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Adherent cells cultured in vitro must usually, at some point, be detached from the culture 
substrate. Presently, the most common method of achieving detachment is through enzymatic 
treatment which breaks the adhesion points of the cells to the surface. This comes with the 
drawback of deteriorating the function and viability of the cells. Other methods that have 
previously been proposed include detachment of the cell substrate itself, which risks 
contaminating the cell sample, and changing the surface energy of the substrate through thermal 
changes, which yields low spatial resolution and risks damaging the cells if they are sensitive to 
temperature changes. Here cell culture substrates, based on thin films of the ferroelectric 
polyvinylidene fluoride trifluoroethylene (PVDF-TrFE) co-polymer, are developed for 
electroactive control of cell adhesion and enzyme-free detachment of cells. Fibroblasts cultured 
on the substrates are detached through changing the direction of polarization of the ferroelectric 
substrate. The method does not affect subsequent adhesion and viability of reseeded cells.  
 

1. Introduction 
When culturing adherent cells for purposes 
ranging from basic research to regenerative 
medicine, the cells must at some point be detached 
from their culture substrate. Today, proteolytic 
treatment with trypsin is one of the most widely 
used methods to achieve this detachment, and is 
typical of all biochemical detachment techniques. 
Through trypsinization, the protease cleaves cell 
adhesion proteins such as integrins at the 
carboxylic side of the amino acids arginine and 
lysine. [1] For sub-cultured cells, this cleavage of 
integrins in the plasma membrane leads to desired 
detachment of adherent cells by the loss of cell-to-
cell and cell-to-substrate interactions. However, 
the treatment will also affect several other plasma 
membrane proteins, which typically deteriorates 
the quality and function of the cultured cells. 
Specifically, growth factor receptors, cadherins 
and integrins in the plasma membrane play crucial 
roles as mitogen receptors, anchoring proteins and 
signal effectors for migration and adhesion, and 
trypsinization can lead to altered function and 
lower viability of cells. Even after up to 24 hours 
of recovery times following a trypsin treatment, 
whole proteome changes have been observed [2] 
and significant loss of integrin expression has 
been measured. Furthermore, high trypsin 

 
 
concentrations can alter the formation and number 
of focal adhesions, the anchoring complex 
forming connections between the extracellular 
matrix and the cytoplasmic part of integrins, with 
profound effects on cell spreading and adhesion. 
[3] 
 
One application where viability and integrin 
integrity of detached cells is crucial is the 
treatment of burn wounds. The introduction of an 
enzyme-free detachment technique for cells and 
cell sheets, in a customized cell culture system, 
could address problems faced with basically all 
current burn treatment strategies based on cell 
cultures. The foremost method for treatment of 
large burns is the use of skin autografts (i.e., skin 
taken from elsewhere on the patient’s body), but 
in the case of extensive burns, donor sites on the 
patient are limited and donor-site morbidity is 
high. [4] Epithelial autografts expanded and 
cultured in vitro provide an alternative to 
traditional skin grafts, but the method is hampered 
by the long cultivation times that are required, 
high costs and sensitivity to infection. [5] The 
method has come to be viewed as an early closure 
tool but not suitable as permanent coverage due to 
occurrence of blistering, hyperkeratosis and scar 
contraction. [4] Transplantation of pre-confluent 
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epithelial cells in suspension has been a way to 
address the issues associated with full epithelial 
autografts. [6] The size of the required donor site 
is substantially reduced and the culture times in 
vitro are significantly shortened. [4] Further, the 
use of cultured epithelial cells provide a desired 
proliferative cell population and is thus 
advantageous for treatment of burns. [7] 
Unfortunately, trypsinization of these 
immediately prior to transplantation can impair 
their binding ability and possibly reduce overall 
viability. An enzyme-free detachment technique 
could yield high quality, fully viable cells for 
transplantation in suspension. Considering 
cultured autografts, an addressable cell culture 
dish intended for expansion, culture, transport and 
detachment of the autograft could also reduce the 
labor-intensity of preparing the grafts and 
facilitate a handling practice that lowers the risk 
of infection. 
 
