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Abstract: Electrospinning is a widely used technique

for creating nano- to microscale fibers that resembles -

the fibrous structure of the extracellular matrix (ECM) — _Q
environment, crucial for tissue engineering and \Q

disease modelling. Directly incorporating living cells % | Shear stress oy
into the electrospinning process, ‘cell electrospinning’, Q Q g

has evolved in the last two decades as a new f}

biofabrication method combining homogenous cell (} ﬂ
loading with the potential of single cell resolution. <=
However, keeping cells viable and functional during the
electrohydrodynamic process is an ongoing challenge. In

this review, key parameters in electrospinning affecting

mammalian cell viability and functionality are assessed with the goal of identifying the most critical ones in the
successful production of living cell-embedded fibers. The review further outlooks the potential mechanobiological
and electrophysiological effects on the cells exposed under the electrohydrodynamic condition to layout a couple
unexplored applications.
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1. Introduction

Electrospinning is a versatile technique capable of generating continuous, ultrafine fibers with diameters at
the nanometer to micrometer scale. The technique finds broad applications in diverse fields, including drug
delivery [1], tissue engineering [2], air filtration [3], and food biosensors [4]. The underlying principle of
electrospinning involves the formation of a “Taylor cone” from a charged jet of a liquid viscous solution subjected
to a strong electric field, first described by Sir Geoffrey Taylor in 1964 [5]. However, it was until 1971 when
Baumgarten obtained acrylic microfibers [6], electrospinning started to gain momentum as an efficient technique
for the production of nano- and microfibers. In parallel with the development of electrospinning, electrospraying
emerged as well. This technique, while utilizing similar principles as electrospinning, employs lower solution
viscosity to generate micro- and nano-sized droplets instead of fibers [7].

In the biomedical research field, electrospinning has been widely applied to produce fibers that are capable of
mimicking the fibrous morphology of the natural extracellular matrix (ECM) surrounding the cells in our bodies [2].
The ECM can differ in composition and mechanical properties, depending on the specific tissue requirement [8]. Being
able to artificially mimic these fibrous ECM structures provides opportunities to study the effects of morphology,
chemical composition and mechanical stiffness on cell response in a relatively controlled manner. One of the
obstacles in the use of electrospun fibers for tissue engineering is the limited distribution of cells inside the volume
of the densely packed fibrous matrix when seeding cells on top of an electrospun scaffold. To overcome this issue,
an extension of electrospinning has emerged: Cell electrospinning. This technique involves the same principles,
but instead of seeding on top of electrospun fibers, living cells are added directly into the electrospinning solution
to ideally result in cell-embedded fibers [9], creating uniform and in-depth cell distribution within the fibrous
matrix [10,11].

Copyright: © 2025 by the authors. This is an open access article under the terms and conditions of the Creative Commons
Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).
BY

Publisher’s Note: Scilight stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.



Mater. Interfaces 2025, 2(3), 332-347 https://doi.org/10.53941/mi.2025.100025

Other emerging biofabrication techniques such as 3D bioprinting, incorporating cells in the bioprinting
materials, already offers a solution for in-depth cell distribution, but suffers from limited spatial resolutions, such
as above 100 um for extrusion-based bioprinting [12] and above 50 um for light projection-based bioprinting, and
subsequent suboptimal oxygen and nutrients diffusion [13,14]. Bioprinting techniques with higher resolution are highly
desired for replicating physiological features at cellular scale [15]. Because of the inherent high resolution of
electrospinning with fiber diameters of a few hundred nanometres to a few micrometres [16], electrospinning with living
cells could potentially be a powerful tool to meet the needs of both higher resolution and better nutrient diffusion.

Cell viability is often compromised during the bioprinting process, especially in extrusion-based bioprinting
where cells experience shear stresses during the extrusion [17]. Although cell viabilities above 90% have been
achieved in bioprinting, a delicate balance between material stiffness, viscosity, processing parameters and
resulting porosity is crucial for obtaining both high cell viability and printing fidelity [ 14]. Compared to bioprinting
which is a much more established technology, obtaining viable cell-loaded, higher resolutions structures via cell
electrospinning is still under development. While good viabilities above 90% have also been reported, some studies
suffer from much lower viabilities down to 15-25% [18] and slight changes in parameters were found to influence
them drastically [19,20].

Therefore, achieving high cell viability throughout the process of electrospinning is an ultimate prerequisite
for the applications of cell electrospinning. There are several excellent and recent reviews on cell electrospinning,
including materials (Maurmann et al. [9]), its critical processing parameters and biomedical applications (Elveren
et al. [11]). Cell viability has been evaluated in some highlighted studies, emphasizing parameters important for
cell fate; however, there is still ambiguity to which parameters play the most significant roles for cell survival and
function during an electrospinning process. The aim of this review is to investigate the cell electrospinning process
and solution parameters, and their possible interplay. This will be done through a thorough literature review with
focus on discussing reported cell viabilities in relation to electrospinning parameters and resulting fiber
morphologies. Cell electrospinning has been conducted on various cell types, including mammalian, bacteria and
yeast cells; A few reviews have included the latter two [21-23], but in this review, we limit the scope to mammalian
cell electrospinning for tissue regeneration application. The review will cover the majority of conducted studies
on mammalian cell electrospinning and highlight the critical parameters focusing on their role in maintaining cell
viability. We believe that a better understanding of the interplay between process parameters and cell fate will help
improve the success rate for obtaining viable cell-embedded fibers, further leading to the broadening of the
application of single cell-embedded fibers that may provide beyond morphological guidance.

