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Polymer modification of metallic and inorganic substrates represents an important strategy to determine key surface
properties, including wetting, adhesion, and biomolecular interactions. The versatility of polymer chemistry and surface-
grafting techniques has enabled the preparation of a wide array of functional surfaces that exhibit enhanced utility relative

to pristine, unmodified materials. However, despite recent progress, discovering new polymer compositions for surface

modification is essential to address ongoing challenges related to surface properties and functional interfaces. This

manuscript describes surface grafting using fluorinated polymer zwitterions by surface-initiated atom transfer radical

polymerization (SI-ATRP). The resultant polymer-coated substrates exhibited wetting characteristics intermediate between

those of zwitterionic and fluorinated polymer brushes, with unusually large contact angle hysteresis values that are

indicative of polymer response to the contacting fluid. Notably, surfaces functionalized with fluorinated polymer zwitterions

exhibited impressive resistance to protein fouling with bovine serum albumin and lysozyme.

Introduction

The rapidly growing library of functional polymers, in
combination with advances in controlled polymerization
techniques, represents an exceptionally useful platform for
controlling surface chemistry and topology.’3 For example,
surfaces characterized by “extreme wettability”, i.e., that are
superhydrophilic or superhydrophobic, have interesting and
useful properties ranging from antifogging to self-cleaning to
controlled adhesion.*® Functionalized surfaces equipped for
selective molecular interactions are useful in separations and
sensing.”® Surfaces may also be engineered to mimic the
wettability of exquisite structures in Nature, such as lotus leaves
(superhydrophobic)® or rose petals (large contact angle
hysteresis).1® Overall, the ability of polymers to bridge the
interface between a substrate and its surrounding environment
effectively tailors surface properties (wettability, adhesion,
electronics, etc.) and provides a route to improved medical
devices, implants, biosensors, and electronic materials.11-13
Synthetic polymers are prime candidates for use as fouling
resistant coatings, especially hydrophilic polymers, such as
poly(ethylene oxide) (PEO) and polymer zwitterions.'* Polymer
zwitterions are notable for their particularly outstanding
performance, as the surface hydration promoted by their inner-
salt  structure masks nonpolar  biomolecule-surface
interactions.’> To date, phosphorylcholine (PC), sulfobetaine
(SB), and carboxybetaine (CB) represent the most frequently
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utilized chemistry for polymer surface modification.'® Other
approaches to achieve antifouling properties involve coatings of
fluoropolymers and silicone elastomers, each contributing low
surface energy that weakens interactions with potential
foulants, enabling foulant release.”8 Despite this progress on
hydrophilic and fluorophilic surface modifications, continued
progress in this field requires the discovery of new materials
interfaces capable of responding to different environmental
conditions and which contribute both hydrophilic and
fluorinated characteristics.

Recent studies have examined the combination of hydrophilic
and fluorinated groups within the same chemical structure. For
example, Xu, et al. coated surfaces with polymers containing
both trifluoromethyl and PEG side chains to afford synergistic
non-fouling/fouling release behavior with proteins.’® In some
cases, modifying surfaces with amphiphilic polymers may
enhance antifouling performance, and as such this approach is
being examined in marine coatings and medical implants.29.2%
Our group recently reported the synthesis of polymer
zwitterions that embed fluorinated groups directly into choline
phosphate sub-units, giving fluorinated choline phosphates
(FCPs). In a preliminary protein fouling experiment, FCP
coatings appeared to provide significant non-fouling properties;
moreover, the non-aqueous solubility of the coating allowed it
to remain on the substrate in water.22 |In this work, we seek
deeper appreciation of the impact of FCPs on surface
properties. As illustrated in Figure 1, using surface-initiated
atom transfer radical polymerization (SI-ATRP), Au substrates
were modified with polymer zwitterions, fluorinated polymers,
or FCPs. The unique zwitterion/fluorocarbon combination of
FCPs afforded surfaces with distinctly different properties
relative to PMPC or fluoropolymer-grafting, including notably
high contact angle hysteresis values suggestive of dynamic
surface rearrangement. Using surface plasmon resonance (SPR)
techniques, BSA and lysozyme adsorption was examined, with
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results indicating significant protein resistance owing to FCP
grafting. Overall, to our knowledge this paper describes the first
example of covalent surface grafting using FCPs and
demonstrates the potential of these functional substrates as
antifouling materials.

