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Abstract: A facile method is needed to control the protein
adsorption onto biomaterials, such as, bone implants. Herein
we doped taurocholic acid (TCA), an amphiphilic biomole-
cule, into an array of 1D nano-architectured polypyrrole
(NAPPy) on the implants. Doping TCA enabled the implant
surface to show reversible wettability between 152° (super-
hydrophobic, switch-on state) and 55° (hydrophilic, switch-off
state) in response to periodically switching two weak electrical
potentials (+0.50 and —0.80V as a switch-on and switch-off
potential, respectively). The potential-switchable reversible
wettability, arising from the potential-tunable orientation of
the hydrophobic and hydrophilic face of TCA, led to potential-
switchable preferential adsorption of proteins as well as cell
adhesion and spreading. This potential-switchable strategy
may open up a new avenue to control the biological activities
on the implant surface.

The clinical success of orthopedic and dental implants,
represented by biomedical titanium, heavily relies on the
osteointegration at the interface between the implants and
host tissue.l'! The optimal osteointegration, without fibrous
tissue growth at the interface, stems from the optimal
characteristics of the implant surface in close proximity with
the bone tissue.”’) The surface characteristics of the implants,
in particular the wettability, in conjunction with the host’s
cells, determine the biological responses at the implant
surface.®! The protein adsorption on the implants is the first
biological response. It is often dependent on the wettability,
which is determined by surface chemistry and topogra-
phy.*>¢ Tt tends to develop a “conditioning film” for
modulating the host’s cellular response, such as the adhesion,
spreading, proliferation, and differentiation, and conse-
quently, bonic tissue growth on the implants.) Most implant

materials have non-variable surface wettability. Therefore,
tuning their surface wettability has been proposed to control
their biological activities.*™**" Ideally, an implant should be
“intelligent” so that it is able to reversibly adsorb different
proteins through reversible wettability. For instance, a protein
that can be secreted by cells and promote cell adhesion and
spreading, such as fibronectin (Fn),®! can be selectively
adsorbed onto the implant at the early stage of the implanta-
tion; a growth factor, such as bone morphogenetic protein-2
(BMP-2),”! that can promote osteogenesis and osteointegra-
tion can be selectively adsorbed onto the implant at the late
stage of implantation. However, simply manipulating the
surface chemistry and roughness cannot achieve a reversible
switch of surface wettability. Herein we demonstrate the first-
time use of a conducting polymer, polypyrrole (PPy), doped
with a biomolecule, taurocholic acid (TCA), which can be
found in bile and biosynthesized from cholesterol in the
liver,!'” to achieve the reversible switch of surface wettability
(Scheme 1) and the subsequent reversible protein adsorption
as well as cell adhesion and spreading on the implants in
response to a weak potential switch.

PPy is a class of functional polymers with electroactivity
derived from their molecular structures'! and a promising
biomaterial owing to its excellent tissue compatibility.'? A
dopant is needed to control its properties."”] However, the
perfluorinated dopant (for example, perfluorooctanesulfonic
acid) currently being used in PPy is not suitable for
biomedical use as it is an organic pollutant.'¥ Hence, from
the perspective of biomedical applications, there is a pressing
need in a new approach to tuning the properties, such as
wettability, through the use of non-toxic molecules.!!

Herein we propose TCA as such a non-toxic molecule. It
has special pharmaceutical effects, such as anti-inflammation
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Scheme 1. a) The chair conformation of TCA. b) The possible mecha-
nism of forming 1D NAPPy/TCA (b3) through the self-assembly and
polymerization of Py droplets and free-Py (see text for details).

c) Proposed mechanism of the electrical-potential-switchable wettabil-
ity of 1D NAPPy/TCA: c1-c2) The orientation of hydrophobic a-face
and hydrophilic B-face of TCA was random in the absence of an
applied potential. c3) The hydrophilic B-face of TCA was exposed on
the surface of the implants when a switch-off potential was applied to
the implants. This state was termed as switch-off. c4) When a switch-
on potential was applied, the hydrophobic a-face is exposed on the
surface, making the implant surface more hydrophobic. This state was
termed as switch-on.