2. Principles of Electrospinning and Cell Electrospinning

Theoretically pinned as electrohydrodynamics, which describes how an electric field influences a charged
fluid, electrospinning is based on the extension of viscous liquid jet from a syringe by an applied electric field,
forming sub-micron scale fibers. In the setup, the viscous liquid dispenser is placed above or next to a collector
plate. While an electric field is applied across the needle and collector, and the liquid is pumped out at a controlled
flow rate, a droplet emerges forming a Taylor cone [5] (Figure 1) to initiate a jet whipping into submicron fibers
deposited on the collector. Various parameters affecting electrospinning performance and morphology of
electrospun fibers can be modified such as the distance between needle and collector (typically 1-20 cm), the
applied voltage (typically 1-20 kV), electric field strength, and the solution flow rate (Figure 1). Instead of a solid
collector, the fibers can also be spun directly into a liquid coagulation bath [24].

Cell electrospinning shares the same principle and procedure, except incorporating living cells into the
electrospinning solution. Cell electrospinning has been reported with a variety of components, cell types and
process parameters. An overview of reported studies can be seen below (Table 1) with the most important
parameters listed. In the next section, the challenges associated with cell electrospinning and the influence of the
most dominant parameters on cell viability will be presented and discussed.
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Figure 1. Illustration of Cell electrospinning, the typical electrospinning setup, crucial solution properties and
operational parameters.
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Table 1. Overview of publications using cell electrospinning and cell electrospraying and their parameters and highest obtained cell viabilities. Abbreviations: PDMS: Polydimethylsiloxane, PVA:
Polyvinyl alcohol, PLLA: Poly(l-lactic acid), DMF: N,N-dimethyl formamide, DCM: dichloromethane, PEG: Polyethylene glycol, PEO: Poly(ethylene oxide), PCL: Polycaprolactone, FBS: Fetal Bovine

Serum.
Electric Field
Technique Materials Solvent Voltage/Collector Strength Flow Rate Cell Type Cell Viability Year Reference
Distance (mL/h)
(kV/mm)
4 3 . . 0,
Electrospinning  Shell: PDMS, core: Cell -\ o edium 9 kv/105 mm 0.09 0.3636 — Eup 321N cells /0% 1.9% (after 5 [25]
(coaxial) suspension (core/shell) fiber dissolution)
15-25%/>90% in
0, = -
Electrospinning 8% PVA (MW =205 DI water/cell medium 6 kV/150 mm 0.04 0.5 3T3-L1 mouse culture medium 2011 [18]
kDa) fibroblasts
(electrospray)
Shell: 12% PLLA (MW
Electrospinnin = 140 kDa), core: 10%  Shell: DMF/DCM, 1.2/1.5
(Coafial) J PEG (MW =35 Core: Aqueous 20 kV/150 mm 0.133 (core/shell PCI2 cells NA 2012 [26]
kDa)/PEO (MW =900 solution
kDa) + cells
Mononuclear cells
Electrospinning 10% PVA Milli-Q water 21 kV/150 mm 0.14 0.34 (MNCs), mesenchymal ~ 8.38-19.6% 2012 [27]
stem cells (MSCs)
Shell: 12% PCL (MW = Shell: Human umbilical vein NA (but 97% in
Electrospinning ~ 70-90 kDa), Core: 2%  Chloroform/DMF NA (ratio of 1:6 . PEO/FBS solution
. _ ) T epo NA 0.15 endothelial cells 0 2014 [28]
(coaxial) PEO (MW =600 kDa) + 60:40, Core: 50% (core/shell)) (HUVEC) compared to 3%
2% FBS FBS in PEO alone)
Electrosp'mnlng Matr1g§1 rich collagen NA 8 kKV/20 mm 04 NA Primary cardiac ~80% 2014 [29]
(coaxial) biopolymer myocytes
2% alginate, 2% PEO
Electrospinning (MW =900 kDa), 0.7% PBS in water 11.2 kV/70 mm 0.16 0.5 MG63 cells >80% 2015 [30]
lecithin
Electrospraying Cell suspension Cell culture medium 15 kV/40 mm 0.375 2.60 Mesenchymal stem cells 89 +4.6% 2015 [31]
Electrospinning 2 0 Ai€inate, 3% PEO 1y jictitted water  0.7-1.75kV/14mm  0.05-0.125 025 C2C12 myoblasts 90% 2018 [32]
(MW =900 kDa) o ) ) )
. 0 -
Electrospinning 87%61;‘021813/21)13?0}8'\41\(};/0/ Shell: Chloroform,
o > . 0 . 0
(coaxial) PVA (MW = 85-124 Core: Cel.l culture 6 kV/60 mm 0.1 1/1 (core/shell) PCI12 >95% 2018 [33]
medium
kDa)
I 1% Fibrinogen, 0.2% DI water w. 5% C2C12 cells as cellular  NA (estimate:
Electrospinning PEO glucose 4.5 kV/80 mm 0.056 7.5 aggregates ~50-60%) 2019 [34]
o 0.5% Gelatin, 0.5% Serum-free culture Adipose tissue-derived o
Electrospinning pullulan medium 8 kV/75 mm 0.107 1.8 stem cells (hASCs) 90% 2020 [20]
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Table 1. Cont.