(CF2)sCF3

PMPC

Figure. 1. Schematic representation of PMPC, FCP-1, FCP-2 and PTDFOMA-grafted
Au substrates by SI-ATRP.

FCP-1 FCP-2 PTDFOMA

Results and discussion

Au-coated Si wafers were functionalized suitably for ATRP, using
literature preparations,?®> and employed for Sl-grafting of
zwitterionic, fluorinated, and “fluorozwitterionic” FCP
polymers, as shown in Figure 1.22 SI-ATRP was performed by
placing the substrates in 7 mL vials containing 0.3-0.5 M
monomer solutions in trifluoroethanol (TFE) at room
temperature for 1-4 hrs, with CuBr and bipyridine, yielding
PMPC-, FCP-1-, and FCP-2-grafted substrates. PTDFOMA-
grafting was performed similarly, employing a 0.8 M
trifluorotoluene (TFT) solution of monomer at 60 °C, with CuBr
and 4,4'-dinonyl-2,2’'-dipyridyl (dNbpy). Following these grafting
methods, the presence of polymer on the substrates was
confirmed by X-ray photoelectron spectroscopy (XPS), noting
the C, N, O, F, and P in the XPS scan of FCP-2 (Figure 2a) at
elemental percentages that agreed with theoretical values (C
46.15%, N 2.56%, O 15.38%, F 33.33%, P 2.56%). In the high-
resolution C;5 spectrum of FCP-2, peak deconvolution revealed
distinct carbon atoms (Figure 2b) at 284.8 eV (C-C), 286 eV (C-
N), 286.7 eV (CH,-0), 288.6 eV (C=0), 290.4 eV (-CF,-CF,-CH,),
291.4 eV (CF,), and 293.6 eV (CFs). Similar scans performed on
FCP-1, PMPC, and PTDFOMA-grafted substrates (Figure S5)
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Figure. 2. XPS spectra of FCP-2-grafted Au: (a) survey spectrum and (b) Cys scan.

verified the presence of the desired polymers and as such the
general utility of SI-ATRP for the selected monomers. Thickness
values for the polymer layers were ~40-60 nm (measured by
ellipsometry and calculated using the Cauchy model??),
suggesting considerable extents of grafting and as such the
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presence of sufficient polymer coverage to modify surface
properties and perform comparative evaluations across this set
of samples. The grafted polymer chains are considered to be in
the brush regime,?> with grafting densities estimated as 0.12,
0.30, 0.28 and 0.18 chains/nm? for PMPC-, FCP-1-, FCP-2- and
PTDFOMA-modified surfaces, respectively (see Sl for detailed
calculation).

Wettability characteristics of the polymer-modified
substrates were evaluated by contact angle measurements,
using water (in air) and trifluorotoluene (in water) as probe
fluids. As shown in Figure 3a-d and Table 1, the PMPC-
functionalized substrates exhibited very small contact angles,
typically ~15° due to the extensive hydrophilicity of this
polymer zwitterion. In contrast, the fluorocarbon-rich
PTDFOMA-grafted substrates repelled water, yielding contact
angles of ~120°. Substrates grafted with fluorinated zwitterions
FCP-1 and FCP-2 had water contact angles intermediate
between these extremes, measuring 69° for FCP-1 and 85° for
FCP-2. Thus, the effect of merging zwitterionic and fluorocarbon
moieties pendent to the polymer backbone effectively alters
the typical wetting properties of each: i.e., fluorocarbon
polymers take on appreciable hydrophilicity, while polymer
zwitterions gain an unusual degree of hydrophobicity. With
respect to film thickness, we observed water contact angles to
remain almost unchanged for PMPC and PTDFOMA-modified
surfaces irrespective of thickness (~10° for PMPC surfaces at
8.5, 34.3, and 67.2 nm; ~120° for PTDFOMA surfaces at 10.9,
42.2, and 59.6 nm). The FCP polymer series showed minor
variability: FCP-1-grafting gave water a contact angle of 55° for
10 nm and ~70° for 30 nm thick films, whereas the FCP-2-
grafted surface had a water contact angle of 109° at 8 nm and
~80-90° at 50-70 nm. (Table S2). Interestingly, when performing
contact angle measurements with TFT in water, the zwitterion-
containing substrates repelled the droplet with high contact
angles (>140°, Figure 3e-g), while the PTDFOMA-grafted surface
was wet significantly by TFT (contact angle ~31°).

