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This work aims at developing versatile low-biofouling polymeric coatings by using acrylic terpolymers
(DOFs) that bear pendant catechol (D), oligo(ethylene glycol) (O), and perfluoroalkyl (F) groups in varying
ratios. The polymers were endowed with the ability to form firmly coatings on virtually any surfaces and
undergo surface microphase separation and self-assembly, as revealed by the surface enrichment of F
pendants and the morphology variation from irregular solid domains to discrete crater-type aggregates
of different size. The effect on protein adsorption was investigated using bovine serum albumin (BSA) and
adhesive fibrinogen (Fib) as model proteins. The coating of DOF164 (low F content), which has morphology
of discrete crater-type aggregates of ~400 nm in size, adsorbed a least amount of protein but with a
highest protein unit activity as determined by SPR and immunosorbent assay; whereas the coating of
DOF1612 (high F content) showed a 12.3-fold higher adsorption capacity toward Fib. Interestingly, a 2.2-
fold lower adsorption amount but with a 1.8-fold higher unit activity was found for Fib adsorbed on the
DOF164 surface than on DOF250 (without F fraction), whose OEG segments being a widely recognized
protein compatible material. The features of the DOF164 terpolymer presenting a robust coating ability
and a minimal protein adsorption capacity while with a high protein unit activity suggest its potential
application as a non-fouling surface-modifier for medical antifouling coatings and as a matrix material
for selective protein immobilization and activity preservation in biosensor construction.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Antifouling of solid surfaces is of great importance in the fields of
biotechnology, biomedicine and materials science [1]. Implantable
medical devices, such as catheters, and contact lenses, along with
cell culture substrates and biosensors, rely on a level of protection
against biofouling [2,3]. The accumulated knowledge indicates that
the antifouling effect can be realized through either hydrophilic or
hydrophobic coatings, and improved greatly by using the coatings
of polymers bearing mixed hydrophilic/hydrophobic segments at
an optimum ratio [4,5]. Recent investigations revealed that coat-
ing topography also plays an important role in repelling biospecies
adsorption [6]. Essentially, the chemistry and morphology of a sur-
face are the two determinants, forming the basis for numerous
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strategies to construct surface coatings with desired antifouling
properties. Despite the great efforts to date, developing amphiphilic
copolymers that are able to form robust coatings with simple pro-
cedures on any surface to give excellent antifouling properties still
remains a great challenge.

The surface chemistry in antifouling coatings is the chem-
ical constitution capable of repelling adsorption of proteins
and organisms. Various polymers bearing both hydrophilic and
hydrophobic chains, with which to form coatings generally termed
as amphiphilic surfaces, have proven to be effective [7]. The func-
tionalities, such as length-varying poly(ethylene glycol) (PEG) [8],
zwitterionic group [9], dextran [10], perfluoroalkyl (PFA) [11],
and polydimethylsilicone [12], etc., have frequently been used for
elaborating amphiphilic polymers. The compositional ratio of the
respective segments in polymer has great effect on the coating
antifouling property. In general, a maximum resistance to pro-
tein adsorption can be found when a polymer surface is composed
of hydrophilic and hydrophobic segments in an appropriate ratio
[13]. Moreover, for a polymer coating with fluorine-containing
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segments, the interface reconstruction induced by migration and
exposure of fluorinated segments to the air/polymer interface
can improve greatly the antifouling effect [14]. One less studied
aspect is the morphology variation induced by the self-assembly
of amphiphilic copolymer coatings and the effect on antifouling,
and sometimes this morphology variation has a significant role in
reducing biofouling [15]. However, it is usually not easy to pre-
dict and/or control the self-assembly morphology of an amphiphilic
polymer and the effect on antifouling. Therefore, more knowledge
is highly demanded in design of new antifouling polymeric coating
materials.