Voltage/Collector Electric Field Flow Rate
Technique Materials Solvent J Strength Cell Type Cell Viability Year Reference
Distance (mL/h)
(kV/mm)
Shell: 15% poly(lactic-
co-glycolic acid) (82/18
. ) Shell: Chloroform
Electrospinning  molar ratio), 5% PEO ) ’ 10/50 Pheochromocytoma 12
(coaxial) (MW = 10.065 kDa), core: nl?é(;ivjrt:r/cell 10kV/50 mm 0.2 (core/shell) (PC12) cells NA 2020 [35]
core: 6% PVA (MW =
85-146 kDa)
29% Sodium aleinate. 3% Human umbilical vein
Electrospinning P;E O (MW = % 00 k]’)a)o Triple-distilled water ~ 10.5 kV/140 mm 0.075 0.25 endothelial cells 90% 2020 [36]
(HUVECs)
12% Poly(vinyl) alcohol 10:1 Deionized
Electrospinning  (PVA, MW =89.000—  water/cell culture ~ 1-2 kV/70-100mm  0.029 1 ME3TS osteobast 81% 2021 [37]
98.000) medium P
Electrospraying Lami‘fgliﬁzglﬁed 20 mM HEPES 18 kV/15 mm 1.2 0.04 Adipose gi%vsegstem 99% 2021 [38]
5 - 5 - -
Electrospraying 1o+ ot 41270 Serum-free media 10+ 15kV/70 mm 01430214 g Humen fgll‘;"(ﬁ‘;fgsv)ed 90+70% 2021 [39]
Electrospraying Cell suspension Cell culture medium 9 kV/50 mm 0.18 2 gﬁg;fyﬁgﬁg:;gf:s’ <91% 2022 [40]
Smooth muscle cells
. 2% Alginate/3% PEO . . (SMCs) and o
Electrospinning (MW = 900 kDa) Triple-distilled water ~ 10.5 kV/140 mm 0.075 0.25 Mesenchymal stem cells >90% 2023 [19]
(MSCs)
5 -
Electrospinning  ~° A’fgz)a_nl%(()figi)(MW PBS 20 kV/50 mm 0.40 24 Mesendz%'“‘é)stem cell 900 2023 [41]
7.5% hydrazide
. . ., NA but ~4-fold
Electrospinning %,no"t;l‘;nzhsz;)d;%g\ff“‘? DMEM medium/PBS 10 kV/10 mm 1 0.9 3%22?;&?5 ;niﬁslz increase incell 2023 [42]
. 600 kDa) density at day 14.
7.5% hydrazide
Electrospinning %ngggnzlgz;d;)]% g\h\dvé PBS:DMEM 3:1 10 kV/100 mm 0.1 0.9 C2C12 mouse myoblast >85% 2023 [43]
, 2.970
= 600 kDa)
10% Human umbilical cord
Electrospinning polyvinylpyrrolidone PBS 8 kV/100 mm 0.08 NA mesenchymal stem cells 88 £4.3% 2024 [44]

(PVP) (MW = 360 kDa)

(HUCMSCs)
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3. Challenges in Cell Electrospinning

Cell electrospinning is demanding in terms of the choice of materials and solvents. The options are limited
compared to conventional electrospinning where organic solvents often are used to dissolve polymers, which
should naturally be avoided when incorporating living cells. In addition, the materials should be biocompatible,
non-toxic, and the degradability should be considered depending on the application. Furthermore, the
electrospinning parameters should be fine-tuned to maintain both viable cells and spinnability. Collectively, the
spinnability of the solution and inclusion of living cells in the extruded fibers is a delicate balance [11]. The limited
number of publications using cell electrospinning underlines the necessity to better understand the parameters that
affect both spinnability and viability, thus obtaining fully viable and functional cells inside thin single cell-sized
fibers is still an essential challenge [32,34]. In the next sections, the different parameters in cell electrospinning
will be discussed and assessed for their influence on cell viability and function with examples from literature.

3.1. Solution Components

Solution composition is critical in cell electrospinning since living cells are incorporated. The main criteria
to consider are the use of non-cytotoxic and biocompatible materials and water as solvent, in contrast to the typical
organic solvents such as hexafluoro-isopropanol, chloroform, dichloromethane or dimethylformamide in
conventional electrospinning [45]. The choice of solvent will affect spinnability of the polymer together with the
resulting fiber diameter and morphology [46]. When a polymer solution is extruded as a jet into the air, fibers are
formed from electrostatic tensile forces and solidification of the jet as the solvent evaporates. The behaviour of the
jet is furthermore influenced by the viscosity and the viscoelasticity of the polymer solution. At high viscosities,
larger jets and fibers are formed, but below a certain threshold of viscosity, the jet can start breaking into droplets
resulting in electrospraying instead of spinning [46,47].

