Received: 15 November 2022

Revised: 7 January 2023

W) Check for updates

Accepted: 6 March 2023

DOI: 10.1002/aic.18084

RESEARCH ARTICLE

AI?BIEJ RNAL

Soft Matter: Synthesis, Processing and Products

Design and screening of zwitterionic polymer scaffolds for
rapid underwater adhesion and long-term antifouling stability

Zekai Zhang'?

1School of Chemistry and Molecular
Engineering, East China University of Science
and Technology, Shanghai, People's Republic
of China

2State Key Laboratory of Chemical
Engineering and Shanghai Engineering
Research Center of Hierarchical
Nanomaterials, School of Chemical
Engineering, East China University of Science
and Technology, Shanghai, People's Republic
of China

Correspondence

Xia Han and Cheng Lian, School of Chemistry
and Molecular Engineering, East China
University of Science and Technology,
Shanghai 200237, People's Republic of China.
Email: xhan@ecust.edu.cn and
liancheng@ecust.edu.cn

Funding information

National Key Research and Development
Program of China, Grant/Award Number:
2022YFA1503501; National Natural Science
Foundation of China, Grant/Award Numbers:
21878075, 21878077, 22178097; Natural
Science Foundation of Shanghai, Grant/Award
Number: 23ZR1415200; Fundamental
Research Funds for the Central Universities,
Grant/Award Number: 2022ZFJH004

1 | INTRODUCTION
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Abstract

As key components of antifouling material surfaces, the design and screening of poly-
mer molecules grafted on the substrate are critical. However, current experimental
and computational models still retain an empirical flavor due to the complex structure
of polymers. Here, we report a simple and general strategy that enables multiscale
design and screening of easily synthesized functional polymer molecules to address
this challenge. Specifically, the required functions of the antifouling material are
decomposed and assigned to different modules of the polymer molecules. By design-
ing different modules, a novel bio-inspired polymer with three zwitterionic poly
(sulfobetaine methacrylate) (PSBMA) chains, three catechol (DOPA) anchors (tri-
DOPA-PSBMA), and a tris(2-aminoethyl) amine (TREN) scaffold were screened out.
Moreover, it was successfully synthesized via an atom transfer radical polymerization
(ATRP). The excellent performance of tri-DOPA-PSBMA with a versatile and conve-
nient grafting strategy makes it a promising material for marine devices, biomedical

devices, and industrial applications.

KEYWORDS
antifouling material surfaces, long-term stability, rapid adhesive, rational design, zwitterionic
polymer

were immobilized to the surfaces by two strategies, that is, adsorption
of polymer from solution (so-called “graft-to” approach) and surface-

Antifouling surfaces resisting nonspecific protein adsorption and bio-
film adhesion improve function, efficiency, and safety in products
such as water purification membranes, marine vehicle coatings, medi-
cal implants, and other industrial applications.'? The strong hydrophi-
licity of zwitterionic polymer gives them good biocompatibility and
anti-protein adhesion properties. Zwitterionic polymer grafted sur-
faces have been investigated to offer high resistance toward nonspe-
cific protein adsorption and cell adhesion under physiological
conditions. Due to their highly hydrophilic nature and flexibility, zwit-
terionic polymer grafted surface have met with varying success

in vitro and in vivo antifouling tests.®> Commonly, zwitterionic polymers

initiated polymerization (SIP) of monomers from surface-bound initia-

tors (“graft-from” approach).*®

In contrast to the “graft-from”
approach, the “graft-to” method is simpler and more convenient,
especially suitable for practical applications on a large scale. However,
for the “graft-to” approach, especially for binding in the presence of
water, specific surface functional groups with high binding energies
and versatile feasibility to various substrate surfaces are
required. Inspired by the adhesion mechanism of mussels,
3,4-dihydroxyphenylalanine (DOPA) is believed to be a versatile resi-
due for wet adhesion. Various zwitterionic polymers with catechol

