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a b s t r a c t

Three dimensional (3D) electric conducting porous structures are a promising platform that could be
utilized in emerging 3D structural electronics, energy storage systems, and biomedical applications. A
poly(3,4-ethylenedioxythiophene)/silica (PEDOT/SiO2) composite with foam-like conducting open skel-
etal structures and pore sizes exceeding 100 mm is presented. A two-step procedure was used to prepare
this functional porous structure. First, a conformal coating layer was synthesized via vapor-phase
polymerization onto a randomly sized biodegradable microparticle assembly. Vapor-phase polymeriza-
tion allowed for facile coating of the nanoscale layer in a relatively short processing time (30 min). At this
stage, non-invasive chemical modification can be also accomplished on the surface of microparticles that
have complex surface morphology. Secondly, biodegradable microparticles were selectively removed to
form a high-porosity skeletal conducting structure. The composite demonstrated structural integrity
despite an unusually high porosity of greater than 96%, which was confirmed through micro-computed
tomography (CT). The results show that this foam-like conducting open skeletal structure of the PEDOT/
SiO2 composite is a good candidate for new applications.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Conductive three-dimensional (3D) porous materials are
becoming more important for their potential use in emerging ap-
plications [1e3]. Carbonaceous materials and conducting polymers
are primary candidates for electrical conduction in a matrix. Since
conducting polymers were first synthesized in the mid-1970s, they
have been used in various applications such as lithium-ion batteries
[4], photovoltaic devices [5], photocatalysis [6], and electrochromic
devices [7] owing to their wide range of electrical conductivity and
mechanical flexibility. In biomedical applications, the use of con-
ducting polymers for electrical stimulation (conductivities from
Yim), kycho@hanyang.ac.kr
10�4 to 9 S/cm) can tune cellular activities such as cell migration [8]
and cell growth [9,10]; their applications as neural probes [11],
prostheses [12], and controlled release systems [13,14] have been
also demonstrated. In these applications, increasing the contact
surface or interface area is often an effective approach to improving
the performance, which is generally achieved through inter-
connected three-dimensional (3D) porous and hierarchical struc-
tures. However, it is challenging to integrate high-porosity 3D
structures with large pore sizes inmacroscopic dimensions because
of the poor mechanical properties of conducting polymers [15]. It is
important to retain structural stability because such stability is
related with the final performance of the 3D porous structure. For
example, a free-standing structure of conducting hollow micro-
particles with shells composed of polyaniline nanofiber/carbon
nanofibers exhibited better performance as capacitors than a
structure with a collapsed morphology [16].

Poly(3,4-ethylenedioxythiophene) (PEDOT) is one of the more
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successful conjugate polymers, exhibiting high stability, low
bandgap, high conductivity, and transparency [17,18] at nanoscale
thicknesses. In addition, it shows good biocompatibility [19],
probably because its structure is similar to that of natural materials
such as melanin [20]. Recently Atanasov et al. reported the fabri-
cation of a conformal PEDOT thin film using oxidative molecular
layer deposition, which showed high conductivity [21]. However, it
required a high deposition temperature (~150 �C), which limits its
use with polymer substrates that have lower glass transition or
melting temperatures.

In this paper, we report the conformal coating of a nanoscale
PEDOT layer onto biodegradable and biocompatible poly(D,L-lac-
tide-co-glycolide) (PLGA) microparticles free from surfactants via
vapor-phase polymerization (VPP). Further, we fabricated a 3D,
high-porosity (over 96%) conductive skeletal structure based on a
PEDOT/SiO2 hybrid as well as PEDOTcoated on a colloidal assembly.
2. Material and methods

