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Abstract
Osteoporosis is a skeletal disease characterized by bone loss and bone microarchitectural deterioration. The combination of smart materials
and stem cells represents a new therapeutic approach. In the present study, highly porous scaffolds are prepared by combining the conducting
polymer PEDOT:PSS with collagen type I, the most abundant protein in bone. The inclusion of collagen proves to be an effective way to mod-
ulate their mechanical properties and it induces an increase in scaffolds’ electrochemical impedance. The biomimetic scaffolds support neural
crest-derived stem cell osteogenic differentiation, with no need for scaffold pre-conditioning contrarily to other reports.

Introduction
Osteoporosis affects more than 75 million patients in the EU,
USA, and Japan with increasing prevalence correlating with
the rising life expectancy. It is expected that the number of
patients affected by these disorders will increase by a third by
2050.[1] One of the recent innovative approaches to tackle oste-
oporosis entails the use of autologous stem cells in combination
with a material that can actively influence their behavior. In this
context, autologous mesenchymal stem cells (MSCs) able to
generate osteoblasts have been proposed to be good candidates
to treat osteoporosis.[2] Recently, it has been shown that the
application of MSCs can prevent bone loss in a mouse model
of osteoporosis.[3] However, osteoporosis results in decreased
numbers of MSCs with low osteogenic potential.[4–6] Thus,
alternative cell sources for the treatment of age-related bone
disorders are needed. In this context, craniofacial neural crest-
derived stem cells (NCSCs) have been shown to be non-
immunogenic[7] and to possess osteogenic differentiation
potential similar to MSCs.[8] In particular, adult post-migratory
NCSCs can be efficiently isolated from various tissue types and

undergo osteogenic differentiation in 2D and 3D environments
with an efficacy comparable to MSCs.[9–13] In order to develop
a targeted regenerative approach to restore lost bone and to help
the body recover the lost function, cells have been employed
together with materials and biomaterials. A number of sub-
strates have been developed using a large variety of materials
(i.e., natural, synthetic, metal, nanoparticle-based materi-
als).[14,15] Several biomimetic substrates are available that can
recapitulate the biochemical and biophysical properties of the
target tissue and the microenvironment experienced by cells.
Important biophysical factors influencing cell behavior in the
body include not only surface morphology and mechanical
properties but also the bioelectricity. Different tissues are
indeed characterized by diverse morphological and mechanical
properties and a different ability to respond to a local change of
the electrical field they experience. One such tissue is bone, as it
was shown to display both piezoelectricity and flexoelectric-
ity.[16–18] This ability to generate electricity is key for bone
regeneration and has therefore inspired the use of electrical
cues to develop alternative strategies towards effective bone tis-
sue engineering strategies. In order to investigate and to harness
cell and tissue bioelectricity, conducting polymers (CPs) have
been successfully used to develop smart, electroactive scaf-
folds. Due to their easy processability, CPs, such as polyaniline

† Present address: Mines Saint-Etienne, University of Lyon, Université JeanMonnet,

UMR INSERM U1059, 158 Cours Fauriel, Saint-Etienne 42023, France.

MRS Communications (2020), 10, 179–187
© Materials Research Society, 2020
doi:10.1557/mrc.2020.10

MRS COMMUNICATIONS • VOLUME 10 • ISSUE 1 • www.mrs.org/mrc ▪ 179



(PANI), polypyrrole (PPy), and polythiophene and their deriv-
atives and composites have been adopted using different tech-
niques to develop 2D and 3D substrates.[19,20] CPs have several
further advantageous properties including good cyto- and bio-
compatibility, facile synthesis, and simple modification. CPs
have the advantage over traditional silicon-based electronics
to bridge the mechanical mismatch with the target tissue.
Among other CPs, poly(3,4-ethylenedioxythiophene) polysty-
rene sulfonate (PEDOT:PSS) has been adopted for different
applications targeting cells in vitro and in vivo.[21–23]