adhesive groups have been designed to achieve surface adhesion in
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aqueous solutions.>™? Although these zwitterionic polymers, such as
one zwitterionic chain with one catechol anchor, two zwitterionic
chains with two catechol anchors, and zwitterionic copolymers with
multiple anchors, have been proven to be effective for one-step
anchoring and enhanced antifouling properties. Little attention has
been paid to the adsorption kinetics and thermodynamics of rapid
adhesion and long-term stability of polymer grafts, especially from the
sophisticated design of different polymer structures with the construc-
tion scaffolds. Recently, Waite et al. reported that a siderophore with a
robust tris(2-aminoethyl) amine (TREN) scaffold and three amino acid
3,4-dihydroxy-L-phenylalanine  (DOPA) residues exhibited strong
adsorption and adhesion behavior and retained adhesive integrity over
a wide range of pH.1%! However, the effects of multiple conjugations,
different hydrophilic groups, and different scaffolds on the properties
of the materials were still unrevealing. Zwitterionic polymers containing
four adhesive DOPA groups have been reported to increase coating
binding affinity with the substrate surface and maximize the device life-
span.’? The rule of the quantity of adhesion groups DOPA and the
strength of the adsorption capacity is not well understood. Therefore,
there is an ongoing need for rapid and precise polymer design strate-
gies capable of robustly anchoring zwitterionic polymers onto various
material surfaces and having excellent antifouling functions.

Due to the uncertainty of polymer properties and complicated
experimental procedures, it is relatively difficult and time-consuming to
screen polymers with excellent antifouling properties by synthesizing a
number of polymers with different structures and determining their
surface properties. Related reports on machine learning have enabled
rapid polymer molecular design and high-throughput screening of opti-
mal materials by drawing on concepts and ideas from combinatorial

1314 hamely by combining “building

chemistry and materials informatics,
blocks” of different structures or components in parallel, systematically,
and repeatedly.'>¢ High-throughput screening gives us the idea of
screening out advantageous “building blocks according to the required
functions. Moreover, due to the competition between the polymer
chains dissolved in water and adsorbed on the solid surface, the
hydrophilic-hydrophobic balance of the polymer and extensively opti-
mized polymer grafting conformations should be considered and
adjusted comprehensively to achieve effective underwater adhesion
and good antifouling property. Especially, the complex system with
multiple components and multiple interactions will result in differences
in the underwater adhesion mechanism, solvation free energy (Ggo),
and electrostatic potential (ESP) of polymer molecules which need to
be considered from the molecular microstructure and the adsorption
configuration information.1”*® Molecular simulation and density func-
tional theory (DFT) calculation can be used to explain the adsorption
kinetics and thermodynamics of polymer molecules from the molecular
information of “block” properties.'? Hence, it is necessary to propose a
strategy that combines multiscale molecular design and molecular simu-
lation based on the actual function of the polymer rather than the blind
screening of large throughput, to design and screen the specific poly-
mer molecules which are easy to synthesize.

Herein, we propose a design and screen strategy for a novel bio-

inspired zwitterionic polymer for rapid underwater adhesion and long-

term antifouling stability. The target molecule is divided into three parts
according to the desired function: tail chain, head group, and scaffold. In
molecular design, different colors represent different functions per-
formed in polymer molecules (Figure 1A). Head groups conjugate to tail
chains to fabricate the adhesive antifouling polymers which will be
grafted to various substrates using catechol-mediated adhesion to resist
protein adsorption. Twelve polymer molecules were designed by a pre-
liminary screening of different head groups, tail chains, and scaffolds.
The surface properties, G, and adsorption energy (E,qs) with hydroxyl-
ated silicon surface of design molecules were calculated by DFT and
molecular mechanics (MM) calculation, and the most stable adsorption
configuration of molecules on the silica surface was analyzed by molecu-
lar dynamics (MD) annealing simulation. (Figure 1B). By comparing these
results, we selected a zwitterionic polymer with a TREN scaffold and
three DOPA residues for surface anchoring, and three PSBMA polymer
chains for antifouling to synthesize and investigate its adhesion behavior
and antifouling property. From the calculation and the experimental
results, we demonstrated that this material has a fast surface adhesion
and antifouling surfaces with long-term stability in an aqueous solution.
On this basis, it is interesting to note that tri-DOPA-PSBMA tethered
on hydroxylated silicon wafers in 10 minutes and remained stable for
more than 30 days without compromising performance, which is of

great significance to industrial application (Figure 1C).