2.1. Fabrication of microparticles

The polymers used to fabricate smooth or golf-ball-shaped mi-
croparticles were PLGA [D,L-lactide:glycolide ¼ 65:35, minh:
0.55e0.75 dl g�1 in hexafluoroisopropanol (HFIP), Lactel]. The
polymer was dissolved in dichloromethane (DCM, 10 wt %) and
Fig. 1. SEM images of PEDOT-coated PLGA microparticles with (a) smooth surface, (b)
big dimples on the surface, and (c) small dimples on the surface, fabricated using 10 wt
% FTS through VPP.
then introduced into a 1 wt % poly(vinyl alcohol) (PVA, 87e89%
hydrolyzed, Mw z 13,000 to 23,000, Aldrich) aqueous solution to
form an oil-in-water emulsion under stirring. DCM in the oil phase
was evaporated for 3 h under a hood at room temperature under
continuous stirring. Microparticles were washed three times with
double-distilled water. To fabricate golf-ball-shapedmicroparticles,
2-methylpentane (TCI, Japan) was dissolved in the oil phase, where
the ratio of polymer to 2-methylpentane was 7:3 [22]. In this work,
we used two different golf-ball-shaped microparticles with
different sized dimples on the surface to obtain precise information
on the coating thickness and non-invasive coating prepared by a
tube-type microfluidic device, which is reported in detail in our
previous paper [23]. The use of the microfluidic device provided
microparticles of uniform size with bigger dimples. The difference
between these microparticles and those with small dimples in a
fabrication step is that oil-phase droplets exiting from the micro-
fluidic device were placed under constant stirring in a 1 wt% PVA
aqueous solution. This led to formation of small dimples on the
surface of the microparticles.

To fabricate the 3D colloidal assembly, washed microparticles
were placed in a 1-mL Eppendorf tube and centrifuged at 3000 rpm
for 5 min in order to decant excess water. A 3D colloidal assembly
with an irregular shape was obtained. A rectangular 3D colloidal
assembly structure was obtained by placing colloids in a rectan-
gular mold (Fig. S1), after which it was fully dried.
2.2. Vapor-phase polymerization (VPP)

3,4-Ethylenedioxythiophene (EDOT, MDBROS) as the monomer
for PEDOT, ferric p-toluenesulfonate (FTS, ALDRICH) as an oxidizing
agent, and tetraethyl orthosilicate (TEOS, SAMCHUN) as a precursor
Fig. 2. (a) SEM image of PEDOT coated layer on PLGA microparticle with oxidant
concentration of 20 wt% and (b) thickness of the coating layer for different FTS
concentrations.



Fig. 3. EDX analysis of PEDOT coated PLGA particle varying FTS concentration.

Fig. 4. (a) SEM image of the 3D-structured PEDOT-coated PLGA microparticle assembly fabri
the electric conduction of 3D-structured PEDOT-coated PLGA microparticle assembly.
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of the SiO2 inorganic network were used without further purifi-
cation. 1-Butanol (JUNSEI), which is a dilution solvent of the
oxidizing agent, was used as received. A glass slide (Paul Marienfeld
GmbH & Co. KG) was used as a pedestal for the PLGA particles. FTS
was dissolved in 1-butanol at a concentration of 5e20 wt% by
stirring the solution for approximately 30 min. The mixed oxidant
solutions was spin-coated onto the glass slide at 300 rpm for 10 s
and then at 500 rpm for 30 s consecutively. After the mixed oxidant
solutionwas dried at 40 �C for 5 min, the FTS-coated PLGA particles
were transferred to a VPP chamber. The reaction chamber was
purged with nitrogen gas for 60 min prior to VPP. The nitrogen
blanket was maintained throughout the polymerization at a flow
rate of 600 mL/min and the reaction temperature was maintained
at 40 �C. The EDOT or mixture of EDOT and TEOS was placed at the
bottom of the VPP reaction chamber, and the coated PLGA particles
were exposed to the EDOTor mixed EDOT/TEOS vapor for 30min. A
TEOS concentration of 50% was used in the mixture of EDOT and
TEOS. After polymerization, the PLGA particles were immersed in
distilled water for 2 h to remove any unreacted oxidant and then
dried at room temperature for 5 min at 60 �C. DCM was applied
dropwise onto the PEDOT- or PEDOT/SiO2-coated 3D cluster mi-
croparticles for 5 min to remove PLGA microparticles selectively,
resulting in the 3D conducting skeletal structure.
2.3. Characterization