Another challenge for amphiphilic polymer coatings is their
weak adhesion on surface due to their amphiphilic nature. To
address this issue, some strategies have been devised to improve
adhesion, for example, using the well-known covalent “graft-to”
and “graft-from” methodologies to construct robust amphiphilic
polymer coatings[16,17].Inrecent years, catechol-containing poly-
meric coatings, inspired by the mussel foot adhesive proteins, have
attracted great attention owing to the universal adhesion ability
on virtually any surface [18]. By incorporation with conventional
hydrophilic components such as poly(ethylene oxide) [19], hyper-
branched polyglycerol [20], heparin [21], and even hydrophobic
perfluoroalkyl group [22], the catechol-containing coatings have
been demonstrated to achieve long-term stability and antifouling
performance. In general, an optimum amount of catechol units in
a polymer chain is necessary to form a stable coating via anchor-
ing and crosslinking, and more interestingly, to aggregate and form
nanoparticle-like structures on surface [23]. Although model sur-
faces composed of the PEG and PFA segments have been frequently
employed in elaborating amphiphilic antifouling polymers [7,13],
catechol-containing fluorinated amphiphlic copolymers have not
been explored so far.

We envisioned that if catechol could be incorporated into the
amphiphilic copolymer comprising of OEG and PFA segments, there
may be two advantages for the coatings: one is the robustness of
the resultant coatings through catechol anchoring; the other is the
ability to control the morphology via interfacial reorganization of
the OEG and PFA segments and inter-chain cross-linking of the cat-
echol units. Thus in the present work a series of catechol-containing
acrylic copolymers were synthesized with the combination of
three monomers N-(3,4-dihydroxyphenylpropyl) methacrylamide
(DMA, D), oligomeric ethylene glycol methacrylate (OEG, O), and
perfluorohexylethyl acrylate (PFA, F) in varying ratios (Scheme 1).
The copolymers were spin- or dip-coated on gold, silicon and
stainless steel surfaces for assessing their surface morphology and
antifouling properties. We anticipated that the combination of
amphiphilicity with adhesive functionality would endow the coat-
ings with the desired antifouling properties and coating robustness
on virtually any surface.

2. Experimental
2.1. Materials

3,4-Dihydroxyphenylalanine hydrochloride (dopamine-HCl),
2,2'-azodiisobutyronitrile (AIBN), 2-(perfluorohexyl) ethyl acrylate
(PFA, F), olige(ethylene glycol) methyl ether methacrylate (OEG,
0), fibrinogen (Fib), fluorescent labled fibrinogen (FITC-Fib), and
bovine serum albumin (BSA) were purchased from Sigma Aldrich.
All the used proteins were dissolved in PBS buffer (pH 7.4) at a con-
centration of 1 mg/ml. Methacryloyl chloride was purchased from
Wuhan Shenshi chemical reagents company (China). Fib enzyme-
linked immunosorbent assay (ELISA) kit was purchased from R&D
Systems, Inc. All other reagents were purchased of the highest
purity.

Table 1
Composition and molecular weight of polymers DOF.

Polymer Monomer ratio (mol%)? Molecular weight®

D 0] F Mw Mn PDI
DOF250 28.6 714 0 16130 7260 2.22
DOF495 222 50 27.8 15580 7130 2.16
DOF164 9.1 54.5 36.4 19680 7690 2.56
DOF1612 53 31.6 63.1 17520 5650 3.10

a Monomer composition based on '"H NMR analysis.
b Molecular weight by GPC using polystyrene standard (THF eluent).

2.2. Synthesis of polymers

The catechol-containing methacrylamide (DMA, D) was syn-
thesized according to the literature [24]. The copolymers were
prepared via the random free radical polymerization of the three
respective monomers (D, O, and F) in varying ratios (Scheme 1
and Table 1). The total amount of monomers was kept constant
at 10 mmol and the molar percentage of AIBN fixed at 10%. All
monomers (typically 221-552.5mg for D, 900-2490 mg for O,
and 0-2633 mg for F) were dissolved in DMF (15mL), and then
AIBN (164 mg, 1 mmol) was added. The solution was heated at
65°C overnight under nitrogen. Then the reaction mixture was
added 20 mL of dichloromethane and washed with saturated brine
(20 mL x 3). The organic phase was added diethyl ether (400 mL)
and the polymer precipitated. The precipitate was re-dissolved in
dichloromethane and precipitated again with diethyl ether. The
molecular weights were determined by gel permeation chromatog-
raphy (GPC), and their structures were characterized by TH NMR
spectroscopy and FT-IR spectroscopy. The general structure of the
polymers is presented as DOFxyz in which the footnote xyz repre-
sents the compositional molar ratio of the respective monomers.

