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ABSTRACT: Here, we describe the design, synthesis, and
evaluation of two kinds of multifunctional zwitterionic linear
poly(carboxybetaine thiophene) (PCBTh) and porous poly-
(carboxybetaine thiophene-co-9,9′-bifluoreneylidene) (PCBTh-
coBF) polymers, which can be facilely synthesized using Yamamoto
and Suzuki polycondensation, respectively. The integrations of
zwitterionic polymer-based biomaterials that consist of conjugated
polymer backbones, multifunctional zwitterionic side chains, and
distorted units are designed and studied to address a key challenge
of conjugated polymers in biomedical applications: biofouling
phenomena that eventually lead to the failure and reduced lifetime
of bioelectronics in the body. The introduction of a twisting unit
into the polymer backbone allows us to tune the porosity, morphology, optical properties, and efficiency of antibiofouling features of
resulting polymers. The PCBTh-coBF coated surface exhibits good conductivity, stability, hydrophilicity, and antibiofouling
properties against protein adsorption, cell growth, and bacteria attachment, which may be useful for chronic in vivo bioelectronics
applications by minimizing the foreign body response.
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■ INTRODUCTION

π-Conjugated polymers (CPs) have attracted considerable
amounts of attention for various biomedical applications,
including bioelectronics,1,2 sensing,3−5 tissue engineering,6,7

and wound healing,8 which have benefitted from the structural
flexibility, tunable conductivity, flexible mechanical properties,
and ease of fabrication of CPs when compared with inorganic
conducting materials.9,10 In previous studies, CPs have been
used to improve interfacial interaction between electro-
chemical devices and biological systems as conducting or
sensing biomaterials for more efficient bioelectronic device
performance.11−13 However, biomacromolecules such as
proteins, cells, and bacteria tend to adsorb onto hydrophobic
CP surfaces that are not originally desirable in complex
biological medium. Moreover, it has been shown that the
improved electrochemical performance augmented with CPs
could not be sustained after in vivo implantation due to the
nonspecific adsorption of biomacromolecules on biomedical
device surfaces (i.e., biofouling) that reduce the sensitivity and
performance of bioelectronic interfaces.14,15 Biofouling often
triggers the foreign body response (FBR) cascade that
eventually leads to the failure and reduced lifetime of
implantable devices.16,17 Surface modifications have been
extensively explored to increase integration with biological
tissues and minimize fibrous encapsulation at complex
biointerfaces.4,5,18 Recently, many researchers focus on

biomaterials engineering that involves advanced techniques
to alter device interfaces from hydrophobic to hydrophilic
using polymer coating techniques.19 Several research groups
have reported that zwitterionic CPs could effectively prevent
nonspecific protein adsorption and cell attachments.20−25

Because there are a large number of relevant applications
ranging from the field of solid state technology to biomedical
engineering, high-performance CPs that determine the
function and properties of devices are of great importance,
and the development of novel multifunctional zwitterionic CPs
is highly desirable.
In this work, we present the development of porous CPs

with antibiofouling properties for improving in vivo perform-
ance of bioelectronic devices (Scheme 1). Compared to the
conventional CPs established thus far, novel porous organic
polymers represent a new type of conductive polymer which
exhibits a larger surface area, low mass density, and high
stability.26,27 Porous organic polymers have been widely used
in catalysis,28 gas storage29,30 and separations,31−34 drug
delivery,35 sensing, etc.36 However, the development of
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zwitterionic CPs with porosity exhibiting excellent antibiofoul-
ing properties against multiple biomacromolecules for
implantable bioelectronics devices has not yet been reported
despite the potential to achieve more advanced functionality in
biosensors and bioelectronics. The 9,9′-bifluoreneylidene
(9,9′-BF) is a well-known distorted building block, where
two fluorene units are connected through a CC bond with a
30° twisting angle because of the steric hindrance of peripheral
1-H and 8-H.37,38 We hypothesize that such twisted
conformation would provide enough free volume inside
zwitterionic CP networks to construct a porous skeleton.
To test our hypothesis, we designed and successfully

