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ABSTRACT: Conducting polymer nanocoatings render plastics
to possess interesting optical, chemical, and electrical properties. It
nevertheless remains technically challenging to deposit uniform
conducting polymer nanocoatings on ambient plastic substrates
ascribed to the inert and varied chemical properties of plastics and
the notorious processability of conducting polymers. Previous
studies have made progress in delivering various conducting
polymer thin films via oxidative chemical vapor deposition. Herein,
we develop a solution-based approach to polyaniline (PANI) and
PEGylated PANI nanocoatings on multiple engineering plastics
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followed by evaluating their antifouling performance. The procedure relies on the formation of uniform, lyotropic V,04-nH,O thin
films on plastics assisted by a surfactant—sodium N-lauroylsarcosinate. Next, in situ, oxidative polymerization causes the formation
of nanofibrous PANI nanocoatings. Finally, interfacial functionalization leads to PEGylated PANI nanocoatings, and the steric
nanolayer effectively repels the adsorption of bovine serum albumin and the attachment of the bacterium Pseudoalteromonas sp. on
the surface. It is worth noting that the antifouling properties rely mainly on the presence of PEGylated PANI nanocoatings,
irrespective of the type of plastic substrates underneath. The current study therefore opens an avenue for the solution-based delivery
of conducting polymer-based, functional nanocoatings on hydrophobic substrates in a controllable manner with the availability of

further modification.

B INTRODUCTION

Plastics are increasingly important materials used in the
fabrication of biosensors, biomedical and marine equipment,
food storage containers, water purification membranes, for
example.'™” Conducting polymers exhibit intrinsic electric
conductivity, tunable hydrophilicity, availability of chemical
modification, chemical and mechanical stability, and bio-
compatibility, and their coupling with plastics can pave way for
the fabrication of high-performance devices with the
availability of the integration of emerging functions.” The
prevalent processing method disperses micro- and nano-sized
particles of conducting polymers in plastic matrices for the
fabrication of functional composites. Nevertheless, high doping
levels will inevitably cause a dramatic change of the intrinsic
properties of the plastics and the deterioration of their long-
termed durability.

As an alternative approach, conducing polymer-based films
render plastics to possess interesting optical, chemical, and
electrical properties, and in the meantime, can maintain the
bulk properties of the plastics.” It nonetheless remains
technically challenging to design general approaches to deposit
uniform conducting polymer thin films on plastic substrates
ascribed to the poor processability of conducting polymers.
Traditional, solution-processed deposition of conducting
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polymers on plastic substrates often led to thick coatings
usually hundreds of nanometers in thickness or beyond, and
poor adhesion is inevitable owing to the stiffness of conducting
polymer chains and their limited van der Waals interactions
with the substrate.'”"" The solution-based method only made
success in delivering poly(3,4-ethylenedioxythiophene):poly-
(styrenesulfonate) (PEDOT:PSS) thin films on plastic
substrates owing to the good solubility of PEDOT in water
and organic solvents in the presence of PSS dopants.'”'? The
increased hydrophilicity in the resulting PEDOT:PSS coatings
nevertheless brings in long-term stability issues owing to the
dissociation of the PSS constituents. In recent years, the
Gleason group proposed an emerging method, namely,
oxidative chemical vapor deposition to synthesize conducting
polymer thin films."*"> This green approach is advantageous
for providing precise thickness control and good adhesion of
thin films on substrates, processing simplicity, and importantly,
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Scheme 1. Schematic Illustration of the Fabrication Route to PEGylated PANI Nanocoatings on PC Containing Multiple
Steps; Photos of Corresponding Plastic Sheets are Shown Underneath; Each Sheet is 1 cm in Size
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the green reacting environment. However, it remains
imperative to develop solution-based alternatives to deposit
conducting polymer thin films on plastics. To date, control-
lable, solution-based approaches for the formation of polyani-
line (PANI) and polypyrene (PPY) thin films on ambient
plastics remain missing, although anchoring their oligomeric
counterparts on individual plastics gives rise to antifouling
performance to exemplary plastics.'®