2 | EXPERIMENTAL AND CALCULATION
METHODS

2.1 | Experimental materials and method

Materials.  Tert-butyl  chlorodimethylsilane  (TBDMSCI, 99%),
a-bromoisobutyric acid (BiBA, 98%), 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU, 98%), a-bromoisobutyryl bromide (BiBB, 98%),
tris(2-aminoethyl) amine (TREN, 98%), tetrabutylammonium fluoride
(TBAF, 1 M solution in THF containing ca. 5% H,0), 2,2'-bipyridine
(Bpy, 99%), copper (I) bromide (purified before use), copper
() bromide (99%), diisopropylethylamine (DIPEA, 99%), acetonitrile
(MeCN, 99.9%, superdry, water <30 ppm), N,N-dimethylformamide
(DMF, HPLC grade) and tetrahydrofuran (THF, 99.9%, superdry, stabi-
lized with 250 ppm BHT) were provided by J&K Chemical Ltd.
(Shanghai, China). Dopamine hydrochloride (DOPA-HCI, 98%), L-5-(3,-
4-dihydroxyphenyl)alanine (L-DOPA, 98%), N-hydroxysuccinimide
(NHS, 98%), dicyclohexylcarbodiimide (DCC, 99%), phosphate buffer
saline (PBS, pH 7.4, 150 mM, 138 mM NaCl, 2.7 mM KClI), and sulfo-
betaine methacrylate (SBMA, >98%) were purchased from Sigma-
Aldrich (Shanghai, China). Imidazole (98%), dichloromethane (DCM,
99%), trimethylamine (N(Et);, 99%), deuterated chloroform (CDCls,
99%), deuterated methanol (CD3;0D, 99%), deuterated water (D50,
99%), concentrated sulfuric acid (98%), and hydrogen peroxide (30%)
were obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai,
China). Silicon wafer (10 mm x 10 mm) was purchased from Shanghai
Guang Wei Electronic Material Ltd. Peroxidase-Labeled Antibody to
Human 1gG (PLA-IgG) and fluorescein isothiocyanate conjugated
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Protein antifouling

tri-DOPA-PSBMA

Protein adhesion

sin-DOPA-PSBMA

FIGURE 1 The table of contents graphic. (A) At the top of the picture are schematic diagrams of the molecular structure of the 12 design
molecules. Molecules 1, 2, and 3 are combinations of Dopa and three different hydrophilic groups PSBMA, PEG, and PDMAEMA. Molecules 4, 5,
and 6 are multiple conjugate molecules, which contain two, three, and four Dopa-hydrophilic chains, respectively. Molecules 7, 8, and 9 are
containing three Dopa-hydrophilic chains which are connected by different scaffolds. Molecules 10, 11, and 12 are molecules formed by deleting
three phthalones, six phenolic hydroxyl groups, and three phenolic hydroxyl groups on the basis of Molecule 5. (B) The left part at the bottom of
the picture is a schematic diagram of the theoretical calculations. MM method is used to calculate the binding energy between the designed
molecule and the substrate. DFT calculations are used to calculate the solvation free energy, HOMO-LUMO orbitals, and ESP distribution. MD
simulations are used to illustrate the adsorption configuration and kinetic properties of the designed molecules on the substrate surface. (C) The
right side at the bottom of the image is a schematic of synthesis and application. The mechanism of anti-fouling ability and long-time stability of
sin-Dopa-PSBMA and tri-Dopa-PSBMA are shown in the schematic. 30 days of LSCM image visually demonstrated the excellent performance of
tri-Dopa-PSBMA.
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bovine serum albumin (FITC-BSA) was obtained from MOLBASE.
Phosphate buffered saline (PBS) solution (0.01 M, pH 7.4) was pre-
pared from PBS powder purchased from Sigma-Aldrich. All water used
in the experiment was obtained from ultrapure water equipment.

Synthesis of sin-DOPA-PSBMA. The preparation of sin-DOPA-
PSBMA was the same as the previously reported by Jiang.?°2* Fabri-
cation of sin-DOPA-PSBMA was in classical methanol/H,O system
using the ATRP method.??-2%

Synthesis of tri-DOPA-PSBMA. Different from the polymerization of
sin-DOPA-PSBMA in the methanol/H,O system, the synthesis of tri-
DOPA-PSBMA was stirred in DMF/H,0 system as the tri-DOPA-Br ini-
tiator was undissolved in the methanol/H,O system. Briefly, tri-DOPA-
Br powder (43.14 mg, 0.0238 mmol), CuBr (11.3 mg, 0.0786 mmol)/
CuBr; (2.8 mg, 0.0125 mmol) and Bpy (31.3 mg, 0.2 mmol) were added
to a Schlenk flask and filled with N, after degassed three times. Then
degassed DMF (4 mL) was added to the system via a syringe and kept
stirring for 10 min at r.t. After that, a degassed solution of SBMA
(1.397 g, 5 mmol) in H,O/DMF (3 mL/6.5 mL) was injected into the
reaction system via a syringe and placed into a 20°C incubators for
15 h. Then the flask was put into liquid N, to quench the reaction and
thawed after a while. The collected polymer precipitate was dissolved in
water and dialyzed in water for 3 days. The white powder was obtained
after lyophilization. Then the obtained powder with the protection of
TBDMSCI (0.1128 mmol) was reacted with TBFA (0.282 mmol) in THF
for 20 h under an N, atmosphere. Unprotected white powder tri-
DOPA-PSBMA was collected after rinsing three times with THF and
dried in vacuum at room temperature.