synthesized thiophene-based conjugated linear (PCBTh) and
porous (PCBTh-coBF) polymers via Yamamoto and Suzuki
polycondensation. The porous PCBTh-coBF consists of
conjugated polymer backbones, multifunctional zwitterionic
side chains, and a distorted 9,9′-BF unit in core components
(Scheme 1). Conjugated polythiophene was selected as the
conjugated backbone due to its good electrical conductivity,
chemical stability, and unique electronic and optical proper-
ties.39 We chose the zwitterionic carboxybetaine as the side
chain because of its excellent antibiofouling property, good
water solubility, and biocompatibility.17 Both linear and porous
CPs demonstrated effective antibiofouling properties against
proteins, cells, and bacteria while maintaining good con-
ductivity. The ultraviolet−visible spectrophotometry showed
interesting photophysical properties of both polymers in
solution and film states. Using scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), we
confirmed the porous morphology of PCBTh-coBF. We

demonstrated that the porosity, optical, and electronic
properties of polymers can readily be tuned by insertion of
distorted 9,9′-BF units. Based on our evaluations, we expect
both PCBTh and PCBTh-coBF may be used to serve as
multifunctional protective layers to resist protein adsorption,
inhibit bacteria growth, and prevent cell attachment, thereby
potentially prolonging the lifetime of implanted bioelectronics
devices.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. As depicted in Figure 1,
we synthesized two monomers, M1 and M2, in a simple
manner using readily available starting materials. The PCBTh
was synthesized using monomer M1 through 0Ni-catalyzed
Yamamoto coupling reaction.40 The resulting PCBTh is a
sticky light-green solid (Scheme 1B), which exhibited good
solubility in common organic solvents and is especially highly
soluble in methanol. The monomers M1 and M2 were
copolymerized via palladium-catalyzed Suzuki polycondensa-
tion to obtain PCBTh-coBF, which is a sticky solid with dark
red color (Scheme 1). The PCBTh-coBF also exhibited good
solubility in common organic solvents such as methanol. We
verified the chemical structures of PCBTh and PCBTh-coBF
using NMR and MS spectra (Supporting Information).
It has been demonstrated that the porous nanostructures of

CPs are highly favorable for electrochemical sensing and
detection.41 Using SEM and TEM, we verified the
morphologies of two polymers, which confirmed the desired
porous nanostructure of PCBTh-coBF compared to the
morphology of PCBTh (Figure 2). This result suggests that

Scheme 1. (A) Design Concept of This Study and (B) Structural Illustration of PCBTh and PCBTh-coBF That Consists of the
Conjugated Polythiophene Backbone, Tetrasubstituted Zwitterionic Side Chains, and Twisting 9,9′-BF Units for PCBTh-
coBFa

aCompared with nonconducting zwitterionic materials, the conjugated backbone helps gain electronic conductivity, and the nonbiocompatible CPs
obtain excellent biocompatibility. Moreover, the twisting unit insertion provides enough free volume inside zwitterionic CP networks to construct a
porous skeleton, bioconjugation functionality, and superior antibiofouling properties via tetrasubstituted zwitterionic side chains.
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the insertion of the 9,9′-BF twisted unit into the conjugated
polymer backbone is an efficient strategy to tune the
morphology of resultant polymers and provides alternative
methods to create nano- or mesoporous CPs. We also
evaluated the thermal properties of two polymers using
differential scanning calorimetry (DSC) measurements. As
shown in Figure S1, both PCBTh-coBF and PCBTh showed
relatively low glass transition temperatures, which were found
at 30 and 36 °C, respectively.
Next, we systematically investigated the photophysical and

electrochemical properties of PCBTh and PCBTh-coBF. The
UV−vis absorption of PCBTh in methanol solution at 298 K is
shown in Figure 3A, exhibiting intense absorption in the visible
range with an absorption maximum at 307 nm (green solid
line). Following the insertion of the 9,9′-BF twisted unit, an
intense absorption peak is additionally observed for PCBTh-
coBF with an absorption maximum at 491 nm (red solid line),
which originates from the M2 building block (Figure 3B).
These results also indicated that the M1 and M2 were
covalently connected to each other in the PCBTh-coBF
backbone. The absorption spectra of PCBTh-coBF in the
thin-film state (red dashed line) are 18 nm red-shifted relative
to the result from methanol solution spectra with a maximum
absorption band at 333 nm, while the absorption band from
the twisted 9,9′-BF unit at 491 nm did not exhibit any peak
shifts. We determined that the optical bandgaps (Eg) of
PCBTh-coBF estimated from the onset of absorption to be
1.86 eV (Figure 3) versus 3.59 eV from PCBTh. The
comparable absorption spectra and optical bandgaps between
PCBTh and PCBTh-coBF suggest that the introduction of the
twisted 9,9′-BF unit has a significant effect on the photo-

