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now clear that architectures that reproduce 
tissue organization in 3D are favored for 
studying function as first shown by Bis-
sell and co-workers nearly 30 years ago.[5,6] 
Another emerging concept is the capacity 
for multiple cell types to auto-organize 
when given the appropriate mechanical 
cues.[7] A large variety of 3D models have 
been developed, with the major subtypes 
being spheroids/organoids, multilayered 
tissue like models, and scaffold models.[8] 
3D tissues are frequently constructed as 
spheroids using hydrogel-like matrices 
such as Matrigel,[9] or PuraMatrix,[10] with 
a highly desirable degree of mechanical 
softness, however, there can be problems 
related to cost and inhomogeneity of the 
materials.[11] Multilayer models hold a lot 
of promise for applications such as skin 
toxicology measurements,[12] however, they 

cannot be easily applied for more complex tissue or organ con-
structs including vasculature. Considerable attention has thus 
focused on the development of biocompatible scaffold materials 
for hosting cells in 3D. A variety of synthetic and bio-derived 
polymers (some resorbable, some not) have been used to mimic 
the ECM or connective tissue. In terms of technology integra-
tion, the major advances so far for 3D cell biology have been 
related to materials and methods used for scaffold preparation, 
and integration of microfabrication techniques, for example 
for fluidics. As might be expected, a challenge of 3D culture 
over 2D is associated with the difficulty of oxygenation of tis-
sues in the absence of vasculature. Microfluidics have gained 
favor for a number of reasons, including for perfusion, reduc-
tion in reagent volumes, and the fact that flow induced stress 

This work reports the design of a live-cell monitoring platform based on a 
macroporous scaffold of a conducting polymer, poly(3,4-ethylene dioxythiop
hene):poly(styrenesulfonate). The conducting polymer scaffolds support 3D 
cell cultures due to their biocompatibility and tissue-like elasticity, which can 
be manipulated by inclusion of biopolymers such as collagen. Integration of a 
media perfusion tube inside the scaffold enables homogenous cell spreading 
and fluid transport throughout the scaffold, ensuring long term cell viability. 
This also allows for co-culture of multiple cell types inside the scaffold. The 
inclusion of cells within the porous architecture affects the impedance of the 
electrically conducting polymer network and, thus, is utilized as an in situ 
tool to monitor cell growth. Therefore, while being an integral part of the 3D 
tissue, the conducting polymer is an active component, enhancing the tissue 
function, and forming the basis for a bioelectronic device with integrated 
sensing capability.
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3D Cell Culture

1. Introduction

Advances in tissue engineering have demonstrated that phys-
ical architecture of tissues is extremely important for correct 
differentiation, and that a wealth of factors are important to 
correctly model tissues in vitro.[1,2] It is now well accepted that 
the in vivo environment, comprising both the composition (dif-
ferent cell types, extracellular matrix (ECM) etc.), as well as the 
3D structure, can have a tremendous influence on the function 
and differentiation of the cells.[3] 2D (or flat biology) approaches 
often result in loss of phenotypes due to dissociation from the 
native environment followed by propagation on flat, imperme-
able substrates preventing cells from being responsive to chem-
ical and biochemical gradients naturally found in vivo.[4] It is 
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is known to enhance differentiation via mechanotransduction 
and encourage intercellular/organ communication.[13,14] Excit-
ingly, the latest trends have seen the integration of fluidics into 
3D cultures made of polymeric scaffolds/hydrogels.[15] What 
appears to be missing, however, are techniques for evaluation 
of tissues. Optical techniques, that are the gold standard for 
monitoring cells cultured in 2D, can be challenging to apply 
in 3D due to difficulties in imaging through the scaffolds.[16] 
A significant challenge also relates to integration of other cell 
monitoring techniques and tools with 3D models, such as 
impedance spectroscopy and electrical transducers, frequently 
used to monitor barrier properties of epithelial and endothelial 
tissues.[17]

Electrical methods have a proven track record to be non-
destructive and label-free for monitoring cells in real-time. 
Electrical methods for live-cell sensing refer to a broad range 
of measurements such as membrane potential probing,[18] 
impedance monitoring,[19] extracellular recordings from elec-
trically active cells through both electrodes,[20] and transis-
tors.[21] For non-electrogenic cells, electrical measurements 
can be used to evaluate cell coverage and differentiation, thus 
providing a measure of cell viability. Integrity of cell layers 
may be assessed by measuring the passive electrical resist-
ance, known to alter after injury.[22] Certain issues such as the 
use of rigid, high impedance electronic materials like silicon 
oxide or gold, however, have meant that electronic monitoring 
of cells is not necessarily compatible with the push toward 
“softer” 3D materials that provide an improved interface and 
communication with biological systems.[23] Some progress has 
been made toward this goal: Esch et al.[24] have developed a 
“body on a chip” platform that incorporates gastrointestinal 
(GI) tract and liver 3D tissue with a pumpless microfluidic 
system used to perfuse cells. Integrated electrodes measured 
transepithelial resistance, but only of the GI cells which were 
cultivated in 2D on top of a porous membrane. 3D cell con-
structs have been monitored using vertical electrodes dipped 
into hydrogels containing spheroids.[25] Indeed, a number of 
reports have emerged in the past years using impedimetric 
methods to monitor 3D cultures, however, in all cases planar 
electrodes were used, implying that the tissues make non-
conformal contact with the electrodes.[26,27] Matrix type gels 
trapping cells on top of microelectrode arrays enabled moni-
toring of cells for multiple days.[28,29] An advance on the 2D 
electrode system, is the use of four electrodes, for example 
in a microcavity array, increasing the feasibilty of the imped-
ance technique for 3D cultures.[30,31] A recent study utilizes 
a microcavity array technology to assess the integrity of 3D 
spheroids in suspension, while maintaining the spheroid 
ultrastructure.[32]