In this work, DOPA-PSBMA with three different degrees of poly-
merization were prepared respectively by tuning the feed ratios of the
initiator and the monomer (Table S4).

Fabrication of PSBMA coated substrates via “grafting to” method.
The silicon wafer was sonicated with water, ethanol, and water in turn
at a power of 30 Hz, then dried with N,. The dried silicon wafer was
immersed in a boiling ‘piranha’ solution (concentrated sulfide acid/
hydrogen peroxide = 7/3) for 1 h. (Caution: Piranha solution is
extremely dangerous and easily exploded when came across with
organic material, and it's forbidden to contact with boiling solution
beaker directly unless it's cold). Then the substrates were rinsed and
sonicated with water at least three times. The cleaned silicon wafers
were dipped in the sin-DOPA-PSBMA or tri-DOPA-PSBMA solutions
in tris-buffer (10 mM, pH 8.5) at a polymer concentration of 2 mg/mL
and incubated in a thermostatic oscillator at 25°C. The “grafting to”
protocol used in the experiment was the optimal condition.?®?” Then
the substrates were rinsed with PBS buffer three times and then with
water three times and dried with N,.

Characterizations. *H NMR and *3C NMR spectra were collected
using a Briker AV-400 nuclear magnetic resonance spectrometer in
CD30D, CDCl3, or D,O. The ESI mass spectra were measured on a
Waters orthogonal acceleration time of flight mass spectrometer. Hydro-
dynamic diameters of DOPA-PSBMA polymers in an aqueous solution
were carried out using dynamic light scattering (DLS) (Malvern Zetasizer
NanoZS, UK). The water contact angle (CA) was recorded at least three

different areas on the substrate surfaces with a CA goniometer (Zhong

Chen POWEREACH, Shanghai). The x-ray photoelectron spectroscopy
(XPS) of modified substrates was performed using a Perkin-Elmer PHI
5000C ESCA system with an Al Ka micro-focusing x-ray source at a
power of 250 W and detected a depth of about 10 nm.

Protein adsorption test with ELISA and FITC-BSA protein adhesion.
Protein adsorption on the substrates was performed using an
enzyme-linked immunosorbent assay (ELISA) on a microplate spectro-
photometer (Bio TeK, USA) in a standard protocol.zo'zs'29 Briefly, the
samples were placed into a 24-well tissue culture plate containing
1 mL of 1 pg/mL PLA-IgG mixed with PBS buffer in individual wells
and incubated for 1 h in the thermostatic oscillator. All samples were
transferred into new wells after being rinsed five times with 1 mL of
PBS and once with 1 mL of water. Then to each well was added 1 mL
of 1 mg/mL o-phenylenediamine (OPD) dissolved in 0.1 M citrate-
phosphate buffer (pH 5.5) containing 0.03% hydrogen peroxide. One
milliliter of 1 M HCl was added to each well to stop the reaction after
15 min without light. Exactly, 150 uL of solution in each well was
added to a 96-well plate, and the light absorbance at 492 nm was
measured on a microplate spectrophotometer. The absorption value
of the uncoated silicon wafer was viewed as a standard 100% to com-
pare with the relative absorbance of the others. Each kind of acquired
absorbance was performed on at least three silicon wafers.

The substrates were incubated in each well of a 24-well plate
with 0.5 mL of 0.25 mg/mL FITC-BSA in PBS buffer for 2 h at 37°C in
darkness. After five times rinsed with 1 mL of PBS buffer and once
with 1 mL of water, the substrates were dried with N,. The adhesive
FITC-BSA was detected using Laser Scanning Confocal Microscopy
(LSCM) (NIKON, Japan) at Aeycitation = 488 NM/Aemission = 520 nm.