2.3. Surface preparation and characterization

Substrates of glass coated with evaporated gold film (standard
SPR gold film chips used with the SPR instrument mentioned below,
having an evaporated gold film thickness of 50 nm on quartz) were
immersed with 20% H,0,, 1% NaBH4 aqueous solution in sequence,
followed by water rinsing and cleaning with H, plasma in a Har-
rick Plasma Cleaner (Sterilizer PDG-32G) for 10 min. The stainless
steel and silicon substrates were ultrasonic cleaned in isopropanol
and double-distilled water for 10 min, then treated with H, plasma.
The substrates were spin-coated (low speed 500 r/min, 12 s; high
speed 1000 r/min, 60s) or dip-coated using the polymer solution
(1 mg/mL in THF), thereafter rinsed with ethanol and dried with
nitrogen stream.

The static contact angles on the coated or non-coated glass
surfaces were measured by a contact angle system OCA 20 (Dat-
aphysics, Germany) at room temperature using deionized water
(1.0 pL) and methylene iodide (1.0 wL). The surface energies were
derived using the Young-Good-Girifalco-Fowkes equation in the
associated software. For each polymer coating sample, 5-10 mea-
surements from different spots on the same surface were done and
the average values are presented.

Grazing incidence infrared spectra (GIR) were acquired using a
Tensor 27 FTIR spectrometer equipped with a microscope Hype-
rion 2000, a grazing angle objective (Bruker Optics), and a liquid
nitrogen cooled MCT detector. The measurements were performed
with 1000 co-addition scans at a spectral resolution of 4cm~1.

X-ray photoelectron spectroscopy (XPS) measurements were
carried out on a VG Multilab 2000 XPS spectrometer with an Al
Ka X-ray source. The energy scale was referenced to the Au 4f7/2
peak of copolymer-coated gold at a binding energy (BE) of 84.0eV.
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Scheme 1. Synthesis of DOF copolymers.

Morphologic images of coatings on silicon wafers were acquired
using a Bruker’s MultiMode-8 SPM atomic force microscope (AFM)
system with a silicon cantilever in tapping mode in an area
of 5x5um under ambient conditions. A typical force constant
0.12Nm~! and a scanning rate 0.977 Hz were used. AFM raw data
were processed by the associated software NanoScope Analysis,
Bruker.

2.4. Protein adsorption assay

Protein adsorption on the DOF surfaces was measured with
an Autolab SPRINGLE surface plasmon resonance (SPR) system
(Echo Chemie B.V., the Netherlands). The instrumental setup is
based on the Kretschmann configuration with a monochouromatic
p-polarized laser (A=670nm) as the light source. A DOF-coated
sensor chip was mounted in the flow cell and measurement per-
formed with a fixed liquid flow rate of 50 wL/min. After a stable
baseline was achieved using a flow of phosphate buffer solution
(PBS, pH 7.4), the protein solution at a concentration of 1 mg/mL
in the same buffer was allowed to flow for 20 min. Finally, the
buffer was reintroduced to flush away weakly bound protein for
additional 8 min. The protein adsorption quantity was obtained by
correlating to the relation of 120 m° in the angle shift of SPR (Aqspgr)
equal to a change in protein density of 100 ng/cm? according to the
manufacturer’s instruction.

