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3D Printable Conducting and Biocompatible
PEDOT-graft-PLA Copolymers by Direct Ink Writing

Antonio Dominguez-Alfaro, Elena Gabirondo, Nuria Alegret, Claudia María De
León-Almazán, Robert Hernandez, Ainara Vallejo-Illarramendi, Maurizio Prato,
and David Mecerreyes*

Tailor-made polymers are needed to fully exploit the possibilities of additive
manufacturing, constructing complex, and functional devices in areas such as
bioelectronics. In this paper, the synthesis of a conducting and biocompatible
graft copolymer which can be 3D printed using direct melting extrusion
methods is shown. For this purpose, graft copolymers composed by
conducting polymer poly(3,4-ethylenedioxythiophene) (PEDOT) and a
biocompatible polymer polylactide (PLA) are designed. The PEDOT-g-PLA
copolymers are synthesized by chemical oxidative polymerization between
3,4-ethylenedioxythiophene and PLA macromonomers. PEDOT-g-PLA
copolymers with different compositions are obtained and fully characterized.
The rheological characterization indicates that copolymers containing below
20 wt% of PEDOT show the right complex viscosity values suitable for direct
ink writing (DIW). The 3D printing tests using the DIW methodology allows
printing different parts with different shapes with high resolution (200 µm).
The conductive and biocompatible printed patterns of PEDOT-g-PLA show
excellent cell growth and maturation of neonatal cardiac myocytes cocultured
with fibroblasts.
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1. Introduction

Additive manufacturing (AM) has drawn
tremendous attention as a versatile plat-
form for the on-demand fabrication of ob-
jects with excellent special control and func-
tionality. The development of polymeric
materials that are tailor made for AM
is highly desirable for a variety of appli-
cations ranging from tissue engineering,
biomedical devices, aerospace, energy, or
soft robotics.[1,2] As recently highlighted by
Nelson and Narupai, “the future of addi-
tive manufacturing will depend on new
polymeric materials that are specifically de-
signed for these technologies.”[3] As a rep-
resentative example, ionic and/or electronic
conducting polymers which are 3D print-
able are actively being searched nowadays
for next-generation (bio)electronic devices.
Poly(3,4-ethylenedioxy thiophene), known
as PEDOT, has become the most pop-
ular electronic conducting polymer for
many reasons, including its commercial
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Figure 1. (Top) Reaction scheme of synthesis of PEDOT-g-PLA by chemical oxidative copolymerization; (Bottom) TGA of the blends formed for the
calibration line and UV–vis of different PEDOT-g-PLA copolymers.

availability, transparency as thin films, conductivity, and stabil-
ity. In particular, in the field of bioelectronics, PEDOT is used in
many different devices ranging from scaffolds,[4] biosensors,[5]

ion pumps,[6] cutaneous electrodes,[7] or organic electrochemical
transistors.[8] However, PEDOT as a conjugated polymer is insol-
uble and infusible, which limits its processability. In most cases,
PEDOT dispersions using stabilizers such as polystyrene sul-
fonate is formulated in the form of inks and processed using con-
ventional solvent casting approaches such as spin-coating, inkjet,
or screen printing. Compared to other polymers, PEDOT limited
processability resulted in unsuccessful early processing attempts
via additive manufacturing methods. Only recently, Zhao and
co-workers have designed PEDOT/polystyrene sulfonate (PSS)
inks with characteristic shear thinning and shear yielding prop-
erties for AM. Through direct 3D printing of these inks, hydrogel
and dry conductive microscale structures were demonstrated.[9]

On the other hand, using light as a processing method, 3D
printable conductive hydrogels were developed by Zhang and co-
workers based on PEDOT/PSS and a polyethylene glycol (PEG)-
diacrylate that could be photocrosslinked while retaining high
electrical conductivity. The conductive hydrogel was patterned
on the substrate by using a table top stereolithography (SLA)
3D printer.[10] Besides these examples, examples of other pop-
ular AM technologies based on polymer melting methods such
as filament fused fabrication (FFF) or direct ink writing (DIW)
were not known.[11] In this line, Müller and co-workers recently
reported the use of classical polymer processing techniques, in-
cluding melt extrusion followed by fiber spinning or fused fila-
ment 3D printing for PEDOT/Nafion composite.[12]

Polylactide (PLA) is the most popular biobased and biocompat-
ible polymer, which is commonly 3D printed by FFF methods for
biomedical applications.[13] For this reason, we selected PLA to
be combined with PEDOT to develop conducting materials that

could be 3D printed using melting processing. Although the easi-
est and most straightforward method would be to prepare blends
of both homopolymers, we decided to copolymerize them to com-
bine their properties intimately and avoid miscibility issues. For
this reason, in this paper we targeted the synthesis and characteri-
zation of graft copolymers of PEDOT-g-PLA as 3D printable mate-
rials endowed with electronic conductivity and biocompatibility.