Stability of Coated Substrates in PBS Buffer. The evaluation method
based on the stability of modified silicon wafers was used, as previously
reported by Minko.%C Briefly, the coated substrates were placed in a
24-well plate with 2 mL PBS buffer in each well at r.t. The substrates
were taken out after being incubated at different times and immersed in
0.5 mL of 0.25 mg/mL FITC-BSA in PBS buffer for 2 h at 37°C in dark
surroundings. The stability of coated substrates was estimated by using
LSCM after being rinsed with PBS buffer and water and dried with N».

2.2 | DFT calculation

Surface analysis and G, of designed molecules were calculated by
DFT calculation. All electronic structures in this work were conducted
using the Gaussian 09 suite of the program.3! The designed molecules
investigated were fully optimized in the gas and solution phase by the
B3LYP/6-31G(d),3%%® including empirical dispersion corrections DFT-
D3 method,®*%° and were performed using the tight convergence cri-
terion, which was always followed by the calculation of harmonic
vibrational modes. To utilize the SMD model consistently, we have
performed calculations of G, at the same levels of theory utilized in
the parameterization of SMD. We used M05-2X exchange-correlation
functionals®® along with 6-31G(d) to calculate the single point energy
in gas and water, which has proved to be reliable for calculating the

Eags and Eso) > Gegyy could calculate by the formula as follow:
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Gsolv = Esol - Egas (1)

where G, is solvation free energy, Eo and Eg,s are the single-point
energy calculated by MO05-2X/6-31G(d). Based on the optimized
molecular structures, the HOMO/LUMO ESP and molecular polarity
index (MPI) were analyzed by the Multiwfn program®® and visualized
via the VMD package.? All basis sets are obtained from the Basis Set
Exchange library.

2.3 | MD simulation
The most stable molecular configuration for E.4s is obtained by MD
annealing simulation. Implicit-solvent atomistic MD annealing simula-
tion are carried out at 1-1800 K which can overcome the rotational
barrier in flexible molecules to search for conformation in a wider
range the number of annealing cycles is 4000, and the heating and
cooling ramps per cycle are 10.*° The simulation system is a
11.404 nm x 11.404 nm x 8.000 nm box. The COMPASSII force
field** modeled the Van der Waals interaction and the bonding inter-
action. The MD simulations were performed using an NVT ensemble,
and the thermostat is Nose-Hoover.*? All the simulation starts with
the structure of energy minimization and are carried out for 50 ps in
the NVT ensemble. Another 1000 ps MD annealing simulation was
performed for data collection at a frequency of 1 fs.

The MM method*® was utilized to calculated the E.4s between the
designed molecule and the —OH decorated SiO, surface. The Van der
Waals interaction and the bonding interaction are modeled by COMPAS-

d.** The electrostatic interaction is calculated by the Ewald

SlI force fiell
summation method where the charges of each atom are calculated by the

charge equilibrium (QEq) method.***°The E,q is calculated by:

Eads = ESiOz/designez:l molecule — ESiOZ - Edesigned molecule (2)

where Esio, /designed molecules Esio, aNd Egesigned molecute are the energy of
SiO,/designed molecule complex SiO, and designed molecule, respec-
tively. The implicit solvent model (e, = 78.5) is used to consider the solva-
tion effect*® The accuracy of Ewald summation is set as 10~ keal/mol,
and the long-range tail of the Lennard Jones potential is truncated at
1.85nm with an extra 0.1nm (cubic spline method) to guarantee the
smoothness of the potential function. The system is considered to be equi-
librium when the energy change is lower than 2 x 10~ kcal/mol, force

lower than 0.01 kcal/mol/nm, and displacement lower than 10~ nm.

3 | RESULTS AND DISCUSSION

3.1 | Multiscale molecular design and molecular
simulation for rapid underwater adhesion and long-
term antifouling

The tail chain, scaffold, and head group of target molecules have dif-

ferent roles in practical applications. The tail chain is exposed to the

AI?BIFJ R NALJLm

water environment and plays an antifouling effect. Related studies

have reported hydrophilic linear monomethoxy-terminated
poly(ethylene glycol) (mPEG),*® poly(sulfobetaine methacrylate)
(PSBMA),?°  or