Recently, a new generation of “smart” materials that can 
host cells in 3D has emerged. These materials integrate func-
tionality into the hitherto “passive” scaffolds, while also solving 
the problem of rigidity of traditional 2D metal electrodes. Con-
ducting polymers (CPs) are a prime example of such a material. 
Previously used in devices such as organic light-emitting diodes 
solar cells, and electrochromic devices, these materials have 
also been shown to bring enhanced capabilities to the interface 
with biology,[33–35] related in large part to their mechanical soft-
ness, mixed ionic/electronic conductivity as well as fabrication 

in nonstandard (nonplanar) conformable formats.[36] An added 
advantage is their optical transparency which allows for com-
bined optical and electronic monitoring.[37–39] For 3D cell 
biology, the principal motivation for use of CPs as supports 
has been for the growth of electrically active cells (e.g. neurons) 
based on the idea that an electroactive material can modulate 
neuronal growth and differentiation and be used to engineer in 
vitro models of electro-responsive tissues.[40–42] A body of litera-
ture exists on CP-based hydrogels which have been shown to 
host cells, [43] some of these with the aim to provide an electri-
cally conducting support material which can faciliate implanted 
neuronal constructs forming electroactive connections with 
the host tissue without provoking glial scarring.[44] Moreover, 
processibilty of poly(3,4-ethylenedioxythiophene) (PEDOT) has 
enabled preparation of conducting scaffolds/fibers comprising 
a variety of materials including bacterial cellulose.[45] However, 
these constructs are generally significantly more rigid than 
biological tissues, and tend to be brittle. Another approach has 
been the processing of CPs in the form of foams or sponges. 
Previous studies showed the generation of a biocompatible 
foam made of the CP poly(3,4-ethylenedioxythiophene):poly
(styrenesulfonate), (PEDOT:PSS).[46] These scaffolds not only 
successfully hosted mammalian cells, but also the cells within 
were shown to be responsive to the oxidation state of the con-
ducting network. A composite of PEDOT and polyurethane 
has been reported to have high electrical conductivity and be 
mechanically robust, autoclavable and host cells, but has not 
yet been used for electrical stimulation or monitoring of 3D 
tissue.[47]

In this work, we employ an ice-templating (freeze casting) 
technique to fabricate PEDOT:PSS based scaffolds as the basis 
of a 3D living tissue-integrated electronic platform. The use of 
CP hydrogel-like scaffolds was chosen to generate highly effi-
cient signal transduction due to an intimate and 3D contact 
of cells with the electroactive material. In contrast to previous 
studies with such porous materials, which do not actively uti-
lize the electrical conductivity of the material or bias the scaf-
folds before (not during) cell culture,[46] the scaffolds presented 
here were prepared in situ within a device configuration. This 
allows us to perform electrical measurements during cell cul-
ture. Two key parameters were targeted for optimization in 
the current study to achieve efficient signal transduction; 
improving cell adhesion, and enhancing the conductivity of 
the scaffolds. Scaffolds were fabricated similarly to those pre-
viously reported,[46] with the key difference that two additives 
were used, collagen and dodecylbenzenesulfonic acid (DBSA), 
which improve cell adhesion and conductivity respectively, as 
will be detailed below.

We prepared scaffolds by freezing a pre-determined amount 
of an aqueous dispersion of PEDOT:PSS (with or without the 
additive), and a silane-based crosslinker, (3-glycidoxypropyl)
trimethoxysilane (GOPS), inside disposable cuvettes fixed on 
Au-coated substrates (Figure 1a). The dispersions inside the 
cuvettes were frozen at a controlled rate (0.9 °C min−1), followed 
by the sublimation of the ice phase under high vacuum (see the 
Experimental section for details). As previously described,[46] 
the scaffolds are highly porous throughout the volume, with 
the exception of a “skin” layer formed on top of the scaffolds 
(Figure S1a, Supporting Information). The dimensions of the 
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scaffold are determined by the volume of the PEDOT:PSS 
dispersion and the geometry of the mold/cuvette. In the final 
structure, our scaffolds were designed to have dry dimensions 
of ≈10 × 4.5 × 1.5 mm (length × width × height). A typical scaf-
fold prepared in a PDMS mold is shown in Figure S1b in the 
Supporting Information.