and cough relief. The chair conformation of TCA (Sche-
me 1a) indicates a unique facial amphiphilicity. Namely, it
bears a distinguishable hydrophobic face (a-face) and hydro-
philic face (B-face)!' owing to the exposure of -CH; and
-OH/-SO;H groups, respectively. Herein TCA was employed
as a surfactant-like dopant molecule to guide the self-
assembly and polymerization of pyrrole (Py) nanodroplets
(i.e., Py micelles) along with free-Py into conical 1D nano-
architectured polypyrrole (NAPPy) (Scheme 1b1-b3) on the
biomedical titanium implants. The TCA molecule was
expected to change the orientation of its a-face and B-face
in the PPy matrix in response to periodic switching of
potentials (Scheme 1c). We found that an appropriate con-
centration of TCA was indispensable in the fabrication of 1D
NAPPy on the titanium. Moreover, the electrical-potential-
induced molecular orientation switch between the a-face and
B-face of TCA was used to achieve electrical-potential-
induced surface wettability of the 1D NAPPy/TCA. To
demonstrate the possible use of the potential-induced wett-
ability and thus the response of the conducting polymers on
biomedical titanium, we showed that the potential-induced
wettability led to the preferential adsorption of three model
proteins (Fn, bovine serum albumin (BSA), and protamine
sulfate (PAS)) as well as controlled adhesion and spreading of
MC3T3-E1 osteoblasts on 1D NAPPy/TCA.
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In an attempt to study the effect of TCA as a bio-
surfactant on the fabrication of NAPPy/TCA through tem-
plate-free electrochemical polymerization, it was found that
the nano-architectures of PPy were dependent on the
concentration of TCA in PBS. When the concentration of
TCA was increased from 0.01m to 0.07 M, and finally to 0.20m,
the PPy evolved from irregular films (Figure 1a) to 1D

Figure 1. Field emission scanning electron microscopy (FE-SEM)
images of NAPPy/TCA obtained in PBS containing 0.01 ™ (a),
0.07m (b), and 0.20m (c) of TCA. Inset in (b): higher magnification.

conical nanowires (Figure 1b), and to tightly packed micro-
particles (Figure 1c). We believe that it is important for
anionic dopants, such as TCA, to act like surfactants to
stabilize the dispersion of Py nanodroplets in PBS (as the
electrolyte). The Py nanodroplets self-assembled into
column-like 1D structures and polymerized to form 1D
NAPPy (Scheme 1b). When a lower concentration of TCA
(0.01m) was used, not enough TCA was captured by the Py
nanodroplets, the nanodroplets were not sufficiently stabi-
lized by TCA and thus failed to self-assemble along one
direction into columns. Consequently, an irregular film (Fig-
ure 1a) was obtained by the polymerization of the nano-
droplets and dissolved free Py. When the TCA concentration
was very high (0.2m), exceeding its critical micelle concen-
tration, TCA formed microscale micelles, which contained
dissolved free Py and even Py nanodroplets. As a result,
tightly packed microparticles were obtained (Figure 1c). Py
nanodroplets could self-assemble along the direction perpen-
dicular to the substrates to from ordered 1D nano-architec-
tures (Scheme 1b) only if TCA was in an appropriate
concentration (0.07M). In addition, the growth of 1D nano-
architectures started from the surface of the substrates.
During its elongation, the dissolved free Py monomers were
simultaneously polymerized on its outer surface, allowing
them to grow along the lateral direction to increase its
diameter and consequently leading to the formation of
conical nanowires oriented nearly vertically on the substrates
(Figure 1b). We studied the adhesion of MC3T3-E1 osteo-
blasts on the three different PPy/TCA structures as well as on
the uncoated Ti substrates. We found that 1D NAPPy/TCA
could promote the adhesion when compared to the irregular
PPy/TCA films and showed similar capability in promoting
cell adhesion as un-coated and PPy/TCA microparticle-
coated substrates (Supporting Information, Figure S1). Fur-
thermore, we found that doping TCA in PPy increased the
biocompatibility of the 1D NAPPy/TCA (Figure S2).