Previous studies have confirmed that the integration with
conducting polymers can help plastics to overcome biofouling
irresistance in the aqueous environment, as fouling can cause
the structural or other functional deficiencies of plas-
tics.”**”'"7° For instance, polysulfone and polyvinylidene
fluoride membranes blended with nanofibrillar PANI dopants
have shown improved permeability and antifouling perform-
ance, ascribed to the hydrophilicity of PANI achievable via
chemical modification, ionic pairing, or surfactant adsorp-
tion.”'7*° Nevertheless, the intrinsic, antifouling performance
of conducting polymers remains moderate, and it can be
adapted via the interfacial modification with hydrophilic
polymer chains, which resist the adhesion of cells by
minimizing the intermolecular interactions between extrac-
ellular biomolecules and synthetic surfaces so that an adhered
cell is readily released under a moderate shear force.”*™ Prior
studies have identified polyethylene glycol (PEG) as a
nontoxic, antifouling candidate, as the sufficiently low
interfacial energy between PEGylated surfaces and water
gives rise to the release of proteins and cells.”>~>> PEGylation
therefore has become a reliable process to couple the target
molecules, macromolecules, colloids, vesicles, and surfaces with
antifouling properties, and found widespread applications from
marine industries to biomedical applications.**™* In a
previous study, nanofibrous PEGylated PANI with electric
conductivity and excellent antifouling performance was used as
sensitive and selective electrodes, which might have great
potential in biomedical applications.** Therefore, the establish-
ment of uniform thin films based on PEGylated conducting
polymers can become an efficient approach for the integration
of antifouling performance and emergent functions on plastic
substrates without changing their intrinsic properties. Design
of a general, solution-based route to couple uniform PEGylated
conducting polymer thin films to ambient plastic substrates
remains missing. Here, we report a controllable approach for
the solution-based deposition of uniform PANI and PEGylated
PANI nanocoatings on three exemplary plastic substrates. The
multistep procedure (Scheme 1) started with the formation of
uniform, lyotropic V,04-nH,O thin films on planar plastics via
spin-coating by using aqueous dispersions comprising both
V,04-nH,0 nanofibers and the surfactant—sodium N-
lauroylsarcosinate. In situ, oxidative polymerization next
transformed the V,0;-:nH,0 nanofibers to nanofibrous
PANI, where individual V,05-nH,0O nanofibers functioned as
both oxidant agents and sacrificing templates. PEGylated PANI
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nanocoatings were consequently obtained by interfacial
functionalization, where the presence of hydrophilic moieties
on nanofibrous PANI structures was confirmed using both
spectroscopy and microscopy tools. The antifouling perform-
ance of both PANI and PEGylated PANI nanocoatings was
finally evaluated against bovine serum albumin (BSA) and a
marine fouling bacterium Pseudoalteromonas sp. The approach
disclosed herein delivered PEGylated PANI nanocoatings of
variable thickness on multiple plastic substrates successfully,
and therefore, could show great potential in antifouling
applications in marine and biomedical fields.

B EXPERIMENTAL SECTION

Materials. Polycarbonate (PC), polyethylene terephthalate
(PET), and polyvinyl chloride (PVC) sheets were purchased from
Jingiao Plastic Company. Both ammonium metavanadate (NH,VO;)
powders and hydrochloric acid (HCl; 12 M) solutions were
purchased from the Xilong Chemical. Aniline monomer and
phosphate buffer saline solution (0.2 M; pH = 7.4) were purchased
from Hushi Chemical. 4arm-PEG-COOH (average M, = 5000 g
mol™) was purchased from Jinpan Biotech Company. Pyrrole,
sodium N-lauroylsarcosinate, 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC), and N-hydroxysuccinimde (NHS) were
purchased from Aladdin Industrial Corporation. BSA was purchased
from Solarbio Science & Technology Co., Ltd. The bacterium
Pseudoalteromonas sp. was isolated from a natural marine biofilm on
the epoxy panel submerged for 7 d at a depth of 30 cm in seawater
near Dalipuyu Islet (24°56'N, 118°16’E) in Xiamen Bay, China in
May, 2015, and identified by the 16S rRNA gene sequence analysis.
The bacterium was stored in 20% glycerol (v/v) at —80 °C. All
chemicals were used as received.

Preparation of V,05:nH,0 Dispersions. The synthesis of V,Os:
nH,0 nanowire dispersion was reported in a previous study.*
Accordingly, 1.0 g of NH,VO; was grinded into powder with few
drops of deionized (DI) water, then mixed with 10 mL of HCI (1 M)
under continuous stirring. When the color of the suspension changed
to red, an appropriate amount of DI water was added to obtain 20 mL
suspension. After the sedimentation of red precipitate, the supernatant
was removed and the red precipitate was redispersed into 20 mL of
hot water (80 °C) with vigorous stirring. This process was repeated at
least for three times until the red precipitate could be well-dispersed
in water. Finally, the red dispersion was redispersed into 40 mL of hot
water to obtain V,04-nH,O dispersions.