2.5. Fib conformation and activity on DOF surface

GIR spectroscopy was used to determine the conformational
state of adsorbed Fib. DOF coated gold-film glass slides were incu-
bated in 1 mg/mL Fib solution for 1h, rinsed in deionized water,
and dried with nitrogen stream. GIR spectra were recorded in
the range of 500-4000cm~'. The amide I band, in the range
of 1600-1700cm~! composed of the absorptions of various sec-
ondary structural elements of a protein [25], was decomposed
into the corresponding peaks by curve-fitting for conformation
analysis. Curve-fitting was performed using the associated OPUS
spectroscopy software. The peak positions of individual element
bands were assigned using the reported data [25]. The activity of
the adsorbed Fib was determined using an electrochemical ELISA
method [26].

3. Results and discussion
3.1. Synthesis and characterization of polymers

Three terpolymers and one control without F component were
obtained by the random free-radical polymerization of the three

monomers (D, O, and F) in varying ratios (Scheme 1). The polymer-
ization was carried in DMF at 65 °C for 12 h and the polymers were

easily purified by precipitation in diethyl ether to give good yields
(~60%). The polymerization was facile despite in the presence of
catechol moiety, a polyphenol structure that has been conven-
tionally considered a radical scavenger. The reason that is able to
polymerize in this condition is not fully understood at present, but
it really worked to give copolymers with molecular weights not
so high. Similar works using the unprotected dopaimine moieties
in construction of acrylic copolymers via free radical polymeriza-
tion have also been demonstrated by Lee [27] and Han [28]. The
polymer structures were confirmed using FT-IR, 'H NMR, and GPC.
The FT-IR spectra indicate the presence of the three monomeric
functionalities in terpolymer as compared to that of their respec-
tive monomers (Fig. S1). The TH NMR spectra of the copolymers
(Fig. S2) were used to calculate the relative abundances of indi-
vidual monomers. The relative contents of monomers D and O in
polymer were determined by integrating the characteristic reso-
nance peaks of Ph-H at 6.82 and 6.58 ppm for D, CH3-0 at 3.36 ppm
for O; while the relative amount of F was determined by subtract-
ing the calculated abundance of O in the range of 4.00-4.50 ppm
to yield the characteristic absorption abundance of COO-CH, in F.
One copolymer was determined to have the molar ratio of 1:6:12,
giving a formula denoted as DOF1612. Using the same method, the
other two terpolymers and the control polymer were determined
to have the formulas denoted as DOF495, DOF164, and DOF250,
respectively, with the latter having no F pendant in the polymer.
The results are summarized and shown in Table 1, along with the
molecular weights determined by GPC (Table 1 and Fig. S3).

The molecular weights of the copolymers obtained by GPC mea-
surement are in the range of 15-20 kDa, and because the individual
molecular weights for D, O, and F are 221, 275, and 418, respec-
tively, it is expected that these polymers have lengths of ~50 units
in the polymer chain with the D unit content ranging from 9.1 to
22 mol%.The contents of D unitin these polymers are comparable to
that in the adhesive copolymers previously reported (11-12 mol%)
[28]. The ratio of the three monomers in copolymer can be tuned
easily by varying the employed amounts of the three monomers
in polymerization, even though they may have different competi-
tive rates. For example, in the synthesis of DOF1612, the employed
molar ratio was 1:3:6, implying that the monomer D has a lower
competitive rate; however, if the content of D in the polymer-
ization solution was raised, a higher content of D resulted in the
polymer, such as in the preparation of high dopamine-containing
DOF495. Importantly, the copolymers are poorly soluble in diethyl
ether but have good solubility in a number of other organic sol-
vents such as CH,Cl,, THF, methanol, etc. The solubility difference
in organic solvents benefits the precipitation purification process,
the TH NMR characterization in CDCls, the GPC test in THF, and the
convenient coating preparation by casting the solution on various
solid surfaces.
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Fig. 1. Static contact angles surface energies of DOF coatings as a function of com-
position.

3.2. Characterization of polymer coatings

The polymers are endowed with the ability to form coatings on
virtually any surface as a result of the adhesive catechol moieties.
Due to the amphiphilic nature of the polymers, the surface wetta-
bility is a key parameter to characterize their coatings. Fig. 1 shows
the static contact angles of water and CH; I, and the surface energies
of DOF coated surfaces along with the control bare gold surface.

