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1 Introduction

Over the last two decades, three-dimensional (3D) cell
culture systems have gained increasing interest in differ-
ent fields spanning from biomedical sciences to pharma-
ceutical research [1]. The 3D format is believed to enable
the formation and maintenance of a more in vivo like cel-
lular environment able to supply cells with oxygen, nu-
trients, and soluble factor gradients (e.g. growth factors
and hormones) leading to a more biologically relevant be-
haviour of cell functionality [2]. Careful considerations
need to be taken in the design of 3D scaffolds for sup-
porting cell organisation, proliferation and differentiation
[3]. Based on the specific application, they can be fabri-
cated from a variety of biocompatible materials (e.g. bio-
polymers, synthetic polymers, ceramic, metals). Among
these, polydimethylsiloxane (PDMS) is a cheap transpar-
ent material with low autofluorescence and can be
molded with a resolution down to a few micrometers [4].
It has already been demonstrated to be a suitable cell cul-
ture scaffold [5] after chemical and/or physical functional-
isation [6] forming a hydrophilic surface, which can be
further coated with specific extracellular matrix proteins,
such as collagen and laminin.

Different scaffold parameters, such as pore size, geom-
etry, orientation and interconnectivity, as well as channel
branching can be tuned in order to influence the diffusion
of nutrients and cell organisation within the 3D environ-
ment [7]. This can be achieved with traditional fabrica-
tion technologies (e.g. solvent-casting/particle leaching,
gas foaming, fibre bonding, phase separation, and emul-
sion freeze drying [8]). Recently, 3D printing has also
emerged as a promising technique to precisely control the
scaffold architecture [9].

A wide range of methods are currently available for
characterising scaffold porosity, spanning from scanning
electron microscopy (SEM) to gas adsorption and mercu-
ry intrusion porosimetry (MIP). All of them strictly
depend on the sample exposure to vacuum conditions
[10]. SEM allows characterisation of both the degree of
scaffold porosity and pore size, although it requires sec-
tioning and gold sputtering of the sample in order to pro-
vide relevant information. Furthermore, sputter coating
has the potential disadvantage of causing heat damage to
the sample. Gas adsorption may be applied to measure
the scaffold surface area and probe its entire surface in-
cluding irregularities and pore interiors. Prior to the
measurements, the sample is pretreated at an elevated
temperature in vacuum to remove any contaminants,
which increases the risk of its degradation. MIP is
a widely used approach to measure pore distribution and
connectivity, tortuosity and compressibility in biomateri-
als. It allows the detection of pore size ranging from 2 up
to more than 50 nm in diameter by monitoring the pro-
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gressive intrusion of mercury into a dried structure. How-
ever, the strict condition of applied pressure may damage
the scaffold [10].

Electrochemical impedance spectroscopy (EIS) is
a nondestructive and fast technique, which can be applied
at room temperature and atmospheric pressure. It has
been applied for the evaluation of pore geometry in
random chitosan scaffolds prepared by freeze drying [11].
However, this approach was not validated for different
networks of structured or random channels, and a detailed
analysis of the performed measurements was not includ-
ed. EIS has also been shown to be suitable for real-time
monitoring of large 3D cell cultures with spatial sensitivi-
ty [12]. Hence, EIS has potential for simultaneous struc-
tural characterisation of 3D scaffolds and evaluation of
cellular behaviour (growth, response to cellular effectors,
etc.). This can be possible even in perfusion-based 3D cell
culture systems and bioreactors, which are relevant in
biomedical engineering.

In this study, we focus on further development of EIS-
based characterisation of 3D scaffold porosity to achieve
a more universal approach suitable for future biomedical
applications. This comprises complete analysis of acquired
spectra to find a range of frequencies that provides a high
sensitivity for characterisation of scaffolds with i) several
networks of structured or random channels, and ii) differ-
ent degrees of porosity. In our work, PDMS scaffolds
were fabricated using a molding process which exploits
water soluble negative templates carrying random (from
sugar cube) or structured (3D printed) channels. The ob-
tained data for scaffold porosity were validated against
a more conventional weight-based method which takes
into account the apparent volume (based on external geo-
metric dimensions) of the scaffold and the PDMS density
[13].