2. Results and Discussion

The PEDOT-g-PLA copolymers were synthesized, as shown
in Figure 1, by chemical oxidative copolymerization be-
tween 3,4-ETHYLENEDIOXYTHIOPHENE (EDOT) and PLA
macromonomer. The macromonomer method was previously
reported as a successful methodology for the synthesis of conduc-
tive graft copolymers between different thermoplastic polymers
such as polyesters or poly(meth)acrylates and conducting poly-
mers such as PEDOT or polypyrrole.[14–18] For this purpose,
we first synthesized three different PLA macromonomers
of molecular weights between 7000 and 24 000 g mol−1 by
organocatalyzed ring-opening polymerization of l,l-lactide ini-
tiated by EDOT-methanol (Table S1, Supporting Information).
The characterization of the macromonomers by 1H nuclear mag-
netic resonance (NMR) spectroscopy and matrix-assisted laser
desorption ionization-time of flight (MALDI-TOF) spectroscopy
(Figure S1, Supporting Information) confirmed the presence of
the EDOT end group. Besides, the performance of the catalysts
in bulk polymerization was evaluated by 13C NMR, resulting in
atactic PLA due to the known racemization process during the
bulk polymerization reaction. Then, the oxidative copolymeriza-
tion between EDOT and EDOT-PLA macromonomer was carried
in chloroform using FeCl3 as oxidant. A blue dispersion was
obtained after the polymerization, which shows the typical UV
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Table 1. Copolymerization of EDOT with PLA macromonomers in CHCl3
at room temperature for overnight.

Entry PLA
a)

macromonomer
WPEDOT

b)

[wt%]
WPEDOT

c)

(IR)*
Yield
[wt%]

𝜎
d)

[µS cm−1]

1 1a 5 14 50 5.1 ± 0.2

2 1b 5 11 60 1.8 ± 1.0

3 1b 10 20 45 8.9 ± 0.1

4 1b 15 27 38 20.1 ± 1.5

5 1b 40 74 25 208.4 ± 17

6 1c 5 13 53 2.9 ± 0.2

7 1c 10 19 40 22.6 ± 4.1

8 1c 40 71 20 300 ± 24.1

a)
PLA macromonomers Mn calculated by 1H NMR;

b)
Weight fraction of EDOT in the

reaction feed;
c)

Weight fraction of PEDOT in the copolymers as calculated by TGA;
d)

Electrical conductivity of PEDOT-g-PLA measured by four-point probe.

bipolaron[19] absorption in the near-IR of conducting PEDOT
as shown in Figure 1. The PEDOT-g-PLA copolymers were then
purified and recovered as powders by precipitation. Table 1
summarizes the copolymerization results and the characteristics
of PEDOT-g-PLA copolymers. As observed, the final composition
of the copolymers is related to the feed composition between
EDOT and PLA in the reaction mixture and a set of copolymers
with varying ratio between PEDOT and PLA were obtained. The
PEDOT composition in the graft copolymer could be qualitatively
estimated by Fourier transform infrared (FTIR) spectroscopy, by
comparing the different bands associated to the homopolymers
that appeared in the copolymer spectra (Figure S2, Supporting
Information). Then, PEDOT and PLA weight composition was
calculated by thermogravimetric analyses (TGA) (Figure S3,
Supporting Information). The composition of PEDOT-g-PLA
copolymers could be estimated by developing a calibrating
line with weight loss versus PEDOT percentage. The PEDOT
composition in the final graft copolymer was higher than the one
in the reaction feed, similarly than previously observed for other
similar graft copolymers such as PPy-g-PCL.[16] As expected,
PEDOT-g-PLA copolymers present electrical conductivity as
shown in Table 1. Higher electrical conductivity was obtained
as the PEDOT content in the copolymers increased. In all the
cases, the conductivity values were in the order of (µS cm−1)
similar than previous examples of conducting polyester graft
copolymers.[15,20] It is worth to note that although the values
are relatively low as compared to pure conducting PEDOT:PSS
those are higher than conducting coatings of PEDOT:PSS on
PLA/PHBV fibers (from 0.22 × 10–8 and 1.45 × 10–8 S cm−1).[21]