The use of aqueous solution for preserving cell viability requires hydrophilic polymers. These are often natural,
biobased polymers e.g., proteins such as collagen, silk fibroin, fibrinogen or collagen-derived gelatine [48],
polysaccharides like sodium alginate [49], pullulan [50] and glycosaminoglycans such as hyaluronic acid [S1], or
synthetic but biocompatible polymers such as poly(vinyl alcohol) (PVA). Polyelectrolytes alone have inherently
low spinnability due to limited chain entanglement. This is the case for one of the most common polysaccharides
in cell electrospinning, sodium alginate (SA), in which limited ability for the negatively charged alginate chains
to entangle sufficiently hinders fiber formation [32]. SA is therefore usually co-electrospun together with other
polymers such as poly(ethylene oxide) (PEO) as a carrier polymer to increase molecular entanglement and
viscosity, and with processing agents such as lecithin [30,32,52—54]. Importantly, since the polymers are water
soluble but would have to be stable in cell culture medium after cell electrospinning, rapid in situ crosslinking of
the materials is needed for the fibers to maintain their structure. Various strategies have been applied varying
depending on the material e.g., physical crosslinking, enzymatic crosslinking or click chemistry photocrosslinking.
SA as an example, rapid ionic physical crosslinking is achieved by immersing fibers into a CaCl, solution in which
Ca?" ions substitute Na?" ions and cause ionic bonding between Ca®" and the carboxyl groups on sodium alginate [55].
Enzymatic crosslinking has, on the other hand, been performed using fibrinogen by the addition of thrombin that
converts fibrinogen molecule to insoluble fibrin [34].

A way to solve the limited choices of hydrophilic polymers with rapid crosslinkability for preparing aqueous
cell-loading solutions, is the use of coaxial cell electrospinning. A coaxial needle is used to separate the core and
shell flows, enabling the use of polymers requiring organic solvents in the shell compartment. By retaining the
cells suspended in culture medium or aqueously dissolved polymers in the core, the two solvents are immiscible
during electrospinning and thus the cells are not in contact with the organic solvent which is further evaporating
quickly. As a benefit, crosslinking is optional as the shell is often a hydrophobic polymer, only needed if the core
material has to be crosslinked as well [26,33].

Osmolarity is also an important parameter to consider for cell viability. Aqueous cell electrospinning
solutions should thus also contain surfactants, cell culture additives and salts for creating a physiological relevant
environment with the correct osmolarity. As an example, in a study of Ang. et al. they observed an increased
viability from 2% to 97% for HUVECs in a 2% PEO solution by addition of 50% FBS, with significant increase
in viability already seen at 5% FBS. The low viability in PEO alone was suspected to be caused by the hypotonic
nature of the aqueous solution in relation to the cell interior, with a low osmolality of 0.41 mOsm/kg compared to
physiological osmolality of 270-290 mOsm/kg, causing water influx across the cell membrane. Besides its
nutritious effect, the addition of FBS to the cell-containing electrospinning solution was anticipated to increase
osmolality closer to physiological conditions and also demonstrated enhanced cell survival [28]. 5% glucose has
been used as an alternative to an ionic buffer such as PBS in order to match cellular osmolarity while keeping the
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solution at low ionic concentrations to maintain conductivity suited for electrospinning and decrease the current
on the cells [34]. These examples highlight the importance of considering physiological osmolarity for obtaining
viable cells in electrospinning and other biofabrication processes.

The ability of a polymer to facilitate cell adhesion is also important for cell survival. For example, PVA has
limited cell adhesion owing to the low protein adsorption, so various biopolymers such as gelatin and chitosan
have often been co-electrospun with PV A as electrospun scaffolds, resulting in increased cell adhesion and survival
upon seeding [56,57]. Porcine and fish gelatin have been popular choices in both conventional electrospinning and
cell electrospinning, owing to its natural collagen origin, biocompatibility, low cost and cell adhesion properties.
In both studies listed here, a very good viability has been obtained for electrospun fibers including gelatin of either
fish or porcine origin [20,41]. Gelatins from different animal sources are different in their chemical structure,
resulting in different sol-gel transition temperature. Fish gelatin has been proposed as an alternative to the
commonly used porcine gelatin as cold-water fish gelatin has a lower sol-gel transition temperature, below ambient
temperature opposed to porcine gelatin that gels at room temperature, requiring extra control over ambient
temperature during electrospinning [58]. On the other hand, crosslinking leads to very different storage moduli,
723-7340 Pa for porcine and 294464 Pa for fish gelatin, which could ultimately influence the behaviour of cells
embedded in electrospun fibers [59].