2. Assessing Cell Growth on PEDOT:PSS Scaffolds 
with Additives

The use of collagen as an additive was expected to improve cell 
adhesion and proliferation on the scaffolds for two reasons; 
reducing the mechanical stiffness of the scaffold by including 
a biopolymer, and also by virtue of the well-known role of col-
lagen in cell adhesion. We included collagen (type I from rat 
tail) (0.05 wt%) in the PEDOT:PSS formulation before freeze 
drying. The mechanical properties of a scaffold used to host 
cells is known to be a determining parameter in dictating not 

only cell/material compatibility, but also cellular differentia-
tion.[2] Collagen addition resulted in softer scaffolds, which we 
attributed to the water uptake capability and lower stiffness 
of the protein compared to the conjugated PEDOT backbone. 
(Figure S2a, Supporting Information). Collagen addition did 
not have any particular effect on pore size (Figure S2e–g, 
Supporting Information) compared to pristine scaffolds 
(Figure S2b–d, Supporting Information) with a good distribu-
tion of pores evident throughout. We expected such structures 
to be ideal for cell growth due to the high density of pores and 
their interconnection, allowing for fluid and gas uptake/release. 
Due to the challenge of maintaining a homogenous distribu-
tion and viability of cells inside a relatively large structure and 
to maximize the cell density and homogenize their attach-
ment, we integrated media perfusion tubes inside the cuvettes 
(Figure 1a,b). We ensured that once the ice-templating process 
is complete, the opening of the tube corresponds approximately 
to the center of the scaffold. We seeded Madin Darby Canine 
Kidney (MDCK II) epithelial cells into collagen containing 
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Figure 1.  The design of 3D cell-integrated electronic platform. a) A schematic illustration and b) a photograph of the 3D CP scaffold showing the gold 
(Au) coated glass slide (used to provide electrical contact with the scaffold) and the integration of the media perfusion tube within the plastic cuvette 
used to contain the media. c) Fluorescence images of a collagen (0.05 wt%) containing scaffold seeded with MDCK II cells after 5 d of cell culture under 
continuous flow of media (1.6 µL min−1). The central image illustrates the placement of the perfusion tube well into the center of the scaffold, while 
the surrounding pictures are immunofluorescence images taken from fixed sections of the scaffold showing labelled actin (stained with Rhodamine 
Phalloidin). The images show proliferation of cells within the scaffold. d) SEM images of a cell loaded collagen containing scaffold showing different 
areas (images taken from top of scaffold). Black arrows indicate the leading edge of cells growing over uncovered scaffold seen on the right side of 
the image (right).
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scaffolds using a syringe to push and pull media through the 
perfusion tube to ensure access of cells to the entire scaffold. 
These cells were chosen as they have been well characterized 
in terms of their electrical properties using electrochemical 
impedance spectroscopy (EIS) techniques by us[37] and others 
on 2D planar electrodes, and known to have moderately high 
barrier properties.[48] The cells were pipetted onto the top of the 
scaffolds and the volume was sucked inside by the reverse flow 
applied through the fluidic tube. Upon seeding, fresh media 
was supplied through constant weak flow applied with a pump. 
Fluorescence images taken from different parts of the scaffold 
after 5 d of cell culture show that the perfusion aided homog-
enous population of the volume of the scaffold with cells rather 
than cells accumulating only at the surface (Figure 1c). In 
contrast, scaffolds prepared without the fluidics did not allow 
homogenous cell seeding throughout (Figure S3a, Supporting 
Information). Scanning electron microscopy (SEM) images 
(taken with a top-view) provide evidence for the presence of 
the cells covering the scaffolds—in some cases bare scaffold 
can still be seen with a leading edge of cells (Figure 1d (right)). 
Additional cross-sectional SEM images comparing scaffolds 
with and without cells, clearly show the presence of cells inside 
the scaffolds as both the smooth scaffold and the globular cell 
body and fibers can be identified (Figure S3b,c, Supporting 
Information).

3. Assessing Electrical Properties of PEDOT:PSS 
Scaffolds Before and After Cell Culture

As the cells cover the surface of the conducting scaffold, we 
expect to see changes in the electrochemical impedance spec-
trum, similar to electric cell–substrate impedance sensing per-
formed with planar electrodes.[37,49] This would then allow for 
direct live-monitoring of the 3D cell culture. The electroactivity 
of the scaffolds was thus investigated by electrochemical imped-
ance spectroscopy performed in culture media before and after 
5 d of cell growth (Figure 2). Comparing the impedance of 
collagen containing scaffolds with cells, to those without cells, 
we can see that there is an increase in the magnitude of the 
impedance (Figure 2a) with a marked change in its phase, 
particularly at the low-to-mid frequency range of 0.1–100 Hz 
(Figure 2b). The magnitude of impedance at 1 Hz with cells 
(|Zcells| ≈ 58 kΩ) is double the value of that of the pristine scaf-
fold (|Z| ≈ 28 kΩ).

