [13,22,23]. Electrospun
fibers have been explored as printing screen stencils [24], but using them as the substrate
for printed electronics due to high surface roughness and porosity is still challenging.
However, fibrous membranes can have excellent mechanical properties [25,26] and high
flexibility [27,28], which are advantageous for wearable sensors [29–33]. With electro-
spinning, it is possible to produce meshes with a high surface-area-to-volume ratio, great
permeability and adjustable functionality [31,34]. Recent advancement in the large-scale
production of electrospun fibers [35–38] has led to extensive research for the deployment of
these materials for different applications [39–43]. Electrospinning provides the production
of polymeric fibers with a broad range of diameters, from nano- to microscale, affecting
the pore size and porosity of the membranes [44–46]. Moreover, the wetting properties
of the electrospun mats can be controlled by selecting hydrophilic or hydrophobic poly-
mers [47–49]. The surface properties of electrospun polymer fibers can be controlled via
electrospinning parameters or by further modifications [50]. For instance, inkjet print-
ing was applied to deposit silver nanoparticles (AgNPs) on polyurethane (PU) fibers to
manufacture an antimicrobial membrane for water purification [51]. Poly(caprolactone)-
poly(glycerol sebacate) (PCL-PGS) electrospun fibers were printed with silver ink to create
stretchable and biodegradable electronics. Additionally, the manufactured conductive
materials did not show cytotoxicity on NIH 3T3 fibroblasts, indicating their potential
application as smart dermal patches [52].

This study aims to perform a visibility study to explore the suitability of commonly
used electrospun fibers as substrates for inkjet printing. We selected polyimide (PI),
poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) nanofibrous and PVB and
polystyrene (PS) microfibrous membranes as substrates for inkjet printing with silver
and carbon ink. Fiber diameter is a crucial parameter in electrospun membranes, as it
determines the pore size and surface roughness. We studied the influence of fiber diameter
on the quality of inkjet-printed electrodes with both silver and carbon ink. The detailed
morphology and electrical resistance of printed layers were analyzed to justify the printing
quality. An indirect cytotoxicity assay was also performed to investigate the biocompatibil-
ity of printed electrodes. We demonstrated the importance of polymer and ink selection,
especially concerning their required sintering temperature and particle size. Most impor-
tantly, the geometry of membranes related to the fiber diameter and pore size defines the
ink penetration and further application of obtained printed electrodes on porous substrates.
We believe this work can open up new routes for deploying electrospun fibers as flexible
substrates for printed electronics with a huge potential in smart textiles.

2. Materials and Methods
2.1. Electrospinning

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) and polystyrene (PS) were
obtained from Sigma-Aldrich (St. Louis, MO, USA); polyimide (PI) was provided by
Ensinger Sintimid GmbH (Graz, Austria). Prior to the solution preparation, PS and PI were
dried at T = 30 ◦C for 3 h and at T = 50 ◦C for 4 h, respectively (Drying Oven, POL-ECO
Aparatura, Wodzisław Śląski, Poland). Low- (LMw, Mw = 70,000–100,000 g·mol−1) and
high- (HMw, Mw = 170,000–250,000 g·mol−1) molecular-weight PVB was dissolved up
to 10 wt% in methanol, N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)
mixed in ratio 5:4:1 for LMw and ratio 4:5:1 for HMw and stirred for 3 h at 1000 rpm in 35 ◦C.
Fibers obtained from mentioned solutions were referred to as nano- and microfibers. The
25 wt% solution of PS (350,000 g·mol−1) in DMF was prepared and 12 wt% PI in DMSO and
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dimethylacetamide (DMAc) mixed in ratio 7:3. Solutions were stirred for 4 h at 500 rpm in
20 ◦C and 12 h at 250 rpm in 35 ◦C, respectively.

Fibers were manufactured via electrospinning (Figure 1A) with climate control (Tech-
NOVA, Beijing, China) and deposited for 1.5 h on the rotating (5 rpm) collector covered
with baking paper. Electrospinning parameters for all samples are presented in Table 1.
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Figure 1. The schematic diagram representing all stages of fabrication of conducting path on electro-
spun fibers, consisting of (A) electrospinning the polymer membrane, (B) printing conductive inks
directly on electrospun membranes and (C) sintering processes of printed ink on polymer fibers with
marked locations of image regions via SEM in Figures 3–5 on the printed profiles for all samples.

Table 1. Summary of all the electrospinning parameters to produce PVB, PS and PI electrospun membranes.

Electrospun
Membrane

Voltage Applied
Needle–Collector [kV]

Distance
Needle–Collector [cm]

Flow Rate
[mL·h−1]

Temperature
[◦C]

Humidity
[%]

nano PI 16 15 0.3 22 60
nano PVB 14–15 15 1.0 25 30
micro PVB 10–11 15 1.5 25 30
micro PS 11–12 20 1.5 25 40