physical properties of resultant polymers. The fluorescent
emissions from PCBTh-coBF and PCBTh were negligible in
solution and film states (Figure S2). It should be noted that it
is important to minimize the background fluorescence of the
biomaterial to support experiments using fluorescent biological
matrices in evaluation of each material’s antibiofouling
properties.42

The electrochemical processes in complex biological systems
generally require efficient transportation of ions and electrons.
We envisioned the zwitterionic conjugated PCBTh and
PCBTh-coBF polymers to have electron conductivity via
conjugated polymer backbones. Cyclic voltammetry (CV)
measurements were used to investigate electrochemical
properties of thin-film PCBTh and PCBTh-coBF polymers
(Figure S3). The PCBTh and PCBTh-coBF showed com-
parable overall electrical conductivity relative to that of
previously reported zwitterionic polymers.43 Electrical con-
ductivity was calculated to be 8.1 × 10−5 and 6.7 × 10−5 mS·
cm−1, respectively.
The hydrophilicity of PCBTh and PCBTh-coBF coated

surfaces is an important feature in an implantable substrate.
Thus, we quantified the wettability of the polymer-coated
surfaces by measuring the contact angle of a water droplet
deposited onto the glass surface. As shown in Figure 4, the
water contact angle on a pristine glass substrate was measured
to be 70.9°, while the contact angles on PCBTh and PCBTh-
coBF coated surfaces were 22.6° and 36.5°, respectively. This
result suggests an increase in hydrophilicity from both
polymer-coated surfaces. It should be noted that the PCBTh
coated surface showed a smaller contact angle with more
hydrophilicity than that of the PCBTh-coBF treatment,

Figure 1. Synthetic routes to obtain PCBTh and PCBTh-coBF. Reagents and conditions: (a) 1,1′-carbonyldiimidazole (CDI), N,N′-
dimethylethylenediamine, THF, 0 °C, 24 h; (b) ethyl bromoacetate, 60 °C, 2 days; (c) NaOH, H2O; (d) Ni(COD)2, 2,2′-bipyridyl, COD, DMF,
and toluene, 90 °C, 48 h; (e) Lawesson’s reagent, toluene, reflux, overnight; (f) copper power, toluene, reflux, 3 h; (g) (Bpin)2, KOAc,
Pd(dppf)Cl2, 1,4-dioxane, 110 °C, 72 h; (h) Pd(PPh3)4, Na2CO3, toluene, H2O, EtOH, reflux, overnight.
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probably due to the large steric hindrance from the 9,9′-BF
twisted unit that may limit surface coverage.
The FBR begins by initiating a cascade of physicochemical

reactions which are triggered by nonspecifically adsorbed
biomacromolecules, eventually leading to the formation of a
fibrous capsule.44 Thus, we are interested in minimizing the

amount of adsorbed protein to prevent the initiation of an
inflammatory cascade. Our original hypothesis is that the FBR
may be reduced if the implanted surface can effectively prevent
nonspecific biomolecular adsorptions. Thus, we wanted to

Figure 2. SEM images of (A) PCBTh linear polymer and (B) PCBTh-coBF porous polymer (scale bar: 500 nm) and TEM images of (C) PCBTh
linear polymer and (D) PCBTh-coBF porous polymer (scale bar: 250 nm).

Figure 3. UV−vis absorption spectra of (A) PCBTh and (B) PCBTh-
coBF dissolved in methanol solution (solid lines) and in thin-film state
as deposited (dashed lines) at room temperature. Inset: photos of
polymers dissolved in methanol solution.