The impedance at the low frequency end of the spectrum 
is dominated typically by the electrode–media interface and at 
high frequencies by the culture medium appearing mostly as an 
ohmic flat line in the curve. For a 2D system, when cell layers 
cover the working electrode, additional contributions show 
up in the intermediate frequencies (≈100–1000 Hz).[49–51] The 
phase data display a new maximum at lower frequencies with 
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Figure 2.  Comparison of a CP scaffold containing collagen or DBSA. Analysis of the a,c) magnitude and b,d) phase angle of the impedance of 
PEDOT:PSS scaffolds before and after growth of MDCK II LifeAct cells (expressing red fluorescent protein tagged actin). Black squares denote the 
spectrum of the bare scaffold, while red circles indicate the spectrum of the corresponding scaffold after cell seeding. The electrolyte is media that is 
renewed before measurements. Scaffolds were prepared with either a,b) 0.05 wt% collagen or with c,d) 0.5 wt% DBSA in the formulation. Cells were 
introduced into the scaffold and incubated for 5 d. Fluorescence orthoview of MDCK II LifeAct cells grown in scaffolds containing either e) collagen or 
f) DBSA. The images were taken after impedance measurements, using a confocal microscope.
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an increased magnitude (Φ = 68°; Φcells = 80°), manifesting a 
capacitive component present in the circuit upon cell growth.[50] 
On planar PEDOT:PSS electrodes, increased phase values, 
albeit at the high frequency regime, arose due to growing cell 
layers on the electrodes, acting like a capacitive coating.[39] 
In line with similar EIS studies on planar electrodes,[52] the 
MDCK epithelial cells attaching to the walls of the scaffold act 
primarily as an insulating coating and thus impact the current 
flow within the material.

Inclusion of biopolymers such as collagen in the scaffold is 
expected to enhance the formation of tissues; however, this may 
come at the expense of electrical conductivity. Although the col-
lagen containing scaffolds were postulated to be more cytocom-
patible, their ability to discriminate growth of the tissue on the 
scaffold via changes in impedance may not be sufficient. In an 
effort to render the scaffolds more conducting, we fabricated 
PEDOT:PSS scaffolds with the addition of the water soluble 
surfactant DBSA, known to increase conductivity in 2D thin 
film analogs of PEDOT:PSS.[53] DBSA has also been used as the 
primary dopant of PEDOT during its electropolymerization on 
metal surfaces.[54] We confirmed that the cells were distributed 
throughout the DBSA-containing scaffold thanks to our perfu-
sion system (Figure S4, Supporting Information). As expected, 
DBSA containing scaffolds have significantly lower impedance 
at all low-to-intermediate frequencies compared to the collagen 
containing scaffolds of the same size as shown by the Bode 
plots (compare black squares in Figure 2a with Figure 2c). 
Comparing the two sets of data that belong to two different 
scaffolds (with collagen or with DBSA), we see that the cell-
induced changes in the magnitude of impedance are magnified 
with the DBSA containing scaffold: a ≈6 times higher magni-
tude of impedance at 1 Hz when comparing the scaffold with 
(|Zcells| ≈ 2900 Ω) and without cells (|Z| ≈ 500 Ω) (Figure 2c). 
The phase spectrum shows a marked change in the presence 
of cells with a new maximum of an increased value: the phase 
maximum increases from 25° to 60° in the presence of cells 
(Figure 2d). Similar changes in the electrochemical impedance 
properties of a metal electrode have been observed when an 
anti-myoglobin antibody bound to electrode surfaces, attributed 
to the insulating behavior of the protein, perturbing the elec-
trode–electrolyte interface.[55] Overall, the frequency dependent 
impedance spectra of both types of scaffold exhibit features 
that are associated with the electrical sealing/blocking proper-
ties of the cell layer; however, with the presence of DBSA in the 
structure, these features are more prominent. Confocal images 
taken of MDCK II cells transfected with LifeAct TagRFP (red 
fluorescent protein tagged actin for live cell imaging) allow vis-
ualization of cells in both scaffold types, again confirming the 
excellent cell adhesion, and formation of contiguous sheets of 
cells around the walls of the scaffold (Figure 2e,f). We note the 
nondestructive nature of the EIS measurements which allows 
imaging to take place afterward. Movies of confocal Z-stack 
images for these samples are shown in Movie 1, Supporting 
Information (+collagen) and Movie S2, Supporting Information 
(+DBSA).