Moreover, our PEDOT-g-PLA copolymer is in the same order of
magnitude of typical conducting PLA composites with carbon
nanotubes PLA/MWCNT (3.5 × 10–5 S cm−1).[22] It is worth
to note that the conductivity values shown in Table 1 may be
good enough for tissue engineering applications. As previously
reported, da Silva et al. PEDOT-co-PDLLA with similar con-
ductivity values, induce the differentiation of stem cells into
neurons, showing an improvement with respect to the neurofil-
ament lengths of those neurons increased up 370% compared to
control. Besides, the correlation between the nanoscale electrical
surface of the copolymer and the production of fibronectin,

protein key role in the fibrillogenesis among other regulatory
processes, was also confirmed for this range of conductivity.[15]

The PEDOT-g-PLA copolymers were further characterized by
transmission electron microscopy (TEM) to evaluate their par-
ticle morphology. As shown in Figure S4 (Supporting Informa-
tion), PEDOT obtained under similar synthetic conditions is a
powdery material with particle sizes close to 1 𝜇m. By increas-
ing the amount of PLA in the copolymers, the PEDOT-g-PLA
powders show small particle size, as shown by TEM (<100 nm).
Films were prepared by solvent casting and observed by scan-
ning electron microscopy (SEM). Interestingly, whereas the PE-
DOT and the 40:60 wt% PEDOT-g-PLA copolymer film show an
inhomogeneous aspect, the copolymer 5:95 wt% PEDOT-g-PLA
(2) shows a homogeneous surface by SEM. This copolymer pos-
sesses an aspect similar to a PLA macromonomer film obtained
by this method, which anticipates that it may show similar print-
ing properties. SEM and TEM observations are in line with PE-
DOT copolymerization with cationically charged PEDOT-N re-
cently reported where PEDOT confers higher particles size and
partially loss of the solubility.[23]

The initial PLA macromonomers and the PEDOT-g-PLA
copolymers were further characterized by differential scanning
calorimetry (DSC). Figure S5 (Supporting Information) shows
the DSC scans for PLA7K macromonomer and its PEDOT
copolymer (1). Within the first heating scan, two peaks can be
observed in both materials: glass transition temperature (Tg)
and melting temperature (Tm) at 53 and 110 °C, respectively. It
is worth to note that the melting temperature and crystallinity
of the PLA is lower than typically observed for a poly(l-lactic
acid) (PLLA) material. This is due to the synthetic route of the
macromonomer which uses high temperatures which induce the
racemization during the polymerization leading to PLA ≈70%
atactic. The polymers were cooled down at very low rate (1 °C
min−1) (Figure S5b, Supporting Information). In the second
heating scan only Tg is observed associated with the PLA phase
without a sign of melting or crystallization. Moreover, copoly-
mers with higher PEDOT composition such as (i.e., 5 and 8)
resulted did not show any Tm. The phase separation between the
PEDOT and PLA in the graph copolymers was also investigated
by atomic force microscopy (AFM). The AFM images (Figure
S6, Supporting Information) show phase separation between
a continuous phase which can be assigned to the amorphous
PLA region which is the main constituent of the graft copolymer
and spherical domains of nanometer size of PEDOT (Figure
S15, Supporting Information). Unfortunately, the AFM analysis
could not be carried out to all the copolymer compositions, since
at higher PEDOT content the samples showed low solubility and
high surface roughness. All in all, the phase separation occurs in
the nanometer scale which ensures the intimate mixing between
the two polymers as it was previously observed in the case of
similar conducting graft copolymers.