PEDOT:PSS has the potential to be processed with a number
of techniques allowing for adjusting its chemistry and its intrin-
sic mechanical properties, and it has the ability to conduct both
ionic and electronic currents.[24] A diverse range of devices
have been generated based on this CP, having different geom-
etry, mechanical properties, and target function.[21–27] Given
this mixed conductivity, PEDOT:PSS has been used widely
both in sensing and delivery of electric cues. This feature is
indeed key for developing a material able to simultaneously
host and guide stem cell differentiation and to monitor the
cell fate and status.[22,28] Previous experiments have shown
that it is possible to use PEDOT:PSS for cell proliferation
and monitoring in both 2D and 3D environments.[22,28–32] In
this study, the biomimicry potential of the polymer is enhanced
by introducing collagen type I, the major protein component of
the bone extracellular matrix.[33,34] Collagen, like other bio-
polymers including glycosaminoglycans, gelatin, chitosan,
silk fibrin, and elastin, has the important characteristic of pre-
senting chemical groups that are recognized by cells and to
which cells can bind.[35] In particular, collagen plays an impor-
tant role in facilitating the differentiation of bone progenitor
cells into osteoblasts by interacting with the cell cytoskeleton
and inducing, among other processes, cell proliferation.[36,37]

The materials developed here harness the properties of both
the PEDOT:PSS and collagen components, leading to a highly
biomimetic, electroactive scaffold for stem cell expansion and
differentiation. The use of CPs at the interphase with stem
cells has been explored for a number of applications.[38,39]

Osteogenic differentiation of stem cells has been previously
demonstrated by different groups, but the cells mostly used
are MSCss.[23,40–42] Here we investigate, for the first time,
the response of NCSC to a 3D electroactive and biomimetic
environment for bone tissue engineering. The surface, electro-
chemical, as well as chemical characterization of the macropo-
rous electroactive scaffolds, is shown, together with the
assessment of their cytocompatibility. The differential response
of NCSC to scaffold composition is evaluated in terms of their
ability to differentiate towards bone-forming cells.

Results and discussion
Scaffold fabrication
We developed electroactive, biomimetic scaffolds that could be
used to culture stem cells and induce their osteogenic differen-
tiation. The biomimetic scaffolds are based on the commer-
cially available, CP PEDOT:PSS. Collagen type I was added

in order to enhance the biomimicry potential of the surfaces.
Collagen I was selected as it is the main protein component
of the bone matrix. In this study, we investigated not only the
presence but also the level of collagen in terms of its effect
on both the scaffold properties (morphological, rheological,
electrical, and mechanical) and the cell behavior. The process
of ice-templating (freeze-drying) was adopted to create highly
porous scaffolds with pore sizes compatible with cell infiltra-
tion and proliferation. The freeze-drying process parameters
were adapted from previously developed processes for similar
materials.[43] In order to investigate the effect of the absence,
presence, and level of collagen type 1 on cell behavior, differ-
ent ratios of collagen type 1 to PEDOT:PSS were explored.
Two ratios of collagen to PEDOT:PSS were investigated corre-
sponding to weight ratios of 0.3% and 1.1% (w/w) and they
were compared to the pristine scaffolds containing no collagen.
Throughout this work, they will be referred to as P:P, COLL1
(0.3 wt%) and COLL3 (1.1. wt%), respectively. To ensure
homogenous distribution of the protein in the highly acidic
PEDOT:PSS dispersion, blends were sonicated in a water bath
to which ice was added to avoid local heating (Fig. 1). Once
the dispersions were homogenous and no aggregates were
found, the solution was poured in the selected molds and the
freeze-drying process started. When the process was over, sam-
ples were exposed to thermal treatment in order to accelerate
crosslinking and therefore guarantee their prolonged water stabil-
ity. The morphology of the obtained scaffolds is similar to that of
PEDOT:PSS-based scaffolds previously reported.[22,43]