()

Figure. 3. Photographs from static contact angle measurements of water on
grafted substrates: (a) PMPC; (b) FCP-1; (c) FCP-2; and (d) PTDFOMA. Similar
experiments using TFT as the probe fluid shown in (e) PMPC; (f) FCP-1; (g) FCP-2;
and (h) PTDFOMA.
Solid-vapor (sv) surface energies (ysy, the sum of the dispersive
(vsv®) and polar (ysy?) components) were calculated using
Young’s equation (Equation 1) and the Owens-Wendt equation
(Equation 2), employing the known surface energy (y.y) of the

¥Ysv = VYsiL+ YLvcos@
1/2 1/2
Yw(1 + cos0) = 2(r&yin 2 +28vin) Y

test liquids—water, diiodomethane, and glycerol—and
measurements of their contact angles (8) on each surface in air

Equation 1
Equation 2

This journal is © The Royal Society of Chemistry 20xx
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(Table S1). The contact angle values of diiodomethane on the
PMPC-, FCP-1-, FCP-2-, and PTDFOMA-modified surfaces in air
were measured as 21°, 68°, 72°, and 100°, respectively; a similar
trend was seen when using glycerol (38°, 72°, 90°, and 108° on
the same series). These data yield surface energies of 70.4, 34.2,
23.4, and 9.3 mJ/m? for PMPC-, FCP-1-, FCP-2- and PTDFOMA-
modified substrates, respectively, confirming the dominant
impact of the fluorine-rich PTDFOMA on surface energy, and the
surface energy modulation achieved with the embedded
zwitterions. The calculated ysy and the observed water contact
angles and surface/water interfacial energies (ys ) reported in
Table 1 were determined using Equation 1. ThePMPC-grafted
substrates exhibited exceptionally low ys values 0.3 mJ/m?2,
while ys. values of FCP-1-, FCP-2-, and PTDFOMA- grafted
surfaces were calculated to be 7.5, 17.4, and 45.3 mJ/m?2,
respectively. The lower ys, of PMPC-, FCP-1-, and FCP-2-
modified surfaces hindered spreading of TFT in water
(TFT/water interfacial energy = 33.8 mJ/m?), resulting in high
contact angles, while the PTDFOMA-modified surface showed
the expected wettability when probed with TFT.

Table 1. Contact angle and surface energy values of substrates grafted with PMPC,
FCP-1, FCP-2, and PTDFOMA. Results represent the average of measurements
recorded at three different spots on the substrates.

PMPC FCP-1 FCP-2 PTDFOMA
Water, static (°) 14.8 68.5 85.3 119.6
Water, advancing (°) 14.5 79.3 114.7 125.0
Water, receding (°) <10 16.7 24.7 77.2
TFT in water, static (°) 160.5 154.7 142.3 30.9
¥sv (ml/m?) 70.4 34.2 23.4 9.3
YsL (m)/m?) 0.3 7.5 17.4 45.3

The wetting behavior described to this point suggests that the
disparate zwitterionic and fluorinated components of FCP-1 and
FCP-2 are sensitive to their surrounding environment that
suggest in situ molecular reorganization. Recent examples of
conformational rearrangements of fluorinated polymers have
been reported for thin films and grafted brushes of
poly(fluoroalkyl acrylate)s, which reorient to present carbonyl
groups to the water interface.?%28 In addition, Wooley reported
PEGylated hyperbranched fluoropolymers with domains that
reorganize in response to the surrounding liquid, giving
nanoscale complexity and non-fouling properties.?>3! In our
work, the fluorinated groups of FCP-1 and FCP-2 strongly prefer
the air interface, due to the apolar and self-associating
properties of fluoroalkanes. However, when immersed in water,
the strongly hydrophilic zwitterionic groups induce segregation
to the polymer-water interface, imparting a significant degree
of hydrophilicity (fluorophobicity) to substrates modified with
FCP-1 and FCP-2.