2 Theory

Archie�s law is an empirical correlation usually employed
to estimate the amount of hydrocarbons in reservoir
rocks [14]. Accordingly, it links the electrical resistivity of
the rock to its porosity, to the resistivity of the water that
saturates its pores, and to the fractional saturation of the
pore space with water. Hence, Archie�s law indirectly es-
tablishes a relationship between the pore geometry of
a rock and the conductivity of the interstitial space due to
the presence of hydrocarbons and aqueous environment.

Tully-Dartez et al. [11] applied Archie�s law for dis-
crimination between chitosan-based 3D cell culture scaf-
folds with different random porosity. Here, we further de-
velop the method, making it more universal by applying
gold plate electrodes in a measurement setup instead of
the more conventional cylindrical probes (already used
for geophysical measurements and by Tully-Dartez et al.).
Plate electrodes facilitate interfacing with a scaffold with-
out the necessity of penetrating into the bulk material,
which gives a significant advantage for measurements
when using scaffolds made of brittle or tough elastomeric

materials. Phosphate buffered saline (PBS) was used as
bulk electrolyte to saturate the scaffold pores.

According to Archie�s law:

seff ¼ Cs0f0
m ð1Þ

where C is the coefficient of saturation with the electro-
lyte (ranging from 0.1 to 1), s0 is the conductivity of the
bulk electrolyte filling the pores, f0 is the porosity, and m
is the cementation factor originally related to the degree
of compactness of the rock matrix. Since the scaffold is
completely soaked in the electrolyte, C was set equal to
1, assuming complete saturation of the pores. m depends
on the grain type, size and shape, the dimension and pro-
file of pores and pore cavities, as well as the size and
number of dead-end pores. In general, m increases as the
degree of connections of the pore network decreases, and
can be between slightly less than one for fractured rocks
and around 5 for highly compacted ones [15]. m is diffi-
cult to estimate based on physical observations and takes
different values depending on the type of rock formation
and the calculation method. Experiments have shown
that m values are commonly between 1.3 and 3.0; howev-
er, it is often assumed to be constant and equal to 2, as in
the case of clean sandstone [16]. In only two ideal cases,
an analytical solution of the Archie�s law has been possi-
ble, corresponding to m=1 and m=1.5. The first case
represents a 3D matrix penetrated by an array of straight
channels [17], while the second refers to a network of
perfect spherical pores [18,19].

Since Archie�s law relates the bulk electrical conductiv-
ity to the porosity of a rock, it indirectly embeds the con-
cept of electrical conductance, which is based on resist-
ance measurements of the interstitial electrolyte. Conduc-
tivity of an electrolyte is determined using a two-elec-
trode setup as the product of a specific cell constant and
the inverse of solution resistance. The cell constant is the
ratio between the distance separating the electrodes and
the area exposed to the electrolyte. Solution resistance
can be extracted from impedance magnitude ( jZ j ) at the
frequency where the phase angle is equal to 08. In our
work, preliminary EIS estimations of PBS conductivity
were conducted and a value of 1.35 S/m was adopted. Ar-
chie�s law basically corrects the bulk electrical conductivi-
ty by a geometric factor, which in our study is specific for
each characterised scaffold between the two electrodes.
Thereby, the scaffold�s effective conductivity can be cal-
culated as:

seff ¼
l

RbA
ð2Þ

where Rb is the bulk solution resistance, A and l are the
cross-sectional area and the length of the scaffold, respec-
tively. Rb is the impedance value at the frequency for
which the phase angle is equal to 08. In the presence of
a scaffold, the value of Rb is higher than the solution re-
sistance of a pure electrolyte filling the electrochemical
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cell, which according to Equation 2 results in a decreased
seff.

Analogously to what has been previously proposed for
sandstone, Tully-Dartez et al. adopted m=2 for porosity
determination in random chitosan scaffolds. In our work
using PDMS-based random scaffolds, the same value of
m was used. However, for structured PDMS scaffolds,
which are characterised by arrays of straight channels, we
chose m=1 in accordance with the general considerations
presented for geophysical studies [17].

3 Experimental

3.1 Measurement Setup, Scaffold Fabrication and
Preparation for Measurements

The measurement setup (Figure 1 a) comprising a rectan-
gular chamber was micromilled of polycarbonate and the
gold plate electrodes were fabricated by thermally evapo-

rating a 200-nm gold layer onto a wet-oxidized (650-nm
oxide layer) silicon wafer coated with a 20-nm titanium
adhesion layer [12]. The PDMS scaffolds were fabricated
in order to tightly fit them between the electrodes (width
10 mm) placed at the ends of the chamber, resulting in an
inter-electrode distance of 14 mm. The height of the
chamber was 10 mm.

