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The fabrication of functional 3D tissues is a major goal in tissue engineering. While electrospinning is a
promising technique to manufacture a structure mimicking the extracellular matrix, cell infiltration into
electrospun scaffolds remains challenging. The robust and in situ delivery of cells into such biomimetic
scaffolds would potentially enable the design of tissue engineered constructs with spatial control over
cellular distribution but often solvents employed in the spinning process are problematic due to their
high cytotoxicity. Herein, microfluidic cell encapsulation is used to establish a temporary protection vehi-
cle for the in situ delivery of cells for the development of a fibrous, cell-laden hybrid biograft. Therefore a
layer-by-layer process is used by alternating fiber electrospinning and cell spraying procedures.
Both encapsulation and subsequent electrospraying of capsules has no negative effect on the viability

and myogenic differentiation of murine myoblast cells. Propidium iodide positive stained cells were ana-
lyzed to quantify the amount of dead cells and the presence of myosin heavy chain positive cells after the
processes was shown. Furthermore, encapsulation successfully protects cells from cytotoxic solvents
(such as dimethylformamide) during in situ delivery of the cells into electrospun poly(vinylidene fluor
ide-co-hexafluoropropylene) scaffolds. The resulting cell-populated biografts demonstrate the clear
potential of this approach in the creation of viable tissue engineering constructs.

Statement of Significance

Infiltration of cells and their controlled spatial distribution within fibrous electrospun membranes is a
challenging task but allows for the development of functional highly organized 3D hybrid tissues.
Combining polymer electrospinning and cell electrospraying in a layer-by-layer approach is expected
to overcome current limitations of reduced cell infiltration after traditional static seeding. However,
organic solvents, used during the electrospinning process, impede often major issues due to their high
cytotoxicity. Utilizing microfluidic encapsulation as a mean to embed cells within a protective polymer
casing enables the controlled deposition of viable cells without interfering with the cellular phenotype.
The presented techniques allow for novel cell manipulation approaches being significant for enhanced
3D tissue engineering based on its versatility in terms of material and cell selection.

� 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

In the field of tissue engineering, the development of artificial
functional tissues is largely controlled by cell culture substrates
that provide the tissue with specific biological, chemical, architec-
tural and mechanical properties and cues. Despite a continual
development of new manufacturing techniques that allow the
engineering of 3D scaffolds, the ability to mimic native tissues in
an efficient and reproducible manner remains a complex challenge.
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In the human body, tissues are composed of spatially dis-
tributed cells within a tissue-specific extracellular surrounding
made of various components [1,2]. To mimic such a sophisticated
environment using engineering approaches, not only the material
choice and scaffold morphology need to be considered, but also
the incorporation and subsequent interaction of host cells (which
determine cell fate) within the construct [3]. While parameters
such as average pore size and overall scaffold porosity are known
to be of key importance for maintaining cellular function [4–7],
cellular infiltration of a 3D scaffold and the formation of a multi-
layer, truly 3-dimensional tissue still remain a significant
challenge.

Another prerequisite aside the scaffold architecture is the
mechanical support, which should resemble the native tissue envi-
ronment and can also be considered as a general requirement [9].
This feature is limiting the usage of natural polymers for tissue
engineered scaffolds since their mechanical support is too low.
To adjust mechanical properties in a controlled manner, polymer
blending [10] or crosslinking with potentially cytotoxic crosslink-
ing agents or photoinitiators [11,12] is necessary. As a conse-
quence, mostly synthetic polymers with superior intrinsic
mechanical features (such as flexibility or modulus) are used for
tissues for which adapted mechanical support is a prerequisite
[13,14]. Stable polymers are applied in vivo for vascular and
cardio-vascular intervention as vascular graft materials [15] or
engineering of tri-leaflet heart valves [16]. They are also being
investigated for treatments of the spine [17] or ligament [18].
Besides these, they are commonly applied in designing advanced
anti-adhesive or functional ex vivo wound dressings [19].

Furthermore, synthetic polymers are particularly attractive in
terms of manufacturing standardization as well as off-the shelf
availability when it comes to clinical requirements [2].

Amongst these, poly(vinylidene fluoride-co-hexafluoropropy
lene) (PVDFhfp) is a highly fluorinated synthetic polymer with
the potential for long term in vivo applications. Due to its chemical
structure, it is highly resistant to hydrolytic, oxidative and enzy-
matic cleavage [20]. In addition, since fluorinated surfaces have
been shown to enhance thromboresistance [21,22], PVDFhfp is a
promising material for blood contact applications. It can also be
exploited in the design of scaffolds in neuronal, cardiac or skeletal
muscle tissue where electrical stimulation is beneficial [23].
Indeed, it has been found that electric stimuli can promote the dif-
ferentiation of murine myoblast cells into functional contractile
myofibrils, needed for engineering functional skeletal muscle tis-
sue [24,25].