Rheological measurements were carried out at 110 °C above
the melting temperature of the graft copolymers. PLA ho-
mopolymer and PEDOT copolymers presented rheological
complex behavior. Generally, copolymers with low PEDOT per-
centages or high molecular weight present the loss modulus (G″)
that exceeds the storage modulus (G′) at low frequencies indicat-
ing the viscous nature, while for copolymers with higher amount
of PEDOT and low molecular weight, G′ exceeds G″ indicating
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Figure 2. Complex viscosity at 110 °C of initial PLA macromonomers and
resulting PEDOT-g-PLA graft copolymers (entry 1–8 of Table 1) measured
in frequency studies.

its dominant elastic nature. Accordingly, complex viscosity
(𝜂*) of the starting macromonomers and the PEDOT-g-PLA at
different compositions have been represented comparatively in
Figure 2 to evaluate the impact of PEDOT in the copolymers
and its further printability. Thus, complex viscosity for PEDOT
percentages higher than 25% presents values higher than
10 000 Pa s that correspond to viscoplastic behavior, where
storage modulus (G′) higher than loss modulus (G″) (Figure S7,
Supporting Information). This solid-like behavior is responsible
of poor flow and eventually blocking printed nozzle. However,
macrostructures with lower molecular weight and copolymers
with PEDOT composition between 15 and 20, present 𝜂* be-
tween 1000 and 10 000 Pa s, hence a transition between solid
and liquid. This behavior presents some difficulties to flow and
require the addition of a physical input to be used in printed
inks. Finally, materials with low viscosities present slightly shear
thinning behavior, that is, homopolymers and graft copolymers
with PEDOT content below 13%, that possess 𝜂* ranged between
100 and 1000 and represent the most suitable compositions for
flowing and further printability test. This observation was also
confirmed by the comparative observation between loss and
storage modulus presented in frequency sweeps in Figure S7
(Supporting Information).[24]

DIW 3D printing tests were carried out using an extrusion
printer, where the PEDOT-g-PLA powder was placed inside
a metallic extruder, warmed up to melting temperature, and
extruded by the action of compressed air. Then, the material in
its fluid-like state was deposited in a desired shape that instanta-
neously solidified on the bed at room temperature, in the same
way than PLA homopolymers. Besides, 3D-printed homopoly-
mer and PEDOT copolymer were characterized rheologically,
and they did not present degradation or evidences of partial
hydrolization of the PLA by the dual action of air and temper-
ature (Figure S8, Supporting Information). Indeed, isothermal
analysis at melting temperature in air atmosphere indicates
better thermal stability of graft copolymers than homopolymer,
due to the presence of PEDOT in the polymer chains (Figure S9,
Supporting Information). Figure 3 shows the graphical repre-
sentation of the printed process as well as some pictures of the
different structures printed. In the upper left part, a SEM picture
of an interdigitated layer-by-layer printed image is shown while
in the bottom part different examples of PEDOT-g-PLA designs

with different shapes are presented standing out the good reso-
lution of the printing process. Moreover, samples of the different
copolymers after printing were evaluated by DSC (Figure S10,
Supporting Information). After printing the copolymers were
fully amorphous without any crystallization and showing one
glass transition at around 55 °C associated with the PLA phase.

Figure 4 shows the SEM images of the interlayer area of
the printed compositions. PEDOT-g-PLA (copolymer 1) required
the action of physical input (piston) and higher pressures due
to its plastic behavior. It also required larger nozzle of around
0.5 mm inner diameter, decreasing the printing quality. In con-
trast, PEDOT-g-PLA (copolymer 6) presented a lower complex vis-
cosity, hence, lower pressures were needed. Nevertheless, the de-
posited layer tends to expand and partially lose its shape. It is
remarkable that copolymer with 20 wt% of PEDOT composition
(7) and higher molecular weight was printed using the physical
action of the piston, this composition presented better printing
performance than his predecessor 6 and it was able to keep the
shape. Figure S11 (Supporting Information) shows the interlayer
topography of copolymer 3 that present a roughly topography
mostly composed of particles. Finally, 5:95 wt% PEDOT-g-PLA
(copolymer 2) presented the best performance during the print-
ing process, improving the ability to control its shape. Also, the
easy flow allowed the use of a smaller nozzle (0.2 mm inner di-
ameter) in the printing process. Although slightly layer contrac-
tion was still observed, PEDOT-g-PLA copolymer 2 (Table 1) pre-
sented an excellent flow resistance. Therefore, it was chosen as
the patterning material for biocompatibility tests on neonatal car-
diac cultures.