2.2. Inkjet Printing and Sintering

A Dimatix DOD inkjet printer DMP-2850 (FujiFilm, Santa Clara, CA, USA), equipped
with a drop-watcher and a fiducial camera, was used to print water-based silver or carbon
nanoparticles inks (JS-A101A, JR-700LV, NovaCentrix, Austin, TX, USA). The silver ink
(η = 5–7 mPa·s, σ = 19–30 mN·m−1) was passed through PP filter with glass fibers prefilter
(pore size 0.2 µm, Pall Life Sciences, USA) before printing and then injected into an inkjet
cartridge with drop volume of 1 pL (Dimatix Model Fluid, FujiFilm, Santa Clara, CA, USA).
For carbon-based ink (η = 3–6 mPa·s, σ = 30–35 mN·m−1), 10 pL inkjet cartridges were
used. Nano and micro PVB, PS and PI fibers were used as a substrate for printing, see
Figure 1. Prior to printing, both cartridge and platen were heated up to 40 ◦C and substrate
was tightly fixed to the platen with the tape. The applied trigger voltage for silver and
carbon inks was 32 and 40 V, respectively. The distance between the platen and cartridge
was set to 700 µm for PVB membranes with silver ink and 1000 µm for carbon ink. For PS
and PI membranes, the cartridge–platen distance was 1200 µm and 1000 µm, respectively,
for both inks. For all membranes, two layers of ink were printed as summarized in Table 2.

To obtain homogenous and conductive layers on the substrates by removing unnec-
essary additives, sintering was performed. Nano- and microfiber-based PVB membranes
were sintered for 15 h at 70 ◦C in the furnace (Nabertherm GmbH, Lilienthal, Germany).
PS and PI membranes were sintered on hot plate (IKA C-MAG HS7, Staufen, Germany) for
20 min at 90 ◦C and 10 min at 140 ◦C for silver ink, respectively. In the case of carbon ink,
PS membrane was sintered for 1 h at 90 ◦C, while PI for 15 min at 200 ◦C.
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Table 2. Summary of the printing parameters for silver and carbon ink on the PI and PVB nanofibers,
PVB and PS microfibers.

Membrane Silver Ink Carbon Ink

Voltage [V] Distance between the Platen
and Cartridges [µm] Voltage [V] Distance between the Platen

and Cartridges [µm]

nano PI 32 1000 40 1000
nano PVB 32 700 40 1000
micro PVB 32 700 40 1000
micro PS 32 1200 40 1200

2.3. Characterization of Printed Layers on Electrospun Membranes

Membrane morphology and printing quality were investigated using scanning electron
microscope (SEM, Merlin Gemini II, Zeiss, Munich, Germany) with an accelerating voltage
of 3 kV and 120 pA current at a working distance of 5–8 mm. Prior to imaging, the
samples were sputtered with 8 nm Au layer (Q150RS, Quorum Technologies, Laughton,
UK). Additionally, the samples were immersed in the liquid N2 to obtain the cross-section
by cutting the frozen sample with a scalpel. The average thickness of ink penetration
into the electrospun membranes was measured from obtained cross-section images using
ImageJ software (ver. 1.53v, National Institutes of Health, Bethesda, MD, USA). The SEM
investigation was performed as marked in Figure 1C; the cross-section images were taken
from region 5.

The wetting properties of electrospun membranes were determined. The contact angle
was analyzed with deionized water (DI water, Spring 5UV purification system Hydrolab,
Straszyn, Poland). Images were taken with a Canon EOS 700D camera with EF-S 60 mm
f/2.8 Macro USM zoom lens within 3 s after droplet (3 µL) deposition on the membrane.
The contact angle was analyzed using an MB-Ruler (ver. 5.3, Iffezheim, Germany), and the
mean value was calculated from 10 measurements.

The resistance of all sintered samples was measured with two-probe digital multimeter
(Keithley, Beaverton, OR, USA). The measurements were performed for all samples with
the same distance between the electrodes (1.5 cm), see marked line with R in Figure 1C. The
average resistance and errors based on standard deviation were calculated from 3 separate
measurements at different locations for each sample type.

2.4. Indirect Cytotoxicity Test

The samples with a diameter of 15 mm were cut from pristine and printed PI and PVB
nanofibers, PVB and PS microfibers. Next, they were sterilized with UV light for 30 min
and incubated in 2 mL of complete cell culture medium composed of Dulbecco’s modified
Eagle medium (DMEM with 4.5 g/L D-glucose, Biological Industries, Kibbutz Beit-Haemek,
Israel), supplemented with 10% of fetal bovine serum (FBS, Biological Industries, Israel), 2%
of antibiotics (penicillin-streptomycin, Biological Industries, Kibbutz Beit-Haemek, Israel),
1% of aminoacids (Mem nonessential amino acid solution 100×, Sigma-Aldrich, St. Louis,
MO, USA) and 1% of L-glutamine solution (Biological Industries, Kibbutz Beit-Haemek,
Israel) for 72 h at 37 ◦C, RH = 90% and 5% of CO2 (Memmert GmbH + Co.KG, INC 108med,
Schwabach, Germany). Afterward, samples were collected and stored at 4 ◦C. Human
osteoblasts cells (MG-63) were seeded on 96-well plate with density of 4 × 103 per well and
cultured for 24 h. Next, cell culture medium was discarded, and osteoblasts were incubated
for 24 h with collected supernatants. For positive control, cells were incubated with cell
culture medium. For all the solutions, 4 repetitions were performed. After 24 h, 20 µL of
CellTiter Blue (Promega, Madison, WI, USA) reagent was added and incubated for 4 h at
37 ◦C, RH = 90% and 5% of CO2. Then, 100 µL of each reaction solution was transferred to
the 96-well plate, and the fluorescence was measured (excitation 560 nm/emission 590 nm)
(GloMax Discover, Promega, Madison, WI, USA). Analysis of variance (one-way ANOVA
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followed by Tukey’s posthoc test) was used to determine the level of significance between
the samples; the statistical significance was evaluated at p < 0.05.

