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Chemical and physical control of biointerfaces is attractive because of its flexibility and
effectiveness in cell and tissue regulation, as well as in diagnostic and therapeutic
applications.[*~"] When introducing biochemical cues to cells, various cell activities (e.g.,
adhesion, spreading morphologies, proliferation) can be manipulated at their
biointerfaces.[>-71 For example, in the development of stem cell therapies, surfaces modified
with synthetic peptides can be used to support the self-renewal and differentiation of stem
cells.[4] Notably, specific cell-substrate interactions observed on three-dimensional (3D)
micro/nanostructures can provide the topographic cues regulating the cell spreading
morphology of neurons,[8:9] thereby promoting the level of cell differentiation for stem
cells,[10-12] enhancing the transfection efficiency of cells with targeted gene
expression,[13-15] and improving the capturing efficiency of circulating tumor cells (CTCs)
for noninvasive blood biopsies.[16-211 In addition to these biological applications, integrating
additional electrical functionality into biointerfaces has recently attracted significant interest
for the digital transformation of biological signals within bioelectronics. [22.:23]

Bioelectronic interfaces (BEISs) are promising intermediate layers that can enhance
communication between electronics and biological systems; they can be operated to couple
the flows of electrons and ions in dual directions. Accordingly, BEIs have great potential for
use in electrical signaling,[22:23] stimulation,[24-28] and electrically triggered-response
toward the release and pumping of small molecules.[22-33] |n the development of BEls,
organic conducting polymers [CPs; e.g., polypyrrole or poly(3,4-ethylenedioxythiophene)
(PEDOT)] have been applied widely for their outstanding electrical transport properties,
inherent biocompatibility, and high manufacturing flexibility. Indeed, CPs can be
synthesized with a diverse array of chemical designs, such as the incorporation of various
anionic dopants [e.g., poly(sodium styrene sulfonate) (PSS), tosylate (TOS)](34-36] and/or
the presenting of various functional side chains,[20.37-39] thereby extending their
applicability. For instance, TOS-doped PEDOT (PEDOT:TOS) materials are currently the
most promising BEIs because of their high electrical stability and biocompatibility, allowing
long-term cell culturing or implantation;[3¢] alternatively, carboxylic acid-grafted PEDOT
(PEDOTAC) materials can be conjugated to a specific cell capturing agent for CTC
assays.[20] Briefly, this bioconjugation process involves initial activation of the carboxylic
acid groups, using N-hydroxysuccinimide (NHS) and 1-ethyl-3-[3-dimethylaminopropyl]
carbodiimide hydrochloride (EDC), and subsequent conjugation with streptavidin. The
streptavidin-grafted PEDOT films are then incubated with biotinylated anti-EpCAM to
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introduce these capturing agents onto the surfaces. In previous studies toward the
development of techniques for early cancer diagnosis, we demonstrated that the cell binding
affinity of EpCAM (epithelial cell adhesion molecule) on vertically standing silicon (Si)
nanowire substrates occurs with capture efficiencies for CTCs ranging from 40 to
70%.[16.18] | addition, we found that this NanoVelcro concept can also be applied to
electrochemically deposited CP nanodot structures at the submicron scale.[291 Accordingly,
it would be desirable to produce well-defined 3D CP structures and understand the
topographical effects of EpCAM-grafted CPs on CTC assays. At present, 3D micro/
nanostructures of CPs can be prepared using electrospinning,[4041] stepwise electrochemical
polymerization,[38] hard-templatel42-44] and soft-templatel45-47] approaches. Nevertheless,
large-scale high-fidelity engineering of CP micro/nanostructures, in terms of both
biochemical and topographical effects, remains a challenge. Based on our previously
developed BEI concepts for spatial and temporal control of cells and drugs upon flat CP
films,[27.28.33] we believe that integrating the 3D micro/nanostructures of CP films will lead
to greater possibilities for the development of BElIs.