Interestingly, previous works have demonstrated that PEDOT-
PLA possess dual biocompatibility and electronic conducting
which is very useful in cell culture of bidimensional films with
stem cells or electrospun fibers with skin fibroblasts.[21] In our
case, the selected PEDOT-g-PLA copolymer 2 was patterned in
hexagonal and striped shapes for cardiomyocytes and fibroblast
coculture. Cardiomyocytes present a more mature phenotype
when cultured on specific shapes.[25,26] Hence, the performance
of nonconducting PLA patterns was compared to PEDOT-g-PLA
patterns to evaluate the effect of the PEDOT and electronic con-
ductivity of the material. The cell growth and maturation was an-
alyzed within material and between the interstices of hexagonal
(1–5 mm diagonal) and stripped pattern structure (200–400 µm
space). Some small differences in the surface morphology be-
tween printed PLA and PEDOT-g-PLA patterns can be observed
in Figure S12 (Supporting Information).

Primary ventricular cardiomyocytes (CM) and cardiac fibrob-
lasts (CF) isolated from the hearts of neonatal mice were cul-
tured during 7 d and high biocompatibility was observed. The
most significant difference between the PLA and PEDOT-g-PLA
patterns reside in the ability of NMVM to produce extracellular
matrix (ECM) between the interstices and printed conductive pat-
tern. Remarkably, such observed pre-tissue is actively beating (see
Video S1, Supporting Information).

The morphology of the cultured cells was analyzed by staining
the sarcomere of the CM with alpha-actinin and the CF micro-
tubules with antivimentin. Figure 5 corroborates the attachment
of CM and CF to the materials and fibrous ECM generated in the
PEDOT-containing structures. In addition, the cells incubated
on the PEDOT-g-PLA patterns present a mature phenotype,
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Figure 3. Upper left image: SEM image of a printed micropattern. Bottom images: Different geometries printed by melting extrusion including patterns
used for biocompatibility tests.

Figure 4. SEM images of the 3D-printed PEDOT-g-PLA copolymers with 5% EDOT in the feed.

Macromol. Rapid Commun. 2021, 42, 2100100 2100100 (5 of 8) © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Figure 5. Immunofluorescence images of CM and CFs cocultures grown
on printed PLA and PEDOT-g-PLA stripped and hexagonal patterns for 7 d.
Antibody staining against 𝛼-actinin (green) and vimentin (pink) label CM
and CF, respectively, with nuclei labeled using DAPI (blue).

i.e., a rectangular shape and an organized sarcomeric pattern
(Figure 5 and Figure S12, Supporting Information). Further-
more, fibrous large elongations of fibroblasts along the fibrous
ECM formed and abundant cell-to-cell contacts are also clearly
distinguished in PEDOT-g-PLA interstices. This suggests that
the cardiomyocytes are able to maintain their typical morphol-
ogy and their structural supporting function when growing on
PEDOT-g-PLA patterns. It further supports the potential of our
material to facilitate the generation of artificial tissue. On the
other hand, the cardiac cells grown within PLA-patterned inter-
stices are comprised of nonelongated fibroblasts and star-like
cardiomyocytes, which is the typical shape of immature neonatal
cardiac cells grown in culture (see controls in Figures S13 and
S14, Supporting Information). Regarding the printed material,
the growth of fibroblasts is abundant and extend in both PLA
and PEDOT-g-PLA surfaces. However, cardiomyocytes are more
abundant on the PEDOT-containing substrate, suggesting a
better attachment of the CM and a higher biocompatibility of
the conductive substrate (Figure S15, Supporting Information).
Remarkably, tissue-like structures composed of cardiomyocytes
and CFs were generated in the PEDOT-g-PLA patterns while
random growth was observed in control PLA patterns. Overall, all
these observations suggest the presence of viable and functional
cardiomyocytes which are not observed in the absence of PEDOT.