3. Results and Discussion
3.1. Printability

The printability of silver and carbon inks was verified on hydrophobic electrospun
membranes with a wide range of fiber diameters from 300 nm to 5 µm (Figure 2). According
to our previous studies [53,54], the average fiber diameter for PI and PVB nanofibers was
500 ± 70 nm and 335 ± 86 nm, respectively. PVB microfibers were characterized by a
higher fiber diameter of 966 ± 92 nm [53], and the PS fibers even reached an average fiber
diameter of 5.41 ± 0.29 µm [55].
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Figure 2. SEM micrographs and water droplet images on electrospun fibers: (A,B) nano PI, (C,D) nano
PVB, (E,F) micro PVB (G,H) and micro PS. (I) The column chart indicates the average fiber diameter
and water contact angle of nano PI, nano PVB, micro PVB and PS fibers.

A high-resolution pattern was inkjet printed on the fibrous membranes. The excellent
printability of silver inks on nano PI and PVB fibers (Figure 3A,B) can be attributed to
the smaller pore diameter and lower surface roughness of these membranes [56]. Silver
ink was homogenously distributed and created smooth coverage on the membranes. For
PVB and PS microfibers, the greater pore size led to ink penetration in the substrates, thus
lower printing quality. The surface tension of silver and carbon ink is much lower than
for water to measure the wetting properties [57,58]; therefore, ink droplets on electrospun
membranes were spread while compared to hydrophobic contact angles, presented in
Figure 1 [53,54,59]. Additionally, the micro PS fibers showed slightly different wetting
behavior with ink than the other substrates, as the polymer’s surface free energy varies too.
Among all substrates, the surface free energy of PS is the lowest, reaching 25 mJ·m−2 [47].
The surface free energy of electrospun fibers can vary for polymer films and electrospun
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fibers [50], which can affect the drying of inks after printing [21,60]. Small ink droplets with
a volume of 1 pL were unable to fully cover the PVB microfiber-based membranes for two
printed passes of silver ink. The pores related to the distance between the microfibers in the
electrospun mesh are greater than between nanofibers [56]; therefore, printing with silver
ink was insufficient in creating a homogenous layer on the membrane surface (Figure 3C).
Interestingly, the PS microfiber electrospun mesh based on the microfibers was covered
with sliver ink islands, as the ink was entrapped between the fibers and not well-distributed
on the PS membrane. The droplets of silver ink have similar behavior to water droplets on
the single fiber [61]. Further, as the distance between the fibers is large, the ink penetrates
the membrane (Figure 3D).
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Figure 3. SEM micrographs of electrospun membranes: (A,E) nano PI and (B,F) nano PVB, (C,G) mi-
cro PVB and (D,H) micro PS printed with two layers of silver and carbon ink, respectively. All
pictures were taken after sample sintering.

For carbon ink, detailed observation with SEM micrographs demonstrated differences
in the wetting property of fibers and the uniformity of printed electrodes. The two layers of
carbon ink printed on nano and micro PVB and nano PI fibers homogeneously covered the
electrospun membrane surface (Figure 3E–G). The carbon layer on the micro-PS membrane
showed similar morphology as the silver ink. Generally, the droplets of ink were entrapped
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between the fibers in pores; however, we also observed the wetting effects on the individual
single fibers (Figure 3H), indicating that the surface free energy of the electrospun polymer
fibers can affect their wettability. In printing, the nozzle diameter directly affects the droplet
size, which in turn affects the printing resolution. The small droplets (1 pL) of silver ink were
not able to cover the fiber’s surface even when two layers were printed, see Figure 3A–D. In
contrast, the droplets of carbon ink were larger (10 pL), creating a uniform coating layer on
the electrospun membranes, see Figure 3C–H. The viscosity and surface tension of both inks
were similar; the only difference was the needle size during the printing, regulating the size
of ink droplets, so the amount of deposited ink too.

The detailed study of ink and fiber interaction indicated the difference in the morphol-
ogy of sintered ink on the electrospun membranes. The layer of silver ink was smooth
(Figure 4A–D) while carbon ink created a rugged structure (Figure 4E–H). After sintering,
both inks were well integrated with the fibers, and for the nano and micro PVB and nano
PI fibers, inks were entrapped between the fibers. Macro PS fibers were coated with ink too.
Most importantly, the sintering process at the adjusted temperature for all polymers did
not affect the morphology of the fibers.
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To investigate the penetration depth of the inks in the electrospun fibers, a cross-section
of each sample was analyzed with SEM. The cross-section micrographs clearly showed the
interaction between the fibers and ink from a different perspective. The typical top view of
printed layers on nano PI and nano PVB showed limited ink penetration into the membranes
(Figure 3). However, cross-sectional images presented in Figure 5A,B,E,F indicated ink
infiltration through the electrospun membrane. Ink droplets were able to penetrate the
membrane, reaching the bottom of the sample. Additionally, for the microfibers, PVB and
PS, cross-section images demonstrated that both inks partially penetrated the membrane,
as for nanofibers. The greater the fibers’ diameter, the smaller ink droplets were integrated
into the fiber rather than entrapped between the fibers (Figure 5C,D,G,H), which is related
to the already discussed wetting properties of electrospun fibers [62]. In the case of the PS
membrane, both silver and carbon ink infiltrated close to the sample surface at 7.3 ± 1.3 µm
and 10.6 ± 1.0 µm, respectively, see Figure 5D,H. Interestingly, both inks penetrated most of
the membranes at similar depths around 7 µm. Except for silver ink in PI nanofibers, which
infiltrated up to the 5.6 ± 0.3 µm and carbon ink in PS microfibers up to the 10.6 ± 1.0 µm.
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After sintering, a uniform and glossy silver layer was created on the nano and micro
PVB fibers (Figure 6B,C); however, printed electrodes on the PI and PS fibers were dim
and less uniform (Figure 2A,D). Macroscopic images of electrospun membranes printed
with carbon ink did not show significant differences in the printing quality comparing the
substrates (Figure 3A,B,E,F). All the printed surfaces were glossy after sintering. Despite
the hydrophobic character of electrospun membranes (Figure 2), they demonstrated the
absorption capacity of water-based inks. Therefore, both inks presented even distribution
and spreading, creating continuous patterns on all electrospun substrates.
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microfibers (C,G) PVB and (D,H) PS printed with two layers of silver ad carob ink respectively. All
pictures were taken after sintering step.