3.2. Electric Field Strength

The electric field strength, determined by the ratio of applied voltage to the distance between the electrode
and the collector, is a critical parameter in electrospinning. However, while the main limit to the strength of the
electric fields is directed by the range yielding good spinnability and suitable fiber diameters and morphologies in
conventional electrospinning, the parameter seem to be more crucial in cell electrospinning. Excessive electric
field strength has been stated to negatively affect cell viability as a too strong electric field can disrupt the cellular
membrane [32,60,61], however no definite quantitative relationship between electric field strength or time and cell
viability has been established yet.

It is well-known from the use of electroporation in DNA delivery methods, that cells can sustain a certain
electric field, with electroporation typically using electric pulses at 0.5-1 kV/cm [62]. It is noteworthy that there
is usually a fraction of the electroporated cells that do not survive it [63]. There may be similar effect in cell
electrospinning, even though considerable differences in electric field strengths have been reported throughout the
listed studies (Table 1), varying from 0.029 to 0.4 kV/mm (only taking into account the studies that reported
viability results). For electrospraying, the electric fields are often much stronger and better tolerated by cells,
however it fails to facilitate continuous fiber production. Yang et al. successfully produced laminin-alginate
microspheres using cell electrospraying with a strong field at 1.2 kV/mm and resulting 99% viability of adipose
derived stem cells [64]. It was already reported by Jayasinghe et al. as one of the first instances of cells processed
in an electric field in 2006 that Jurkat cells could survive jetting in a 2 kV/mm electric field with no observable
cell damage [65].

This difference in the range of electric fields that cells can sustain during electrospinning may vary among
cell types. From electroporation studies with 15 different cell lines, O’Hare et al. reported that the different cell
types showed markedly different levels of electrosensitivity, which could not be ascribed to cell size or culture
conditions. From this study, they found lymphoid cells to be most sensitive, followed by epithelial and fibroblast
cells [66]. However, in another study investigating electropermeabilization and electrosensitivity, no trend in
electrosensitivities of specific tissue types was found, instead significant differences in electrosensitivities
appeared among different tumor cell lines, even from the same tumor type [67]. However, the electric field
strengths reported in the studies listed in this review vary greatly; it is reasonable to question if the difference could
lie in other process parameters or composition of electrospinning material as well. There are examples where
various field strengths have been employed on the same cell type, such as C2C12 in the studies of Yeo et al. [32]
and Dawson et al. [43]. Yeo et al. reported cell viability at >80% when electrospinning a solution of 2% alginate
and 3% PEO at up to 0.1 kV/mm while it decreased drastically to around 10% at 0.125 kV/mm (Figure 2a) [32].
Dawson et al. reported on similar viability at 0.1 kV/mm with same cell type in a solution of 7.5% hydrazide
functionalized POEGMA (POH) and 2.5% PEO (Figure 2b,c). However, with electrospraying cell suspension in
culture medium, even higher electric fields of up to 0.15 kV/mm could be applied without affecting cell viability
noticeably (Figure 2d) [43]. This example highlights the importance of evaluating electric field strength effects in
combination with other parameters such as solution composition and physical properties. For example, material
conductivity and dielectric properties of both the solutes and the solvents are important to consider in relation to
electric field strength. At the onset of electrospinning, the taylor cone formation is highly affected by the

338



Mater. Interfaces 2025, 2(3), 332347 https://doi.org/10.53941/mi.2025.100025

availability of free charges in the solution that is further influenced by the dielectric property of the solution. As
cell electrospinning is performed in aqueous solution such as medium or PBS buffer which include ionic salts for
retaining the correct conditions for living cells, the conductivity is markedly increased compared to water. Cell
culture medium and PBS buffer typically have conductivities around 1.5-2 S/m [68,69] and 1.4 S/m [70],
respectively, compared to a conductivity of 5.5 uS/m for pure water, and when exposed to air, 0.1-0.2 mS/m [71].
While not directly shown for electrospinning, medium conductivity has shown to negatively influence the survival
of Chinese hamster fibroblasts (DC3F) cells in electropermeabilization [69]. The electric field strength is therefore
not the only parameter to consider when evaluating the effect of the electric field on living cells; besides affecting
the electrospun cells, it also affects the electrospinning process itself, including electrospinnability and fiber
morphology [72-74].
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0.050 kV/mm 0.075 kV/mm 0.100 kV/mm
Nofiber =~ ; 1207
- i 4
4] Pt
8" >
EB
= 3
w &
(2] =
100 um E
0 =
3 ]
@
E
b=
®
5}
3 _
[} 0,050 0.075 0.100 0.125
'3 Electric field (kV/mm)
b

=3Days w7Days =14 Days
120% 140%

120% -

100% | 9
g 2 100% 4--
Z 80% | ]
3 S so0%
3 60% - 3
3 o 60% -
3
40% 1 X ]
g 40%
20% 1 % 4
g 20%
o% | | | N o | 0% 4
Non-aligned Aligned Cross-aligned 0kV 5kv 10kv 15kV
Voltage (kV)

Figure 2. Electric field effects on cell viability. (a) C2C12 myoblast viability in increasing electric fields during
cell electrospinning. * p < 0.05, and *** p < 0.001, scale bars = 100 um [32], (b) C2C12 myoblasts electrospun in
random and aligned fibers, red: CellTrace CFSE, blue: DAPI, their viabilities (¢) at day 3, 7 and 14 at 0.1 kV/mm
and (d) electrospray in cell suspension [43]. (a) Reproduced with permission from ref. [32]. Copyright 2018 John
Wiley and Sons. (b) Reprinted (adapted) with permission from [43]. Copyright 2023 American Chemical Society.