3. Conclusions

In conclusion, we have described a new conducting PEDOT
copolymer that can be printed by direct ink writing though melt-
ing extrusion. A series of graft copolymers between PEDOT and
biocompatible PLA were investigated. Complex viscosity by fre-
quency oscillatory studies at the melting temperature suggest two
different behaviors, solid-like behavior for higher PEDOT per-
centages (G′ > G″) and liquid-like for lower (G″ < G′) for compo-
sitions lower than 10 wt%. In accordance, the copolymers with
low PEDOT content were able to flow and printed by melt ex-
trusion. The PEDOT-g-PLA with a PEDOT composition between
11 and 14 wt% were patterned in hexagonal and striped shapes
to culture cardiomyocytes and cardiac fibroblast. Good biocom-
patibility was observed and tissue-like structures composed of
cardiomyocytes with fibroblast were developed in PEDOT-g-PLA
while random growth was observed as control in PLA. Moreover,
cardiomyocyte beating confirmed proper maturation and func-
tionality of these cells. All in all, this work shows the successful
design of a conducting and biocompatible PEDOT-g-PLA mate-
rial for melting extrusion 3D printing.

4. Experimental Section
Materials: l,l-lactide (99%) was supplied by Purac, and it was recrys-

tallized before using it. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was pur-
chased from TCI, and it was distilled before its use. EDOT and benzoic
acid (BA) were provided by Sigma-Aldrich and were used without further
purification.

Synthesis of the PLA Macromonomer: The reactions were prepared mix-
ing previously synthesized DBU:BA organocatalyst (5 mol%), lactide and
hydroxy methyl EDOT initiator in a vial with a magnetic stirrer. The sealed
reaction vessels were submerged into a preheated oil bath at 130 °C
until 90% of monomer conversion was obtained, 1.5 h. The reactions
were stopped by rapid cooling in liquid nitrogen. The purification of the
macromonomer was done by dissolving them in chloroform and precipi-
tating in methanol. Finally, they were dried under vacuum at RT for 24 h.

Synthesis of DBU:BA Organocatalyst: DBU:BA catalyst was prepared
using the following procedure. First, BA was placed in a flask with ether.
Once the acid was completely dissolved DBU base was added dropwise to
the solution obtaining a white salt. The salt was filtered and washed with
excess of ether and dried under vacuum.

Synthesis of PEDOT-g-PLA copolymers: Graft copolymers of various
compositions were prepared via chemical oxidative copolymerization of
EDOT and PLA macromonomers using FeCl3 as oxidizing agent and
CHCl3 as a solvent. In a typical composition of 95PLA:5EDOT (wt%),
PLA10k (1.5 g, 1.47× 10–4mol) and EDOT (0.078 g, 5.492× 10−4 mol) were
dissolved in 10 mL of CHCl3. After mixture was totally dissolved, 0.135 g
of FeCl3 (1.5 eq EDOT monomer) was added. Immediately, the reaction
turned dark and after few minutes into dark blue. The reaction was left
overnight and collected by precipitation. The blue solution was precipi-
tated and washed in methanol until the iron residue was fully removed.
The product was finally dried under vacuum at room temperature.

Methods: Nuclear Magnetic Resonance Spectroscopy: 1H and 13C
NMR Spectroscopies: 1H NMR spectra were used for analyzing the
macromonomer conversions and the copolymer final composition. 13C
NMR spectra were used to determine the tacticity. 1H and 13C NMR
spectra were recorded with a Bruker Advance DPX 300 at 300.16 and
75.5 MHz resonance frequency, respectively, using CDCl3 as solvents at
room temperature. Experimental conditions were as follows: a) 1H NMR
spectroscopy: 10 mg of sample; 3 s acquisition time; 1 s delay time; 8.5 µs
pulse; spectral width 5000 Hz; and 32 scans. (b) 13C NMR spectroscopy:
39 mg; 3 s acquisition time; 4 s delay time; 5.5 µs pulse; spectral width
18 800 Hz, and more than 10 000 scans.

Macromol. Rapid Commun. 2021, 42, 2100100 2100100 (6 of 8) © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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Size Exclusion Chromatography/Static Light Scattering (SEC/MALS):
SEC/MALS measurements were performed at 30 °C on an Agilent 1200
system equipped with PLgel 5 µm Guard and PLgel 5 µm MIXED-C
columns, a differential refractive index (RI) detector (Optilab Rex, Wyatt),
and a SLS detector (Minidawn Treos, Wyatt). Data analysis was performed
with ASTRA Software from Wyatt. Tetrahydrofuran (THF) was used as
eluent at a flow rate of 1 mL min−1. Values in THF were determined using
Optilab Rex Detector. Samples were diluted in THF to a concentration of
≈5 mg mL−1 and filtered through a 0.45 mm nylon filter. The SEC setup
consisted of a pump (LC-20A, Shimadzu), an autosampler (Waters 717),
a differential refractometer (Waters 2410), and three columns in series
(Styragel HR2, HR4, and HR6 with pore sizes ranging from 102 to 106
Å). Chromatograms were obtained in THF at 35 °C using a flow rate of
1 mL min−1. The equipment was calibrated using narrow polystyrene
standards ranging from 595 to 3.95 × 106 g mol−1 (fifth-order universal
calibration).