Herein, we report a method for fabricating large-scale PEDOT-based micro/nanorod arrays
as 3D BEls; it can be performed readily using a combination of chemical oxidative
polymerization and modified poly(dimethylsiloxane) (PDMS) transfer printing techniques
(Figure 1a—h). We generated the negative PDMS hole array replicas from the 1H,1H,2H,2H-
perfluorooctyltrichlorosilane (FOTS)—coated Si micro/nanorod arrays, which could be
patterned through I-line projection photolithography and inductively coupled plasma (ICP)
reactive ion etching of exposed Si. By using a Si master featuring a diverse range of
designed rod structures, we could prepare micro/nanostructures of PEDOT:TOS and
PEDOTAC:TOS from the respective precursors through PDMS transfer printing with
deliberate control as BEIs. However, the challenge was to develop a process for the
fabrication of high-quality and large 3D PEDOT rod arrays with the rod size ranging from
micrometer to nanometer. After several trials to obtain optimized condition, we found that
the envisaged PEDOT precursor, containing EDOT derivatives with both iron (111) tosylate
(as oxidizing agent) and imidazole (as inhibitor), underwent slow polymerization at 105 °C
in a covered glass Petri dish. This slow polymerization had a positive effect on the quality of
the PEDOT-based micro/nanorod array films (Figure 1g). We also noted that after spin-
coating the PEDOT precursor onto the low-surface-energy (8.67 mJ mm~2) PDMS surface
(Table S1, Supporting Information), droplets of the PEDOT precursor tended to aggregate
on the PDMS surface during the slow polymerization process. Therefore, non-uniform
PEDOT rod arrays were formed. To overcome this problem, we subjected the PDMS
replicates to air plasma treatment (10 mtorr, 30 s) to partially change the PDMS surface
energy (from 8.67 to 27.92 mJ mm™2), thereby promoting the PEDOT precursor to fill into
the PDMS structures. After performing a demolding step using a biocompatible UV-curable
polyurethane precursor (NOAG5, Norland), we obtained highly uniform PEDOT rod arrays
with excellent mechanical properties on the targeting glass substrate (Figure 1h; see also
Figure S2a, Supporting Information). The surface energy of the PDMS replicates increased
(up to 27.92 mJ mm~2) upon lengthening the air plasma treatment, which oxidized the
PDMS surfaces to form a material more like SiO5;[48] this long-term (> 60 s) plasma
treatment did, however, lead to a new interfacing problem—inefficient demolding of
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PEDOT micro/nanorod array films from the negative PDMS replicates. Figure 2 and Figure
S1 and Table S1 (Supporting Information) reveal that positive Si masters featuring
microstructural (diameter: 2 um; height: 2, 4, or 6 um; period: 2 um) and nanostructural
(diameter: 0.4 um; height: 0.4, 0.8, or 1.2 um; period: 0.8 um) designs allowed us to
efficiently produce PEDQOT-based micro/nanorod arrays with either flat or various array
structures. Indeed, Si master structures with similar geometric designs resulted in almost
identical PEDOT micro/nanorod array structures (Figure 2).

Previous investigations of the biological applications of micro/nanostructural features have
revealed that biochemical and dimensional control of topographic structures is extremely
important to ensure high CTC capture efficiency because it is necessary to match the
structures of the cellular surface components (e.g., microvilli) and the underlying
substrates.[49] Therefore, we selected CTCs as a cell model to explore the correlation
between topographic effects and capture performance on chips, with the aim to possibly
using PEDOT-based micro/nanorod arrays for CTC diagnostics. Toward developing
PEDOT-based BEIs, we first needed to confirm that the PEDOT:TOS materials in our
design geometry exhibit good redox chemical and electrical conducting properties. Through
comparison with a commercial PEDOT:PSS material (Clevios P VP Al 4083), we performed
Raman characterization of our PEDOT:TOS microrod arrays with excitation at 514.5 nm;
we observed similar resonant structures for the PEDOT chains, with benzoid and quinoid
structure bands appearing in the range from 1400 to 1500 cm~! (Figure 3a).[5%1 By mapping
a 2D Raman image according to the intensity of the signal at 1445 cm™1, we observed the
PEDOT:TOS microrod array structures (inset to Figure 3a). Upon applying an alternating
chemical potential to the PEDOT:TOS materials, the polymers underwent reversible
switching between their oxidation and reduction states [oxidation state: treated with sodium
persulfate (Nap,SQOg); reduction state: treated with hydrazine (NoH,)], appearing with dark
blue and purple colors, respectively (Figures S2a—b, Supporting Information). The benefit of
using this process for the fabrication of 3D PEDOT-based BElIs is that it allows the
formation of higher-quality film, with tunable biochemical surfaces and tunable
topographical morphologies, relative to those prepared using other approaches; these films
also exhibit electrical conductivities (300-400 S cm™1) suitable for integration of this 3D
PEDOT-based BEI platform in bioelectronic systems.