The bare gold surface has low contact angles to both water
and diiodomethane droplets and thus is a surface of high surface
energy. After coating with polymers, the increase in contact angle
and the decrease in surface energy are obvious. The DOF250 sur-
face, which has no F component, exhibits contact angles nearly
60° for water and 55° for CHyl,. This polymer is anticipated to
give a surface comprising of pure OEG segments at the air/coating
interface, and the water contact angle is in agreement with the
typical value of 64° for the coating surface of catechol-based
grafted PEG [20]. For coatings of the three terpolymers, the sur-
faces have much higher static water contact angles in the range
from 95° to 115° and much lower surface energies, indicating
that they are hydrophobic surfaces, similar to the reported values
of fluoropolymer-poly(ethyleneglycol) composite coatings [13].
Accordingly, the CH;I, contact angles are between 92° and 107°,
indicating an amphiphobic nature under air. The stability of these
coatings was also tested preliminarily by contact angle measure-
ments before and after immersion in different solvents including
water, ethanol, and DMF for 1 day (Table S1). No significant change
in contact angle was found, manifesting these coatings are resistant
to solvents and have good stability.

During the water contact angle measurements, a phenomenon
concerning the water contact angle change was observed on freshly
prepared coatings. The water contact angle on the DOF495 coat-
ing rapidly decreased from the initial 108° to 63° in 10s, and
that on the DOF164 coating changed from 110° to 65°, whereas
the DOF1612 coating did not show any change. For CH,I, contact
angle, all surfaces gave no change (Fig. S4). Note that the F fractions
in these terpolymers are 27.8, 36.4, and 63.2 mol%, respectively,
meaning more the F fraction, less the change on water contact
angle occurred over time. This phenomenon has been observed by
Brown et al. in the coating of amphiphilic fluorosurfactant-grafted
poly(styrene—maleic anhydride) [29], but no report on the effect
of F content variation on water contact angle. The fast transition of
surface wettability from hydrophobic to hydrophilic likely comes
from the interface reconstruction/chain reorganization when the
interface is changed from air/polymer to water/polymer [29]. The

interface reconstruction is closely related to the surface F fraction,
and the higher F fraction in the DOF1612 interface is likely to pre-
vent this process. Interestingly, the transition in contact angle was
able to be repeated only less than 5 times, and thereafter the con-
tact angle became constant as the initial values as shown in Fig. 1.
The underlying mechanism of this process is not understood at
present but possibly related to the interface reconstruction and
self-assembling process of the polymer coatings.

The grazing incidence FT-IR (GIR) spectra of the DOF coatings by
spin-coating on gold substrate in the interested bands of 800-1900
and 2700-3100cm™! are shown in Fig. 2. All the coatings have
characteristic adsorptions of around C=0 (1750cm~!) and CH,
(2930-2870cm™1). For the DOF250 coating, the strong peak at
around 1110cm~"! assigned to the asymmetric —C—O—C— stretch-
ing [30] of monomer OEG is clearly present, which becomes less
intensive with the increase of F fraction (curves b-d in Fig. 2). For the
coatings of the three terpolymers, they have similar IR absorption
patterns (Fig. 2b-d). The two characteristic peaks of C—F stretching
locateat 1143 (A;)and 1240 (A,)cm~, respectively, and the ratio of
the two peak areas (A1/A;) corresponds to that of the perpendicular
over the parallel dipole moments in the stretching vibration of CF;,
thus a smaller ratio suggests a more vertical orientation of the chain
axis of the F fraction on the surface [31]. The highest ratio was found
for the DOF164 (36.4 mol% F) coating, revealing the chain orienta-
tion more parallel to the surface; whereas the decrease (DOF495,
27.8 mol% F) or increase (DOF1612, 63.2 mol% F) of F fraction would
result in the chain orientation more vertical to the surface. In addi-
tion, the absorption peak intensities (A; and A,) of CF, stretching
increase with the increase of F fraction in the coatings (Fig. 2b-d).