FTIR Spectroscopy: Infrared spectra were recorded at room temperature
with a Thermo scientific model Nicolet 6700 FT-IR spectrometer, and KBr
pellets were used for solid-state IR spectroscopy applying ten scans in
transmission mode. For the calibration line and the graft copolymers pel-
lets, 2.5 mg of the selected composition was diluted with 1 g of KBr. The
mixture was mortered until the mixture was totally homogenized. Finally,
the selected mixture was compressed forming a slightly black pellet that
depends on the PEDOT composition.

Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spec-
trometry: Analyses were performed on an Ultraflextreme III time-of-flight
mass spectrometer equipped with a pulsed Nd:YAG laser (355 nm) and
controlled by FlexControl 3.3 software (Bruker Daltonics, Bremen, Ger-
many). The acquisitions (total of 2000–3000) were carried out in pos-
itive linear mode. A mixture of trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene] malonitrile (DCTB) and silver trifluoroacetate matrix was
used to acquire the spectra. The polymer sample (PLA7K) was dissolved
in THF at a concentration of 1 mg mL−1. DCTB matrix was dissolved
in THF at a concentration of 20 mg/ mL−1, and 1 mg mL−1 silver tri-
fluoroacetate (AgTFA) was added as cationic ionization agent. The sam-
ples were mixed with the matrix and salt at a 10:2:1 (matrix/sample/salt)
ratio.

UV–vis–NIR Spectroscopy: UV–vis–NIR absorption spectra were
recorded with a Perkin-Elmer UV–vis–NIR Lambda 950 spectrometer. To
avoid saturation absorbance, 0.5 mg was diluted in 10 mL of chloroform
(CHCl3). The solution was sonicated for 15 min and then measured in a
quartz cuvette.

Thermogravimetric Analyses: TGA was performed under nitrogen at-
mosphere (25 mL min−1 flow rate) using a TGA Discovery (TA Instru-
ments). The procedure is composed of a first equilibration at 100 °C for
20 min and then heated at a rate of 10 °C min–1, in the range from 100 to
800 °C. Air stability analysis was performed under air atmosphere (20 mL
min–1), isotherm of 110 °C during 120 °C.

Transmission Electron Microscopy: TEM images were collected using a
JEOL JEM-2100F model EM-20014, which features a 200 kV field emission
gun (FEG, Schottky) and an ultrahigh resolution (UHR) pole piece. To pre-
pare the grid, 0.1 mg of the graft copolymer was solubilized in 1 mL of chlo-
roform. The sample was sonicated for 15 min. Then 5 µL of the solution
was deposited into a TEM grid and evaporated at room temperature.

Scanning Electron Microscope: Measurements were performed on
JEOL JSM-6490LV at 5 kV, running in a point-by-point scanning mode.
Previously, cylindrical coverslip with 11 mm diameter was introduced
in isopropanol and sonicated for 15 min to remove impurities, sol-
vent was evaporated at room temperature. A total of 25 mg of graft-
ing PEDOT was solubilized in 1 mL of chloroform. Then, they were
sonicated for 15 min and drop-casted in a cylindrical glass coverslip.
The solvent was evaporated at room temperature. The samples were
placed on an aluminum holder with double-side carbon tape and intro-
duced in the SEM chamber. All the samples were evaluated at different
magnifications.

Conductivity: The measurements of conductivity were performed on a
four-point probe Ossila Sheet using more than three different zones of the
film for more than three times. For this purpose, 100 µL of each disper-

sion were drop-casted in glass coverslips and dried at room temperature.
The samples were prepared in the same way as SEM samples. First, the
thickness of the drop-casting was measured using a digital caliper. Then
the electrical conductivity was calculated taking into account the thickness
of the sample.