A combination of electrospinning and cell electrospraying
showed much promise for the incorporation of cells into three-
dimensional fibrous scaffolds [26,27]. Importantly, such an
approach could be exploited to avoid post-seeding strategies,
where seeding densities and cellular distribution are difficult to
control [28].

However, in most electrospinning processes, synthetic poly-
mers must be first dissolved in cytotoxic organic solvents [29], thus
limiting their utility in cell-based applications. Whilst electrospin-
ning from benign solvents has been investigated [8,30], its use has
been limited to water soluble polymers, which in turn promotes
rapid scaffold dissolution in the aqueous cell culture environment.

To overcome the issue of solvent toxicity, it has been suggested
that cells should be ‘‘protected” during the manufacturing process
[26], since simple post-processing methods allow the removal of
residual solvents [29].

Indeed, encapsulating cells in alginate, collagen or agarose [31],
affords not only some degree of environmental protection but also
a controlled release of cells [32]. Such ‘‘microcarriers” have been
widely investigated as potential delivery vehicles in therapeutic
applications such as the treatment of myocardial diseases [33].
Moreover, since the transport of cytokines and other molecules
from such capsules to the surrounding tissue can occur with ease,
there is much potential for application in cell-based therapies
[34,35]. Conversely, it must also be remembered that capsules
can inhibit or delay a host immune response by blocking immune
cell recognition sites [36].

In recent years, microfluidic technologies have been used to
excellent effect in a range of biological applications such as synthe-
sis of functional materials, drug discovery and single cell studies
[37–39]. In relation to the current studies, microfluidic tools have
been shown to be especially useful in generating monodisperse
capsules for single cell entrapment [40,41] as well as in the con-
trolled release of cells [32]. Additionally, the combination of
microfluidics with electrospinning and electrospraying has been
shown to be a promising platform for a range of operations in cell
biology and tissue engineering [42,43].

Herein, we describe how the use of electrohydrodynamic and
microfluidic technologies can be applied to create a droplet-
based microfluidic platform integrated with electrospraying/elec
trospinning for the fabrication of hybrid membranes composed of
a synthetic polymer and living cells. Specifically, we leverage con-
trolled droplet formation at a flow-focusing geometry to encapsu-
late cells in gelatin microcapsules for the generation of protective
transport vehicles. Subsequent electrospraying of these carriers
coupled with electrospinning of polymeric fibers is then demon-
strated. Finally, we assess the effect of these processing steps on
the viability and differentiation of C2C12 myoblast cells and the
resulting hybrid constructs via flow cytometry of propidium iodide
stained cells and immunohistochemistry staining for myosin heavy
chain.
2. Materials and methods

2.1. Materials and reagents

All materials were purchased from Sigma Aldrich (Buchs,
Switzerland), unless otherwise noted. All materials were used as
received and without any further purification. Cell culture supple-
ments and reagents were from Thermo Fisher Scientific (Waltham,
USA) and used as received.

2.2. Cell culture

All in vitro experiments were performed using a murine skeletal
myoblast cell line (C2C12, ATCC, Manassas, USA) at passage 13–16.
Cells were expanded/cultivated in Dulbecco’s modified Eagle Med-
ium (DMEM) supplemented with 10% fetal calf serum (FCS) and 1%
penicillin (5 mg ml�1)/streptomycin (5 mg ml�1)/neomycin
(10 mg ml�1) incubated in a humidified environment at 37 �C
and 5% CO2. When 90% confluency was reached, cells were har-
vested and suspended in 5% w/v gelatin (dissolved at 37 �C in
DMEM) derived from porcine skin in a 50 ml falcon tube (Corning,
New York, USA). The solution was vortexed (Vortex Genie 2, Scien-
tific Industries, New York, USA) and kept in a water bath at 37 �C
until further use. All experiments were performed at a total con-
centration of 3 � 106 cells ml�1.