Scaffold morphology and pore
characterization
Highly porous structures were obtained and analyzed by scan-
ning electron microscope (SEM) [Fig. 1, Supplementary
Fig. S1(a)]. The scaffold pore size was calculated using the
SEM images. Increasing the collagen content did not seem to
affect the dimensions of the pores formed during the freeze-
drying process [Fig. 2(a)]. Pristine PEDOT:PSS scaffolds
were shown to have average pore diameters of 180 ± 39 μm,
whereas COLL1 and COLL3 samples had pores of 141 ± 34
μm and 118 ± 19 μm. There was no statistically significant dif-
ference in pore sizes between the samples with the two collagen
concentrations, but the inclusion of collagen did prove to have
an effect on pore dimensions falling in the right range to allow
cell adhesion, penetration and nutrient, oxygen exchange, and
waste removal.[44,45] Murphy and colleagues showed that larger
pores (325 μm) favor cell proliferation rather than cell attach-
ment. Scaffold porosity was also calculated analyzing SEM
images. Porosity decreased significantly when collagen was
included in the blends, decreasing from 40.7 ± 2.9% for pristine
scaffolds, to 33.2 ± 2.3% for COLL1 and 25.8 ± 3.8% for
COLL3. Pore interconnectivity was also investigated using
micro computed tomography, revealing a highly interconnected
network of pores (Supplementary Video S1). Highly porous
materials, displaying highly interconnected pores, are key for
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cell material colonization, migration, and for an appropriate
exchange of media, cellular waste, and gases (CO2 and O2).

Compressive Young’s modulus of the scaffolds
It is well known that the scaffold stiffness affects stem cell dif-
ferentiation[46] and the load transfer to the attached cells when
the scaffold deforms under physiological conditions. Young’s
modulus of the scaffolds investigated here was measured
using a technique customized for low stiffness structures[47].
A customized “see-saw” set-up, with a lower inertia compared
to a standard Instron machine, was used to measure the com-
pressive Young’s modulus of the scaffolds. Young’s modulus
values were obtained from the tangent of the loading curves
giving 90.8 ± 9.5 kPa for the bare P:P scaffolds and 36.3 ±
3.8 and 33.5 ± 0.9 kPa for the COLL1 and COLL3 scaffolds,
respectively [Fig. 2(b)]. While it is difficult to directly compare
the scaffolds since they have different pore sizes and contents
[Fig. 2(a) and Supplementary Fig. S1(b)], the measurements
suggest that the P:P scaffolds, with the higher porosity and

average pore sizes, have a stiffer cell wall material compared
to the COLL1 and COLL3 scaffolds. There was no statistically
significant difference in Young’s modulus between the COLL1
and COLL3 scaffolds. While increasing the collagen content
from 0.3 to 1.1% (w/w) presumably reduces the stiffness of the
cell wall material (as the P:P concentration is reduced), this
increase is probably offset by the lower porosity of the COLL3
scaffolds. Interestingly, researchers measured the elastic proper-
ties of the osteoid (the highly crosslinked collagen network
secreted by osteoblasts in which MSCs undergo a transition to
preosteoblasts, that will be transformed into bone) and found
that its mechanical properties are approximately 27 ± 10 kPa.[46]

These values nicely match with those reported in this work, high-
lighting the biomimicry potential of the developed scaffolds.