Random PDMS scaffolds (Figure 1 b, Supporting Infor-
mation Figure S1B) were fabricated with the sugar-tem-
plating process proposed by Choi et al. [20] using com-
mercially available sugar cubes. PDMS (Sylgard 184) was
purchased from Dow Corning Inc., Midland, MI, USA.
Structured scaffolds with arrays of parallel and perpendic-
ular straight channels were fabricated through a molding
process where negative templates were 3D printed (Mak-
erbot Replicator 2X, Slottsmçllan, Sweden) using a water
soluble filament (polyvinyl alcohol, PVA). Different de-
grees of infill (i.e. the amount of deposited material
during 3D printing) spanning from 20 up to 80 % were
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Fig. 1. (a) Photo of the measurement setup. (b–f) SEM images of the PDMS scaffolds: random pore networks (b); structured chan-
nels with 20 (c), 40 (d), 60 (e) and 80% (f) infill.
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used. After PDMS casting, the filaments were dissolved
in water under ultrasonication for at least 2 h (dependent
on scaffold compactness). In this way, the volumes origi-
nally filled with the water soluble polymer became
straight channels within the scaffold structure, i.e. the
higher the infill %, the higher the achieved scaffold po-
rosity (Fig. 1 c–f). Prior to analysis, scaffolds were ren-
dered hydrophilic by combining oxygen plasma treatment
(2 minutes for each side; power of 50 W and pressure of
35 Pa) and autoclaving.

In preparation for EIS analysis, scaffolds were manual-
ly cut to match as closely as possible the width of the
plate electrodes. The length was always strictly kept as
the inter-electrode distance. The height of the cut scaf-
folds varied between 8 and 9 mm.

3.2 EIS Analysis

Prior to any measurements, the gold electrodes were
cleaned by a 10-min treatment using a mixture of H2O2

(25 % v/v) and KOH (50 mM) followed by a potential
sweep from �200 mV to �1200 mV in 50 mM KOH [21].
The scaffolds were completely soaked in PBS (Sigma
D8662) by applying vacuum and transferred into the mea-
surement setup which was then filled with PBS to have
the scaffold fully immersed. The level of PBS was adjust-
ed according to the height of each scaffold.

A sinusoidal potential of 10 mV (rms) with respect to
the open circuit potential was applied in the frequency
range between 1 Hz and 1 MHz using a Reference 600
potentiostat/galvanostat/ZRA (Gamry Instruments, War-
minster, PA, USA). Three scaffolds of each type were
used for the measurements and the results are reported
as mean� standard deviation (n=3).

The geometric factors described above (inter-electrode
distance, l ; electrode width; scaffold height) determine
the basis for conductivity measurements using EIS. The
bulk conductivity of the electrolyte (PBS) was deter-
mined based on calibration with a standard solution
having a known conductivity (1.29 S/m, Hanna Instru-
ments, cat. 663–5047). Measurements were conducted
using three PBS samples.

3.3 Validation

The scaffolds were imaged using SEM (Supra 40 VP,
Zeiss SMT AG, Oberkochen, Germany) as shown in Fig-
ure 1b–f. Scaffold porosity was determined using the
weight-based method described by Cho et al. [13] by ap-
plying the following equation:

Porosity ¼ V0�ðm=1Þ
V0

� 100 ð%Þ ð3Þ

where V0 is the apparent volume of the scaffold calculat-
ed using its outer dimension; m is the mass of the scaffold
and 1 is the PDMS density (0.965 g/mL). The analysis

was performed on three different samples of each scaffold
type and the results are reported as mean� standard devi-
ation (n=3).