2.3. Microfluidic device fabrication

Microfluidic devices were fabricated by replica molding of
PDMS (SYLGARD 184 Silicone Elastomer Kit, Dow Corning�, USA)
against a structured silicon master mold, previously fabricated
using standard photolithographic methods, and described in detail
elsewhere [44]. Briefly, a mixture of PDMS elastomer and curing
agent at a 10:0.9 w/w ratio was poured over the master (previously
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treated with chlorotrimethylsilane) and cured in an oven at 70 �C
for two hours. The cured PDMS molds were then cut into rectan-
gles (45 mm � 25 mm) using a razor blade, with 1 mm diameter
inlet and outlet holes formed using biopsy punches. Finally, PDMS
molds were bonded to glass coverslips (76 mm � 26 mm, Thermo
Fisher Scientific, Waltham, USA) after plasma activation of both
the glass and PDMS surfaces under corona discharge (Electro-
Technic Products, USA; power input of 30 W at 4.5 MHz). The
microfluidic device contains three inlets (two for continuous phase
and one for dispersed phase) and one outlet. Integrated microchan-
nels had widths ranging between 40 and 200 mm and a height of
45 mm. A schematic of the microfluidic design is presented in
Fig. 1a.
Fig. 1. (a) Schematic illustration of the microfluidic device and the encapsulation proce
schematically illustrates the droplet generation region. (b) The design of the microfluidic
Microcapsules collected in oil with cells stained with a live dye showing the result of th
2.4. Microcapsules formation and cell encapsulation

A cell-laden gelatin solution (3 � 106 cells ml�1) and a carrier
fluid consisting of light mineral oil (density: 0.838 g ml�1 at
25 �C) with 0.25% Span-80 were used to form microcapsules. A sec-
ondary oil flow (containing light mineral oil with 3% Span-80) was
used downstream of the droplet generation region to control the
segmented flow and enhance the formation of monodisperse
microcapsules. Fluids were delivered to the inlets of the microflu-
idic device using a syringe pump system (neMESYS module, Cetoni
GmbH, Germany), with the flow rates set to 5 ml min�1 and
30 ml min�1 for the gelatin and oil flows, respectively [45]. The
gelatin and oil flows are segmented at the flow focusing droplet
ss including the collection of the generated microcapsules in an ice bath. The inlay
device, with the optical micrographs of its different sections during the process. (c)
e encapsulation process. Scale bars: 200 mm.
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geometry to form microcapsules. The microcapsules are then dri-
ven through an expansion zone where the channel width expands
from 60 to 200 mm over the length of 50 mm, enhancing the forma-
tion of stable microcapsules. Downstream, a secondary flow of oil
(with higher surfactant concentration) is introduced at a flow rate
of 35 ml min�1. The generated microcapsules then pass through a
bifurcation region comprised of 16 parallel (200 mm wide)
microchannels, which further stabilize the microcapsules, before
exiting the microfluidic device. The microcapsules were collected
directly from the outlet into a 1 ml Eppendorf tube (Eppendorf,
Switzerland), submerged in an ice bath, and allowed to settle.
The microfluidic encapsulation process via microfluidics was run
for 1.5 h before the subsequent oil extraction step.

2.5. Capsule separation

Excess oil was removed with a pipette before the extraction.
The remaining liquid was then put on an electrospun PVDFhfp
membrane (Mw: 400,000 Da, prepared as described in section
2.10). This allowed removal of any excess oil, leaving the microcap-
sules on the surface. These were then flushed into a petri dish with
200 ml of cold (4 �C) cell culture medium. The process was repeated
until the oil phase was fully adsorbed into the PVDFhfp membrane,
with extracted capsules being stored in DMEM in an Eppendorf
tube on ice.

2.6. Capsule characterization

Images of the capsules after the different production steps were
taken using an optical microscope (Primovert equipped with an
Axiocam 105 color, Zeiss, Oberkochen, Germany). The diameters
of the capsules were measured using Image J [46]. The average
diameter of a total of 200 capsules was taken from three individual
experiments. To determine the number of cells per capsule, 10
images (1141 capsules in total) from three individual experiments
were analyzed and cell numbers manually counted. Additionally,
we adopted a protocol described by Mazutis et al. to estimate the
number of cells encapsulated per capsule assuming Poissonian dis-
tribution [47], Eq. (1):

Px ¼ e�k � k x

x!
ð1Þ

where P represents the probability of x cells per capsule and k rep-
resents the mean number of cells per capsule calculated with the
experimental parameters (by use of the initial cell concentration
and the average capsule volume, x = number of cells).