Chemical characterization of the scaffolds
To assess the presence and distribution of collagen, Raman
spectroscopy measurements were run on cross-sections of the
porous scaffolds. Raman signals specific to collagen are located

Figure 1. Schematic of the production and surface characterization of the porous scaffolds. Top panel: the scheme reproduces the different steps from the
preparation of the blends to the freeze-drying and thermal treatment (schematic by http://conceptualized.tech). Bottom panels: Scaffold surface morphology.
(a–f) SEM images of P:P, COLL1, and COLL3 scaffolds at increasing magnifications. (a–c) shows how the overall surface of the scaffolds appear after the
fabrication process and slices have been obtained with the vibrating blade microtome. Scale bar: 400 μm. (d–f) shows, with greater detail, the distribution of
pores and their structure. Scale bar: 200 μm.
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at 1652, 1700, and 1758 cm−1 [inset Fig. 2(c)]. Particularly, the
1652 cm−1 peak is related to the amide(I) C = O vibrational
mode.[48,49] The position and intensity of the peaks characteris-
tic for PEDOT:PSS were determined for all the scaffold compo-
sitions under analysis [Fig. 2(c)]. The main differences were at
the three main vibrational modes of PEDOT:PSS [namely,
intra-ring C–C (1), symmetric (2), and asymmetric (3) C=C]
[Fig. 3(c)].[50,51] There is a shift of the C=C symmetric mode
(peak 2) to lower vibrational energy, which is caused by subtle
changes in the contribution of the neutral and doped PEDOT
conformations to this peak.[52,53] Therefore, the Raman peak
shift towards lower wavenumbers is characteristic of an
increase in the neutral PEDOT conformation connected to a
dedoping effect on the PEDOT:PSS in the scaffold.[54] The col-
lagen could have induced molecular packing changes in
PEDOT:PSS. PEDOT:PSS is a conjugated CP made of a highly
interconnected network of polymeric chains, where the positive
charges distributed along the PEDOT backbone are compen-
sated by the negative charges carried by PSS, due to the pres-
ence of the sulfonic acid moieties. The overall pH of the
commercial PEDOT:PSS solution is about 2, lower than the
isoelectric point of collagen (Isoelectric point ∼8.26).[55,56]

This means that when collagen is added to the blend, the pro-
tein chains will be positively charged and this could in turn
lead to either the interaction of the positively charged collagen
amino acids with polystyrene sulfonic acid groups or to the for-
mation of protein aggregates. Examples of aggregates were
confirmed by both SEM images and Raman spectra, acquired
for extended volumes of the samples (Supplementary
Fig. S2). This will therefore require further improvement of
the blending protocol in the future. However, collagen also
interacts with PSS and by doing so induces a restructuring of
the CP. This is also reflected by the changes in the relative
intensities of the peaks 1 and 3 to the main C=C symmetric
Raman peak, which indicate that there is a shift in the
π-electron density of the intra-ring C–C and C=C bonds.
Also, by binding to PSS, collagen is actually contributing to
dedoping PEDOT segments. This implies an alteration in the
material conductivity as we will demonstrate in the electro-
chemical impedance characterization.

Electrochemical characterization
Impedance measurements were run to analyze the effect of
increasing concentration of collagen on the overall

Figure 2. Characterization of scaffold properties. (a) Pore-size distribution for the three scaffolds. ***P < 0.001, n.s.: the difference is not statistically
significant. (b) Through-thickness Young’s modulus of the three scaffolds. ***P < 0.001, n.s.: the difference is not statistically significant. (c) Raman spectrum
corresponding to the area including the three main vibrational modes of PEDOT:PSS [intra-ring C–C (1), symmetric (2), and asymmetric (3) C=C]. The inset
shows the area of the spectrum containing the collagen-specific peaks. (d) Bode plot of the impedance of the PEDOT:PSS scaffolds with the three compositions,
respectively. P:P pristine: blue, COLL1: light green, COLL3: dark green.
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electrochemical properties of the scaffold. As anticipated, the
inclusion of collagen is found to be associated with an increase
in the material impedance over the whole-frequency range, as
shown in the Bode and Nyquist plots [Fig. 2(d) and
Supplementary Fig. S3(a)]. Specifically, the collagen-
containing scaffolds exhibited a deviation from the ohmic flat
curve, which is apparent in the pristine scaffolds at the mid/
high frequencies. This effect is more significant in high colla-
gen content scaffolds (COLL3). The apparent changes were
accompanied by the presence of a broad peak in the phase spec-
trum [Supplementary Fig. S3(b)] and a decrease in the phase
angle maximum with the collagen ratio (from ∼45° and ∼35°,
respectively). Overall, however, the collagen-containing scaf-
folds were found to maintain their conducting characteristics,
holding a great promise for using these structures in cell-based
biosensing and stimulation applications.