Themorphologies of the microparticles and 3D assemblies were
observed using a scanning electron microscope (SEM, MIRA LMH,
TESCAN) equipped with an energy-dispersive X-ray (EDX) analysis
detector (Bruker AXS XFlash detector 5010). The thickness of the
conformal coating layer was measured ten times from a detached
region using the SEM images. Micro-CT (SkyScan 1272, Bruker
AXS), which is non-destructive tool for visualizing the interior of an
object, was used to image and characterize the pores in the 3D
skeletal structure. We performed 3D model reconstruction and
analyses by using software supplied by the micro-CT manufacturer
cated using 20 wt% FTS through VPP, (b) magnified view of (a), and (c) A photograph of



Fig. 5. Schematic of the fabrication process for PEDOT/silica hybrid-coated 3D
structure.
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(NRecon, SkyScan). The X-ray source was operated at a voltage of
50 kV and a current of 200 mA.

3. Results and discussion

3.1. Microparticles with PEDOT conformal layer

A microparticle can be considered a simple 3D structure for
Fig. 6. (a, b) SEM image of the 3D-structured hybrid-coated PLGAmicroparticle assemblies fa
image of sulfur (green) and (e) silicon (red). (f) Merged image of (d) and (e). (For interpreta
version of this article.)
PEDOT conformal coating. However, there have been only a few
successful synthetic routes [24] reported for PEDOT-coated colloids
after the first successful coating of micrometer-sized polystyrene
latex with a PEDOT shell [18]. We first fabricated biodegradable
PLGA microparticles with smooth or dimpled surfaces, previously
developed by our group, using an oil-in-water (O/W) emulsion
solvent evaporation method [22,23]. The particle diameters were
100e500 mm, with an average diameter of 205 mm (Fig. S2). EDOT
was vapor polymerized onto microparticles spread on a glass plate
by using a home-made apparatus and 10 wt % FTS in 1-butanol as
an oxidant at 40 �C, which is much lower than the glass transition
temperature of PLGA. The remaining FTS was removed by washing
with double-distilled water after polymerization for 30 min. As
shown in the scanning electron microscopy (SEM) images in Fig. 1,
PEDOT was successfully deposited onto the surfaces of the micro-
particles. It is noteworthy that a nanoscale conformal coating of
PEDOT was successfully achieved, even for the particles with
complex surface morphologies. This indicates that the coating of
PEDOT was non-invasive (i.e., no change in the surface
morphology), which could not be easily accomplished by using
coating solutions [25,26]. With conventional chemical modifica-
tion, which is generally accomplished with solvents, it is difficult to
maintain the structural appearance of microparticles owing to
solvent attack on the bottom layer during the coating process. It is
noteworthy that our synthetic route to provide a non-invasive
functional coating on microparticles with complex surface tex-
tures enables both physical and chemical modification to
bricated using 20 wt% FTS through VPP. (c) SEM image, and (d) EDX elemental mapping
tion of the references to colour in this figure legend, the reader is referred to the web
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conventional smooth, round microparticles, which have been
separately used to modify the properties of microparticles for
specific application.

To control the PEDOT conformal layer thickness on the micro-
particles, the initial concentration of FTS in the 1-butanol for vapor
polymerization initiation was altered. The surface layer was de-
tached using adhesive tape to investigate the thickness of the
coating layer, as shown in Fig. 2. Fig. 3 shows the EDX analysis re-
sults of the surface of the PEDOT-coated microparticles. The sulfur
peak represents the sulfur moiety in PEDOT. The relative atomic
percentages of sulfur were 1.28,1.47,1.60, and 1.72%with increasing
FTS concentration from 5 to 20wt%. As confirmed from the increase
of the sulfur peak in the EDX results (Fig. 3), the thickness of the
PEDOT shell increased from 143 to 610 nm as the FTS concentration
increased from 5 to 20 wt %, respectively, indicating control of the
conformal coating thickness of PEDOT. The increase in the PEDOT
conformal coating thickness on the PLGA microparticles provided a
more bluish color to the microparticles. This corresponds well to
the thickness variation at a 2D plane surface with the change in FTS
concentration. The thicknesses of PEDOT on a microparticle and a
planar surface were compared and both were found to increase
with increasing initial oxidant concentration. However, thicker
films were obtained for the microparticles (Fig. 2b).