Strategies toward active enzyme-free cell release 
with spatiotemporal control have previously been 
explored and applied, such as electroactive release 
of the substrate surface [8-11] and cell release 
triggered by thermally induced changes of the 
surface properties of the substrate. [12-14] It is 
typically difficult to achieve high spatial control 
with a thermal strategy due to thermal 
conductivity through the substrate. Temperature 
changes could also affect the function and 
viability of the cells. [15] Electroactive release can 
provide high spatiotemporal resolution of the cell 
detachment, offering the possibility of choosing 
which cell(s) to release and when to release them. 
Similar to other demonstrations of electroactively-
triggered cell detachment[8-10], our previous 
approaches were based on release of a layer of the 
substrate material along with the cells. [11] While 
effective at non-enzymatic cell detachment, this 
technique could result in contamination of the 
resulting graft. Furthermore, the electroactive 
surface is not reversible: the release layer is 
dispersed along with the released cells and cannot 
be recovered. Cell detachment via electroactive 
control over surface properties, without release of 
the substrate material, is thus an appealing idea, 
providing a detachment technique with minimal 
risk of contamination from the substrate itself.  
 
Ferroelectric surfaces, with defined polarization 
patterns, have been proposed as substrates to 
guide the growth patterns of cell cultures. [16-
18]These surfaces provide a well-defined surface 
charge when polarized in an aqueous environment 
as the charge is fixed on the surface, resulting in 
non-faradaic charging. [19,20] In an 
electrode/ferroelectric film/aqueous 

electrolyte/electrode configuration (Figure 1), the 
state of the ferroelectric film can undergo a phase 
transition upon electric biasing. [21] This yields in 
situ control of the surface properties – specifically 
the surface charge, and thus the adherence of cells 
– at high spatiotemporal resolution and without 
any contamination of the detached cells. [16] We 
thus propose the possibility of inducing cell 
release through changing the surface properties of 
a cell substrate including a ferroelectric thin film 
as the outermost, cell-facing layer. The surface 
charge is changed by reversing the polarization 
vector in the ferroelectric polymer thin film, 
biased through an electrolyte constituted by the 
cell culture medium, using short voltage pulses. 
For the ferroelectric polymer film, we have 
explored the polyvinylidene fluoride 
trifluoroethylene (PVDF-TrFE) co-polymer. 

2. Results 

2.1. Ferroelectric characterization 
The ferroelectric cell release device is based on an 
electrode/ferroelectric film/aqueous 
electrolyte/electrode configuration (Figure 1). 
Specifically, the device consists of a thin film 
(~140 nm) of the ferroelectric PVDF-TrFE co-
polymer with a monomer weight ratio of 70/30 
PVDF-TrFE coated over an indium tin oxide (ITO, 
15-30 nm) bottom electrode on a glass carrier 
substrate (25 x 25 x 1.1 mm). A polypropylene 
ring (15 mm diameter) was glued on the PVDF-
TrFE surface, forming an ad hoc Petri dish with a 
ferroelectric bottom surface. For ferroelectric 
characterization, this liquid well was filled with 
phosphate buffered saline (PBS), and a coiled Al 
wire counter electrode (to maximize surface area) 
was immersed in the PBS. 
 