We then tested the reversible switch in the wettability of
1D NAPPy/TCA by applying periodic potentials of —0.80 V
(as a switch-off potential) and +0.50V (as a switch-on
potential) to generate the reduction state (switch-off state)
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Figure 2. a) The plots of static contact angle (SCA) of 1D NAPPy/TCA
and b)—d) plots of the amount of adsorbed BSA (b), PAS (c), and

Fn (d) on 1D NAPPy/TCA versus switch-off potentials (—0.80 V) and
switch-on potentials (+0.50 V) in situ. Inset in (a): SCA images.

and oxidation state (switch-on state) of 1D NAPPy/TCA,
respectively. A reversible switch in wettability (about 152° in
switch-on state and 55° in switch-off state) was achieved
(Figure 2a). When the dopant was changed to Cl, the
wettability of the doped 1D NAPPy did not switch in response
to the change in potential as significantly as for 1D NAPPy/
TCA (Figure S3), suggesting the unique role of the TCA
dopant. In addition, the cell viability on 1D NAPPy/TCA
after applying periodic switching potentials with different
magnitudes showed that the weak potentials (—0.80 V/+
0.50 V) we used did not kill osteoblasts (Figure S4).

Through 500 cycles of periodic potential switches, both
static contact angle (SCA) in switch-on and switch-off states
remained relatively stable (Figure S5). Moreover, the wett-
ability of the switch-on and switch-off states after immersion
in physiological medium was nearly unchanged (Figure S6).
The TCA was not released from 1D NAPPy/TCA in
physiological medium (Figure S7). These data showed that
1D NAPPy/TCA was very stable.
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Electron probe micro-analysis (EPMA) (Figure S8a)
identified no significant difference in TCA concentration
between the two switching states. However, attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-
FTIR) of specimens in different states (Figure S8b) showed
that not only the peaks resulting from -OH/-SO;H groups on
the B-face of TCA were blue-shifted in the switch-off state
compared to other states, but also the reduction potential
used to generate the switch-off state caused partial deproto-
nation of -C-OH (on the p-face) to form -C-O~. Furthermore,
Kelvin probe force microscopy (KFM) showed that the
surface potential (Figure S8c) of the specimen in the switch-
off state had a stronger strength of negative charge arising
from the polar groups on the p-face of TCA whereas
a negligible strength of negative charge was present in the
switch-on state. In addition, the surface potential distribution
of 1D NAPPy/TCA in the switch-off and switch-on states was
greater than that in the original state (Figure S8¢), suggesting
that the orientation of TCA was uniform (i.e., mainly either a-
face or P-face is exposed) across the surface of the 1D
NAPPy/TCA under the switching potentials. Together these
results indicated the expected change in the orientation of
TCA during potential switching (Scheme 1).

We propose a model to understand the potential-induced
reversible switch in the wettability of 1D NAPPy/TCA
(Scheme 1c¢). In the original state (Scheme 1c2), TCA with
a-face and p-face randomly oriented was uniformly incorpo-
rated into the PPy matrix, resulting in a SCA of approx-
imately 78°. Unlike common small molecules, TCA has
a unique and large spatial structure (Scheme 1a). Thus TCA
would not move out of the PPy matrix but could change its
orientation during potential switching. Under a switch-off
potential (Scheme 1c3), the PPy matrix became negative,
repelling and thus forcing the -OH/-SO;H polar groups on the
B-faces to be exposed on the surface of PPy matrix and
consequently generating a hydrophilic surface. It was note-
worthy that polar groups, such as -OH and -SO;H, formed
intermolecular hydrogen bond, and deprotonation of -OH
occurred under the switch-off potential as well, which could
be shown by the blue-shifts of the three peaks associated with
the -OH/-SO;H groups and the presence of the C-O~ peak at
905 cm™! in switch-off states (Figure S8b2), respectively.
When a switch-on potential was applied (Scheme 1c4), the
PPy matrix became positive, thus attracting the polar groups
on the B-face of TCA to turn toward the titanium substrate
while driving the a-faces of TCA to be uniformly turned
toward the PPy surface. Consequently, quite a few of a-faces
instead of f-faces were exposed on the PPy surface, making
1D NAPPy/TCA exhibit a superhydrophobic surface. As
such, potential-induced reversible switching of wettability
(Figure 2a) was in fact a cycle between the states shown in
Scheme 1¢3 (switch-off state) and Scheme 1c4 (switch-on
state). The surface potential characterized by KFM hardly
changed for the switch-on and switch-off states before
(Figure S8¢c) and after (Figure S9) MC3T3-E1 osteoblasts
were cultured on the 1D NAPPy/TCA, suggesting that cell
growth did not alter the orientation of TCA.