Preparation of PANI and Polypyrrole Nanocoatings. Plastic
substrates were first ultrasonically cleaned in alternate baths of
acetone, ethanol, and DI water, and dried for use. The mixture
comprising 1.5 wt % V,04nH,0 and 0.1 wt % sodium N-
lauroylsarcosinate was denoted as solution A. Solution B was
prepared by mixing 0.4 mL of aniline with 39.6 mL of HCI (0.1
M). Solution A was spin-coated on plastic substrates to form a
uniform V,0;-nH,0 nanocoating, then the coating substrate was
soaked into solution B for 12 h to react adequately for the formation
of the PANI nanocoating. The obtained PANI nanocoating was
washed with 1 M HCI and DI water in sequence to remove residual
V,04-nH,0 components. Regarding the fabrication of polypyrrole
nanocoatings, solution B was prepared by mixing 0.4 mL of pyrrole
with 39.6 mL of HCI (0.1 M).
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Figure 1. (a) Photo of a dispersion comprising V,05-nH,0 nanofibers, which was used for the fabrication of V,04:nH,O thin films on different
plastics, where each sheet is 1 cm in size. (b) TEM image of V,04nH,0 nanofibers. (c) AFM image (height mode) of V,05-nH,0 nanofibers,
where their height value is illustrated. (d,e) POM (d) and SEM (e) images of V,05-nH,O thin films. (f) AFM image (height mode) of V,04-nH,0

thin films on a PC substrate with its thickness being measured.

Preparation of PEGylated PANI Nanocoatings. To graft 4arm-
PEG-COOH onto the surface of the PANI nanocoating, the PANI
nanocoating was immersed into phosphate-buffered saline (PBS)
solution (0.2 M, pH 7.4) containing 0.4 M EDC, 0.1 M NHS, and 2.0
g L' 4arm-PEG-COOH for 2 h. The incubation of the PANI
nanocoating in the 4arm-PEG-COOH solution resulted in the
formation of covalent bonds between amino groups of PANI and
carboxyl end groups of the PEG chains. As a result, PEGylated PANI
nanocoatings on a plastic substrate were obtained.

Thickness Tests. The average thickness of PANI nanocoatings on
PC-coated silicon wafers was tested with a confocal laser scanning
microscope. A thin PC film was spin-coated on a polished silicon
wafer before the fabrication of V,05-nH,O thin films. Next, V,0;-
nH,O thin films fabricated by using different spin rates (1000, 2000,
3000, and 4000 rpm for 5SS s) were used for the formation of PANI
nanocoatings. Scratches were created for the height measurements on
a confocal laser scanning microscope.

Electric Conductivity Tests. The electrical conductivity of PANI
(107 nm in thickness) and PEGylated PANI nanocoatings was
determined by current—voltage measurements using the two-probe
method. At least five parallel tests were performed for the
measurements of each sample. All experiments were performed at
room temperature (298 K). The Mastech MAS830L digital
multimeter was used for the measurements.

BSA Adhesion Tests. The antibiofouling properties of the PANI
and PEGylated PANI nanocoatings were investigated by adhesion
experiments using BSA as a model protein. BSA was stained with
fluorescein isothiocyanate (FITC) beforehand. The FITC-labeled
BSA was dissolved in PBS solution (02 M, pH = 74) at a
concentration of 100 ug mL™!, Pristine PC, PANI nanocoatings, and
PEGylate PANI nanocoatings (1 cm in size) were first immersed in
PBS solution (0.2 M, pH = 7.4) for 2 h to avoid the potential effects
due to the proton impurity of PANI Then, all of these samples were
immersed in the BSA solution and incubated at 37 °C for 24 h.
Afterward, the samples were rinsed with DI water and the adhesion of
BSA on the three types of substrates were observed using a
fluorescent microscope.