Figure 4. (A) Pictures of water droplets deposited on tested surfaces
and (B) contact angle (degrees) comparison for control noncoating
(control glass), PCBTh coated, and PCBTh-coBF coated glass
surfaces (scale bar: 1 mm). A significant decrease in contact angle
was visualized for the PCBTh coated surface compared to that of the
PCBTh-coBF coated surface, which is probably because of a more
effective and condensed coating. Data represent mean ± SD (n = 3),
*p < 0.001, calculated using one-way ANOVA (analysis of variance)
with Bonferroni test.
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evaluate whether the zwitterionic side chain attachments will
endow PCBTh and PCBTh-coBF with superior antibiofouling
properties to resist protein adsorption, cell attachment, and
bacteria growth on their surfaces. Such super antibiofouling
materials and surfaces are highly desired for various biomedical
applications.
Protein-Based Biofouling Adhesion. First, we tested the

protein adsorption on polymer coated glass substrates. The
commonly used protein, bovine serum albumin (BSA), was
utilized to demonstrate the antiprotein property of PCBTh and
PCBTh-coBF coated surfaces. To maximize the fluorescence
intensity, we incubated pristine glass substrates in varying
concentrations of fluorescein-conjugated BSA (BSA-FITC)
solution (2−10 mg/mL) in phosphate buffered solution (PBS,
n = 3, each) for 2 h. As shown in Figure S4, the fluorescence
intensity of absorbed BSA-FITC gradually increased and
became saturated at a concentration of 6 mg/mL in PBS.
To examine antibiofouling capability against BSA-FITC

attachment, we incubated various test samples with different
polymer coatings in BSA-FITC solution (6 mg/mL) for 2 h to
evaluate the amount of adsorbed protein on pristine versus
polymer-coated glass substrates (Figure 5A). Using a

fluorescence microscope, we captured images of each sample
and quantified the fluorescence intensity using ImageJ.45

Figures 5A−C compare the fluorescence between each sample
and shows clear differences in fluorescence intensity. The
results show that the fluorescence intensity of PCBTh coated
surface was significantly reduced up to 84% compared to the
pristine glass substrate. When coated with PCBTh-coBF, we
can see an even greater BSA-FITC reduction of 94%. Figure
5D and Table 1 highlight the differences in fluorescence
intensity between pristine glass substrate, PCBTh, and
PCBTh-coBF coated surfaces. It should be noted that

reproducibility of these results was examined and shown to
be consistent in Figures S5 and S6.

Cell Attachment Study. Astrocytes are important
immunological components of the central nervous system,
participating in synaptic plasticity and information processing
in the neuronal circuit. They exert metabolic effects, provide
structural support for neurons, and play a role in modulating
neuron homeostasis and higher neuronal functions. The
interaction between astrocytes and neurons plays a crucial
role in the development and progression of diverse neuro-
logical disorders.46 To further evaluate the antibiofouling
properties of the PCBTh and PCBTh-coBF coated surfaces, we
performed cell attachment studies using astrocytes. These
cultures were incubated to reach the confluency (48 h) in a
humidified atmosphere with 5% CO2 at 37 °C. The cell culture
medium was replaced 1 day after seeding. As it can be seen in
Figure 6A, a large amount of astrocyte cells readily attached to
the uncoated glass substrate (with coverage of 23.58%), while
very few cells were found on the PCBTh coated glass substrate,
and almost no cells were visible on the PCBTh-coBF coated
glass substrate (Figures 6B and 6C). The coverage of astrocyte
cells on PCBTh and PCBTh-coBF coated surfaces was

Figure 5. Fluorescence images of (A) BSA-FITC on pristine glass
surface, (B) BSA-FITC on PCBTh-coated glass surface, and (C) BSA-
FITC on PCBTh-coBF-coated glass surface (scale bar: 200 μm). (D)
Comparison of fluorescence intensity. n = 3 for each sample, *p <
0.001, calculated using one-way ANOVA with Bonferroni test.