2.7. Spraying of capsules and cell release

Capsules were sprayed in cell culture medium. A conventional
electrospraying setup described elsewhere [48], modified for a ver-
tical setup was used for all experiments. Briefly, 200 ml of capsules
in DMEM, purified from the light mineral oil as described in section
2.4, were placed in a 1 ml syringe tipped with a blunt 21G stainless
steel needle (B. Braun, Melsungen, Germany). A positive voltage of
+9 kV was applied to the needle. A petri dish containing 500 ml of
cell culture medium was placed at 5 cm distance to the needle to
collect the capsules. The petri dish was placed on a metal plate
where a negative bias of �3 kV was applied to direct the capsules
into the dish.

Cell release from gelatin capsules was monitored using a confo-
cal laser scanning microscope (CLSM, LSM 780, Zeiss, Germany).
For live imaging, cells were stained with the lipophilic tracer DiD
(20 mg ml�1). Gelatin from porcine skin, labelled with Oregon
Green� was added to the gelatin used for the encapsulation at a
ratio 1:1000 v/v. To induce gelatin dissolution and the release of
the cells the temperature was increased to 37 �C.

2.8. Cell viability

A LIVE/DEAD� staining kit for mammalian cells (Thermo Fisher
Scientific, Waltham, USA) was used to stain living cells green (cal-
cein AM, 4 mM in anhydrous DMSO, 1:2000) and dead cells red
(ethidium homodimer, 2 mM in DMSO/H2O 1:4 v/v, 1:2000). The
staining was performed in DMEM cell culture medium instead of
PBS. Other than that the protocol of the manufacturer was fol-
lowed. Images were taken after 24 h under cell culture conditions
(37 �C, 5% CO2). Cells were stained for 10 min in DMEM prior to
imaging. During this period cells were released from the gelatin
microgel due to gelatin dissolution. Cells cultivated on tissue cul-
ture polystyrene TCPS (Corning, New York, USA) were used as pos-
itive controls and cells treated with 0.2% digitonin (Sigma Aldrich,
Switzerland) in DMEM for 5 min at 37 �C as negative controls. For
quantitative analysis of viable cells, a propidium iodide stain was
used and measured by flow cytometry (Gallios, Beckman Coulter,
Germany) (n = 3 individual experiments). Capsules were kept in
an incubator in an Eppendorf tube until the gelatin was fully dis-
solved. Subsequently, cells were centrifuged and stained for
15 min on ice. Staining solutions were prepared using a binding
buffer (1x Annexin V Binding Buffer, BD Biosciences, Switzerland)
and propidium iodide at the ratio 9:1 v/v. Living cells and dead
cells were used as positive and negative control, respectively. For
the negative control, cells were heated to 57 �C for 20 min to
induce necrosis. The final percentage of dead cells was recorded
by gating for higher signals of propidium iodide.

2.9. Cell characterization

After oil removal and spraying of the capsules, cells were culti-
vated until confluency was reached (approximately 4–5 days).
Myotube formation of C2C12 cells was induced by change to serum
deprived medium (DMEM supplemented with 1% horse serum
(Gibco, Invitrogen, USA) and 1% PSN). Medium was changed every
other day for a differentiation period of 7 days. Cells were stained
for immunohistochemistry with fluorescent dyes for the nuclei
(1:1000, DAPI) and actin (1:40, Alexa Fluor� 488 or 647 Phalloidin,
Thermo Fisher Scientific). Differentiated cells were stained for
myosin heavy chain (1:400, Sigma Aldrich, Switzerland) conju-
gated to a fluorescently labelled secondary antibody (1:400, Goat
anti mouse IgG, Alexa Fluor� 488, Thermo Fisher Scientific). Prior
to staining, samples were blocked (5% goat serum, 1% FCS in
PBS). Staining was performed in PBS supplemented with 1.5% w/
v skimmed milk (Rapilait, Migros, Switzerland). All experiments
were repeated at least 3 times.

To observe incorporation of cells into the electrospun mem-
brane, scanning electron microscopy was performed with an accel-
eration voltage of 2 kV and 10 mA current flow (Hitachi S-4800,
Hitachi High-Technologies, US, Illinois, USA). Prior to imaging,
samples were fixed in modified Karnovsky solution (4%
paraformaldehyde, 2.5% glutaraldehyde) for 1 h and dehydrated
in an ascending ethanol series from 50% to 100% (30–60 min incu-
bation for each concentration) and finally dried in hexamethyldis-
iloxane for 5 min.