Voltage was applied between the ITO bottom 
electrode and Al counter electrode as shown in 
Figure 1A. A full characterization switch cycle 
was established by incrementing the voltage from 
0 V to 18 V, then to -18 V and finally back to 0 V, 
with each voltage point consisting of 5 ms voltage 
pulse followed by a 500 ms delay. A typical 
polarization curve of such device setup is given in 
Figure 1B. By sweeping the voltage from zero or 
a negative voltage to positive voltages, a current 
peak appears at around 5 V. When reversing the 
sweep a negative current peak is observed at an 
opposite polarity of -5 V. It is important to note 
that upon programming the ferroelectric layer 
with a voltage sequence of the same polarity no 
current peak is visible during the second sweep 
corroborating the fact that ion migration is not the 
origin of the capacitance bistability (see Figure 
1B). Upon applying a voltage signal to the 
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electrodes, the ions of the electrolyte will form 
dense Helmholtz layers along the surface of the 
Al-electrode and the top surface of the PVDF-
TrFE film. We have recently shown that 
electrolytes can provide enough of charges to 
compensate the surface dipoles of a ferroelectric 
thin film (and vice versa). Furthermore, this 
process is not limited by the polarization 
switching time of the Helmholtz (electric double) 
layer nor of the ferroelectric layer. [19] A 
simplified equivalent circuit would represent the 
Helmholtz layers at the two electrodes as 
capacitors connected in series. The electrically 
insulating ferroelectric film will make the 
separation of charges, in the Helmholtz layer at 
that surface, larger. In practice this means that the 
capacitance of the Helmholtz layer at the polymer 
film will be the smaller of the two and the majority 
of the voltage drop will thus be over this capacitor, 
i.e., the ferroelectric polymer film. The 
polarization switching of the PVDF-TrFE film 
occurred around ±5 V and the polarization was 
found to be remnant and stable over extended 
periods of time. The PVDF-TrFE films were 
around 140 nm thick, so the corresponding 
coercive field was ~36 MV/m. At ±15 V the 
current was very low and we can thus assume that 
the entirety of the film was polarized at the 
voltages around ±5 V (see Figure 1B). Hence, the 
surface charge density of PVDF-TrFE can be 
induced to be either positive or negative 
depending on the direction of the applied 
polarizing electric field. At positive voltage above 
5 V applied to the ITO-electrode, the ferroelectric 
dipoles of the PVDF-TrFE film were aligned 
toward the aqueous electrolyte, expressing a net 
positive surface charge density (Figure 1C). By 
flipping the dipoles of the PVDF-TrFE film, the 
surface charge exposed to the electrolyte alters (i.e. 
negative surface charge density), potentially 
affecting the binding characteristics of 
extracellular proteins to the surface. 

2.2. Cell adhesion and viability 
To investigate the cell detachment characteristics 
from the ferroelectric PVDF-TrFE we chose 
fibroblasts as the model system. Fibroblasts are 
stromal cells responsible for the structural 
integrity of connective tissues, and are principal 
producers of its components such as collagen. In 
cutaneous wound healing fibroblasts play a crucial 
role as they produce the granulation tissue and 
highly interact with epidermal keratinocytes in the 
proliferative phase of the wound healing process. 
[22] Human primary fibroblasts were seeded on 
polarized and unpolarized PVDF-TrFE surfaces 
and no difference in morphology could be 
observed (Figure S1). We then determined the 

passive characteristics of the PVDF-TrFE surface 
by assessing fibroblast viability with an MTT-
assay on the pristine ferroelectric surfaces, 
compared to standard cell culture polystyrene 
surfaces. In the MTT-assay, the MTT dye is 
enzymatically reduced to formazan by viable cells 
only, and the absorbance of the formazan is thus a 
metric for overall cell viability. Compared to 
viability on the polystyrene control surfaces 
(defining 100 % viability), the fibroblasts 
exhibited significantly lower viability at 24 hours 
(82.0 %  ±6.5 of control viability) and at 48 hours 
(83.2 % ±3.4 of control viability) after seeding on 
PVDF-TrFE (Figure 2A). As the MTT-assay 
reflects the number of viable cells in the samples 
with equal seeding concentrations, the findings on 
viability at 24 hours indicate that approximately 
20 % of seeded cells failed to attach, compared to 
cell culture polystyrene. We investigated 
attachment of fibroblasts to the unpolarised 
PVDF-TrFE surfaces. Rapid adhesion was 
achieved by 33.4 % of seeded fibroblasts within 
15 minutes, by 30 minutes 60.5 % and by 60 
minutes 65.8 % of the seeded cells were attached 
to the unpolarized surface (Figure 2B). The 
morphology of the primary fibroblasts on 
unpolarized PVDF-TrFE is similar (Figure 2C) to 
that of fibroblasts on cell culture polystyrene 
(Figure 2D).  
 