Table 1. Percentage of the Protein Adhesion and the
Coverage of Cells Attachment on Pristine and Polymer-
Coated Glass Surfaces (n = 3)

control glass
PCBTh
coated

PCBTh-coBF
coated

% of BSA adhesion 92.3 ± 5.6 15.1 ± 4.1 5.9 ± 4.3
% of astrocytes
coverage

23.58 ± 1.59 0.54 ± 0.23 0.004 ± 0.004

Figure 6. Representative fluorescence microscopy images of astrocyte
cells attached on (A) pristine glass substrate, (B) PCBTh-coated glass
surface, and (C) PCBTh-coBF-coated glass surface after 48 h
incubation in PBS buffer solution (scale bar: 200 μm). (D) Percent
cell coverage on the surfaces with different treatments. n = 3 for each
sample, *p < 0.001, calculated using one-way ANOVA with
Bonferroni test.
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evaluated to be 0.54 and 0.004%, respectively (Figure 6D and
Table 1). These results support our hypothesis that polymer
coated surfaces can effectively resist adherent cell attachments
as well. It should be noted that reproducibility of these results
is examined and consistently shown in Figures S7 and S8.
Biofilm in Vitro Arrays. A major issue for implantable

devices is the risk of infection. The ability for Staphylococcus
aureus (S. aureus) bacteria to adhere and proliferate on
implantable biomedical devices is regarded as one of the major
challenges in the biomedical field. S. aureus biofilms are able to
tolerate high doses of antibiotics, and the ability to initiate
infection on implantable devices is a serious ongoing
challenge.47 Infections may be avoided by inhibiting initial
adhesion of bacteria to the substrate surface, thus eliminating
the possibility for an infection to occur on the surface of
implants and diffuse to the surrounding areas. Thus, we
investigated the antimicrobial properties of PCBTh and
PCBTh-coBF. Various glass samples with and without polymer
coatings were incubated in S. aureus culture solution at 37 °C
for 48 h to quantify the amount of adherent bacteria coverage.
We wanted to evaluate whether these polymer coating surfaces
had the potential to inhibit S. aureus adhesion and growth.
Using confocal laser scanning microscopy, we quantified the
amount of live (green) and dead (red) bacteria on various glass
samples following the incubation period. Afterward, the
coverage of bacteria cells was evaluated.
As shown in Figures 7B and 7C, our results suggest that the

glass substrate coated with PCBTh can inhibit S. aureus

attachment during the 48 h incubation. Similarly, the PCBTh-
coBF coated surface exhibited a significant reduction in
bacterial growth compared to the noncoated control glass
substrate (Figures 7A−C). The amount of S. aureus on each
surface is summarized in Figure 7D and Table 2. To provide a
proof-of-concept, in vitro experiments indicate that the PCBTh
and PCBTh-coBF coatings on implantable material surfaces
can provide a promising platform to resist adherence and
colonization of biofilm-forming bacteria. We suspect the
antibiofouling properties of PCBTh and PCBTh-coBF coated
surfaces are due to their robust hydration features.

■ CONCLUSIONS

In summary, we designed and synthesized two kinds of
zwitterionic CPs which integrate multiple functions into one
material. The introduction of a twisting unit into conjugated
polymer backbone allows us to tune the porosity, morphology,
optical properties, and efficiency of antibiofouling features of
resulting polymers. Polymer-coated surfaces were extensively
characterized by means of SEM and TEM visualization,
contact angle measurement, and fluorescent microscopy. These
new biomaterials showed significant antibiofouling properties
with a great resistance to protein adsorption, cell attachment,
and bacteria growth. The results presented here also provided
a better understanding of structure−property−function
relationships among zwitterionic conjugated polymers. This
versatile platform can potentially be adapted to a wide range of
applications for bioelectronics, organic electrochemical tran-
sistors, and biofuel cells, which require high-performance
conducting materials with excellent antibiofouling properties.