3.2. Resistance

The glass transition (Tg) temperature of PVB, PS and PI enables the sintering of silver
ink at a temperature close to the optimal sintering temperature (140 ◦C) stated in the ink
datasheet [57]. Therefore, electrospun membranes printed with silver ink can present
lower resistance than those with carbon ink. Moreover, silver ink has intrinsically higher
conductivity than carbon ink according to the technical data sheet [58]. Cartridges with
smaller nozzle diameters were used for printing with silver ink, thus the 1 pL droplets
were able to create a more homogenous conductive layer and closely packed conductive
structure than carbon ink.

The size of silver particles in the ink was in the range of 30–50 nm [57] while carbon
was in the range of 120–150 nm [58]. Therefore, a bigger printhead was used for carbon
ink to pass through the nozzles in the cartridge. These settings were limited by the
commercial printing setup used for our studies, but it affected the quality of printing
that has to be taken into account when electrospun membranes are used as substrates
for printing [63]. Moreover, small error bars also confirmed the uniformity of the silver
printed layer, see Figure 7. The sintering temperature of carbon ink (250 ◦C) is significantly
higher than for silver and destructive for the used polymers. Hence, the maximum applied
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temperature was set at 200 ◦C; consequently, electrospun meshes printed with carbon ink
were less conductive than those with silver. Furthermore, the homogeneity of printing
was also reduced, which is visible by the high error bars, see Figure 7. The wetting
of the deposited ink droplets on the substrate was influenced by the surface roughness
and hydrophobicity, which play a crucial role in printing quality [7,64]. The roughness
of electrospun membranes is strictly correlated with the fibers’ diameter [47], thus the
polymer selection and electrospinning parameters. Membranes printed with silver ink
showed the greatest conductivity in comparison to those printed with carbon ink, even the
volume of the printed ink was 10 times lower on the electrospun membranes.
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3.3. Cytotoxicity

The indirect in vitro cytotoxicity of printed layers was investigated, see Figure 8.
Cell culture medium incubated with PI and PVB nanofibers and PVB microfibers and
then used for osteoblasts culture did not reduce cell proliferation [65,66]. The level of
measured fluorescence for those samples related to the number of living cells was on a
similar level as the TCPS-positive control. Even as a different sintering temperature was
used for the electrospun membranes printed with silver ink, all of them demonstrated
reduced proliferation. Silver nanoparticles are widely applied for antibacterial materials;
however, in contact with cells, they could induce a cytotoxic effect [67]. PI membrane
printed with carbon ink and sintered at the required temperature (200 ◦C) did not affect
the cells’ development. On the contrary, both PVB membranes printed with carbon ink
and sintered at low temperatures reduced cell proliferation. Cells cultured with medium
incubated with PS microfibers showed significantly lower proliferation than other tested
membranes; moreover, PS has already been reported to possess low biocompatibility [59].
For the sintering temperature of silver and carbon inks not reaching the required value,
some additives remained in the membrane. Then they were released to the cell culture
medium and the proliferation was reduced.
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statistically significant differences with TCPS.

4. Conclusions

In this study, we verified commonly electrospun polymer membranes as substrates
for inkjet printing of conductive paths using two standard inks: carbon and silver. All the
electrospun membranes were hydrophobic based on nano- and microfibers. We showed
that hydrophobic fibers are able to facilitate ink absorption. Electrospun fibers are flexible
and elastic but can also be biocompatible and degradable; therefore, they fulfill the typical
requirements for substrates in printed electronics and medical sensors. Fibrous membranes
printed with silver ink showed lower resistance when compared to carbon ink. Furthermore,
the greatest conductivity was obtained for nano PI membrane printed with silver ink, as
the sintering temperature could reach the recommended value of 140 ◦C due to the thermal
stability of this polymer. Additionally, the 1 pL droplets of deposited ink resulted in
a homogenous layer creating a sufficient conductive path in the electrospun substrate.
These results indicated that the most limiting factor for selected nanofiber and microfiber
electrospun membranes was the sintering temperature, which should not exceed the Tg
of polymer used as a substrate. Most importantly, we showed that fiber diameter, hence,
pore size, in the membrane had an impact on the printing quality and ink penetration
depth. The cytotoxicity studies demonstrated slightly reduced cell proliferation by the
electrospun membranes printed with silver and carbon ink, especially for PS. The best
biocompatibility results were obtained for the nano PI membrane, which is related again to
the sintering temperature of ink required to remove the residues of solvents. This visibility
study explored the most important aspects of developing printed electronics on electrospun
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substrates. We provide guidance in designing smart textiles based on polymer selection,
membrane morphology, resistance and biocompatibility.
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12. Wiklund, J.; Karakoç, A.; Palko, T.; Yiğitler, H.; Ruttik, K.; Jäntti, R.; Paltakari, J. A Review on Printed Electronics: Fabrication
Methods, Inks, Substrates, Applications and Environmental Impacts. J. Manuf. Mater. Process. 2021, 5, 89. [CrossRef]