3.3. Viscosity and Shear Force

Viscosity is a critical parameter in electrospinning and fiber formation, however, in the context of cell
electrospinning it is even more critical with a smaller process window. A certain viscosity is needed to reach good
spinnability, but if the viscosity becomes too high, the charges initiating the spinning may be insufficient for
stretching the viscous material into a fiber. At this point, spinning would require higher applied voltage, leading
to heterogeneous fibers and would eventually result in a higher shear force which can be damaging to living cells.
On the contrary, too low viscosity results in electrosprayed droplets instead of fibers [47]. The viscosity is therefore
important to control and monitor, however, only two studies included in this review reports on actual viscosity [25,26].
Instead, polymer concentrations are typically given, but reproducing experiments with electrospinning solely based
on published polymer concentrations is challenging. Variations in molecular weight, environmental factors like
temperature, which significantly influences viscosity, can lead to unpredictable changes in fiber morphology or
even render the results irreproducible [75].

The influence of shear force on cell viability during electrospinning is rather underrepresented. The shear
force acting on an object in a viscous solution is partly determined by viscosity of the solution and is proportional
to the viscosity at constant flow rate [28]. The higher the viscosity, the greater force is required to extrude the
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solution, resulting in higher shear stress. This is also a well-known challenge in extrusion-based bioprinting [17]
(Figure 3a). For example, it was observed by Kim et al. that cell viability decreased significantly to below 80%
from 93% when the collagen content in their bioink was increased from <5% to >7% [76]. Shear stress effects
were also observed biologically by Ang. et al., with upregulation of IL-8 expression in HUVECs endothelial cells
post electrospinning (Figure 3b) [28]. Looking across studies using the same polymer such as PVA but achieving
very different cell viabilities could also relate to viscosity. In these studies, 8—12% PVA is used either for single
needle electrospinning or as the core with cells in coaxial electrospinning. The very low viabilities of 15-25% and
8.38-19.6% obtained in the studies by Canbolat et al. [18] and Zanatta et al. [27], respectively, share the use of
higher molecular weight polymers compared to the other two studies by Wu et al. and Das et al. [33,37]. The use
of high MW polymers must have resulted in higher viscosities and higher shear stresses on the cells in the
electrospinning process. This is further supported by the fact that electrospraying cells in culture medium with low
viscosity yielded much better viability (>90%), reported by Canbolat et al. [18]. In addition, these studies [18,27]
yielding low cell viabilities used DI water/cell medium and MilliQ-water in the electrospinning solution, respectively,
further indicating that an osmotic pressure mismatch could also have negatively influenced the cell viability.

a Static
o Growth of Electrospun HUVECs 40 = ——
N E T Entrapped
S 1 HUVECs
%60 1 2%
Monomer ——~- g %
o 2 201
Viable cell @ £ %0 3 T
£
Stressed cell @D 22, 3 10
Dead cell @ ) ~ i 04 . .
(:) 4 8 12 16 Day 1 Day 4

Time (Days)

Figure 3. Viscosity and shear stress effects on cells in (a) standard extrusion-based bioprinting where flow-induced
shear stress influences cell function and viability [77], (b) HUVEC cells in coaxial electrospun fibers showing
increased shear stress marker, IL-8, expression 1 day post electrospinning, while decreased expression after 4 days
of culture indicating cell recovery. Red: Dil (membrane dye), blue: DAPI [28]. (a) Reproduced with permission
from ref. [77]. Copyright 2018 John Wiley and Sons. Adapted from ref. [28] (Creative Commons CC-BY-NC 3.0).

Coaxial electrospinning could be a solution to isolate cells from the shear stress induced by the polymer
solution while extruded, by loading cells into the core in a low viscosity solution or cell medium. The core solution
does not need to be electrospinnable, as long as the sheath solution is so and can drag the core solution with it [78].
The compartmentalization further expands the material choice to biocompatible, hydrophobic polymers. For
example, PDMS or PCL shell solutions have been shown to successfully assist the electrospinning of cells only
cell suspension in medium or a low concentrated polymer solution with cells in the core in only cell suspension.
Townsend-Nicholson et al. found that the cell viability remained similar to the control group at 67.6% when
locating the cell solution in the core of a coaxial needle with highly viscous PDMS in the shell [25]. Wu et al.
reported a 20% PCL shell with a cell-loaded 10% PVA core to be electrospun at 0.1 kV/mm with a cell viability
>95% and no reported viability problems even when increasing voltages [33]. It should be noted that they used
different cell types and are not fully comparable, however, it still gives a good indication of the protective role of
shielding cells in the inner core. At the opposite, a certain viscosity might also be beneficial for protecting cells
from the electric field as Wen et al. demonstrated. They observed that better cell viability was obtained when cell
electrospinning was carried out with fish gelatin/PBS compared to electrospraying cells in PBS alone [41]. Another
benefit of using the coaxial needle system relates back to the challenge of the limited availability of solvents and
the need for crosslinking fibers before cell culture (Section 3.1). Studies demonstrated that the use of organic
solvents for dissolving e.g., PLLA or PCL in the shell solution did not affect the electrospun cells when they were
suspended in aqueous solution in the core [26,33].
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3.4. Other Parameters