Our findings are further supported by dynamic water contact
angle measurements that recorded large contact angle
hysteresis values for surfaces grafted with FCP-1 (~60°) and FCP-
2 (~90°) (Table 1). In these measurements, increasing the
volume of water employed led to repulsion of the droplet (and

This journal is © The Royal Society of Chemistry 20xx
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correspondingly high contact angle) by fluorinated groups at
the polymer-air interface (Figure 4a). The advancing angles
were sensitive to fluorine content, trending as FCP-1 (79°) <
FCP-2 (115°) < PTDFOMA (125°). Notably, the low receding
angles of FCP-1 (17°) and FCP-2 (25°) are due to the zwitterionic
units that prefer the water-polymer interface (Figure 4b), which
are absent in PTDFOMA (receding angle ~77°). When the
substrates were oriented vertically, the drop resisted sliding
down the FCP-2 surface but traversed the PTDFOMA surface
quickly. Such hydrophobic surfaces that retain water (i.e.,
exhibit large contact angle hysteresis) mimic the surface
wettability of rose petals and are interesting for studies in water
transport. Surfaces of this type are typically obtained by
manipulation of surface topology,'%3? but here are achieved
using the advantageous FCP design in combination with surface
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Figure. 4. Schematic illustration of FCP reorganization: (a) advancing and (b)
receding contact angle measurements.

grafting techniques.

To examine protein adsorption on these polymer-modified
substrates, SPR was employed (using the Biacore T200 system)
to assess the change in the angle of minimum reflectivity (SPR
angle) as refractive index is altered upon protein adherence or
dissociation (Figure 5a).33-37 Based on literature precedent,38-40
our experimental design equated one response unit change
(ARU) with 0.1 ng/cm? of protein. These experiments were
performed by first subjecting the protein solution (1 mg/mL) to
the surfaces at a flow rate of 20 pL/min for 300 seconds, then
rinsing the surfaces with PBS buffer for 300 seconds at 20
puL/min to remove any loosely adsorbed protein. As seen in
Figure 5b, all of the polymer-grafted surfaces reduced BSA
adsorption considerably relative to bare Au, giving ng/cm?
values of 228.1 (bare gold), 56.2 (PTDFOMA), 36.8 (PMPC), 17.6
(FCP-2), and 9.5 (FCP-1); after rinsing with PBS, these values
were reduced to 204.2, 42.6, 17.9, 3.6 and 0.6 ng/cm?,
respectively. FCP-1 and FCP-2 exhibited particularly impressive
adsorption resistance and foulant release against BSA, with
>75% reduction in BSA content after rinsing. In the lysozyme
adsorption study, bare gold, PMPC-, FCP-1-, FCP-2- and
PTDFOMA-modified surfaces had adsorption values of 152.3,
54.4, 51.3, 27.5, and 16.9 ng/cm? upon applying lysozyme
solution, respectively, which reduced to 123.3, 36.9, 37.4, 13.6
and 10.6 ng/cm? after rinsing (Figure S6). Notably, the inclusion
of the perfluorohexyl structure in FCP-2 effectively reduced
lysozyme adhesion in comparison to PMPC; in the FCP-2 case,
53% of the adsorbed lysozyme was removed after rinsing,
resulting in similar adsorption levels as seen for PTDFOMA-
modified surfaces. In general, the combination of fluorinated
and zwitterionic structures promotes antifouling properties of

J. Name., 2013, 00, 1-3 | 3
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each, by reducing protein adhesion as well as promoting
release.

BSA
(a) (b) 1 mg/mL PBS wash
Flow 250
channel =
£
Protein % 200
0 9 1 £ —Bare gold
H 5 &T¥ & < -
T F F £ F § 150 PTDFOMA-9 nm
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Figure. 5. (a) Schematic illustration of SPR measurements; (b) BSA adsorption on
grafted substrates measured by SPR.

Conclusions

In summary, we described the impact of grafting surfaces with
fluorinated polymer zwitterions and specifically the unique
wettability and anti-fouling attributes of these fluorinated
zwitterions relative to conventional polymer zwitterions and
polymeric  fluorocarbons. The fluorinated zwitterionic
polymers, FCP-1 and FCP-2, exhibited hydrophobicity in air and
fluorophobicity in water, as well as remarkably high contact
angle hysteresis. The observed dynamic wetting behavior
suggests a reorganization of fluorinated and zwitterionic units
in response to the contacting fluidic environment. Remarkably,
FCP-1- and FCP-2-grafted surfaces afforded comparable or
better protein resistance than the PMPC- and PTDFOMA-
modified surfaces against BSA and lysozyme, suggesting
significant future potential of this class of polymers for making
advances in surface modification and wetting control.
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