2.10. Analysis of residual solvent in electrospun membranes

The presence of residual N,N-dimethylformamide (DMF) (boil-
ing point 153 �C) in the membranes was measured via gas
chromatography-mass spectroscopy (Head space GC–MS). An Agi-
lent G1530A gas chromatograph coupled with an HP 5973 mass
spectrometer was used for all experiments. Thereby, the sample
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was heated starting from a temperature of 50 �C (held for 1 min),
which was ramped up to 250 �C at a rate of 15 �C min�1, where
the temperature was held for 1 min. Eluents were collected on a
solid phase microextraction fiber (SPME Fiber 65 mm PDMS/DVB
fused silica 24 Ga for use with manual holder, Sigma Aldrich,
Switzerland) and separations performed on a HP-5MS GC column
(Agilent technologies, USA) (30 min at room temperature).

2.11. Electrospinning/capsule spraying

The experiments were not performed under sterile conditions.
However the device as well as the instruments were thoroughly
cleaned with 70% ethanol beforehand. Parameters for cell spraying
were as described previously. For electrospinning, PVDFhfp was
dissolved in DMF at a concentration of 35% w/v. A planar stainless
steel plate collector was placed at a distance of 20 cm from a syr-
inge filled with the polymer solution. The polymer solution was
ejected at a flow rate of 20 ml min�1 using a syringe pump (World
Precision Instruments, Sarasota, USA, model: Aladin 1000). To
characterize the intrinsic pore size of the polymeric membrane,
capillary flow porometry was used (POROLUXTM 1000, POROMETER
nv, Belgium). The cell-laden membrane was fabricated in a layer-
by-layer approach. After 60 min of electrospinning, capsules were
sprayed on top of the membrane at a flow rate of 50 ml min�1. In
order to spray the required amount of cells in a volume of 200 ml,
the spraying duration was 4 min. Subsequently a layer of PVDFhfp
was spun for 5 min on top of the capsules. To remove residual sol-
vent, the biograft was then washed with cold PBS (4�C) for 60 min
in a cell culture dish, with the PBS being changed every 10 min.
After washing the membrane was cultivated under culture condi-
tions in cell culture medium. To validate the reproducibility of this
approach, the experiment was repeated three times.

2.12. Statistical analysis

Pearson correlation coefficient (r2) was calculated between the
frequency distributions of predicted values from Eq. (1) and exper-
imental data (n = 3) of encapsulated cells per capsule. An unpaired
two-tailed Student’s t-test was used to determine significance. Dif-
ferences with p-value < 0.05 were considered statistically signifi-
cant. Statistical analyses were performed in Graphpad Prism 7.
3. Results

3.1. Cell encapsulation

The microfluidic device used herein is designed to generate
stable gelatin-in-oil microcapsules, with diameters between 40
and 140 mm, at a rate of 150–200 per second [45]. Cell-laden gela-
tin and oil flows were injected at 5 ml min�1 and 30 mlmin�1,
respectively, leading to formation of microcapsules with an aver-
Fig. 2. Purification of the microgel capsules from the oil phase. (a) The oil containing th
completely absorbed by the membrane. (c) The capsules were flushed with 200 ml of DM
age diameter of 112 mm ± 30 mm (Fig. 1). To overcome potential
backpressure issues, which occur in long microchannels and can
cause failure of the chip, flow rates were optimized as previously
described [49]. Microcapsules passed through a short expansion
zone where they were stabilized due to shear. Downstream a sec-
ond flow of continuous phase was introduced from both sides at a
flow rate of 35 ml min�1. This auxiliary flow of continuous phase
guides the flow of generated microcapsules to the centerline of
the channel, improving the monodispersity of the microcapsules
and suppresses the jetting along the channel.
3.2. Capsule purification and processing

The different process steps for capsule purification are shown in
Fig. 2. After the purification the capsules were sprayed into a cell
culture dish filled with cell culture medium. Significantly, and as
shown in Fig. 3a and b, electrospraying had no influence on the
morphology of the formed capsules. All capsules remained intact
without any major deformation or swelling, with an average diam-
eter of 112 mm ± 30 mm (114 mm ± 31 before spraying,
110 mm ± 29 mm after spraying). Within the measured capsules
(n = 1141), a total number of 1729 cells were successfully encapsu-
lated with 66% of the capsules being laden with cells (Fig. 3c). A
good agreement (r2 = 0.984, p = 3.3�10�11) was found between esti-
mated values (from Eq. (1)) and experimental data (Fig. 3c).
3.3. Cell characterization

LIVE/DEAD staining results, both after capsule extraction and
after spraying, are presented in Fig. 4(a, d and g). Fluorescence
images confirm that cell viability was not significantly impaired
after each processing step when compared to the positive control.
This is further supported by flow cytometry data (Fig. 4c, f and i)
with 84%, 82% and 81% (n = 3) of the cells being viable in the con-
trol group, after the oil removal and after the capsules have been
sprayed by the electrostatic field, respectively (measured by count-
ing PI positive cells). The scatterplots shown in Fig. 4b, e and h,
allow identification of viable and dead populations, as dead cells
reveal lower forward scatter signals and higher side scatter signals.
Interestingly, discrimination was less obvious for the control
group.