Flow rate and dehydration time has also been suspected to affect the viability of electrospun cells. Typical
flow rates used are in the range of 0.25 to 7.5 mL/h in single needle cell electrospinning according to our review.
High flow rates may increase the shear force on the cells, but it was in contrast reported by Semitela et al. that a
flow rate of 1 mL/h resulted in much higher cell death compared to flow rates at 2—7 mL/h [40]. It was further
found in a study by Guo et al. that increased flow rate for stabler jet formation had a lower negative influence on
cell viability than decreasing the distance between the electrode and collector which would directly enhance the
electric field strength [34]. In coaxial electrospinning, the flow rates can be controlled separately for core and shell
solution leading to increased complexity and a more challenging process. Typically, shell flow rates needs to be
higher than core flow rates to draw along the core solution and by varying this ratio, the sizes of core/shell
structures can also be manipulated in connection with solution viscosities [ 78—80]. In practice, the ratio of shell:core
flow rates for previous cell electrospinning experiments in literature have varied from 1.2 to 100 (Table 1). Placing
living cells in the core could then be a tool to protect cells from the higher flow rate, i.e., larger shear stresses from
the sheath fluid.

Dehydration has been suspected to influence viability in electrospinning processes since fibers are often
deposited on a dry collector after solvent evaporation [18]. However, Fei Xu et al. tested this with 3T3 fibroblasts
and Psi2 1256 epithelial cells where cell viability was above 80% after 2 h of dehydration, and Dawson et al. tested
the same on C2C12 myoblasts with acceptable viability after 1 h of dehydration (Figure 2b) [42,43].

3.5. Summary

As clearly seen from previous sections, there are many variables both in the experimental settings and
properties of the cell-containing electrospinning solutions that influence electrospinning performance, cell
viability and functionality of post-processed cells. There is of course an operational window of the electric fields
strengths and other physical parameters like needle-to-collector distance, flow rate and dehydration time that a cell
can tolerate. However, putting emphasis on the physical and chemical properties of the bioinks seems to be even
more important. Specifically, one of the main causes of cell death is the high shear stress that cells are experiencing
during the process, which is determined by the combination of both the physical process parameters such as electric
field strength and the composition and mechanical properties of the bioink. As viscosity and viscoelasticity are
important parameters in determining effective shear stress, we believe reporting this parameter is of
underestimated value when publishing papers on cell electrospinning.

4. Tissue Engineering Applications

Current applications of cell electrospinning of mammalian cells are mostly in tissue engineering, spanning
from wound healing, neuron tissue engineering, to skeletal muscle tissue engineering, where the extracellular
matrix and tissue morphology and characteristics are mimicked to regenerate the lost tissue. Here, cell
electrospinning benefits from having cells homogeneously localized all over a scaffold instead of only on the top layer.

Wen et al. included mesenchymal stem cells (MSCs) into fish gelatin electrospun fibers for wound healing.
The cell-loaded fibers were deposited onto a wound on mouse in vivo and was shown to promote healing by
enhancing ECM remodelling with increased collagen deposition and decreased expression of the inflammation
marker IL-6. It also promoted angiogenesis by increasing the expression of vascular endothelial growth factor
(VEGF) and demonstrated to be an efficient approach for stem cell delivery [41].

Another application is in nerve regeneration as also envisioned with conventional electrospinning [81-83].
Wu et al. successfully incorporated PC12 cells and differentiated them inside hollow coaxial electrospun
PVA/PCL fibers without the addition of nerve growth factors NGF) (Figure 4a,b) [33].

Skeletal muscle tissue has also been engineered using cell electrospinning, specifically with a drum collector
to facilitate alignment of fibers. Anisotropic cues are often used to mimic muscle tissue [84] and guide the
formation of myotubes. Yeo et al. demonstrated cell electrospinning for the same purpose, incorporating C2C12
myoblast cells in electrospun alginate fibers, yielding highly aligned and multinucleated cell morphology that
could facilitate myogenic differentiation (Figure 4c) [32].

Embedding cells within single cell-sized electrospun fibers may enable other unexplored functionality. First,
fibers with diameters at the cellular scale can provide a more direct 3D localized morphological and mechanical
cues for the encapsulated single cells [85—88]. 2D Surface topography is known to influence not only the shape of
cells but also intracellular processes such as gene expression. This can happen through focal adhesion assembly
change and cytoskeletal reorganization, which can further activate transcription coregulators, e.g., the well-known
mechanosensing Yes-Associated Protein (YAP) [89]. 2D surface structures and guidance have been further proven
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to direct differentiation of stem cells into specified cell types through mechanobiological pathways [90,91].
Encasing single cells inside a fiber structure is hypothesized to not only induce guided cell alignment but also
provide 3D, subcellular mechanical cues around the single cell, potentially providing a new tool of utilizing
mechanobiology for the production of novel high resolution 3D tissue models.