The experiments carried out with DBSA illustrate that for the 
design of such an electrical sensing platform, the initial con-
ductivity of the scaffold used as the working electrode is cru-
cial in order to broaden the sensitivity window for monitoring 

of cells. Remarkably, and perhaps as testimony to the robust 
nature of this particular cell type (MDCK II epithelial cells), 
the substitution of DBSA for collagen did not result in any 
noticeable changes in cell growth. We observed that the per-
sistence of cells in the scaffolds containing DBSA was similar 
to collagen containing analogs. It is possible that there were 
changes in initial adhesion but we did not capture this since 
images were taken only at the end of the experiment. Besides 
high initial conductivity, a stable conductivity is also desirable. 
CPs may change their electrical properties over time due to 
alterations in the dopant content in their structure. This can 
be further promoted as they are exposed to complex aqueous 
environment such as cell media at an elevated temperature 
(37 °C). Control experiments carried out incubating the DBSA 
containing scaffolds in cell culture media for 7 d showed only 
negligible changes in conductivity, suggesting that there is not 
a significant loss of DBSA or other components from the scaf-
fold (Figure S5, Supporting Information). This is also borne 
out by the continued growth of cells on the scaffolds, which do 
not appear to be adversely affected by the presence of DBSA or 
indeed the potential for its presence in the surrounding media. 
DBSA is a surfactant used in some cosmetics, therefore, cyto-
toxic effects may generally be those of a detergent which can be 
tolerated by cells at low concentrations.[56] The stability of the 
conductivity of DBSA-containing scaffolds speak to the excel-
lent compositional properties of the scaffolds and their future 
application for longer-term monitoring of cell cultures.

4. Assessing Mechanical and Electrical Properties 
of PEDOT:PSS Scaffolds Containing DBSA 
and/or Collagen

The principle contribution of collagen, as an additive to the 
scaffolds, appears to be decreased mechanical rigidity, poten-
tially resulting in less of a mismatch with tissue (reported 
mechanical properties of tissue vary significantly depending 
on the method used, but are generally considered to be in the 
low kPa range (1–100 depending on tissue type)).[2] The Young’s 
modulus of pristine scaffolds was measured to be ≈45 kPa, 
while the collagen containing scaffolds were significantly softer, 
≈6 kPa (Figure 3a) in agreement with previous reports on scaf-
folds of this type.[46]

While collagen improved mechanical properties of the pris-
tine scaffolds, however, it appears to have decreased the suit-
ability of the scaffolds for electrical monitoring. DBSA, on the 
other hand, lowered the impedance of the scaffolds and did not 
adversely affect cell growth. Improvement of conductivity upon 
addition of DBSA was confirmed in 3D scaffolds prepared 
outside the cuvette, in PDMS molds with identical volumes 
(Figure 3b). While the DBSA films are the most conducting, 
and collagen the least conducting, the combination of DBSA 
and collagen may be a good compromise. We therefore made 
a new generation of scaffold, this time with both collagen and 
DBSA. In the case of the collagen scaffolds we see the introduc-
tion of a circular arc in the low frequency regime that translates 
into a resistive component,[57] compared to the other scaffold 
types (Figure 3b, notice the smaller radius of semicircle of the 
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DBSA + collagen scaffold compared to collagen-only). While 
the DBSA scaffolds show the lowest impedance, the DBSA + 
collagen scaffolds represent a good middle ground. Surpris-
ingly, inclusion of DBSA in the composition, negatively impacts 
the mechanical softness, resulting in more rigid scaffolds even 
than the pristine scaffolds (Figure 3a). These findings illustrate 
that additives in the polymeric mixtures do not have straight-
forward effects, and that phenomena such as phase-separation 
may be playing a role.

Again, we measured the impedance of the DBSA + collagen 
scaffolds before and after 5 d of cell growth (Figure 3c,d). These 
measurements confirm the suitability of these scaffolds for 
monitoring of tissue: we observe a clear increase in the mag-
nitude of impedance at low frequencies (at 1 Hz, |Z| ≈ 30 Ω 
and |Zcells| ≈ 1800 Ω), and, as in the case of the DBSA-only scaf-
folds, the phase spectrum displays a new maximum at around 
10 Hz with an increase in its magnitude in the presence of cells 
(Φ = 5° and Φcells = 50°) (Figure 3c,d). We also evaluated the dif-
fusion of a low molecular weight compound fluorescent tracer 
(Lucifer Yellow (LY), Mw = 457.25) through the scaffolds and 
confirmed that the capacity of the scaffolds for uptake of this 
molecule did not change significantly before or after cell culture 
(Figure S6, Supporting Information), indicating the ability of 