13. Abdolmaleki, H.; Kidmose, P.; Agarwala, S. Droplet-Based Techniques for Printing of Functional Inks for Flexible Physical
Sensors. Adv. Mater. 2021, 33, 2006792. [CrossRef] [PubMed]

14. Pandhi, T.; Chandnani, A.; Subbaraman, H.; Estrada, D. A Review of Inkjet Printed Graphene and Carbon Nanotubes Based Gas
Sensors. Sensors 2020, 20, 5642. [CrossRef]

15. Bhuiyan, E.H.; Behroozfar, A.; Daryadel, S.; Moreno, S.; Morsali, S.; Minary-Jolandan, M. A Hybrid Process for Printing Pure and
High Conductivity Nanocrystalline Copper and Nickel on Flexible Polymeric Substrates. Sci. Rep. 2019, 9, 19032. [CrossRef]
[PubMed]

http://doi.org/10.3389/fmats.2021.647229
http://doi.org/10.1007/s40430-019-2066-3
http://doi.org/10.1039/B609204G
http://doi.org/10.2352/J.ImagingSci.Technol.2021.65.4.040405
http://doi.org/10.1016/0021-8502(94)90204-6
http://doi.org/10.1002/admt.202000148
http://doi.org/10.1039/c3tc31220h
http://doi.org/10.3390/app8020288
http://doi.org/10.1016/S0040-6090(03)00801-0
http://doi.org/10.1002/anie.201408638
http://doi.org/10.1021/acsaelm.9b00428
http://doi.org/10.3390/jmmp5030089
http://doi.org/10.1002/adma.202006792
http://www.ncbi.nlm.nih.gov/pubmed/33772919
http://doi.org/10.3390/s20195642
http://doi.org/10.1038/s41598-019-55640-7
http://www.ncbi.nlm.nih.gov/pubmed/31836818


Polymers 2022, 14, 5043 13 of 14

16. Mhetre, S.; Carr, W.; Radhakrishnaiah, P. On the relationship between ink-jet printing quality of pigment ink and the spreading
behavior of ink drops. J. Text. Inst. 2010, 101, 423–430. [CrossRef]

17. Öhlund, T.; Örtegren, J.; Forsberg, S.; Nilsson, H.-E. Paper surfaces for metal nanoparticle inkjet printing. Appl. Surf. Sci. 2012,
259, 731–739. [CrossRef]

18. Lemarchand, J.; Bridonneau, N.; Battaglini, N.; Carn, F.; Mattana, G.; Piro, B.; Zrig, S.; Noël, V. Challenges, Prospects, and
Emerging Applications of Inkjet-Printed Electronics: A Chemist’s Point of View. Angew. Chem. Int. Ed. 2022, 61, e202200166.
[CrossRef]

19. Jansson, E.; Lyytikäinen, J.; Tanninen, P.; Eiroma, K.; Leminen, V.; Immonen, K.; Hakola, L. Suitability of Paper-Based Substrates
for Printed Electronics. Materials 2022, 15, 957. [CrossRef]

20. Genina, N.; Janßen, E.M.; Breitenbach, A.; Breitkreutz, J.; Sandler, N. Evaluation of different substrates for inkjet printing of
rasagiline mesylate. Eur. J. Pharm. Biopharm. 2013, 85, 1075–1083. [CrossRef]

21. Khan, S.; Ali, S.; Khan, A.; Wang, B.; Al-Ansari, T.; Bermak, A. Substrate Treatment Evaluation and Their Impact on Printing
Results for Wearable Electronics. Front. Electron. 2021, 2, 1–10. [CrossRef]

22. Agarwala, S.; Goh, G.L.; Dinh Le, T.-S.; An, J.; Peh, Z.K.; Yeong, W.Y.; Kim, Y.-J. Wearable Bandage-Based Strain Sensor for Home
Healthcare: Combining 3D Aerosol Jet Printing and Laser Sintering. ACS Sens. 2019, 4, 218–226. [CrossRef]

23. Karakurt, I.; Lin, L. 3D printing technologies: Techniques, materials, and post-processing. Curr. Opin. Chem. Eng. 2020, 28,
134–143. [CrossRef]

24. Zhang, T.; Mu, X.; Jiang, M.; Huang, L.; Zhao, J. Use of electrospun fiber membrane as the screen printing stencil for high
definition printing. Mater. Res. Express 2019, 6, 1150h7. [CrossRef]

25. Huang, L.; Bui, N.-N.; Manickam, S.S.; McCutcheon, J.R. Controlling electrospun nanofiber morphology and mechanical
properties using humidity. J. Polym. Sci. Part B Polym. Phys. 2011, 49, 1734–1744. [CrossRef]

26. Rashid, T.U.; Gorga, R.E.; Krause, W.E. Mechanical Properties of Electrospun Fibers—A Critical Review. Adv. Eng. Mater. 2021,
23, 2100153. [CrossRef]