DOF coatings were also characterized by XPS, and the high-
resolution spectra of C1s and F1s are given in Fig. 4. The DOF250
surface displays the only characteristic C1s binding energy (BE) at
284.9 eV, whereas the DOF surfaces containing F constituent show
three C1s peaks, around at 284.7, 290.6, and 293.1eV (Fig. 3a),
representing the BEs of C1s from CH,, CF,, and CF3 groups, respec-
tively [26]. In Fig. 3b, the F1s BE of the DOF surfaces appears at
686.5 eV for DOF495 and DOF164, and shifts up to 687.5 eV for the
DOF1612 surface. Similar BE shifts of C1s and F1s in XPS spectra
were observed by Ballav et al. for the partially fluorinated alka-
nethiols self-assembled monolayers, and ascribed to the effect of
dipole alignment on the work function of the XPS photoemission
process [32]. In agreement with the expectation, the peak inten-
sities at the BEs of C1s of CF, and F1s are substantially increasing
with the increase of F fraction in coating.

Owing to the low surface energy nature, the migration and
enrichment of fluorinated segments in coating may occur [33]. In
the present study, the fluorine atom concentration percentages for
the polymers of DOF495, DOF164, and DOF1612 were calculated to
be 17.8,22.4, and 33.3 mol%, respectively, in bulk. After coating, the
concentrations were measured to be 25.4, 31.7, and 42.6 mol%, cor-
responding to the increases by 42.7%,41.5%,and 27.9%, respectively.
The increases reveal the migration and enrichment of the perfluo-
roalkyl segments at the air/coating interface, and more importantly,
the less the F fraction in the polymeric bulk, the larger the enrich-
ment effect is, showing a typical surface energy-driven process.

To investigate the surface morphology of the polymer coatings,
AFM images were acquired on each surface of the polymer coat-
ings on silicon substrate (3D images in Fig. 4 and 2D images plus
silicon wafer images in Fig. S5). It is seen clearly that the morpholo-
gies varies dramatically depending on the polymer structure. The
coating of DOF250, which has no F component, consists of mainly
large aggregates associated with some small domains. The DOF495
coating is comprised of evenly and densely distributed domains of
average size 100 nm. Evenly distributed large domains of average
size 400 nm can be seen on the DOF164 coating. For the coating of
DOF1612, it is constituted of unevenly distributed domains with
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largely varying sizes. Interestingly, a more close inspection reveals
that the domains of DOF495 and DOF164 coatings are composed of
crater-type self-assembled architectures with open mouth sizes of
average 50 nm for the former and 200 nm for the latter; whereas the
DOF250 and DOF1612 coatings show only solid domains without
any open mouths.

With the data of polymer compositions (Table 1) and the mor-
phologies of these polymer coatings shown here, two preliminary
relations can be derived that suggest: (1) catechol moieties enable
the amphiphobic coating formation under dip-coating conditions;
(2) a rational combination ratio of the individual components
dominate the coating surface morphology. The adsorption of
catechol-carrying polymers on various surfaces has been well doc-
umented, and it is attributed to the complex interface interactions
including covalent bonds, hydrogen bonds, strong physical interac-
tions, as well as possibly inter-chain cross-linking of the polymer,
to afford robust coatings [20]. The formation of distinctive surface
architectures of amphiphilic copolymer coatings are a common

phenomenon, which can be related to the nature of hydrophilic
and hydrophobic segments depending on their composition ratio
[15]. In our case, it is anticipated that not only the hydrophilic
and hydrophobic segments but also the catechol moieties play an
indispensable role, though the in-depth mechanism is not clear at
present.