After cultivating the cells in differentiation medium for 7 days,
the impact of the process steps on differentiation potential (into
multinucleated myotubes) was assessed.

Fig. 5a depicts differentiated cells after oil removal. By staining
for actin and cell nuclei it can be seen that single cells merged and
formed elongated myotubes, as expected for C2C12 myoblasts. No
differences were observed compared to both experimental groups
(Fig. 5b and c). Additionally, all groups investigated were positive
for the specific myosin heavy chain marker (Fig. 5d–f).
e capsules is added onto the hydrophobic membrane. (b) After 1–2 min the oil was
EM and stored in an Eppendorf vial on ice.



Fig. 3. (a) Collected capsules after the oil extraction on a PVDFhfp membrane and resuspension in cell culture medium. (b) The shape and size of capsules are maintained after
spraying capsules from a 21G needle into a petri dish filled with cold cell culture medium, with an average capsule size of 112 mm ± 30 mm. (c) Comparison between
experimental data and prediction model (based on Poissonian distribution) for the encapsulation process. Data represents mean ± SD of n = 3 independent repetitions in the
experimental group and predicted values from Eq. (1).
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3.4. Cell release from microcapsules

Cell release from capsules is shown in Fig. 6. Fluorescence
images, taken after 1, 15 and 30 min, illustrate the dissolution of
gelatin capsules over time at 37 �C with signal from the Oregon
green labelled gelatin diminishing after 15 min due to water
uptake. Complete dissolution of the gelatin occurs after approxi-
mately 30 min (Fig. 6c). The first signs of cell attachment to the dish
can be observed by the formation of cellular protrusions that
appear after capsules are fully dissolved, with the low intensity
background signal resulting from dissolved fluorophore in the solu-
tion. Subsequent adhesion was also observed during LIVE/DEAD
imaging experiments, with Calcein AM positive cells remaining
attached and spread over the substrate 24 h after release (Fig. 4).

3.5. Hybrid biograft fabrication

The protective effect of the encapsulation was shown by the
LIVE/DEAD staining of C2C12 cells after the combined process
without encapsulation (Fig. 7b) as well as with encapsulation
(Fig. 7c). Combined electrospinning of PVDFhfp and electrospray-
ing of non-encapsulated cells was unsuccessful, since all cells were
necrotic (Fig. 7b). Head-space GC–MS measurements indicated
high amounts of ‘‘residual” DMF directly after electrospinning
(Fig. 7a). While residues on the membranes were also measured
after 2 h of storage in air, samples stored in PBS showed only a very
small peak deriving from DMF.

Cell survival after the encapsulation process was significantly
increased as demonstrated by the higher number of calcein AM
positively stained cells (Fig. 7c). Cell proliferation within the bio-
graft was reported by higher cell numbers on day 7 as seen in
Fig. 7d. Living as well as dead cells were counted based on these
images (n = 5 per group) revealing values of 0% (a),
77.75% ± 13.64% (b) and 87.08% ± 3.95%, respectively. We never
experienced issues concerning contamination when the constructs
were transferred into cell culture.

The presence of spread cells underneath the fiber layer was con-
firmed by SEM imaging of the construct produced by the described
layer-by-layer process (Fig. 8a and b). This observation could be
made in all the performed experiments (n = 3). Only small areas
without cells were observed. Additionally, immunohistochemistry
staining for actin and cell nuclei confirmed the cellular attachment
to the scaffold (Fig. 8c).