27. Costa, T.; Ribeiro, A.; Machado, R.; Ribeiro, C.; Lanceros-Mendez, S.; Cavaco-Paulo, A.; Almeida, A.; das Neves, J.; Lúcio, M.;
Viseu, T. Polymeric Electrospun Fibrous Dressings for Topical Co-delivery of Acyclovir and Omega-3 Fatty Acids. Front. Bioeng.
Biotechnol. 2019, 7, 390. [CrossRef]

28. Luraghi, A.; Peri, F.; Moroni, L. Electrospinning for drug delivery applications: A review. J. Control. Release 2021, 334, 463–484.
[CrossRef]

29. Al-Hazeem, N.Z. Effect of the Distance between the Needle Tip and the Collector on Nanofibers Morphology. Nanomed.
Nanotechnol. 2020, 5, 1–5. [CrossRef]

30. Kenawy, E.-R.; Abdel-Hay, F.I.; El-Newehy, M.H.; Wnek, G.E. Processing of polymer nanofibers through electrospinning as drug
delivery systems. Mater. Chem. Phys. 2009, 113, 296–302. [CrossRef]

31. Chauhan, D.; Singh, N.; Afreen, S.; Talreja, N.; Ashfaq, M.; Sankararamakrishnan, N.; Chaudhary, G.R. A thermoresponsive
CA-PNIPAM based electrospun nanofibrous membrane for oil/water separation. New J. Chem. 2022, 46, 18984–18989. [CrossRef]

32. Babu, A.; Aazem, I.; Walden, R.; Bairagi, S.; Mulvihill, D.M.; Pillai, S.C. Electrospun nanofiber based TENGs for wearable
electronics and self-powered sensing. Chem. Eng. J. 2022, 452, 139060. [CrossRef]

33. Hou, X.; Zhou, Y.; Liu, Y.; Wang, L.; Wang, J. Coaxial electrospun flexible PANI//PU fibers as highly sensitive pH wearable
sensor. J. Mater. Sci. 2020, 55, 16033–16047. [CrossRef]

34. Lu, T.; Deng, Y.; Cui, J.; Cao, W.; Qu, Q.; Wang, Y.; Xiong, R.; Ma, W.; Lei, J.; Huang, C. Multifunctional Applications of Blow-
Spinning Setaria viridis Structured Fibrous Membranes in Water Purification. ACS Appl. Mater. Interfaces 2021, 13, 22874–22883.
[CrossRef]

35. Liu, L.; Xu, W.; Ding, Y.; Agarwal, S.; Greiner, A.; Duan, G. A review of smart electrospun fibers toward textiles. Compos. Commun.
2020, 22, 100506. [CrossRef]

36. Ding, B. Electrospinning, fibers and textiles: A new driving force for global development. e-Polymers 2017, 17, 209–210. [CrossRef]
37. Chinnappan, A.; Baskar, C.; Baskar, S.; Ratheesh, G.; Ramakrishna, S. An overview of electrospun nanofibers and their application

in energy storage, sensors and wearable/flexible electronics. J. Mater. Chem. C 2017, 5, 12657–12673. [CrossRef]
38. Wei, L.; Sun, R.; Liu, C.; Xiong, J.; Qin, X. Mass production of nanofibers from needleless electrospinning by a novel annular

spinneret. Mater. Des. 2019, 179, 107885. [CrossRef]
39. Ivanoska-Dacikj, A.; Stachewicz, U. Smart textiles and wearable technologies—Opportunities offered in the fight against

pandemics in relation to current COVID-19 state. Rev. Adv. Mater. Sci. 2020, 59, 487–505. [CrossRef]
40. Zainuddin, S.; Scheibel, T. Continuous Yarn Electrospinning. Textiles 2022, 2, 124–141. [CrossRef]
41. Yan, T.; Shi, Y.; Zhuang, H.; Lin, Y.; Lu, D.; Cao, S.; Zhu, L. Electrospinning Mechanism of Nanofiber Yarn and Its Multiscale

Wrapping Yarn. Polymers 2021, 13, 3189. [CrossRef]
42. Lee, M.W.; An, S.; Latthe, S.S.; Lee, C.; Hong, S.; Yoon, S.S. Electrospun Polystyrene Nanofiber Membrane with Superhydrophobic-

ity and Superoleophilicity for Selective Separation of Water and Low Viscous Oil. ACS Appl. Mater. Interfaces 2013, 5, 10597–10604.
[CrossRef]

43. Yang, J.; Wang, K.; Yu, D.-G.; Yang, Y.; Bligh, S.W.A.; Williams, G.R. Electrospun Janus nanofibers loaded with a drug and
inorganic nanoparticles as an effective antibacterial wound dressing. Mater. Sci. Eng. C 2020, 111, 110805. [CrossRef]