Bacterial Attachment Test. The antiattachment of the PANI
and PEGylated PANI nanocoatings toward the bacterium Pseudoalter-
omonas sp. was evaluated in this work. Pseudoalteromonas sp. was
grown overnight in 100 mL of 2216E broth on a rotary shaker (180
rpm) at 28 °C. After being centrifuged at 8000 rpm at 4 °C for 20
min, the broth supernatant was removed and the cells were suspended
in sterile filtered (0.22 pm) seawater (FSW) to reach an optical
density of 1 at 600 nm. In the bacterial attachment assay, the 6-well
plates were used. A volume of 9.9 mL of FSW and 0.1 mL of bacterial
suspension were added into each well, which contained a plastic

substrate (20 X 20 mm) with a PANI or PEGylate PANI nanocoating.
The control well contained 9.9 mL of FSW, 0.1 mL of bacterial
suspension, and a pristine plastic substrate. There were three
replicates for each treatment and control. The 6-well plates were
incubated for 3 h at 25 °C. Unsettled bacteria were removed from the
substrates by washing gently with sterile FSW. Then, the plastic
substrates were observed under a BXS3 polarizing microscope. The
number of adhered bacteria on each plastic substrates was counted in
nine random fields of view from pictures taken with a camera (Leica
DFC 420C). The density of attached bacteria was calculated as C/S,
where C and S are the average number of attached bacteria and the
area of an image, respectively.

Characterization. Polarized optical microscopy and optical
microscopy images were obtained using an Olympus BXS3 polarizing
microscope equipped with a charge-coupled device (CCD) camera.
Atomic force microscopy (AFM) (DI Multimode, Veeco, Inc,
tapping mode) and scanning electron microscopy (ZEISS Sigma
HD) were used to obtain topographical information on the thin films.
TEM specimens were scraped off from the uniaxial thin films,
dispersed in pure ethanol by sonication, and transferred onto carbon
films. Those thin films were examined by an FEI Talos F200
environmental transmission electron microscope (Thermal Fisher
Scientific). Raman spectra were recorded with a MicroRaman System
RM3000 spectrometer and an argon-ion laser operating at a
wavelength of 633 nm as the excitation. The attenuated total
reflection (ATR)—Fourier transform infrared (FTIR) spectroscopic
measurements were carried out using a Nicolet IS10 Fourier
transform spectrometer (Thermo-Fisher, US) in the ATR mode
with a diamond ATR attachment. UV—visible transmission spectra
were recorded using an LAMBDA 750 ultraviolet spectrophotometer
(PerkinElmer, USA), where pristine PC sheets were used as the
reference. Confocal laser scanning microscope (VK-X200, Keyence,
Japan) was used to measure the thickness of the PANI nanocoatings.
The conventional contact angles were measured using a highly
sensitive microelectromechanical balance system (Data-Physics
DCATI11, Germany). The fluorescent optical microscopic images
were taken with a Leica DFC7000T with a CCD camera. The
analyses of images were performed with software Image]. The surface
coverage values were quantified by dividing the number of colored
pixels by the total number of pixels.

B RESULTS AND DISCUSSION

V,05:nH,0 Thin Films. The success of the multistep
strategy is dependent on the formation of uniform V,05-nH,0
thin films on planar plastic substrates. Aqueous dispersions
were composed of ribbon-like V,0,nH,O nanofibers with

https://dx.doi.org/10.1021/acs.langmuir.0c01223
Langmuir 2020, 36, 9114-9123


https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01223?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01223?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01223?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01223?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01223?ref=pdf

Langmuir pubs.acs.org/Langmuir Article
a
C 1487 d
1588
Vo 1164
. L 1218
3 AN 778 591420
° s N AN PANI
2 27
5 736 492
£ . 1005 /) /7388 || V,0.nH,0
[ N A
L Jo Wi WA~ pe
2000 1600 1200 800 400
Raman shift/ cm™
100 100
e f
120 90
L oo . 19 nm
£ - ® ¥ 28 nm
S <« i B > g 80 88 nm
8 801 A leo g 5
g 5 £ 107 nm
3 g 5
. : g
401 4 f70 [
i £ore
i
0 60 50
1000 2000 3000 4000 400 500 600 700 800

Spin rate / rpm

Wavelength / nm

Figure 2. (a,b) POM (a) and SEM (b) images of PANI nanocoatings. (c) Raman spectra showing a pristine PC substrate, a V,05-nH,O thin film,
and a PANI nanocoating. (d) CLSM image of a scratched PANI nanocoating for the thickness measurement. (e) Curve showing spin rates vs the
thickness and transparency of the PANI nanocoatings. (f) UV—vis spectra of PANI nanocoatings of varied thickness. PANI nanocoatings were

deposited on PC substrates.