Scaffold cytocompatibility and
osteoconductivity
Neural crest-derived stem cells (NCSCs) have an enormous
potential for personalized medicine as they display the

remarkable characteristic of preserving their potential to differ-
entiate towards different lineages even when isolated from
adult patients.[9,57] Their use in tissue regeneration, and more
specifically for bone regeneration, could be a powerful alterna-
tive to allogenic stem cell transplantations, thus reducing the
risk of rejections and the need for immunosuppression.
Moreover, these populations of cells preserve their stemness
also in the adult, unveiling an extremely high potential for clin-
ical translation.[58,59] Cells adhered and colonized the scaffolds
without the need for their functionalization [Fig. 3(a)]. Cells
adhered to the substrates and proliferated with no significant
difference dictated by the scaffold composition. Cells were
monitored in the first days of their interaction with the scaffolds
by staining them with PKH67, a fluorescent dye binding to the
cell membrane ( Supplementary Video S2). Cells were shown
to actively explore the surfaces of the material pores before
they colonize a specific area, where they adhered and prolifer-
ated. We then investigated the cytocompatibility of the scaffold
by seeding NCSCs on the three different substrates and com-
pared the cell viability to that of cells cultured on 2D surfaces
after 48 h [Figs. 3(a) and 3(b)].

Figure 3. Scaffold cytocompatibility and osteoconductivity. (a) Brightfield images of NCSC growing on the three PEDOT:PSS-based scaffolds. Dotted squares
highlight areas colonized by cells. Scale bar: 100 μm. (b) Viability of NCSCs measured by XTT assays. Absorbance of the three samples (P:P pristine: blue,
COLL1: light green, COLL3: dark green) compared to the 2D control (gray bar). (c) Osteogenic differentiation of NCSCs. Quantitative evaluation of Alizarin red dye
recovered from scaffolds after 21 days of cell culture. Gray bar: control sample in culture medium, red bars: osteogenic medium. Difference among samples was
evaluated using ANOVA with ***P < 0.001.
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NCSC were tested for their ability to differentiate into bone-
forming cells when colonizing the PEDOT-based scaffolds.
Cells were cultured in osteoinductive conditions using a com-
mercially available medium. Interestingly, cells cultured on
the COLL1 scaffold displayed higher levels of alizarin red
staining and therefore of mineral matrix deposition when com-
pared to the othe compositions. This would suggest a coopera-
tive interplay between the scaffold composition and mechanical
properties together with the external osteoinductive culture
conditions and the osteoinductive properties of collagen type
I.[13] In contrast to other studies, no prior conditioning of the
scaffolds was required in order to boost osteogenic differentia-
tion.[31,40] Interestingly, it has been demonstrated that naive
MSCs exposed to substrates with increasing stiffness commit
to different lineages.[46,60] These results align with our results
although the presence of an electroactive surface together
with the different compositions of the substrate might introduce
further variables in determining cell fate.

Conclusions
We developed highly porous, electroactive scaffolds for stem
cell culture and osteogenic differentiation. Scaffold biomimicry
potential was enhanced by including collagen, the major
organic component of the bone matrix. The structure,
Young’s modulus, and electrical properties of the scaffolds
were characterized. As expected, the impedance of the scaf-
folds is affected by the presence of collagen, due to its insulat-
ing nature. Introducing collagen not only affects scaffold
conductivity but also changes its mechanical properties.
Therefore, this strategy of controlling the scaffold mechanical
properties would be highly beneficial to understand the influ-
ence of single factors on cell behavior in a 3D. The interplay
between scaffold porosity, mechanical properties, and conduc-
tivity might dictate stem cell response to its environment.
Further tests will be needed to better understand how these
results correlate with scaffold properties, and more in detail
which parameter of the scaffold is directing the cell behavior.