3.3. Protein adsorption on DOF surfaces

The fouling process of biospecies on a surface is the initial
non-specific adsorption of biomacromolecules as the key step to
following bacterial attachment [3]. Therefore, using model pro-
teins for assessing the nonfouling properties of a surface is a
reliable technique in developing antifouling coatings. Two model
proteins, BSA and Fib, were chosen for this purpose and their
adsorption on the DOF surfaces was characterized by SPR. The
adsorption of Fib on the DOF surfaces is exemplarily shown in
Fig. 5a, where it is seen that the adsorption capacity follows
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Fig.4. 3D AFM images of polymer coatings: (a) DOF250, (b) DOF495, (c¢) DOF164, (d) DOF1612. The scan size is 5 x 5 um and shown with a fixed height 30 nm for each image.
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Fig. 5. SPR sensorgrams of Fib adsorption (a) and the comparison of BSA and Fib adsorption amounts (b) on DOF surfaces.

the order: blank gold > DOF1612 > DOF495 > DOF250 > DOF164. The
adsorption of BSA gave a similar trend but with much lower capac-
ities as shown in Fig. 5b. The DOF164 surface (36.4 mol% F) has a
strong antifouling property with the least adsorption amounts of
43,5 and 38.7 ng/cm? for Fib and BSA, respectively; whereas the
DOF1612 surface (63.2 mol% F) shows a much higher adsorption
level up to 535.5 ng/cm? for Fib, 12.3 folds higher as compared to the
DOF164 surface. Itis worthy of mention that the DOF164 surface has
a much lower capacity than the DOF250 surface, which shows an
adsorption of 96 ng/cm?2, comparable to a recently reported copoly-
mer P(DMA15-b-PEGMA32) with a capacity of 80 ng/cm?2 [34].
The lowest protein adsorption of the DOF164 surface is an inter-
esting contrast to the highest capacity of the DOF1612 surface,
suggesting the importance of F fraction in antifouling copolymers
[26]. On the other hand, surface morphology has been reported

to have a vital role in controlling protein adsorption [15]. For
the protein adsorption on a surface with morphology of parti-
tioned hydrophilic and hydrophobic zones, the adsorption process
is likely governed by the attachment of the hydrophobic parts
of the protein onto the hydrophobic area of the surface, avoid-
ing the thermodynamically unfavorable dehydration from both
the approaching surfaces. Based on this assumption, the mutual
matching of the hydrophobic zone sizes, from both the protein and
the substrate surfaces, may be critical to the protein adsorption
[26]. The hydrophobic area of the DOF164 surface may mismatch
whereas that of the DOF1612 surface may match to a greater extent
with that of the protein, leading to the highly resistant or highly
adsorptive surfaces, respectively.

One advantage of the DOF polymers is their ability to form coat-
ings on virtually any surface, and thus coatings on stainless steel
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Fig. 6. Electrochemical immunosorbent assays of the total (black columns) and unit
(grey columns) activities for Fib adsorbed on the DOF surfaces.

were also prepared for ascertaining the antifouling properties. Flu-
orescence images were acquired (Fig. S6) after incubation of the
substrates in the PBS solution of fluorescein-labeled FITC-Fib. The
results showed once again that the DOF164 surface has the least
protein adsorption, consistent with the result on gold substrate
measured by SPR.

3.4. Conformation analysis and activity of adsorbed Fib

GIR spectroscopy is a useful tool to evaluate the conformational
state of surface adsorbed proteins. The interested GIR absorption
region from 1200 to 1800 cm~"! for Fib adsorbed on DOF surfaces
(Fig. S7a) can be used to analyze the secondary element compo-
sition of the protein structure [35]. The typical amide absorption
bands at around 1665 (amide 1), 1545 (amide II), and 1247 cm™!
(amide IITI) were clearly present. The most meaningful amide I
band can be decomposed into several peaks by curve-fitting, corre-
sponding to the absorptions of the secondary structural elements
including B-turn (1680 £ 3 cm~!), a-helix (1658 + 1 cm~1), random
structures (1648 +2 cm~1), and B-sheet (1633 £2cm1), as well as
the side chain moieties (1620cm~1) [35] (Fig. S7b-e). The integral
intensity ratios of B-sheet/B-turn for adsorbed Fib were calculated
to be ca. 1.24,0.98, 1.69, and 0.68 on the DOF250, DOF495, DOF164,
and DOF1612 surfaces, respectively. The integral intensity ratio is a
biocompatibility indicator of the surface, and a larger ratio value
suggests a more favorable protein conformation in maintaining
its activity [35]. Since the DOF164 surface displays the highest 3-
sheet/B-turn ratio for the adsorbed protein, it is superior in terms
of protein compatibility over the other polymer surfaces.