http://doi.org/10.1080/00405000802449984
http://doi.org/10.1016/j.apsusc.2012.07.112
http://doi.org/10.1002/anie.202200166
http://doi.org/10.3390/ma15030957
http://doi.org/10.1016/j.ejpb.2013.03.017
http://doi.org/10.3389/felec.2021.777434
http://doi.org/10.1021/acssensors.8b01293
http://doi.org/10.1016/j.coche.2020.04.001
http://doi.org/10.1088/2053-1591/ab51d2
http://doi.org/10.1002/polb.22371
http://doi.org/10.1002/adem.202100153
http://doi.org/10.3389/fbioe.2019.00390
http://doi.org/10.1016/j.jconrel.2021.03.033
http://doi.org/10.23880/NNOA-16000195
http://doi.org/10.1016/j.matchemphys.2008.07.081
http://doi.org/10.1039/D2NJ04331A
http://doi.org/10.1016/j.cej.2022.139060
http://doi.org/10.1007/s10853-020-05110-7
http://doi.org/10.1021/acsami.1c05667
http://doi.org/10.1016/j.coco.2020.100506
http://doi.org/10.1515/epoly-2016-0299
http://doi.org/10.1039/C7TC03058D
http://doi.org/10.1016/j.matdes.2019.107885
http://doi.org/10.1515/rams-2020-0048
http://doi.org/10.3390/textiles2010007
http://doi.org/10.3390/polym13183189
http://doi.org/10.1021/am404156k
http://doi.org/10.1016/j.msec.2020.110805


Polymers 2022, 14, 5043 14 of 14

44. Soliman, S.; Sant, S.; Nichol, J.W.; Khabiry, M.; Traversa, E.; Khademhosseini, A. Controlling the porosity of fibrous scaffolds by
modulating the fiber diameter and packing density. J. Biomed. Mater. Res. Part A 2011, 96A, 566–574. [CrossRef]

45. Haider, A.; Haider, S.; Kang, I.-K. A comprehensive review summarizing the effect of electrospinning parameters and potential
applications of nanofibers in biomedical and biotechnology. Arab. J. Chem. 2018, 11, 1165–1188. [CrossRef]

46. Eichhorn, S.; Sampson, W.W. Relationships between specific surface area and pore size in electrospun polymer fibre networks.
J. R. Soc. Interface 2009, 7, 641–649. [CrossRef]

47. Szewczyk, P.K.; Ura, D.P.; Metwally, S.; Knapczyk-Korczak, J.; Gajek, M.; Marzec, M.M.; Bernasik, A.; Stachewicz, U. Roughness
and Fiber Fraction Dominated Wetting of Electrospun Fiber-Based Porous Meshes. Polymers 2019, 11, 34. [CrossRef]

48. Ura, D.P.; Stachewicz, U. The Significance of Electrical Polarity in Electrospinning: A Nanoscale Approach for the Enhancement
of the Polymer Fibers’ Properties. Macromol. Mater. Eng. 2022, 307, 2100843. [CrossRef]

49. Cui, W.; Li, X.; Zhou, S.; Weng, J. Degradation patterns and surface wettability of electrospun fibrous mats. Polym. Degrad. Stab.
2008, 93, 731–738. [CrossRef]

50. Stachewicz, U.; Barber, A.H. Enhanced Wetting Behavior at Electrospun Polyamide Nanofiber Surfaces. Langmuir 2011, 27,
3024–3029. [CrossRef]

51. Lee, S.J.; Heo, D.N.; Heo, M.; Noh, M.H.; Lee, D.; Park, S.; Moon, J.-H.; Kwon, I.K. Most simple preparation of an inkjet printing
of silver nanoparticles on fibrous membrane for water purification: Technological and commercial application. J. Ind. Eng. Chem.
2017, 46, 273–278. [CrossRef]

52. Najafabadi, A.H.; Tamayol, A.; Annabi, N.; Ochoa, M.; Mostafalu, P.; Akbari, M.; Nikkhah, M.; Rahimi, R.; Dokmeci, M.R.;
Sonkusale, S.; et al. Biodegradable Nanofibrous Polymeric Substrates for Generating Elastic and Flexible Electronics. Adv. Mater.
2014, 26, 5823–5830. [CrossRef]

53. Krysiak, Z.J.; Kaniuk, Ł.; Metwally, S.; Szewczyk, P.K.; Sroczyk, E.A.; Peer, P.; Lisiecka-Graca, P.; Bailey, R.J.; Bilotti, E.; Stachewicz,
U. Nano- and Microfiber PVB Patches as Natural Oil Carriers for Atopic Skin Treatment. ACS Appl. Bio Mater. 2020, 3, 7666–7676.
[CrossRef] [PubMed]

54. Sroczyk, E.A.; Berniak, K.; Jaszczur, M.; Stachewicz, U. Topical electrospun patches loaded with oil for effective gamma linoleic
acid transport and skin hydration towards atopic dermatitis skincare. Chem. Eng. J. 2021, 429, 132256. [CrossRef]

55. Krysiak, Z.J.; Knapczyk-Korczak, J.; Maniak, G.; Stachewicz, U. Moisturizing effect of skin patches with hydrophobic and
hydrophilic electrospun fibers for atopic dermatitis. Colloids Surf. B Biointerfaces 2020, 199, 111554. [CrossRef]

56. Krysiak, Z.J.; Szewczyk, P.K.; Berniak, K.; Sroczyk, E.A.; Boratyn, E.; Stachewicz, U. Stretchable skin hydrating PVB patches
with controlled pores’ size and shape for deliberate evening primrose oil spreading, transport and release. Biomater. Adv. 2022,
136, 212786. [CrossRef]

57. Nanosilver Ink—Aqueous Dispersions for Inkjet Printing. 2018. Available online: https://www.matweb.com/search/datasheet.
aspx?matguid=76dd8b5d3e624bbba5aa4d08eaee3860 (accessed on 20 October 2022).