Experimental section
Scaffold fabrication
Macroporous scaffolds were prepared following a slightly
modified version of the procedure as reported in previous stud-
ies.[22,32] Briefly, scaffolds were fabricated by the ice-templat-
ing technique, using an aqueous dispersion of PEDOT:PSS
(PH1000, Heraeus LTD) to which 3% (v/v) (3-glycidyloxy-
propyl) trimethoxysilane (GOPS, Sigma-Aldrich) was added
as a crosslinker to improve scaffold stability in aqueous envi-
ronments, and 0.25% (v/v) dodecyl benzenesulfonic acid
(DBSA, Sigma-Aldrich) was introduced to increase scaffold
electrical conductivity. In order to study the effect of the pres-
ence of collagen on cell behavior, different blends of PEDOT:
PSS and Collagen I (Collagen I Rat Tail, ThermoFisher
Scientific, Dreieich, Germany) were prepared having an
increasing protein content (0–1.1 wt%). By using a freeze-dryer
(Pilote de Paillasse, Cryotec, Saint-Gély-du-Fesc, France),

liquid blends were frozen down to −50°C at 0.35°C/min. Ice
crystals were then sublimed by ramping up the temperature at
0.12°C/min to 20°C. The scaffolds obtained were then ther-
mally treated at 60°C for 3 h to let the crosslinker reticulate.
400-μm thick slices were then prepared for cell culture using
a VT1200 vibrating blade microtome (LEICA). Prior to cell
seeding, slices were sterilized by immersion in 70% ethanol
for 1 h followed by extensive rinsing with deionized (DI)
water and phosphate buffer saline (PBS).

Scaffold morphology and pore
characterization
The scaffold structure was examined using a MEB Ultra
55-Carl ZEISS scanning electron microscope (SEM). Prior to
the analysis, samples were coated with 10 nm Gold/
Palladium and images were acquired in secondary mode
using an acceleration voltage of 5 kV. Multiple images were
taken for each sample in order to determine pore size and dis-
tribution. About 30–40 pores per sample were measured in
order to calculate average pore sizes and pore-size distribution.
Scaffold porosity was calculated using ImageJ.[61]

Mechanical characterization
The through-thickness Young’s modulus of the scaffolds was
measured under compression using a customized “see-saw”
set-up, previously developed to test freeze-dried collagen scaf-
folds.[47] Cylindrical samples of dimensions 9 mm (height) ×
10 mm (diameter) were used. An increasing number of 1g
weights was applied at a constant rate of 10 N/s, corresponding
to average stresses of around 1.4kPa. The resulting displace-
ment was monitored using a Keyence® bi-axial laser microme-
ter. Young’s modulus was measured from the tangent of the
loading curves. At least, five samples from each condition
were tested, from which the average value was taken and the
standard deviation was calculated.

Raman spectroscopy
The scaffolds were cut into smaller discs and measured using
Raman spectroscopy acquired from Renishaw inVia Raman
Microscope in a backscattering configuration. All measure-
ments were performed with samples placed inside a Linkam
THMS600 stage under continuous nitrogen purging to prevent
any laser degradation. The calibration of the filter and grating
were performed using a Si reference peak at 520 cm−1. The
excitation source at 633 nm was produced by a HeNe laser
and laser intensity of 10% of 12 mW was used with three accu-
mulations under 50× magnification. The Raster 2D mapping
was measured at each 5 and 10 μm step within a filled square
of 60 μm across x- and y-axis.