The total and unit activities of adsorbed Fib were also evalu-
ated by electrochemical immunosorbent assays (Fig. 6). The assay
was followed a reported method that has been used to probe
the availability of the antibody recognizing domains as well as
the bioactivity state of an adsorbed protein [36]. The total activ-
ities of Fib on DOF250, DOF495, and DOF164 surfaces, except for
DOF1612, remain to be similar; however, the unit activities, a ratio
of immunoactive response peak current density (Ip, A/cm?) over
adsorbed Fib amount (Dg;,, ng/cm?), are significantly different. The
highest unit activity, 3.07 x 102 wA/ng was found for Fib adsorbed
on the DOF164 surface. For the DOF1612 surface, although it has a
highest capacity of Fib adsorption (535.5 ng/cm?), the total and unit
activities are the lowest (0.864 A and 0.12 x 10~2 pA/ng, respec-
tively). The least protein adsorption capacity but with the highest
unit protein activity for Fib on the DOF164 surface implies the sur-
face is highly protein compatible. On the other hand, the DOF1612
surface has the highest protein adsorption capacity but shows

the least unit protein activity, suggesting most protein molecules
adsorbed on the surface were in a denatured state, which can also
be inferred from the lowest (3-sheet/B-turn ratio of 0.68 in GIR
characterization (Fig. S7e).

Protein compatibility is a conventional but still challenging con-
cern in biomaterial design up to now [37]. The concept, protein
compatibility, generally refers to the ability of a material surface
not only to adsorb lower amounts of protein but also to lower the
potential for protein denaturation upon attachment [35]. PEGs are
well-known and widely used biomaterials due to their high protein
compatibility. The PEG-like DOF250 surface shows a low amount of
protein adsorption but with a high unit activity as compared to the
DOF495 and DOF1612 surfaces, manifesting the good protein com-
patibility of DOF250. Nevertheless, DOF250 is inferior to DOF164 in
terms of the low protein adsorption and non-denaturing property,
with protein adsorption capacity of 96 versus 43 ng/cm? and unit
activity of 1.69 x 10~2 versus 3.07 x 10-2 wA/ng. The lower protein
adsorption capacity of the DOF164 surface may be attributed to the
distinct morphology unfavorable toward protein adsorption [15]
as discussed above. The stabilization of protein secondary struc-
tural element and the preservation of activity upon adsorption on
the DOF164 surface are intriguing and cannot be given a reason-
able explanation at present, though a recent report demonstrated
that the perfluoroalkyl surface can be used for protein immobiliza-
tion without causing significant denaturation [38]. Therefore, it is
worthy of further investigation.

4. Conclusions

In this study, terpolymers with pendant catechol, OEG and per-
fluoroalkyl functional groups in varying ratios were synthesized
and used to prepare antifouling coatings. The catechol moieties pro-
moted the polymers to form stable coatings onto substrate surfaces,
whereas the OEG and perfluoroalkyl segments in an appropri-
ate ratio enhanced the antifouling ability of the coatings. Special
phenomena such as the fast surface wettability transition from
hydrophobic to hydrophilic and the self-assembly into crater-type
aggregates were found and discussed in terms of the terpolymer
composition. It was preliminarily concluded that the F content and
the subsequent self-assembled morphology, instead of the sur-
face energy, determined the surface protein adsorption capacity.
The DOF164 surface exhibited the excellent antifouling ability and
meanwhile the stabilization ability to protein conformation, lead-
ing to a protein activity even better than the protein compatible
OEG surface. The features of low protein adsorption but high pro-
tein activity preservation as well as the ability to form coatings
on virtually any surface render the terpolymer DOF164 with the
potential to be utilized in biomaterial development.
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