2.3. Cell release 
We proceeded to evaluate cell detachment 
performance by culturing primary fibroblasts for 
24 hours on pristine PVDF-TrFE surfaces in cell 
medium. The film was subsequently polarized by 
applying 16 ms pulses of either positive or 
negative 15 V. From current versus voltage 
characterization, we found that the PVDF-TrFE 
films did not fully switch after the application of 
only one or two 16 ms pulses, but did fully 
polarize with three subsequent pulses. The 
application of three successive -15 V pulses (ITO 
as cathode) to pristine, unpolarized surfaces – 
yielding negative charge on the PVDF-TrFE 
surface facing the cells – resulted in partial 
detachment of fibroblast cells (Figure 3B, ii-iii). 
Additional -15 V pulsing resulted in further 
fibroblast detachment (Figure 3B, iv). Analogous 
positive voltage pulsing (ITO as anode), yielding 
positive charge on the PVDF-TrFE surface facing 
the cells, did not affect cell detachment as strongly 
as negative voltage pulsing. However, after 
detachment, cells were collected and re-seeded on 
cell culture polystyrene and displayed normal 
morphology after adhesion (Figure 3B, v; Figure 
S2). 
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3. Discussion 
While the results above indicate successful 
ferroelectric cell release, the electrical 
characteristics of the experiment deviate from 
ideal ferroelectric thin film behavior. Firstly, the 
exact location of the current peaks is not 
consistent, and there are often smaller peaks 
occurring at a somewhat lower voltage, as well as 
some remaining current at higher voltages. This 
could be due to variation in the film thickness or 
the size of the polymer crystals in the film. 
Cleaner, more ideal thin film behavior could likely 
be achieved using thicker films, yielding a 
smoother Gaussian-like current peak by providing 
a wider distribution of crystal dimensions. Thicker 
films would necessitate higher voltages to achieve 
remnant polarization of the entire film. However, 
the current levels would be unaffected by the film 
thickness and as the largest part of the potential 
drop would be over the electrically insulating 
ferroelectric film. Indeed, a recent study of the 
ferroelectric-electrolyte interface indicates 
minimal electric fields at the liquid interface.[21] 
Thus, increased film thickness and applied voltage 
should have little effect on the viability of the cells. 
 
In this initial demonstration of ferroelectric cell 
release, we did not investigate the specific 
mechanism of cell detachment at the biochemical 
level. Fibroblasts themselves have a net negative 
surface charge [23], so static repulsion could be a 
factor of the release mechanism. Indeed, previous 
studies have shown that fibroblasts preferentially 
adhere to positively charged surfaces. [24] 
Seeding of primary fibroblasts on polarized and 
pristine PVDF-TrFE substrates revealed no 
difference in morphology of the human primary 
fibroblasts in accordance with findings of 
Christofis et al. [18] where rat embryonic 
fibroblasts did not show preference of either 
polarization of a LiTaO3 substrate in a side by side 
comparison on a patterned surface, but the cells 
avoided polarization gradients between the 
polarization domains.  Some negatively charged 
polymer surfaces have been shown to negatively 
affect cell adhesion [25] and cell binding proteins. 
[26] Regarding binding proteins, differences in 
their conformation on pure PVDF surfaces 
between the poled and unpoled states of the 
ferroelectric film have previously been reported. 
[27] The proteins on the surface may also undergo 
a conformational reorganization upon a changed 
polarization state of the surface. During this 
process, the number of attachment points, both to 
the surface and the cells, would temporarily 
change and lead to a looser attachment of the cells.  
 

With a canonical ferroelectric film, applying 
additional pulses to an already-polarized surface 
would not affect the film. However, we observed 
some additional cell release with such additional 
pulses. This effect could be due to the small, 
purely dielectric charge induced in the PVDF-
TrFE film that is not remnant, yet still present 
when further voltage is applied. The change in 
surface charge due to the dielectric properties is 
very small compared to the charge caused by 
ferroelectric polarization. A 15 V pulse would 
induce a dielectric surface charge of approx.  
7 mCm-2, compared to the change in surface 
charge density due to ferroelectric polarization of 
2*100 mCm-2 when switching from one polarity 
to the other. However, this 7 mCm-2 may be 
enough to prevent the already-destabilized cells 
from settling, increasing their likelihood to detach 
completely. 
 