varied aipect ratios, depending on the ripening periods (Figure
la,b).**** In the current study, the dispersions for spin-coating
were composed of nanofibers with their length and height at
2.0 + 1.1 ym and 6.8 + 3.2 nm (N = 60), respectively (Figure
1c). The resulting aspect ratio of the nanofibers is about 312
(Figure 1c), and the extreme value tremendously increases the
chance of interactions between adjacent V,04nH,O nano-
fibers. Moreover, because of the dissociation of hydroxy groups
at the edge planes of the ribbon-shaped architecture,**
individual V,04-nH,O nanofibers in the aqueous phase are
weakly, negatively charged, as confirmed by the moderate zeta
potential value of —5.3 mV. Lyotropic nematic phase starts to
form when the concentration of V,0;-nH,O dispersions
exceeds about 0.7 wt %, according to a previous study.**
Therefore, the interactions between V,0-nH,0 nanofibers are
so strong that adjacent nanofibers tend to be mutually oriented
in each nematic polydomain in a spontaneous manner. The
ordering can be preserved or enhanced permanently in
continuous V,0¢nH,0 films** and thin films***’ after solvent
removal. In short, both extreme aspect ratios and rich
interfacial hydroxy groups guarantee strong interparticulate
interactions between V,04-nH,0O nanofibers.

Nevertheless, pristine dispersions led to discontinuous V,0O5-
nH,O thin films on plastic substrates (Supporting Information
Figure la), as these hydrophobic surfaces exhibited high
interfacial energy with water. The high interfacial energy
between water and the plastic substrate was evaluated by using
contact angle measurements. For instance, the contact angle of
pristine V,0O5-nH,0O dispersion on a planar PC substrate was at
a value of 87.9° + 1.6° (N = 6) (ESI Supporting Information
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Figure 1b). In this circumstance, the adhered V,04-nH,0O
nanofibers were readily detached from the plastic substrates
back to the dispersion phase. The addition of sodium N-
lauroylsarcosinate in V,05-nH,O dispersions decreased the
interfacial energy highly, as the contact angle of V,05-nH,0
dispersions in the presence of the surfactant was tremendously
decreased to a value of 21.3 + 0.5° (N = 6) (ESI Supporting
Information Figure 1c). In a standard procedure, spin-coating
of dispersions comprising 1.5 and 0.1 wt % V,0snH,0
nanofibers and sodium N-lauroylsarcosinate, respectively, led
to uniform thin films on plastic substrates such as PVC, PET,
and PC (Figure 1d). A polarized optical microscopy (POM)
image confirms the formation of continuous, lyotropic nematic
thin films on PC (Figure le). Microscopically, an AFM image
reveals that the thickness of a V,04-nH,0 nanofibrous thin
film is about 80 nm, which is equivalent to around 10—12
layers of V,04-nH,0O nanofibers in total (Figure 1f). It is worth
noting that the thickness of the thin films is tunable by
changing both spin-coating parameters and dispersion
conditions. Multiple microscopic tools confirm the formation
of continuous V,04nH,0O thin films on plastic substrates
assisted by the presence of a surfactant—sodium N-
lauroylsarcosinate. To summarize, the formation of uniform
V,05-nH,0 thin films on plastic substrates can be disclosed
from three aspects, namely, the intrinsic properties of
individual V,04-nH,0 nanofibers, the assembly behaviors of
the nanofibers, and the interactions between dispersions and
the plastic substrates.

PANI and PEGylated PANI Nanocoatings. V,0,-nH,0
thin films templated the formation of PANI nanocoatings,
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Figure 3. (a) ATR—IR spectra of PEGylated PANI nanocoatings, where the interfacial modification of 4arm-PEG-COOH on nanofibrous PANT is
shown in an inserted image. (b—d) POM (b), SEM (c), and AFM (d, height mode) images showing structural information of PEGylated PANI
nanocoatings. (e) Contact angles of water on pristine PC substrates, PANI nanocoatings, and PEGylated PANI nanocoatings, and six parallel

measurements were performed for the statistics.

where individual V,04-nH,0 nanofibers functioned as both
sacrificing templates and oxidant agents for the in situ
formation of PANI nanofibers.”® PANI nanocoatings show a
uniform birefringent contrast under crossed polarizers (Figure
2a), verifying the formation of continuous nanocoatings.
Moreover, an exemplary SEM image of the same coating
confirms that it is composed of densely packed nanofibers,
which are reminiscent of their V,05-nH,O counterparts in the
nanostructural form (Figure 2b). The moderate birefringent
contrast in Figure 2a discloses the relatively weak interparti-
culate interactions, namely, hydrophobic interactions, between
adjacent PANI nanofibers, which is in sharp contrast with
relatively strong hydrogen bonding interactions in the
corresponding V,05-nH,0 counterparts (Figure le). It is
worth noting that the collective behaviors of hydrophobic
forces between adjacent nanofibrous PANI guarantee not only
the uniformity of PANI nanocoatings, but give rise to good
adhesion with plastic substrates of hydrophobic nature.