58. Carbon Ink—Aqueous Dispersion for Inkjet Printing. 2020. Available online: https://www.novacentrix.com/datasheet/Metalon-
JR-700LV-TDS.pdf (accessed on 20 October 2022).

59. Krysiak, Z.J.; Gawlik, M.Z.; Knapczyk-Korczak, J.; Kaniuk, Ł.; Stachewicz, U. Hierarchical Composite Meshes of Electrospun PS
Microfibers with PA6 Nanofibers for Regenerative Medicine. Materials 2020, 13, 1974. [CrossRef] [PubMed]

60. Yonemoto, Y.; Kunugi, T. Analytical consideration of liquid droplet impingement on solid surfaces. Sci. Rep. 2017, 7, 2362.
[CrossRef] [PubMed]

61. Knapczyk-Korczak, J.; Ura, D.P.; Gajek, M.; Marzec, M.M.; Berent, K.; Bernasik, A.; Chiverton, J.P.; Stachewicz, U. Fiber-Based
Composite Meshes with Controlled Mechanical and Wetting Properties for Water Harvesting. ACS Appl. Mater. Interfaces 2020, 12,
1665–1676. [CrossRef]

62. Bagrov, D.; Perunova, S.; Pavlova, E.; Klinov, D. Wetting of electrospun nylon-11 fibers and mats. RSC Adv. 2021, 11, 11373–11379.
[CrossRef]

63. Kwon, K.-S.; Rahman, K.; Phung, T.H.; Hoath, S.; Jeong, S.; Kim, J.S. Review of digital printing technologies for electronic
materials. Flex. Print. Electron. 2020, 5, 043003. [CrossRef]

64. Biswas, S.; Gawande, S.; Bromberg, V.; Sun, Y. Effects of Particle Size and Substrate Surface Properties on Deposition Dynamics of
Inkjet-Printed Colloidal Drops for Printable Photovoltaics Fabrication. J. Sol. Energy Eng. 2010, 132, 0210101–0210107. [CrossRef]

65. Ruediger, T.; Berg, A.; Guellmar, A.; Rode, C.; Schnabelrauch, M.; Urbanek, A.; Wagner, K.; Wyrwa, R.; Kinne, R.W.; Sigusch, B.W.
Cytocompatibility of polymer-based periodontal bone substitutes in gingival fibroblast and MC3T3 osteoblast cell cultures. Dent.
Mater. 2012, 28, e239–e249. [CrossRef] [PubMed]

66. Polyakov, I.; Vaganov, G.; Didenko, A.; Ivan’Kova, E.; Popova, E.; Nashchekina, Y.; Elokhovskiy, V.; Svetlichnyi, V.; Yudin, V.
Development and Processing of New Composite Materials Based on High-Performance Semicrystalline Polyimide for Fused
Filament Fabrication (FFF) and Their Biocompatibility. Polymers 2022, 14, 3803. [CrossRef]

67. Albers, C.E.; Hofstetter, W.; Siebenrock, K.A.; Landmann, R.; Klenke, F.M. In vitro cytotoxicity of silver nanoparticles on
osteoblasts and osteoclasts at antibacterial concentrations. Nanotoxicology 2013, 7, 30–36. [CrossRef] [PubMed]

http://doi.org/10.1002/jbm.a.33010
http://doi.org/10.1016/j.arabjc.2015.11.015
http://doi.org/10.1098/rsif.2009.0374
http://doi.org/10.3390/polym11010034
http://doi.org/10.1002/mame.202100843
http://doi.org/10.1016/j.polymdegradstab.2007.12.002
http://doi.org/10.1021/la1046645
http://doi.org/10.1016/j.jiec.2016.10.039
http://doi.org/10.1002/adma.201401537
http://doi.org/10.1021/acsabm.0c00854
http://www.ncbi.nlm.nih.gov/pubmed/33225238
http://doi.org/10.1016/j.cej.2021.132256
http://doi.org/10.1016/j.colsurfb.2020.111554
http://doi.org/10.1016/j.bioadv.2022.212786
https://www.matweb.com/search/datasheet.aspx?matguid=76dd8b5d3e624bbba5aa4d08eaee3860
https://www.matweb.com/search/datasheet.aspx?matguid=76dd8b5d3e624bbba5aa4d08eaee3860
https://www.novacentrix.com/datasheet/Metalon-JR-700LV-TDS.pdf
https://www.novacentrix.com/datasheet/Metalon-JR-700LV-TDS.pdf
http://doi.org/10.3390/ma13081974
http://www.ncbi.nlm.nih.gov/pubmed/32340243
http://doi.org/10.1038/s41598-017-02450-4
http://www.ncbi.nlm.nih.gov/pubmed/28539616
http://doi.org/10.1021/acsami.9b19839
http://doi.org/10.1039/D0RA10788C
http://doi.org/10.1088/2058-8585/abc8ca
http://doi.org/10.1115/1.4001470
http://doi.org/10.1016/j.dental.2012.05.008
http://www.ncbi.nlm.nih.gov/pubmed/22727357
http://doi.org/10.3390/polym14183803
http://doi.org/10.3109/17435390.2011.626538
http://www.ncbi.nlm.nih.gov/pubmed/22013878

	Introduction 
	Materials and Methods 
	Electrospinning 
	Inkjet Printing and Sintering 
	Characterization of Printed Layers on Electrospun Membranes 
	Indirect Cytotoxicity Test 

	Results and Discussion 
	Printability 
	Resistance 
	Cytotoxicity 

	Conclusions 
	References