4 Results and Discussion

A complete spectral analysis of the experimental data
was performed to understand how EIS measurements re-
flect the structural features of different type of scaffolds
in physiological PBS (Figure 2 a). The measurements
were also compared with EIS behavior of PBS as control.
Bode plots for phase angle allow easy visual estimation of
the frequency range where the phase angle is close to 08
to obtain the solution resistance. Furthermore, the fre-
quency ranges should exclude the influence of possible
parasitics usually appearing above 500 kHz. A very high
reproducibility was achieved as shown by the low stan-
dard deviation among the measurements. A common fre-
quency range for structural characterisation was inferred
from the spectra and reported in Table 1. For fast evalua-
tion of scaffold porosity, the proposed frequency range
provides the possibility to conduct single-frequency EIS
measurements instead of acquiring and analyzing com-
plete spectra. The frequency ranges presented here are
valid for the used PDMS-based scaffolds and may vary
depending on the scaffold material and the overall 3D ar-
chitecture.

Since EIS measurements were performed using an elec-
trolyte which does not contain any redox couple, they
merely involve non-faradaic processes associated with the
double layer capacitance of the electrodes and the ionic
current, the bulk behavior of which is affected by the
presence of the scaffolds. Hence, in this case, the acquired
spectra are influenced by ionic strength, type of ions and
temperature, as well as the material properties and poros-
ity/channel geometry of the different scaffolds.

The scaffolds under investigation are composed of
PDMS, which is a non-conducting polymer. Due to this,
when a scaffold is placed in the high-conductivity electro-
lyte, the measured jZ j is expected to increase with de-
creasing volume of the electrolyte filling the pores. In
order to obtain an accurate estimation of seff (Equation 2)
in the presence of the different scaffolds, their cross-sec-
tional area needs to be taken into account during analysis
of EIS data. Therefore, jZ j values over the entire fre-
quency range can be divided by the specific geometric
factor l/A of each scaffold, which may have slight varia-
tion due to manual cutting. This normalisation approach
is reported in Figure 2b and allows an easy discrimination
between the different scaffolds based on their specific
geometric constraints.

Table 1 and Figure 3 show values of porosity deter-
mined for random and structured scaffolds (20–80 %
infill) using both EIS- and weight-based techniques. The
obtained porosity values using the two approaches are
comparable. The weight-based method shows a higher
standard deviation, which may be due to errors in the
weighing, whereas EIS measurements provide a higher
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precision for the obtained porosity values reflected by the
small standard deviations. Nevertheless, the porosity
values determined using the more conventional weight-
based technique were considered as guidelines for valida-
tion of the EIS-based technique.

On the other hand, when comparing the porosity
values determined using the two techniques, it can be
clearly seen that the EIS-based technique gives porosity
which is larger than the one obtained using the weight-
based technique, with exception of the structured scaffold
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Fig. 2. (a) EIS analysis of the scaffolds soaked in PBS between 1 and 106 Hz. Data are reported as mean� standard deviation (n=3).
(b) Normalisation of the impedance data: jZ j (Ohm) of the scaffold soaked in PBS was divided by the geometric factor l/A (m�1)
characteristic of each scaffold.

Table 1. Porosity values (%) for random and structured scaffolds (20–80% infill) determined using the weight-based method [13] and
EIS measurements in PBS. Values are reported as mean� standard deviation (n=3) with suitable frequency ranges for EIS analysis.

Scaffold type Porosity (%): weight-based method Porosity (%): EIS [a] Frequency range (kHz) for EIS analysis

Random 64�1 67.75�0.01 50–70
Structured 20% 19.5�0.5 23.47�0.01 50–70
40% 38.89�0.07 45.80�0.04 50–70
60% 60.5�0.5 60.99�0.03 50–70
80% 81�1 89.17�0.05 50–70

[a] In porosity calculation involving Equation 1 and 2, the following parameters were used: m=1 for structured scaffolds and m =2
for random scaffolds; C=1 for all scaffolds and s0 =1.35 S/m.
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having 60% infill. The deviation between the porosity
values obtained using the two techniques entails that the
results of the EIS-based approach contain a certain
degree of systematic errors. The sources of systematic
error may comprise imprecision in cutting the scaffolds
and placement in the measurement chamber. These fac-
tors can significantly influence the EIS-based results,
which are strongly dependent on the degree of contact
between the scaffolds and plate electrodes. In case there
are voids between the electrodes and scaffolds, the result
can be leakage current, i.e. the electric fields can bypass
the scaffolds through the surrounding electrolyte. A simi-
lar phenomenon was pointed out by Tully-Dartez et al. in
measurements using cylindrical electrodes embedded
inside the scaffolds. They used sealing with wax as an ap-
proach to eliminate the effect of leakage current. In our
approach targeting to a more universal technique using
plate electrodes at the ends of the scaffolds, introduction
of a sealing material would impede the future possibility
for combined cell culture investigations.