To prove the concept of developing PEDOT-based 3D bioelectronic interfaces for CTC
assays, we first examined the size- and/or chemical-dependent cell capture (Figures 3b and
3c) on films of PEDOT:TOS (PEDOT-X) and EpCAM-grafted PEDOTAC:TOS
(PEDOTACc-X), where X refers to a PEDOT film that is flat or has a designed
microstructure (diameter: 2 um; height: 2, 4, or 6 um; period: 2 um) or nanostructure
(diameter: 0.4 um; height: 0.4, 0.8, or 1.2 ym; period: 0.8 um). When we individually
incubated the MCF7 breast cancer cells (EpCAM-positive cell line) and HeLa cervical
cancer cells (EpCAM-negative cell line) onto PEDOT-based bioelectronic interfaces for 1 h,
the nonspecific cell capture performance of PEDOT resulted in similar cell-capture yields
of MCF7 and HeLa cells on all of our structures (Figure 3b); the cell-capture density did,
however, experience a size effect, decreasing in the order (X; 04<0.8<12>6>4>2>
FLT), but existing in the range 75-200 cells mm~2. In contrast, we observed relatively
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higher cell-capture yields of MCF7 cells and lower nonspecific background of HeLa cells on
all of the PEDOT Ac structures; that is, PEDOT Ac appears to be more sensitive and
specific than PEDOT for the capture of EpCAM-positive cells (Figure 3c). The optimal
time required to achieve call capture were obtained in Figure S2c¢ (Supporting Information),
which summarized the correlation between incubation time and the number of captured cells
on PEDOTACc-0.4. For the EpCAM positive MCF7 cells, the maximal cell-capture numbers
were achieved at an incubation time of 50 min. Whereas relatively low cell numbers were
observed for EpCAM-negative Hela cells on the 3D PEDOTAc-0.4, we selected an
incubation period of 1-h for capturing EpCAM-positive cells. During the 1-h incubation
time for cell capturing, the cell-capture density of MCF7 cells on the PEDOTAC
nanostructures was more than seven times than that of HeLa cells, with better capture
efficiency than those of the corresponding microstructures and flat structures; the cell-
capture densities on the PEDOT Ac-X structures also exhibited a size effect, decreasing in
the same order as that of the PEDOT-X systems. Although all of our PEDOTAC
nanostructures exhibited greater than 350 cells mm™2, the differences in the cell-capture
yields of PEDOTACc-6 and PEDOTACc-0.4 were as low as approximately 25 cells mm=2 in
our 3D PEDOT-based micro/nanorod array system. To investigate the working mechanism
for the capture of CTCs on the PEDOT Ac micro/nanostructures, we recorded SEM images
of MCF7 cells on PEDOTAc-6 and PEDOTAc-0.4 to examine any differences in their cell
morphologies. As revealed in Figure S2d (Supporting Information), each captured MCF7
cells on PEDOT Ac-6 exhibited a round cell body with extended filopodia-like protrusion,
which generated mechanical tension around the underlying microrod structures and bent
them. Therefore, some of rods were easily distorted due to the SEM sample preparation
process during drying because it was quite often observed for cell sitting on PEDOT Ac-6.
In addition to size matching between the cellular filopodia and the PEDOT nanostructures,
we also observed extended lamellipodia (sheet-like protrusion) of MCF7 cells on
PEDOTAC-0.4, revealing that the increased cell-capture yield of 25 cells mm=2 was due
partially to more cell-substrate interactions between the pseudopodia and the PEDOTAC
nanostructures (Figure S2e, Supporting Information).

Because of the specific biochemical and topographic interactions between cells and
substrates and their high degrees of transparency, we could use an inverted optical
microscope to monitor the cell-capture efficiency of our PEDOT-based micro/nanorod
arrays. Indeed, the bright field images of MCF7 cells captured on patterned PEDOTAc-0.4
revealed greater cell-capture efficiency than that of MCF7 cells on PEDOTAC-FLT (Figure
4a). Furthermore, a fluorescence Live/Dead staining assay [calcein AM (green) for live
cells; EtH-1 (red) for dead cells] of the captured MCF7 cells revealed the high cell viability
on our PEDOT Ac films, with the cell-capture yield of PEDOT-0.4 being higher than that of
PEDOTAc-6 (Figure S3, Supporting Information). In addition to MCF7 and HeLa cancer
cell lines, we also tested the cell-capture efficiency of PEDOTAc-0.4 toward other
EpCAM-positive (A549, HCC827) and EpCAM-negative (U87, PC3) cell lines (Figure 4b).
Our results reveal that the topographical effect of EpCAM-grafted PEDOT-based BEIs can
improve the cell isolation performance toward targeted cells while mitigating nonspecific
binding of non-demanded cells. The inset of Figure 4b displays a fluoresce image of
captured MCF7 cells; the spherical conformation, with slightly extended lamellipodia and
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filopodia morphologies, is consistent with that observed using SEM (Figures S2d and S2e,
Supporting Information). Moreover, we used a cell viability analyzer (Vi-CELL™ XR,
Beckman Coulter) to investigate the influence of the various geometrical designs of
PEDOTAc on the cell viability. The viability of the MCF7 cells captured on all of the
PEDOTAC structures was approximately 97%, confirming negligible damage on our
PEDOT-based micro/nanorod array systems (Figure 4c). To examine the dynamic range and
clinical utility of the optimized PEDOT-based nanorod array system, we used it to capture
artificial MCF7 cells from healthy blood at a series of densities from 10 to 1000 cell mL™1.
Notably, the cell-capture yield at each different spiked cell density was greater than 70%;
thus, our PEDOT Ac platform exhibits efficient performance for clinical samples (Figure
4d).