3.2. PEDOT conformal coating onto microparticle assemblies

Because of the widespread availability of microparticles and
Fig. 7. (a, b) SEM image of the 3D-structured PEDOT/SiO2 hybrid skeletal structure using 20
elemental mapping image of sulfur (green) and (e) silicon (red). (f) Merged image of (d) an
referred to the web version of this article.)
their assemblies, the addition of a conformable conducting layer on
their surface increases the materials available when fabricating
microparticles that exhibit electric conductance. However, it is
challenging to apply a PEDOT conformal coating to complex 3D
biodegradable structures such as microparticle assemblies, in
which mechanical stability is required.

To investigate the possibility of applying a PEDOT conformal
coating onto complex 3D structures, a colloidal assembly based on
smooth, round PLGA microparticles with sizes ranging from 100 to
500 mmwas fabricated. Particles with somewhat random sizes were
assembled to increase contact among the microparticles. Poly-
dispersed microparticles were centrifuged to form a 3D structure.
PEDOT was coated onto the microparticles using VPP by following
the aforementioned procedure used for coating dispersed micro-
particles, and the presence of a smooth PEDOT conformal coating
on the microparticle surfaces was confirmed through SEM images
(Fig. 4a and b). To ensure sufficient conductivity of the 3D colloidal
cluster with PEDOT conformal coating, a continuous electrical
connection should exist throughout the structure. Electric con-
duction was confirmed through LED lighting, with the thin PEDOT
layer providing a conduction route on the surface of the 3D struc-
ture (Fig. 4c).

3.3. Fabrication of conducting 3D skeletal structure

A highly porous 3D structure composed of an electrically
conductive frame could be attractive in applications such as
wt% FTS through VPP after the selective extraction of the PLGA. (c) SEM image, (d) EDX
d (e). (For interpretation of the references to colour in this figure legend, the reader is
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sensors, scaffolds, and electrodes. For example, 3D structures with
mechanical stability exhibiting electric conductance throughout
the matrix can be potential platforms for neural tissue engineering.
Large pore sizes corresponding to the size of living cells are
required in tissue engineering. It can be anticipated that a stable
structure of a conducting material with large pore sizes can be
advantageous in templates for biomedical applications. Micropar-
ticles can be made to possess a porous structure [27] but there are
limitations to obtaining a high-porosity 3D structure by itself.

We selectively removed PLGA microparticles through solvent
Fig. 8. Representative micro-CT images of (a) the 3D-structured hybrid-coated PLGA afte
characteristics of the 3D structure.
extraction from PLGA microparticle assemblies with PEDOT
conformal coating on the surface to obtain 3D structure with high-
porosity and large pore sizes (diameter exceeding 100 mm). Un-
fortunately, this resulted in the collapse of the 3D structures
(Fig. S3). The PEDOT nanoscale conformable coating layer and the
thicker layer at the necking region between the removed micro-
particles presented insufficient mechanical stability to support the
3D skeletal structure.

We recently reported a hybrid conducting system comprising a
flat, thin layer on a 2D surface that can function as a transparent
r the selective extraction of the PLGA and (b) the exploitation of the xyz-separable
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conducting electrode [28]. We investigated whether this composite
system could be applied to a 3D structure. We polymerized EDOT
and TEOS simultaneously onto golf-ball-shaped microparticles us-
ing VPP. The surfaces showed a morphology (Fig. S4) similar to that
shown in the SEM images in Fig. 1, in which only PEDOT was used
for conformal coating on the microparticles. Successful synthesis of
the PEDOT/SiO2 hybrid coating layer on the surfaces of the micro-
particles was confirmed by energy-dispersive X-ray spectroscopy
(EDX) mapping, which showed a distribution of PEDOT (sulfur) and
SiO2 (silicon) throughout the surface. Furthermore, a non-invasive
coating was also obtained for the hybrid coating.