molecules to perfuse through the scaffolds. LY cannot penetrate 
into intact cells, and so must pass between cells or through 
the pores.[58] This assay also confirms the interconnectivity 
and mass diffusion through the scaffold. A further experiment 
with this generation of scaffolds aimed to remove the cells and 
to evaluate whether the impedance reverts back to its original 
properties. Trypsin is a well-known proteolytic enzyme which 
is routinely used in 2D cell culture to detach cells from polysty-
rene dishes. Although the LY assay showed diffusion of a small 
molecule through the scaffold, trypsin is a protein with a molec-
ular weight of ≈24 kDa, thus its diffusion would be expected to 
be slower. Anticipating that interactions in a 3D tissue model 
would be significantly stronger than in 2D, a constant flow of 
the protease was applied to the cell-laden scaffolds for 1 h at 
37 °C. After incubation, the impedance of the scaffolds was 
again measured. After trypsin treatment, the impedance mag-
nitude at low frequencies decreases, e.g., from ≈1800 to ≈570 Ω 
measured at 1 Hz, while its phase has a lower magnitude (the 
peak at 50° drops to 33°) with its maximum shifted to higher 
frequencies (Figure 3c,d). Nyquist plots of the different scaffold 
types plus and minus cells clearly show the impact of the pres-
ence of cells on the scaffolds (Figure S7a–c, Supporting Infor-
mation). The impact of trypsin is perhaps more evident in this 
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Figure 3.  The second generation 3D CP scaffolds containing collagen and DBSA. a) Young’s modulus of hydrated scaffolds prepared from a variety of 
compositions. The modulus was calculated from the slope of the linear part of the stress–strain curve, near zero strain (Figure S2a, Supporting Infor-
mation). Error bars result from propagation taking into account at least two samples (for + collagen, n = 1). b) Impedance properties (the dependence 
of the real part (Zr) and the imaginary part (Zim) of complex impedance on the frequency, i.e., Nyquist plot) of a pristine PEDOT:PSS scaffold (black 
full squares), with collagen (0.05 wt%, black hollow squares), with DBSA (0.5 wt%, red hollow circles) and with DBSA and collagen (0.5 and 0.05 wt%, 
respectively, red circles). The samples were prepared in PDMS wells without the perfusion tube integrated into the structure (see Figure S1a in the 
Supporting Information for a photograph). c) The change in the magnitude, and d) in the phase angle of the impedance of a PEDOT:PSS scaffold 
containing 0.5 wt% of DBSA and 0.05 wt% of collagen before and after integration with MDCK II cells (black squares and red circles, respectively). The 
cell-loaded scaffold was exposed to trypsin on the fifth day (green triangles). The electrolyte is media that was freshly changed prior to measurements.
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plot: the radius of the semi-circle is smaller when the cells are 
partially detached from the scaffold, pointing to a decrease in 
the impedance of the system (Figure S7c, Supporting Informa-
tion). We posit that although the cells may have detached, they 
were only partially removed from the scaffold despite extensive 
washing. Additionally, remaining extracellular matrix deposited 
by the cells may contribute to the increase of impedance.

5. Suitability of PEDOT:PSS Scaffolds for 
Co-Culture of Fibroblasts and Epithelial Cells

As a final test of the feasibility of our platform for use in gen-
erating tissue-like structures in vitro, we proceeded to test the 
adhesion and growth of multiple cell types. Two types of cells 
were chosen; human telomerase immortalized fibroblasts 
cells (TIF) transfected with the LifeAct plasmid, and MDCK 
II cells transfected with an eGFP plasmid. The transfections 
allow visualization of the TIF (red) and the MDCK II cells 
(green) simultaneously. The fluorescence and SEM images 
(Figure 4a,b) reveal that PEDOT:PSS scaffolds provide a suit-
able 3D environment for co-culture of both cell types. In order 
to optimize the seeding of both cells types, fibroblasts were 
seeded first throughout the scaffold and incubated for 1 h. 
Then, epithelial cells were added to form an “epithelial layer.”

These two complementary cell types were used to represent 
an “in vivo like” tissue structure; fibroblasts, as nonadhesive 
cells (with respect to the cell-cell junction), are found deep inside 
the tissue. They are responsible for the secretion of extracel-
lular matrix allowing the remodeling of cell environment to be 
suitable for the subsequent formation of an epithelial layer (the 
MDCK cells). In our case, we expect a self-organization of both 
cell types and a remodeling of the scaffold. The fluorescence 

images illustrate clearly the dispersion of both cell types within 
the scaffold. In the SEM images, we can appreciate the different 
morphologies of the cells. In Figure 1c,d, we saw that the epi-
thelial cells were forming sheets or monolayers on the scaffold 
surface. In the images shown in Figure 4, we see evidence of 
cells spanning the pores, or perhaps projecting extracellular 
matrix fibers across, which we posit to be the fibroblasts forming 
a “connective” tissue like structure. This “tissue like” auto-organ-
ization is highly promising for generating physiologically rele-
vant tissue. The 3D scaffold infiltrated by cells herein can now 
be envisaged as a bioelectronic device that enables electronic, 
label-free sensing of cells. Here, the conducting polymer per-
forms two distinct functions: (1) housing for cell culture with 3D 
physical contacts with cells, (2) “soft” electrode function allowing 
for monitoring of the presence of cells. Such scaffold-engineered 
living electrodes can be an alternative platform measuring cell 
viability against toxic components in cell environments.