Electrical characterization
Impedance spectra of the scaffolds were acquired using a
potentiostat (Autolab, Metrohm, Herisau, Switzerland)
equipped with a frequency response analysis module. The CP
scaffold was designated as the working electrode through the
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attachment of a gold-plated Kapton® strip while a reticulated
(vitreous) glassy carbon was used as the counter electrode.
The electrolyte solution was Dulbecco’s phosphate-buffered
saline (PBS). The impedance (Z ) of the electrodes was evalu-
ated using a two-electrode system configuration. AC voltages
of frequencies ranging from 0.1 to 105 Hz were applied and
the response was measured using the impedance analyzer.

Cell culture and differentiation
Human palatal NCSCs were kindly provided by Prof. Sema
Hakki, Selcuk University Faculty of Dentistry Department of
Periodontology Campus, 42079 Konya, Turkey. Briefly,
NCSCs were obtained from adult donors with written informed
consent, and the study was approved by Ethics Committee of
Dental Faculty of Selcuk University (approval number
2012-08). NCSCs were cultured using high-glucose
Dulbecco’s modified Eagle medium (DMEM glucose 4.5 g/L)
supplemented with 20% FBS (Thermo Fisher Scientific,
Dreieich, Germany), 1% Glutamax (Thermo Fisher Scientific,
Dreieich, Germany), 5 μg/mL gentamicin (Thermo Fisher
Scientific, Dreieich, Germany), in an incubator with a humidi-
fied atmosphere with 5% CO2 at 37°C. Single PEDOT:PSS
scaffolds (P:P, COLL1, or COLL3) were cut into quarters.
Three equally sized quarters were selected and placed into indi-
vidual wells of a non-TC-treated plate. NCSCs were seeded at
1 × 105 cells/well/scaffold in 1 mL of the respective medium
into a 24-well non-TC-treated cell culture plate. Cells were
also seeded at the same seeding density (1 105/well) in 1 mL
as 2D control onto a 24-well TC-treated plate. Cells were
cultured for a total of 48 h and the cell proliferation assay
performed. Cell viability assays were performed for cells in
both 2D and 3D cultures using the Cell Proliferation Kit II
(XTT, Sigma-Aldrich, Taufkirchen, Germany) according to
the manufacturer`s instructions. Absorbance was measured at
490 nm and a reference wavelength of 650 nm on a Spectra
Max iD3 plate reader (Molecular Devices, Wokingham, UK).
Measurements were taken after 4 h of incubation. Values
were corrected for the reference values (650 nm), as well as
the appropriate PEDOT:PSS controls. For live cell monitoring,
a suspension of NCSCs at P8 was membrane stained with
PKH67 (PKH67 Green Fluorescent Cell Linker Kit for
General Cell Membrane Labelling, Sigma-Aldrich,
Taufkirchen, Germany) according to manufacturer’s instruc-
tions. The scaffold was washed 3× with PBS prior to seeding.
Images were collected every 15 min with bright field and the
green fluorescent channel using the CQ1 by Yokogawa.
Collected images were merged and videos were created. For
osteogenic differentiation studies, scaffolds were seeded with
20 μL of cell suspension using approximately 1500 cells/
mm3. To induce osteogenic differentiation, the medium was
changed after 4 days to StemPro Osteocyte/Chondrocyte
basal medium (Thermo Fisher Scientific, Dreieich, Germany)
supplemented with StemPro Osteogenesis supplement
(Thermo Fisher Scientific, Dreieich, Germany) according to
the supplier instructions. Cultures were maintained at 37°C

and 5% CO2 for 21 days for Alizarin red S staining. Alizarin
red S staining and its quantitative evaluation were performed
according to a procedure previously described.[12,57]

Statistical analysis
Analysis of statistical differences was conducted using one-way
ANOVA. Data were represented as averages ± standard devia-
tion (***P < 0.001).

Supplementary material
The supplementary material for this article can be found at
https://doi.org/10.1557/mrc.2020.10.
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