Next, the formation of PANI nanocoatings was confirmed
with Raman spectroscopy. The characteristic Raman peaks at
1588 and 1484 cm™" (Figure 2c) are assigned to the stretching
of C=C and C=N groups of the quinoid units of PANI,
respectively. Moreover, the peak at 1215 cm™" belongs to the
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deformation of the inplane ring of quinoid units, and that at
1159 cm™ is attributed to C—H bending of phenyl units of
PANI. Additionally, out-of-plane deformations of the ring are
attributed to the bands at 520 and 423 cm™’, respectively, and
the broad structural band at 778 cm™ reflects benzene-ring
deformations of variously substituted aromatic rings. No
Raman peak belonging to the V,05-nH,O constituents was
detected, which confirmed the chemical purity of the PANI
nanocoating. Moreover, energy dispersive X-ray was conducted
to verify the absence of vanadium element in the PANI
nanocoating (ESI Supporting Information Figure 2). The
oxidative polymerization of aniline by using V,0;-nH,0
dispersions as oxidant agents was first reported by Kanatzidis
and co-workers.*® Although the detailed mechanism of in situ,
oxidative polymerization remained in debate,”” our previous
studies have verified that individual V,05-nH,0O nanofibers
functioned as sacrificing templates for the formation of
nanofibrous PANL***" Based on the hydrophobic interparti-
culate interactions between nanofibrillar PANI, multiple
structural forms such as thin films,*® fibers,”’ and 3D
networks®”* could be permanently maintained after oxidative
polymerization using V,05-nH,O dispersions or (thin) films as
oxidant agents. It is worth noting that the method based on in
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Figure 4. (a) Schematic of PEGylated PANI nanocoatings showing antifouling performance. (b) Coverage percentages of BSA on three pristine
plastic substrates, PANI nanocoatings, and PEGylated PANI nanocoatings after an adsorption period of 48 h. (c) Fluorescent microscopy images of
BSA adsorption on pristine PC, a PANI nanocoating, and a PEGylated PANI nanocoating. The adsorption period is 48 h. Scale bar: 500 ym. (d)
Cell density of Pseudoalteromonas sp. attached on pristine plastic substrates, PANI nanocoatings on the three substrates, and PEGylated PANI
nanocoatings on the three substrates. In figures b and d, data with significant difference among treatments (p < 0.0S) according to a Turkey test are

indicated by different letters above the bars.

situ, oxidative polymerization was equally valid for the
fabrication of other conducting polymers including poly-
pyrrole®”>® and poly(3,4-ethylenedioxythiophene).”””* For
instance, Ouyang and co-workers fabricated uniform PEDOT
nanocoatings on hydrophilic substrates.”” Here, pure PANI
nanocoatings have been deposited on hydrophobic plastic
substrates successfully in the presence of sodium N-
lauroylsarcosinate. The current method was readily extended
for the fabrication of PPY nanocoatings on PC substrates (ESI
Supporting Information Figure 3a—c). Therefore, the strategy
introduced herein can be a general strategy for the fabrication
of conducting polymer nanocoatings on plastic substrates.
The thickness and light transmittance of PANI nanocoatings
can be indirectly controlled by tuning spin rates of V,04-nH,0
dispersions. The thickness of PANI nanocoatings decreased
with the increase of spin rates, as confirmed by using confocal
laser scanning microscopy (CLSM) technique (Figure 2d).
When the spin rates of V,04-nH,O dispersions was increased
from 1000 to 4000 rpm, the thickness of the corresponding
PANI nanocoatings was decreased from 107.0 + 17.5 to 19.0
+ 4.0 nm (ESI Supporting Information Figure 4a—c). The
CLSM images depict that the nanocoatings are uniform in
height statistics. Moreover, the increased thickness of the
PANI nanocoatings caused the decrease in light transparency
(Figure 2e). For instance, the transmittance of PANI
nanocoatings in the visible region (between 400 and 800
nm) with a thickness of ~90 nm and ~20 nm was
approximately ~80 and ~90%, respectively, evaluated with
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diffuse reflectance ultraviolet—visible spectrophotometry (Fig-
ure 2f). Light transparency of ~90% of nanocoatings is close to
that of ITO glass, and therefore can be approached for
transparent applications.