6. Conclusions

In this work, we demonstrate for the first time the use of a 
3D PEDOT:PSS-based scaffold with a dual purpose—to both 
host and monitor cells. In contrast to more traditional 3D scaf-
folds using passive materials as a mechanical support, the CP 
provides a new functionality thanks to its electroactivity. We 
show the preperation of different scaffolds simply by blending 
additives with the CP dispersion, allowing for tunability of dif-
ferent properties of the scaffolds, including mechanical stiff-
ness (collagen) and conductivity (DBSA). Moreover, a simple 
perfusion system was used to ensure homogenous growth of 
cells throughout the scaffolds. Extensive tissue formation was 
clear at multiple days after seeding. Although the addition of 

collagen was not found to be essential in the 
case of MDCK II cell growth, the scaffolds 
containing collagen were softer than the pris-
tine ones. The stiffness of the latter scaffolds 
approaches the stiffness of the biological 
tissue and its tunability holds great promise 
for engineering scaffolds with mechanical 
properties tailored for building specific 
tissue types. Current work is focusing on 
optimizing blends of collagen and DBSA 
to enhance both electrical and mechanical 
properties. Future work with other cell types 
requiring coating with ECM-like proteins 
such as collagen will benefit from this knowl-
edge. Current studies focus on ascertaining 
the molecular distribution of the collagen 
versus the CP within the scaffold architec-
ture, as it is highly possible that the additives 
are not exposed on the surface but rather 
contained within the bulk. Another focus is 
on modelling the changes in the complex 
impedance spectrum of the 3D scaffolds 
due to cell growth and understanding the 
different contributions of the resistance and 
capacitance of cells to the spectra in order to 
quantify cell coverage.

Adv. Biosys. 2017, 1, 1700052

Figure 4.  PEDOT:PSS scaffolds for co-culture of fibroblasts and epithelial cells. a) Confocal 
images and b) SEM images of co-culture of MDCK II eGFP (green) and TIF lifeAct (telomere 
immortalized fibroblasts, red) cells cultured inside a PEDOT:PSS based scaffold (collagen 
0.05 wt%). The images confirm that cells adhered therein, organized, and survived for 5 d.
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7. Experimental Section
Preparation of the 3D CP Platform: Scaffolds were fabricated from 

an aqueous dispersion of PEDOT:PSS (Clevios PH-1000, Heraeus) 
at a concentration of 1.25 wt%, with GOPS (Sigma-Aldrich) added as 
a crosslinker (3 wt%) to improve mechanical robustness and stability 
in water. This formulation was used for all the scaffolds and denoted 
as “pristine” scaffolds. For modified scaffolds, the PEDOT:PSS/GOPS 
dispersion was mixed with collagen (0.05 wt%, type I from rat tail) 
and/or with DBSA (0.5 wt%). The scaffolds to be used for electrical 
measurements were prepared in disposable semi-micropolystyrene 
cuvettes (Sigma Aldrich) with maximum filling volume of 3 mL. 
These cuvettes were modified such that a plastic tubing (0.72 mm 
inner diameter and 1.22 mm outer diameter) was incorporated. Once 
the tubes were fixed on the cuvettes, they were placed with a medical 
glue on top of Au (150 nm) coated glass substrates. The PEDOT:PSS 
dispersion was poured into these customized molds, at a volume of 
≈250 µL, ensuring that the tube was covered by the polymer dispersion. 
The samples were then placed in a freeze-dryer (Cryotec), where they 
were frozen from 5 to −40 °C at a controlled rate of −0.9 °C min−1, at 
which point the ice phase was sublimed from the scaffolds, as described 
by Wan et al.[46]

Following sublimation, the scaffolds were baked at 50 °C for 3 h. The 
resulting scaffolds had a dry volume of 10 × 4.5 × 1.5 mm3 (length × 
width × height), where the height was adjusted by the added volume 
of the dispersion and the width and length were predetermined by the 
inner dimensions of the cuvette. In this work, before performing any of 
the reported experiments, all scaffolds were rinsed with deionized (DI) 
water multiple times using the perfusion tube. They were then kept in 
DI water over 24 h to enable the diffusion of low molecular components 
out of the structure. The scaffolds that were used for cell culture 
experiments were further treated with ethanol (70 vol%) for about 
30 min for sterilization purposes.

Scaffold Characterization: Scaffold microstructure was characterized 
using SEM. SEM (MEB Ultra 55- Carl ZEISS) was specifically used to 
evaluate the invasion of cells into the scaffolds. Briefly, cells in the 
scaffold were fixed in 4% paraformaldehyde for 20 min under perfusion 
at room temperature, followed by extensive washing with phosphate 
buffered saline (PBS). The scaffold was then detached from the glass for 
dehydration in a graded ethanol series. Finally, the sample was coated 
with 10 nm Gold/Paladium and analyzed at 5 kV power.

The compressive modulus of hydrated PEDOT-based scaffolds was 
measured using an Instron with a 1 kN load cell. Each scaffold was 
immersed for 1 h in PBS and then tested. The samples were compressed 
at a speed of 1 mm s−1. The Young’s modulus was calculated as the 
slope in the linear part of the strain stress curve.