We applied this hybrid conformal coating onto the 3D structure
formed from the assembly of polydispersed PLGA microparticles. A
representative scheme for the preparation of the conducting skel-
etal structure is demonstrated in Fig. 5. The EDX elemental
Fig. 9. (a) Resistance of the PEDOT- or hybrid-coated 3D structure, (b) Optical microsc
mapping of this structure also showed a distribution of silicon and
sulfur throughout the surface of the microparticles in 3D structure,
indicating the uniform coating of the hybrid layer as from the iso-
lated microparticles (Fig. 6 and Fig. S5). Here, we used a reaction
temperature of 40 �C, which is suitable for soft materials. The glass
transition temperature (Tg) of PLGA is approximately 55 �C, and
polymerization should occur at a temperature below Tg to maintain
the structural integrity of the microparticles. In the hybrid
composition of PEDOT and silica, PEDOT provides the electric
conduction, and thus the amount of silica should be optimized to
reduce resistance but still provide adequate mechanical properties.

PLGA microparticles were removed by dissolving microparticles
using DCM, forming a 3D skeletal structurewith structural integrity
(Fig. 7 and Fig. S6). Electric conduction was observed for this
structure as well. Unlike the PEDOT 3D skeletal structure, structural
ope images, and (c) photographs of the sample used for resistance measurement.
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integrity was secured with the use of the PEDOT/SiO2 composite
surface layer after removal of themicroparticle template. Therefore,
one approach to obtaining a conducting 3D structure with struc-
tural integrity is to use a hybrid material with a simple synthesis
technique. Silica is approved by the Food and Drug Administration
(FDA) for oral consumption and is widely studied for use in
biomedical applications such as tissue engineering and controlled
drug release. Silica gel possesses low cellular toxicity as compared
to other inorganic oxide nanoparticles [29]. Thus, the 3D structure
coated with PEDOT and silica has potential for use in biomedical
applications in which electric conductivity is required.

3.4. Electric conductivity of 3D skeletal structure with high porosity

The porous character of the 3D skeletal structure formed from
the PEDOT/silica composite was observed using micro-CT (Fig. 8). A
porous structure was observed throughout the matrix. Also the
pore-size distribution of the 3D porous structure was obtained by
the measurement (Fig. S7). The measured specific surface area,
object volume, and total volume of 3D skeletal structure were
1.21 � 108 mm2, 2.99 � 108 mm3, and 8.14 � 109 mm3, respectively.
Interestingly, the measured porosity was greater than 96% (Porosity
of 96.3 and 97.7% were obtained for two different 3D skeletal
structure samples). As far as we know, this value is uncommon even
for a high porous structure with smaller than several microns.
However, the present 3D structure shows not only electric con-
ductivity but also high porosity, with pore sizes greater than
100 mm.

Because the PLGA colloidal assemblies with PEDOT and PEDOT/
SiO2 conformal surface layers are anisotropic mixtures of contin-
uous electric conducting and insulating regions, the electric con-
ductivities were compared for the two different 3D-structured
assemblies with the same dimensions (5 mm � 5 mm � 1 mm).
PLGAmicroparticles were not removed in this case so as to perform
the comparison under stable structural integrity. Each 3D structure
was placed on a test vehicle that was prepared by inkjet printing
with Ag nano-ink for the measurement of the electrical conduc-
tivity. As expected, the PEDOT-coated 3D structure showed higher
electric conductivity as compared to the composite structure with
the same dimensions (Fig. 9). This suggests that there is a trade-off
between electric conductivity and mechanical stability that should
be optimized according to the specific application.

4. Conclusions

We report the fabrication of a 3D conductive porous structure
from a conformal layer formed by vapor-phase polymerization on
microparticle assemblies. A conformal layer of a transparent con-
ducting polymer, PEDOT, was deposited with and without silica
onto the 3D structure of a biodegradable polymer consisting of
microparticles and their assembly. The PEDOT and SiO2 composite
shell could be noninvasively coated onto microparticles while
retaining their complex surface morphology, resulting in modula-
tion of both the chemical and physical properties of the micro-
particles. The structural integrity was maintained with removal of
the template structure of the biodegradable polymers when SiO2

and PEDOT were jointly vapor-phase polymerized onto the 3D
structure. The fabrication provided a high-porosity 3D conductive
skeletal structure that shows potential for biodegradable and green
electronics applications.
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