The success of the solution-based method of fabrication of
conducting polymer nanocoatings on plastics lies in the use of
lyotropic colloidal oxidant, namely, V,05-nH,0O nanofibers,
which, in a spin-coating process, can form continuous thin
films in the presence of surfactants. Although it has long been
known that specific oxidants, exemplified by Fe(IIl) tosylate,
can form continuous thin coatings via solution-casting or spin-
coating, the treatment can only proceed on hydrophilic
substrates.”> To our knowledge, oxidative chemical vapor
deposition, to date, is the only reliable method to deposit
uniform conducting polymer nanocoatings on plastic sub-
strates.”® The method proceeding in a closed chamber is
characteristic of being a dynamic process, which requires
heated power to vaporize oxidant agents to generate sufficient
oxidant flux and precise control of reaction parameters such as
substrate temperature and monomer vapor pressure to achieve
uniform nanocoatings with preferred conjugation length,
configuration, and high electric conductivity.m’15 As a
comparison, the uniform V,05-#H,O thin film formed in our
approach herein turned the subsequent oxidation polymer-
ization to an easy process, and the polymerization degree was
complete, as no V,04-nH,0O constitute was detectable in the
resulting PANI nanocoatings. It is worth noting that the in situ,
oxidative polymerization, in principle, can also proceed in the
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vapor phase. It is also anticipated that beyond V,0;-nH,0
nanofibers, other shape-anisotropic colloids of metal oxides can
also form uniform thin films on substrates of different wetting
behaviors and function as a coupled sacrificing template and
oxidant agent for the formation of conducting polymer
nanocoatings.

Next, PEGylated PANI nanocoatings were prepared to
improve the hydration level, which was deemed as a key
parameter determining the antifouling performance. PEG was
grafted on the surface of nanofibrous PANI through the
covalent interaction between the amino groups exposed on the
end of the PANI segment and the carboxyl groups on 4arm-
PEG-COOH, leading to the formation of PEGylated PANI
nanocoatings.”” The formation of PEGylated PANI nano-
coatings was confirmed by FTIR spectroscopy (Figure 3a),
where the peak appeared at 1644 and 1245 cm™" were ascribed
to amine bands on the PEG chain.*” Additionally, peaks that
appeared at 1051, 2873, and 2969 cm™ were ascribed to C—O
symmetric stretching, —CHj symmetric stretching, and —CHj;
asymmetric stretching, respectively. The FTIR spectra clearly
revealed that PEG chains were covalently attached onto
nanofibrous PANI through the formation of amide bonds.****
PEGylated PANI nanocoatings show a strong birefringent
contrast, which is different from their pristine PANI counter-
parts (Figure 3b). The reappearance of the birefringent
contrast suggests the presence of strong interparticulate
interactions between PEGylated PANI nanofibers, which can
be ascribed to steric repulsions between adjacent PEG chains.
The presence of the PEG layer can be visualized using
microscopy techniques. Both SEM and AFM images show the
presence of necklace-like nanodomains on nanofibrous PANI
(Figure 3c,d), which can be convincingly attributed to the
presence of PEG chains. As a comparison, pristine nanofibrous
PANI are smooth on the surface (ESI Supporting Information
Figure S). It is hypothesized that the necklace-shaped
nanodomains homogeneously distributed on nanofibrous
PANI were formed ascribed to the shrinkage of PEG brushes
after solvent removal. PEGylated PANI nanocoatings show the
enhanced hydrophilicity in comparison with their pristine
counterpart, as the contact angles of water on a PEGylated
PANI nanocoating, a pristine PANI nanocoating, and a pristine
PC are 43.6 + 2.4, 52.6 + 3.8, and 84.8 + 4.4° (N = 6),
respectively (Figure 3e). Additionally, PEGylation caused the
significant decrease of electric conductivity, as PEG exhibits
very low conductivity. As a comparison, its pristine PANI
counterparts (107 nm in thickness) showed electric con-
ductivity of 1.20 + 0.17 S cm™ (N = 3).