To develop full, cultured epithelial autografts for 
burn and wound healing, both fibroblasts 
(required for the extracellular matrix) and 
keratinocytes (epidermal cells) are required. In 
this study, we demonstrated fibroblast release, and 
attempted keratinocyte detachment. However, we 
did not succeed in releasing this polar, strictly 
sheet forming cell type. Keratinocytes would be of 
the highest interest for transplantation purposes 
for burn wounds and chronic wound treatment as 
they are the cell type responsible for the re-
epithelialization of a wound. However, the 
interplay between keratinocytes and fibroblasts in 
wound healing is intricate and drives the 
progression of the wound healing process from an 
inflammatory stage towards a highly proliferative 
phase, which enables keratinocyte migration and 
re-epithelialization of the wound. Transplantation 
of both – or either – cell types could be beneficial 
as inclusion of the native components, with all 
surface proteins intact as in the case of 
ferroelectric release, would support the normal 
reciprocity of the two cell types in the skin. Cell 
sheet engineering could highly benefit from a cell 
culture dish with an integrated release mechanism, 
as cultured cell sheets are fragile and difficult to 
manage. The handling of cell sheets and transport 
from cell culture to the operating room would be 
simplified and made safer, as the cell sheets would 
not be required to be handled prior to the 
detachment of the sheet at the time of 
transplantation. 
 
PVDF and PVDF-TrFE co-polymers have in the 
past been shown to have good biocompatibility 
[28] and have been used as materials in 
implantable devices and to steer stem cell fate. 
[29-31] Furthermore, a variety of devices and 
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components, such as ferroelectric memories, have 
previously utilized the local polarization of 
ferroelectric films. [32] Combining these 
precedents with the cell release described above, 
one can easily envision local cell release in 
commercial biotechnology tools via local 
polarization, for example by placing the 
ferroelectric film on an addressable matrix. In this 
manner, high spatial resolution of selective cell 
release could be achieved in which only some 
areas are polarized, releasing only the cells – or 
even single cell – on that specific area. 
 

4. Conclusions 
We have demonstrated that PVDF-TrFe surfaces 
are suitable as cell culture substrates for human 
dermal fibroblasts and that the polarity of the film 
affects the adhesion of cells to the culture surface. 
The polarity of the PVDF-TrFE film can be 
addressed with cells present on the surface and 
with the cells and ferroelectric surfaced immersed 
in culture medium, and the switching of the 
dipoles in the film affects the adhesion of cultured 
fibroblasts. Detachment of fibroblasts in this 
manner does not affect their subsequent adhesion 
or morphology. Ferroelectric cell release thus 
provides a promising new route to completely 
non-destructive, electronically addressable cell 
detachment. 
 
Supporting Information 
Materials and methods are detailed in the 
Supporting Information. 
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Figure 1. Ferroelectric cell release device and characteristics. (a) Experimental setup to characterize the 
ferroelectric switching of PVDF-TrFE in aqueous electrolyte. The inset shows the structure of PVDF-TrFE. 
(b) Typical current vs voltage characteristics. The scan started at 0 V, proceeded to 18 V, then to -18 V, then 
back to 0 V. (c) Random dipole alignment before initial switching (left), after positive voltage switching 
(middle), and negative voltage switching (right). 
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Figure 2. Fibroblast viability on and adhesion to unpolarized PVDF-TrFE. (a) Fibroblast viability on PVDF-
TrFE relative to fibroblasts on polystyrene control surface (mean ±SEM, n=6). (b) Adhered fibroblasts on 
PVDF-TrFE after 15, 30 and 60 minutes as percentage of seeded cell amount (n=4). Primary fibroblasts on 
unpoled PVDF-TrFE (c) and polystyrene (d) 6 hours after seeding. Scale bar = 500 µm. 
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Figure 3. (a) Schematic illustration of the cell detachment experiment. Cells adhere and proliferate on the 
pristine unpolarized PVDF-TrFE surface (top). A sufficient voltage polarizes the ferroelectric film and the 
adhered cells detach from the negatively charged PVDF-TrFE surface (bottom). (b) Representative images 
of cell release from unpolarized surface cultured for 24 hours. (i) Initial morphology of fibroblasts on PVDF-
TrFE prior to detachment experiment. Fibroblasts exhibited normal, elongated morphology. (ii) and (iii) 
Detachment of fibroblasts after three successive 16 ms pulses of -15 V (ITO as cathode). Asterisks (*) 
indicate attached fibroblasts, arrows indicate detached, floating cells. Note the detached cell sheet in (iii). 
(iv) Detachment of cells after fifteen successive 16 ms pulses of -15 V. The same experimental surface has 
been addressed and an increasing number of cells detach with increased number of pulses. (v) Morphology 
of collected cells reseeded on cell culture polystyrene after 72 hours of cell culture. Scale bar in all images is 
1 mm.  
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