Rheology measurement strain and frequency oscillatory experiments
were carried out in an ARES rheometer (Rheometrics) at the melting tem-
perature of the copolymers or macromonomers, i.e., 110 °C. Frequency
sweeps studies of the different samples were carried out from 0.1 to
100 Hz at constant strain. Aluminum plates of 25 mm of diameter were
used.

3D Printing: The printing process was carried out in a 3D-Bioplotter
(Developer Series, EnvisionTEC, Gladbeck, Germany) and the printing ge-
ometries were originally designed in Autodesk Inventor 2019. Typically, the
printing of the samples was performed at a temperature of 110 °C, with
0.001 mm of maximum resolution, and a maximum pressure of 4 × 105

Pa. In this study, needles with an inner diameter of 0.2 and 0.3 mm were
used.

The polymer was printed at room temperature, so the temperature of
the build platform was 20 °C. In the case of printing for the interlayer eval-
uation, PEDOT-g-PLA or PLA were deposited on Teflon sheet previously
sprayed with commercially available hairspray. In contrast, PLA or PEDOT-
g-PLA patterns for biological applications were printed onto glass cover-
slips previously coated with gelatin 5% v/v in water.

Isolation and in vitro culture of ventricular cardiomyocytes from neona-
tal mice (NMVM). Primary neonatal mouse ventricular cardiomyocytes
(NMVMs) were isolated from 1 to 3-day-old C57BL/10SCSNJ mouse
pups, following the previously described Pierce Primary Isolation Kit from
Promega. Briefly, ventricles were separated from the atria using scissors,
dissociated in HBFF buffer (calcium and bicarbonate-free Hanks buffer
with HEPES), and digested with two specific enzymes provided by the Kit
manufacturer for 30 min. Special media for cardiomyocytes enrichment
was prepared with minimum essential media (DMEM), supplemented
with 5% fetal bovine serum (FBS) and 0.5% Pen/Strep. Myocytes that were
either in solution or lightly attached were then separated from the adher-
ent stromal cells by gentle mechanical disaggregation and subsequently
plated at a density of 2 × 105 cells mL−1 in primary petri dishes (Falcon) or
in multichambered slides coated with 0.1% gelatin (Sigma). The resultant
NMVMs were cultured (90k cells per sample) in 2D gelatin-coated plates
(2D gelatin controls) or on the 3D-printed patterned substrates. After the
first 24 h, culture medium was changed; afterward, cell culture medium
was changed every 3 d. All the experiments were performed according to
the Biodonostia Animal Care and Use Committee guidelines. Cell culture
studies were repeated three times in quadruplicates for observation cor-
roboration.

Immunofluorescence: NMVMs were fixed in phosphate buffered saline
(PBS) containing 4% PFA for 15 min at room temperature. Cells were
permeabilized at room temperature, with 1% Triton X-100 for 90 min,
blocked with 2% BSA in PBS for 45 min and incubated overnight with
𝛼-sarcomeric actinin 1:400 (Sigma), to assess the contractile apparatus
of NMVMs, and Vimentin 1:400 (Millipore), a cytoskeleton marker com-
monly used for fibroblast staining, prepared in 2% BSA. Goat anti-mouse
antibody conjugated to Alexa Fluor 488 (Molecular Probes) and goat anti-
chicken antibody conjugated to Alexa Fluor 647 (Invitrogen) were used
as secondary antibody 1:400, respectively. Each sample was stained with
Hoechst 1:2000 to counterstain the nuclei. Representative immunofluo-
rescence images were acquired using an ECLIPSE Ti-S/L100 microscope
(Nikon) equipped with a 20× S-Fluor objective and attached to a lambda-
DG4 illumination system. For image processing, maximum intensity Z-
projection images were generated using ZEN 2.3 software. Multiple im-
ages (at least 20) for each sample were taken to cover all the areas of the
sample. For the quantification, fluorescence images were analyzed using
an ImageJ program (National Institutes of Health, USA). In the analysis,
the cells were counted by counting the number of nuclei and divided into
two groups depending on the specific fluorescence given by each cell: sar-
comeric actinin staining (green) specific for cardiomyocytes or vimentin
for fibroblasts. Finally, the ratio is just the division between the number of
CM/Fb.

Macromol. Rapid Commun. 2021, 42, 2100100 2100100 (7 of 8) © 2021 The Authors. Macromolecular Rapid Communications published by Wiley-VCH GmbH
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