Herein, BSA and PAS with an isoelectric point (pI) of
about 4.8 and 12.0, respectively, were chosen as model
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proteins to test the potential-switchable protein
adsorption. It was found that the potential-switch-
able wettability could be used to control the
adsorption of BSA and PAS (Figure 2b and c).
The amount of adsorbed protein was monitored
by bicinchoninic acid (BCA) assay.””! Both pro-
teins were reversibly adsorbed on the 1D NAPPy/
TCA in response to the changing potentials.
However, the two proteins show inverse adsorp-
tion profiles (Figure 2b,c). The pl values of BSA
and PAS suggested that BSA and PAS were
negatively and positively charged at pH 7.4,
respectively. The oa-faces and p-faces of TCA
were exposed on the surface of 1D NAPPy in
switch-on and switch-off states, respectively.
Therefore, it is difficult for BSA to be adsorbed
at pH 7.4 on 1D NAPPy/TCA in the hydrophilic
switch-off state owing to repellence by the polar
groups (-OH/-SO;H) of B-faces, whereas in the hydrophobic
switch-on state more BSA molecules could be adsorbed
because of the significantly reduced repellence. Conversely,
PAS at pH 7.4 could be adsorbed on 1D NAPPy/TCA in the
hydrophilic switch-off state as a result of their attraction to
the -OH/-SO;H of B-faces, while fewer PAS molecules could
be adsorbed in hydrophobic switch-on state as a result of
greatly reduced attraction. In this way, a reversible switch in
preferential protein adsorption can be realized by the
potential-induced switch in wettability, which is expected to
modulate the biological response on the implant surface in
real time. Our work indicates that it is possible to control
which protein will preferentially adsorb onto the implants,
which in turn will control which biological activity will be
activated. As such, a functional adhesion protein, Fn (pI=
5.5), was employed to validate the feasibility of achieving
periodically reversible adsorption by a potential-induced
switch in wettability. Indeed, Fn showed a similar adsorption
profile to BSA because their pl values were very close
(Figure 2d).

Cells, such as osteoblasts, will secrete Fn and deposit it on
the bone implants in bone repair,® which can in turn
promote cell adhesion and cell spreading on the implants. 18]
Ideally osteoblasts are expected to adhere to and spread on
the implants.®>!*) Hence, we hypothesized that the potential-
induced reversible adsorption of Fn secreted by osteoblasts
(Figure 2d) could lead to potential-induced reversible adhe-
sion and spreading of osteoblasts on the 1D NAPPy/TCA. To
test this hypothesis, MC3T3-E1 osteoblasts were cultured on
the 1D NAPPy/TCA during periodic switch-off and switch-on
states and their adhesion and spreading were monitored by
immunofluorescence imaging. As expected, the potential-
induced reversible Fn adsorption onto the 1D NAPPy/TCA
(Figure 2d) indeed resulted in reversible cell adhesion (Fig-
ure S10) and spreading (Figure 3 and S11), probably because
Fn secreted by osteoblasts was preferentially adsorbed onto
or desorbed from the 1D NAPPy/TCA in the switch-on or
switch-off states, respectively.

In summary, to form “intelligent” implant surfaces that
can potentially govern the interfacial biological response in
real time, 1D NAPPy was prepared by doping with TCA. The

nuclei.
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Figure 3. Immunofluorescence staining images of MC3T3-E1 osteoblasts after being
seeded on 1D NAPPy/TCA in the original state (a), and cycling between switch-off
states (b, d, and f) and switch-on states (c, e, and g) for 8 h: red =F-actin, blue=cell

resultant coating displayed a reversible switch in wettability
by applying cell-safe, periodic, weak electrical potentials
in situ; its switch-on and switch-off states exhibited static
contact angles of 152° and 55°, respectively, which was due to
the switching of the orientation between a-face and p-face of
TCA on the PPy surface. Moreover, such switchable wett-
ability resulted in a reversible switch in the adsorption of
various proteins, as well as in the adhesion and spreading of
osteoblasts. The facile potential-switchable wettability and
protein adsorption will enable us to manipulate the biological
response on the implant surface in real time as needed at
different implantation stages. Such a potential-induced switch
in surface chemistry may also be achieved in other conducting
polymers, opening up a new avenue to electrical-potential-
responsive intelligent materials.
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