In conclusion, we develop a facile solution-processing approach for producing 3D PEDOT-
based micro/nanorod array films, which can be further surface-grafted with capture agents
for directed specific recognition to study the cell-substrate interactions on BEIs. This BEI
platform features the advantageous characteristics: (1) diverse dimensional structures
(tunable from the microscale to the nanoscale), (2) varied surface chemical properties
(tunable from nonspecific to specific), (3) high electrical conductivity, and (4) reversible
chemical redox switching, and (5) high optical transparency. Furthermore, through
systematic studies of PEDOT and PEDOT Ac systems, we explore the effects of both
chemistry and topography on the CTC-capture performance. The PEDOTAc-0.4 surface
exhibits the optimal cell-capture efficiency; it could be used to isolate CTCs with minimal
contamination from surrounding nontargeted cells (e.g., EpCAM-negative cells, white blood
cells) and negligible disruption of the CTCs’ viability and functions. It is conceivable that
PEDOT-based micro/nanorod array films function as a critical therapeutic intervention for
monitoring tumor progression and metathesis, providing valuable insight into the use of
electronics for tissue engineering and regenerative medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a—h) Schematic representation of the integrated fabrication of a PEDOT-based micro/

nanorod array film. a, b) I-line projection photolithography on a Si substrate. ¢) Formation
of Si micro/nanorod array master after ICP. d) Preparation of PDMS on Si micro/nanorod
arrays modified with the FOTS vapor. e) Negative PDMS micro/nanohole array replicate
treated with air plasma (10 mtorr; 30 s). f) PEDOT precursor spin-coated on the PDMS
replicate. g) Optimized chemical oxidative polymerization of PEDOT film in a covered
glass Petri dish. h) Transfer of the PEDOT micro/nanorod array film to the glass substrate
using a UV-curable prepolymer (NOAG65, Norland) as the adhesive. i) Chemical structures
of the PEDQOT precursors. j) Schematic representation of the bioconjugation of epithelial
cellular adhesion molecule antibody (anti-EpCAM) to TOS-doped PEDOT micro/nanorod
arrays and films.
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Figure 2.
SEM images of PEDOT-based micro/nanorod array films. a—f) PEDOT -X with designed

structures (X) of a) 2, b) 4, ¢) 6, d) 0.4, e) 0.8, and f) 1.2. g-1) PEDOT Ac-X with designed
structures (X) of g) 2, h) 4, 1) 6, j) 0.4, k) 0.8, and I) 1.2. (Inset: higher-magnification 40°
tilted-view of PEDOTAc-X).
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Figure 3.
a) Raman spectra of PEDOT:TOS and PEDOT:PSS films recorded at an excitation laser

wavelength at 514.5 nm; inset: Raman image plotted with respect to the intensity of the peak
of the PEDOT thiophene rings at 1445 cm™2. b, ¢) Capture yields of various anti-EpCAM-
conjugated PEDOT:TOS films [a) PEDOT-X; b) PEDOTACc-X; X is the designed structure
of Si master] on MCF7 () and HeLa () cells. MCF7 cells, EpCAM-(+); HeLa cells,
EpCAM-(-).
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Figure4.

a) Microscopy image of MCF7 cells captured on (left) patterned PEDOTAc-0.4 and (right)
the flat substrate. b) Cell-capture efficiencies from suspensions of breast (MCF), lung
(Ab49, HCCB827), cervical (HeLa), prostate (PC3), and brain (U87) cell lines; inset: two-
color fluorescence image based on DiO membrane (green) and DAPI nuclear staining, used
to identify the captured morphology of MCF7 cells on PEDOTACc-0.4. ¢) Quantitative
evaluation of cell viability of MCF7 cells captured on various PEDOTAc structures; error
bar represents the standard deviation from three repeats. d) Capture efficiencies of various
contents of MCF7 cells in whole blood; dashed line: ideal cell-capture yield when the

various spiked cell densities were greater than 100%.
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