For the diffusion experiments, LY (Sigma Aldrich, Mw = 457.25 Da) 
was used as a model fluorescent tracer. Briefly, the plastic cuvettes 
containing the scaffolds were incubated in a 900 × 10−6 m solution of 
LY in Hank’s balanced salt solution (HBSS) to a volume of 1 mL and 
left overnight. The injection of the solution was via the tubing inside the 
scaffold, in a similar manner to the media and cell seeding procedure. 
Following incubation, the solution was removed and substituted by a 
fresh HBSS solution of same volume. At predetermined time points, 
(t = 0, 30, 60, 120, 240, and 480 min) 20 µL of the solution was removed. 
The collected samples were transferred to a 96 well plate and measured 
in a UV spectrophotometer (TECAN, Infinite M1000) at 435 nm.

Cell Culture Experiments: MDCK II cells (a gift from Frederic Luton 
(IPMC, Valbonne)) were cultured in DMEM low glucose supplemented 
with 10% fetal bovine serum, 2 × 10−3 m glutamine, 50 U mL−1 
penicillin, 50 µg mL−1 streptomycin. TIF cells were kindly provided 
by Ellen Van Obergghen Schilling (iBV Valrose, Nice). TIF LifeAct 
were prepared for this study in the same manner according to the 
manufacturer’s guidelines (Ibidi, GmbH) and as described previously[37] 
using pCMVLifeAct–TagRFP. To keep pressure on the fluorescent 
actin expression, 500 µg mL−1 of Geneticin were added to the media. 
5 mL of 3 × 106 MDCK II cells in suspension were perfused through 
the scaffold using the same media supplemented with 20 × 10−3 m 

4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid (HEPES) +/− 
geneticin as appropriate. Cells were seeded on top of the scaffold and 
slowly withdrawn through the fluidic until a thin layer of liquid was 
observed on the scaffold surface. After cell seeding, the scaffolds were 
incubated for 1 h at 37 °C to allow the cells to adhere, after which fresh 
media was added to the cuvettes to remove non adherent cells. A plastic 
lid was placed on the cuvette to ensure sterility. A weak flow of 1.6 µL 
min−1 was applied to perfuse the cells for 5 d and the samples were 
incubated in humidified atmosphere at 37 °C and 5% CO2.

For the trypsin experiment, the scaffolds were washed several times 
with PBS to remove the media. Then PBS solution was replaced by a 
solution containing 0.25% trypsin and a constant flow of 10 µL min−1 
was applied to help the dissociation of the cells for 1 h at 37 °C. After the 
incubation, several manual cycles of perfusion/withdrawal were applied 
to the scaffold to remove the cells.

For the co-culture, MDCK II eGFP (gift from Frederic Luton) was 
cultured in the same media as MDCK II cells. TIF pLifeACT were 
cultured in the same media as MDCKII cells with a supplement of 
50 µg mL−1 of Geneticin added in the media. Cells were grown in the 
scaffold using the same media supplemented with 20 × 10−3 m HEPES. 
3 mL of 7 × 105 TIF pLifeACT cells were seeded on top of the scaffold 
and slowly withdrawn and then perfused in order to maximize the 
number of cells inside the scaffold. After incubation at 37 °C for 1 h, the 
scaffold was perfused by fresh media in order to remove nonattached 
cells and then 3 mL of 3 × 106 MDCK II GFP cells were seeded. In this 
case, media was only withdrawn to enable the penetration of cells. After 
incubation at 37 °C for 1 h, the scaffold was perfused by fresh media 
again to remove remaining nonattached cells. A flow of 25 µL min−1 was 
applied to perfuse the scaffold during the 5 d of cell culture, when the 
media was recycled in order to supply secreted growth factors. A higher 
flow rate was used for the co-culture compared to the monoculture to 
ensure nutrient delivery to the greater number of cells.

Immunofluorescent Staining: MDCK II cells were fixed in 4% 
paraformaldehyde for 20 min and permeabilized using 0.1% Triton 
X-100 for 10 min at room temperature. The scaffolds were washed 
extensively with PBS and incubated with Rhodamine Phalloidin and 
DAPI (Invitrogen) for 30 min to label actin and the nuclei, respectively. 
The scaffold was monitored under epifluorescence/confocal microscope 
(AxioObserver Z1 LSM 800 ZEISS).

Electrical Characterization of Scaffolds: Impedance spectra of the 
scaffold/cell culture platform were measured using an Autolab potentiostat 
equipped with a frequency response analysis module. Commercially 
available Ag/AgCl electrode and a platinum mesh (45 mm × 25 mm) 
immobilized inside the cuvettes were used as the reference and counter 
electrodes, respectively. The counter electrode was sufficiently large in 
order to have minimal contribution on the impedance values measured. 
The applied AC voltage was 0.01 V and measurements were taken at a  
DC potential corresponding to the open circuit potential against the 
reference electrode. The electrolyte solution was the cell culture medium that  
was refreshed before each measurement, unless otherwise stated.
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