■ EXPERIMENTAL SECTION
Materials. 1,1′-Carbonyldiimidazole (CDI), 2,5-dibromothio-

phene-3-carboxylic acid, N-hydroxysuccinimide (NHS), and tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) were purchased from
Chem-Impex International (Wood Dale, IL, United States). Thermo
initiator 2,2′- azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride
(VA-044) was purchased from Wako Chemicals USA, Inc.
(Richmond, VA, United States). Anhydrous tetrahydrofuran (THF),
anhydrous chloroform, methanol, dichloromethane, ethyl acetate,
acetonitrile, cystaminedihydrochloride, N,N′-dimethylethylenedi-
amine, ethyl bromoacetate, anhydrous FeCl3, sodium hydroxide,
and glucose were purchased from Sigma-Aldrich (St. Louis, MO,
United States). All chemicals were used as received without further
purification. Milli-Q water (18.2 MW/cm, Burlington, MA) was used.
Air and water sensitive synthetic manipulations were performed under
an N2 atmosphere using standard Schlenk techniques. Human
cerebral cortex astrocytes, astrocyte medium, cell freezing medium,
fetal bovine serum, astrocyte growth supplement, and penicillin/
streptomycin solution were purchased from ScienCell Researh
Laboratories (Carlsbad, CA). CellTracker green CMFDA dye,
phosphate-buffered saline (PBS, 10×, pH 7.4), albumin from bovine
serum fluorescein conjugate (FITC-BSA), Dulbecco’s phosphate-
buffered saline (no calcium, no magnesium) (DPBS), poly-D-lysine,
and LIVE/DEAD BacLight Bacterial Viability Kit were purchased
from ThermoFisher Scientific (Waltham, MA). Tryptic soy broth
(TSB) was purchased from Becton Dickinson (Franklin Lakes, NJ).
Diced microscope slides and cover glass from Fisher Scientific

Figure 7. Representative CLSM images of S. aureus incubated on (A)
pristine glass substrate, (B) PCBTh-coated glass surface, and (C)
PCBTh-coBF-coated glass surface for 48 h (scale bar: 20 μm). (D)
Quantitative percentages of bacteria coverage on these surfaces. n = 3
for each sample, *p < 0.001, calculated using two-way ANOVA with
Bonferroni test.

Table 2. Percentages of the S. aureus Coverage on Pristine and Polymer-Coated Surfaces (n = 3)

control glass PCBTh coated PCBTh-coBF coated

live S. aureus (%) dead S. aureus (%) live S. aureus (%) dead S. aureus (%) live S. aureus (%) dead S. aureus (%)

55.15 ± 10.46 46.41 ± 5.69 21.40 ± 4.23 22.34 ± 4.95 14.75 ± 6.86 11.69 ± 4.73

ACS Applied Polymer Materials pubs.acs.org/acsapm Article

https://dx.doi.org/10.1021/acsapm.9b00950
ACS Appl. Polym. Mater. 2020, 2, 528−536

533

http://pubs.acs.org/doi/suppl/10.1021/acsapm.9b00950/suppl_file/ap9b00950_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.9b00950?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.9b00950?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.9b00950?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.9b00950?fig=fig7&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://dx.doi.org/10.1021/acsapm.9b00950?ref=pdf


(Pittsburgh, PA) were used as glass substrate after cleaning and
drying.
Instruments. NMR spectra were recorded on a JEOL ECS-500

(500 MHz) spectrometer by using tetramethylsilane (0 ppm for 1H
NMR) as an internal standard. MALDI/TOF-MS measurements were
performed on an AXIMA−CFR Plus (Shimadzu) with dithranol as a
matrix. The UV−vis absorption spectra were recorded on a JASCO V-
670 spectrophotometer in a quartz cuvettes of 1 mm path length. The
PerkinElmer LS 55 fluorescence spectrometer (Waltham, MA, United
States) was used to collect the fluorescence emission spectra of
polymers. The surface morphology was captured using Hitachi S-4800
Field Emission SEM scanning electron microscope with 5 kV as
accelerating voltage and analyzed using ImageJ. For TEM imaging,
samples were prepared by pipetting isopropyl alcohol (IPA) solutions
of PCBTh and PCBTh-coBF on a lacey carbon TEM grids. TEM
images were captured using a Tecnai G2 20 transmission electron
microscope at 200 kV. The biofilms were examined using a ZEISS
LSM 880 confocal laser scanning microscope (CLSM). Z-stack
images at 100× magnification were taken and analyzed using Zeiss
Zen software and MATLAB.
Polymer Thin-Film Preparation. Thin-films of polymer were