4. Discussion

Production of scaffolds for in situ integration of cells to create
functional 3D tissues is hampered by the usually required applica-
tion of cytotoxic solvents or cross-linking agents [6,12]. Since fiber
formation by electrospinning is highly dependent on the solvent
system used (according to the used polymer), non-cytotoxicity
cannot always be achieved as many synthetic polymers do not dis-
solve in e.g. aqueous solutions. For the reported polymer PVDFhfp,
DMF is required to ensure spinning of homogenous fiber mor-
phologies, and cytotoxicity of residual DMF within the fibers was
observed after electrospinning (Fig. 7b). It is likely that the amount
of remaining solvent in as-spun PVDFhfp is considerable due to a
strong affinity of the solvent towards the polymer. DMF carrying
a carbonyl group is able to form Lewis acid-base pairs with poly-
mers like poly(vinylidene fluoride) [50], leading to semi-stable
bonds with slow evaporation of the solvent. Similar interactions
of polymers with solvents, e.g. hexafluoroisopropanol (HFIP) with
polycaprolactone, were described by Nam et al. revealing solvent
desorption over extended periods of time [29]. This affinity
depends on the polymer-solvent combination as e.g. Stankus
et al. did not observe any adverse effects with respect to cell sur-
vival when poly(ester urethane)urea was used with HFIP [26]. Fur-
thermore, DMF has a relatively low vapor pressure implying slow
diffusion kinetics compared to solvents with a high volatility like
chloroform, THF or HFIP. In general it can be stated that solvents
with a low vapor pressure remain longer in the fibers [51]. While
washing the membranes for 2 h with water removed most of the
remaining solvent (Fig. 7a), such an incubation step is not compat-
ible with the approach of in situ integration of cells in the scaffold.
Therefore, microfluidic cell encapsulation was utilized for the tem-
porary protection of cells to maintain cell viability during the fab-
rication of hybrid biografts.

From the various techniques that have been described for the
fabrication of microencapsulated cells [41,52], a microfluidic plat-
form was selected due to the ease with which highly monodisperse
microcapsules can be produced and because of the potential to
control capsule size, throughput and encapsulation efficiency in a
direct manner. The described microfluidic system allowed the
preparation of microcapsules with an average diameter of
112 mm ± 30 mm. With the capsule size being a limiting factor for
a successful electro-spraying process, this was well within the
intended size range of <500 mm, being a limiting factor for a contin-
uous electro-spraying process.

Establishing the optimal parameters for cell encapsulation,
experimental parameters like flow rate, cell concentration as well
as gelatin concentration were optimized, to achieve a stable pro-
cess with low numbers of empty capsules. It was found that initial
cell concentrations not only affected the efficiency of the process,
but also the overall viscosity of the gelatin phase, which in turn
influenced the performance of the microfluidic approach. Higher
cell concentrations lead to faster gelation of the gelatin within



Fig. 4. Viability of cells after different process steps. Cells were released from the gelatin capsules and attached to TCPS after a 24 h incubation period at 37 �C. Viability was
measured via LIVE/DEAD staining as well as flow cytometry. Associated results for the different process steps can be seen: (d–f) after oil removal and resuspension in DMEM
and (g–i) after spraying the capsules in DMEM with 9 kV into cell culture medium in a petri dish. (a–c) Untreated cells served as control.
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the microfluidic channels and blockage of the tubing within a few
minutes (data not shown). However, Clausell-Tormos et al.
observed that as soon as the initial cell concentration drops below
a certain number, the probability of encapsulating more than one
cell decreases to values of p � 7% [53]. Therefore, cell densities
were chosen to achieve single cell encapsulation resulting in 66%
of the capsules carrying at least one cell. The efficiency of the cell
encapsulation process was also modelled assuming Poissonian dis-
tribution and the predicted occupancies were in good agreement
with experimental observations (Fig. 3c). Indeed, Mazutis et al.
[47] previously utilized this model to obtain capsules with the
majority of droplets containing one cell. The results in the present
study highlight the versatility of the microfluidic cell encapsulation
process and the potential to adapt the process to meet individual
requirements.
After the microfluidic encapsulation a dispersion of cell-laden
capsules in oil is obtained. Different methods such as centrifuga-
tion or dissolution of oil have been proposed to purify the microflu-
idic capsules [41,47]. However, either the dissolution of oil in
hexadecane had a negative influence on the stability of the cap-
sules, or the forces applied to the capsules during centrifugation
initiated fusing of the gelatin micro-spheres (data not shown). A
purification protocol using hydrophobic filtration paper has previ-
ously been used to remove the oil phase [54]. Adaption of this
approach, by using electrospun nanofibrous PVDFhfp membranes
(known for their high porosity, oleophilic properties and the poten-
tial to split oil from water for purification purposes [55]) allowed
uptake of the oil within 2 min, so that capsules could be easily
flushed from the membrane surface to the cell culture medium.
Importantly, capsules were observed to maintain their shape and



Fig. 5. Confocal laser scanning image of differentiated C2C12 cells (b) after encapsulation and removal of oil (c) as well as after the spraying process. (a) Untreated cells were
used as control. Single cells merge to form typical bundle-like structured tubes. (d–f) All myotubes expressed myosin heavy chain as indicated by the red arrows.