On the other hand, electrostatic ejection of a cell-embedded liquid jet in the electrospinning process may
affect biophysical functions of the cell and tissue constructs [92]. Apart from mechanical cues, adverse or
beneficial effects of electric field could be anticipated. Electrical stimulation of cells has been demonstrated using
a variety of techniques, such as electromagnetic stimulation [93,94], piezoelectric scaffolds [95] and hybrid
conductive microfibers [96] to affect cell behaviours like differentiation [95,96], proliferation and migration [97],
nerve regeneration [98,99] and gene expression [100] etc. Seeing cell electro-spinning and -spraying as another tool for
single-pulse electrical stimulation could open new perspectives in the utilization of the technology in tissue engineering.

T CE scaffold
| Core

—
™,
<

N, I"
"‘4‘ A '\'
QNN
\ NY ék"
3 Cell differentiation Core remove l
ey — By Gy,

—

Electrospinning
S
<

(day 1)

=2
CP scaffold

CE scaffold

Day 3

[ Negative Positve | ["MHC area w. 2 or more nuclei

MHC area w. more than 5 nuclei

~ 150 N 1804 - 150+ )
z [__JCP scaffold [ ]cP scaffold [__]CP scaffold
o [ CE scaffold [ CE scaffold I CE scaffold

MHC positive index (%)
Fusion index (%)
Maturation index (%

Day 14

0 7 14 21 0 & 14 21
Day Day Day

Figure 4. Examples of applications of cell electrospinning. (a) Coaxial electrospinning with living PC12 cells
suspended in the core with (b) most cells surviving (green) and successful differentiation into neuron-like cells
obtained after 7 days in culture in the fibers. Red: MAP2; blue: DAPI [33]. (¢) C2C12 myoblasts encapsulated
inside electrospun fibers via cell electrospinning. Myosin heavy chain (MHC) positive staining indicated successful
myogenic differentiation, with cell electrospun fibers being superior in performance to a traditional cell printed
scaffold. * p <0.05, ** p <0.01 [32]. (a,b) Reproduced with permission from ref. [33]. Copyright 2018 John Wiley
and Sons Copyright. (¢) Reproduced with permission from ref. [32]. Copyright 2018 John Wiley and Sons.

5. Conclusions and Outlook

While significant progress in cell electrospinning has been achieved, several key areas require further
investigation to optimize the process and broaden its applicability. The fact that viscosity was reported in only two
of the reviewed studies highlights a significant knowledge gap in technology transfer. Future studies should
prioritize characterizing and controlling these key parameters to better understand its impact on cell viability and
fiber formation. Furthermore, computational modelling of shear stress effect on cells during the extrusion in
electrospinning initiation could help the prediction and optimization of experimental outcomes, leading to more
efficient and reproducible results. Achieving a balance between electrospinnability, cell embedding efficiency,
and cell viability remains a central challenge, demanding careful consideration of combined material properties
and process parameters.

Beyond cell viability, it would also be crucial to study mechanobiological and electrophysiological effects
on the cells when being processed through this electrohydrodynamic process. The former addresses the mechanical
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influence of the polymer solution with its molecular entanglement, viscosity and resulting shear forces on a cell
during syringe flow, Taylor cone formation and jetting. The latter exerts electrical interference on cell membrane.
Generally, presenting cells to extracellular physical force such as shear stress, tension or compression has been
proved to influence cell behaviour through mechanosensing pathways [101]. For example, cell stretching on a stiff
substrate or simply compression of the nucleus using an AFM cantilever can result in translocation of the
mechanotransduction regulated transcription factor YAP from cytosol to the nucleus [102]. One could therefore
hypothesize that YAP translocation would also be affected by both the shear forces during the electrospinning
process and the possible compression force that cells experience inside thin fibers. YAP translocation is known to
influence gene transcription and thereby gene expression, potentially leading to interesting biological effects of
cell electrospinning. This might open up new applications in the biomedical field.

Besides mechanobiological effect, electrophysiological effects might also lead changes in both cell
phenotypes and genetics, for example as reported by Das et al. where global DNA hypomethylation was enhanced
in cells subjected to electrical fields during electrospinning [37]. Other desirable electrophysiological effects have
been indicated such as differentiation of PC12 cells inside electrospun fibers [33]. Furthermore, it could also be
hypothesized that electroporation through cell electrospinning should in principle be possible.

In conclusion, if the ongoing challenges of cell electrospinning in terms of electrospinnability, and cell
viability are well addressed, true applications of this technique will be unleashed, providing single cell models for
investigating mechanobiological and electrohydrodynamic effects on diverse cell types, as well as contributing to
the construction of high-resolution tissue engineering constructs with in-depth cell distribution and
mechanobiological/electrohydrodynamic guidance.
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