fabricated with a graft-to method. The polymers were dissolved in
methanol at a concentration of 10 mg/mL. One-hundred microliters
of polymer methanol solution was deposited on a glass substrate. It
was first put in a Petri dish and left undisturbed until solvent
evaporated at room temperature. The samples were washed with PBS
buffer solution and dried with filtered air prior to characterization.
Contact Angle Measurements. Contact angle measurements

were conducted by analyzing the photographic pictures of water
droplets applied on respective samples. A 5 μL droplet of DI water
was applied to on the surface of 1 cm2 chips of untreated, PCBTh
coated, or PCBTh-coBF coated glass substrate surfaces, and the
contact angles of the static droplets were evaluated between the
solid−liquid and liquid−air interfaces. Measurements were performed
in triplicate.
Electrochemical Characterization of Polymers. Electrochem-

ical analysis of polymers was performed using a SP-200 potentiostat
(Biologic USA, LLC, Knoxville, TN, United States). PCBTh and
PCBTh-coBF thin-films were coated on the surface of the working
electrode. All electrochemical experiments were performed in a
conventional three electrode cell configuration in 1× PBS (pH 7.0) as
the supporting electrolyte (50 mL for all experiments). A scan rate of
100 mV/s and sampling interval of 1 mV/s were used for cyclic
voltammetry (CV).
BSA-FITC Culture. We tested the antibiofouling performance of

polymer-coated surfaces against protein by comparing fluorescence
intensity of respective samples incubated with BSA-FITC. Untreated,
PCBTh coated, or PCBTh-coBF coated cover glasses were incubated
with BSA-FITC in 1X PBS solution of various concentrations in 6-
well plates for 2 h. After that, samples were gently rinsed with 1X PBS
solution before imaging using a fluorescence microscope (Axio
Observer Z1, Carl Zeiss Microscopy, Jena, Germany) with a filter set
17 (excitation, BP 485/20, and emission BP 515−565, Carl Zeiss
Microscopy, LLC). Image intensities were quantified using ImageJ.
Cell Culture, Staining, and Reagents. Astrocyte medium

contained 500 mL of basal medium, 10 mL of fetal bovine serum
(FBS, Cat. No. 0010), 5 mL of astrocyte growth supplement (AGS,
Cat. No. 1852), and 5 mL of penicillin/streptomycin solution (P/S,
Cat. No. 0503). Human cerebral cortex astrocytes were cryopreserved
at passage one. Astrocytes were expanded and maintained per
Sciencell’s protocol. Astrocytes were cultured in 12-well, tissue
culture-treated plates, with 1 × 105 cells seeded per well. These
cultures were then incubated until confluent (48 h) in a humidified
atmosphere with 5% CO2 at 37 °C. The medium was replaced 1 day
after seeding. Cells were stained with CellTracker Green CMFDA.
We replaced cell culture medium in each well with a 1:1000 ratio of
dye to medium and incubated at 37 °C for 30 min.
S. Aureus in Vitro Adherence Assay, Strain, and Reagents.

We tested the antibiofouling performance of polymer-coated surfaces
against bacteria by comparing the coverage of live and dead bacteria

on respective samples incubated with Staphylococcus aureus (S.
aureus). Erythromycin-resistant S. aureus tagged with green
fluorescent protein (GFP) were used. Prior to each experiment,
bacteria cultures were refreshed from stocks in 19:1:0.02 (v:v:v) TSB:
20% (w/v) glucose: erythromycin medium at 37 °C for 12 h at 250
rpm. After that, bacteria cultures were diluted to 1/1000 into the same
growth medium. To start the biofilm growth, 5 mL of the bacteria
solution was then aliquoted to each sample, which was previously
incubated in 5 mL of 1:9 (v:v) poly-D-lysine: 1× PBS solution for 12 h
at room temperature to facilitate bacteria attachment. After incubation
at 37 °C for 48 h at 50 rpm, 1.5 μL propidium iodide (PI) from
bacterial viability kit was added to stain the dead bacteria. After the
aspiration of bacteria solution and proper air drying, the biofilms were
examined using a confocal laser scanning microscope (ZEISS LSM
880, Carl Zeiss, Jena, Germany)). Images at 100× magnification were
taken and analyzed using Zeiss Zen software.
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