Fig. 6. Release of C2C12 cells from gelatin capsules monitored by time lapse imaging. After 30 min at 37 �C cells are released and start attaching onto the substrate. After
30 min, the first signs of cellular protrusions are visible, indicating the start of attachment to the underlying TCP substrate.
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monodispersity throughout all the experimental steps including
the subsequent electrospraying process where shear forces are
applied, indicating sufficient mechanical stability of the capsules.
One major advantage of gelatin was the possibility of triggering
the cell release from the capsules in cell culture without the use
of any additional treatments.

It has been previously reported that electrospraying of murine
hematopoietic stem cells has no negative effect on either viability
or phenotype [56]. Similarly, no changes of cell viability were
observed for C2C12 cells within our study (Supplementary
Fig. S1). In the current study, it was shown that both the cell encap-
sulation as well as the following electrospraying process do not
negatively influence the behavior of myoblasts in terms of viability
and myotube differentiation. Indeed, a total of 81 ± 6.6% of the cells
were viable after the encapsulation, spraying and the release steps.
In the control group 84 ± 6.8% of the cells were alive (Fig. 4). Addi-
tionally, cells were found to proliferate between day 1 and day 7 as
observed by increasing cell numbers positively stained with cal-
cein AM (Fig. 7c and d). As indicated by immunohistochemical
analysis, characteristic differentiation of C2C12 cells into myotubes
had occurred after culture in serum deprived media, with expres-
sion of myosin heavy chain being evident after 7 days (Fig. 5). Such
phenotypical expression is in good agreement with results
reported e.g. by Ricotti et al. with respect to the C2C12 behavior
in terms of proliferation and differentiation when cultured on
nanofiber membrane surfaces [57].

Furthermore, successful in situ integration of cells to create a
hybrid biograft using a layer-by-layer approach based on electro-
spinning and electrospraying could be demonstrated (Fig. 8). SEM
analysis showed the incorporation of cells in-between the spun
layers without migration to the membrane surface due to the small
mean pore size of 2.22 mm. This is an important finding since it
demonstrates the possibility to spatially control the distribution
of a cell population within a membrane. The electrospun layer
seems to provide a barrier, mimicking natural barriers (such as
the basement membrane found in blood vessel walls), where



Fig. 7. (a) Mass spectra of electrospun membranes measured by GC–MS. The peak for residual DMF is depicted for the differently treated samples. LIVE/DEAD staining of
C2C12 cells (b) sprayed into the membrane without encapsulation, (c) with encapsulation (d) as well as with encapsulation after 7 days in culture (n = 3).

Fig. 8. (a and b) SEM micrographs of cells spread underneath a layer of electrospun fibers indicating the successful incorporation of C2C12 cells into the PVDFhfp scaffold.
Images were taken after 7 days in culture. (c) The corresponding confocal laser scanning images confirm the presence of spread cells. Cells were stained for actin (green) and
nuclei (blue).
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spatial separation of different cell types is required. This is espe-
cially relevant for vascular applications, since smooth muscle cell
proliferation and migration in the vascular system can cause
pathological conditions such as intimal hyperplasia [58].

To further benefit from this potent combination of electrospin-
ning and cell electrospraying, the experimental setup can be fur-
ther developed to allow a simultaneous collection of fibers and
encapsulated cells on a rotating drum. Overall, the presented
approach suggests that complex functional tissues with spatially
separated cells can be designed and fabricated.
5. Conclusion

The described method, which exploits microfluidic cell encap-
sulation and electrospraying/-spinning, provides a novel platform
for controlled manipulation of cells and fabrication of hybrid bio-
grafts composed of viable cells and fibrous synthetic polymer scaf-
folds. Based on the protective effect of the microcapsules, cells are
shielded from cytotoxic solvents utilized during electrospinning.
Spraying cell-laden capsules does not affect viability or phenotype
characteristics of the processed cells. Furthermore, the presented
results provide a better understanding of solvent behavior during
electrospinning. Finally, the presented approach has the potential
to be adapted for different cell types and scaffold materials, and
thus is likely to be a useful tool for targeted tissue reconstruction
in applications such as vascular substitutes or other hierarchically
structured 3D tissues.
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