EIS measurements using the random scaffolds comprise
additional complication in comparison with the structured
scaffolds due to the fact that the surfaces in contact with
the electrodes are corrugated due to the structural fea-
tures. This results in additional leakage current around
the scaffolds due to the larger electrode area which is in
direct contact with the surrounding electrolyte. To ex-
plore in more detail the effect of the electric field bypass-
ing the scaffold, finite element (FE) simulations of the
measurement setup containing two electrodes and the
random PDMS scaffold were carried out for studying the
electric potential (Supporting Information Fig. S1B a) and

the current density distribution (Supporting Information
Figure S1 B b,c) across the random PDMS scaffold.

The obtained average porosity for random scaffolds
agrees fairly well with the weight-based technique. More-
over, the random scaffolds show a porosity which is
roughly comparable to the structured scaffold with 60 %
infill. This means that for a random scaffold, which has
curved and dead-end paths able to impede ionic current
more strongly than the straight channels of a structured
scaffold, the determined porosity entails the presence of
larger random void volumes. However, both the EIS- and
weight-based technique are affected by the degree of
wettability of the scaffold material. In our experiments,
the scaffolds were treated using oxygen plasma to allow
complete electrolyte penetration. Due to the complex
structure of such scaffolds, the plasma treatment may not
completely influence the PDMS surface in all dead-end
pores, which may decrease the achieved wettability.
Therefore, the porosities determined using the two tech-
niques may comprise a certain degree of systematic error
since the underlying assumption is complete pore satura-
tion with the electrolyte (C=1 in Equation 1). For further
development of the EIS-based technique, evaluation of
different random scaffolds with varying pore dimensions,
geometries and fabrication materials need to be explored,
which may lead to a deeper understanding of the degree
of electrolyte saturation, i.e. the range of valid C values.

As for geophysical investigations, the valid m values for
random porous tissue engineering scaffolds may vary de-
pending on the pore architecture. When using the porosi-
ty obtained in weight-based determinations as reference,
recalculations of the actual m value for the random scaf-

S
p
e
c
ia

l
Issu

e
E

S
E

A
C

Fig. 3. Evaluation of porosity for random and structured scaffolds using the weight-based method [13] and EIS measurements in
PBS. Data are reported as mean� standard deviation (n=3).

www.electroanalysis.wiley-vch.de � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2015, 27, 193 – 199 198

Full Paper

http://www.electroanalysis.wiley-vch.de


folds is around 1.75. This means that in further develop-
ment of the EIS-based technique, analogously to what
was mentioned above in connection with electrolyte satu-
ration (C value), investigations are needed to achieve
more rigorous understanding of a valid range of m values
for different type of random scaffolds. Additionally, other
experimental techniques, such as 3D imaging, can be ap-
plied for complete empirical validation of m values.

The good agreement between the determined porosi-
ties using the two techniques demonstrates that the EIS
approach constitutes a significant fast and non-invasive
alternative for porosity evaluation. This could be ach-
ieved in the same setup where cell-based measurements
are to be performed for biomedical applications. The
technique can be further validated for a wide range of
scaffold materials and geometries, opening perspectives
for future studies on more complex combined architec-
tures of structured and random geometries [22,23]. How-
ever, to optimise EIS-based porosity determination in
a setup where cells are cultured in serum-containing
medium, it is necessary to further investigate the influ-
ence of protein adsorption on the scaffold material and
electrodes, which based on our preliminary experiments
has an effect on the impedance measurements.

5 Conclusions

Previous studies have shown the possibility of applying
EIS measurements to determine the porosity of tissue en-
gineering scaffolds using cylindrical electrodes that pene-
trate into the material. Here, we demonstrated a more
universal EIS-based approach using plate electrodes in-
terfaced to ends of the scaffold. Our results prove the po-
tential of EIS measurements in characterising 3D cell cul-
ture scaffolds with different networks of structured or
random channels, and several degrees of porosity in
a setup were cell culturing is to be performed. To further
optimise the EIS-based technique, additional experimen-
tal work combined with alternative techniques is required
in order to take into consideration the geometrical con-
straint of channel architecture and their degree of electro-
lyte saturation (i.e. suitable range of m and C values, re-
spectively).
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