Evaluation of Antifouling Performance. In the current
work, a protein (BSA) and a bacterium (Pseudoalteromonas
sp.) were used to evaluate the antifouling performances of
PANI and PEGylated PANI nanocoatings (Figure 4a—d).
First, three types of engineering plastics with and without
nanocoatings were exposed to the BSA feed solution (0.1 g
L™") in PBS. It is worth noting that BSA is a well-accepted test
protein for the evaluation of antifouling performance of coating
materials.’” Quantification of the surface adsorption of BSA
was conducted via fluorescence microscopy after an exposure
period of 48 h. Fluorescent microscopy images reveal that for
the same type of engineering plastics, the adsorption of BSA on
PANI and PEGylated PANI nanocoatings was significantly
decreased in comparison with that on their pristine counterpart
(Figure 4c). The calculation of the number of pixels in the
microscopy images of the PC series show that the adhesion
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areas on pristine PC, PANI nanocoatings, and PEGylated
PANI nanocoatings are 21.032 + 7.884, 0.347 + 0.039, and
0.165 = 0.035% (N = 12), respectively (Figure 4b). In case the
BSA adhesion area of pristine PC was set as the standard, the
rejection rates of BSA on PANI nanocoatings and PEGylated
PANI nanocoatings were 98.4 and 99.2%, respectively. The
same trend was valid in PET and PVC series (Figure 4b,c and
ESI Supporting Information Figure 6). It has been
demonstrated that PANI exhibited modest inherent antifouling
properties probably owing to its relative hydrophilicity in
comparison with the inherent hydrophobicity of engineering
plastics.”"** Moreover, the PEGylation provides further rise on
the fouling resistance of the PANI-based nanocoatings, as the
highly hydrated PEG chains with conformational flexibility
provide a steric barrier for the approach of BSA molecules.”*

Additionally, the advantage of the current approach lies in its
capability of providing a general approach for the introduction
of uniform PEGylated PANI nanocoatings on different
engineering plastics. It is therefore highly desirable to compare
the antifouling performance of PEGylated PANI nanocoatings
deposited on different plastic substrates. Our results show that,
although pristine plastics show varied adsorption of BSA, the
PANI and PEGylated PANI nanocoatings on PC, PET, and
PVC, respectively, exhibit similar capability of BSA adsorption
(Figure 4b). Therefore, the BSA adsorption experiments
demonstrate that the method introduced herein integrated
PEGylated PANI nanocoatings on multiple types of plastics,
bringing in similar antifouling properties.

The good fouling resistance against BSA leads us to test the
nanocoatings against the marine fouling bacterium Pseudoalter-
omonas sp. Although the bacteria showed different attachments
on the three pristine plastic substrates owing to their different
interfacial characteristics, PANI nanocoatings on the three
plastics led to similar bacterial attachment results, which
suggested that the bacterial attachment on the modified
plastics was mainly dependent on the presence of the
nanocoatings instead of the plastics themselves. Compared
with the PANI nanocoatings, the PEGylated PANI nano-
coatings showed significant decrease in the bacterial attach-
ment (Figure 4d). Therefore, the antifouling effect of the
PEGylated PANI nanocoating against marine bacteria should
be ascribed to the introduction of hydrophilic layers via
PEGylation.>®

Bl CONCLUSIONS

The formation of V,05-nH,0O nanofibrous networks assisted
by surfactants guarantees the integration of PANI and
PEGylated PANI nanocoatings and related antifouling proper-
ties with multiple engineering plastics. The strategy based on
the coupling of assembly of shape-anisotropic nanocolloids and
in situ, oxidative polymerization opens an avenue for the
formation of uniform, conducting polymer-based nanocoatings
on multiple hydrophobic surfaces, irrelevant of their varied
chemical information. Although the current study highlighted
the antifouling performance of the PANI-based nanocoatings,
these nanocoatings also possess interesting optical, chemical,
electrical, and mechanical properties, which will have great
impact in energy research, electronic device fabrication, and
biomedical research. Considering the rapidly growing number
of synthetic and biogenic one-dimensional nanocolloids with
distinct inherent properties, geometric information, and
interfacial characteristics, we are optimistic that the solution-
based coating approach can be readily extended for the
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fabrication of a broad spectrum of one-dimensional nano-
colloid-based thin films on ambient hydrophobic surfaces,
combining the inherent properties of the substrate with the
emergent ones generated from the nanocoatings.
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