(PDMAEMA)*’ can play a good anti-protein role in the aqueous envi-

poly(N,N-dimethylamino  ethyl = methacrylate)
ronment. These three polymer segments are designed in Molecules
1, 2, and 3 to compare hydration degrees. The branching degree of
the designed molecule will not only affect polymer aggregation mor-
phology in solution, but also determine the surface ESP of the poly-
mer molecule and the adsorption site with the substrate.*® Therefore,
four designed Molecules 1, 4, 5, and 6 were designed to be a single
head-single tail, a double head-double tail, a triple head-triple tail, and
a quadruple head-quadruple tail, corresponding to the branching
degrees of one, two, three, four. The conjugated scaffold connects
the head group and the tail chain and its rigidity plays a decisive role
in polymer adhesion configuration on the substrate surface. For this
reason, soft and rigid scaffolds with similar chemical groups were
selected and designed as Molecules 5, 7, 8, and 9 to consider their
functions in the polymer. The head group binds to various substrates
in water to play an adhesion role. The DOPA has been a powerful
anchor for surface modification and can adhere to virtually almost any
material surface.*”~> So the DOPA will be selected to be the main
component of the head group, and its function will also be confirmed
through analyzing the designed Molecules 5, 10, 11, and 12. To sum-
marize, the optimal structure of the target polymer was screened by
adjusting the branching numbers of polymer molecules, changing the
type of head groups, tail chain, and scaffold. (Figure 1A) In the process
of theoretical calculation, molecules without dominant properties
have been screened out and will not be compared in the next step.
After completing the molecule design, the calculated E,4s of all
designed molecules on hydroxylated silicon dioxide surface and Ggqy
of designed molecules with different branching degrees are adopted
to screen the most suitable molecule for rapid underwater adhesion
and long-term antifouling. The E.qs is calculated by the most stable
adsorption structure from MD annealing simulation (Figures S1-512),
and the Gy, is acquired from DFT calculation. The calculated E,g4s of
12 molecules on the hydroxylated silica is listed in Table S1. The E,qs
of DOPA-PSBMA (Molecule 1), DOPA-mPEG (Molecule 2), and
DOPA-PDMAEMA (Molecule 3) are —26.35, —6.47, —24.04 kcal/mol,
respectively. We can find that E,qs (Molecule 1) > E,4s (Molecule 2)
> E.qs (Molecule 3), indicating that Molecule 1 is expected to be
selected as the dominant monomer for subsequent molecular design
(Figure 2A). The adsorption energy in unit kcal/mol and J/g can
express the adsorption capacity and adsorption efficiency of the mol-
ecules, respectively. The E,4s of Molecules 1, 4, 5, and 6 are —213.48,
—86.10, —239.32, and —197.50 J/g, respectively. It is indicated that
the adsorption efficiency of these molecules on hydroxylated silica
surface is in the order of E,4 (Molecule 5) > E,q4s (Molecule 6) > E 4
(Molecule 1) > E,4s (Molecule 4) (Figure 2B), which beyond our expec-
tation. From the optimal adsorption configurations of these molecules
(Figures S1, S4-S6), we found that the catechol groups of Molecules
1 and 5 are all attached to the substrate surface, however, those of

Molecules 4 and 6 are only one in two and only three in four,
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Schematic diagram of molecular properties. (A) The adsorption energy of the designed molecule on the surface of hydroxylated

silica, the unit of adsorption energy is kcal/mol. (B) The adsorption energy of the designed molecule on the surface of hydroxylated silica, the unit
of adsorption energy is J/g. (C) Solvation free energies of 1, 4, 5, and é designed molecules. (D) Schematic diagram of HOMO and LUMO orbits
and band gap energy of 1, 4, 5, and 6 designed molecules. (E) Schematic diagram of electrostatic potential (ESP) distribution of 1, 4, 5, and

6 designed molecules (the front view and the side view).

respectively. It means that whether the molecule is suitable for the
target molecule depends on the adsorption configuration rather than
the degree of branching. The difference in molecular adsorption con-
figuration is the discrepancy in G, The calculated G, of Molecules
1, 4, 5, and 6 are —619.60, —435.99, —502.79, and —407.36 J/g,

respectively (Table S2). The order of Ggg, is Gsoy (Molecule 1) > Ggq,
(Molecule 5) > Ggo, (Molecule 4) > G,y (Molecule 6). As Gy
increases, the hydrophilic part of the molecule prefers to be in the
stretched state in solution. Combining the two effects of E,qs and
Gsonvy We found that tri-DOPA-PSBMA (Molecule 5) with three
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branching degrees will be the most robust adhesive polymer molecule
of the four molecules. According to the reports of Li et al.,>? the scaf-
folds connecting the head group and tail chain are crucial for the con-
figuration of the modified surface. Molecules 5, 7, 8, and 9, all else
being equal, have scaffolds of varying degrees of flexibility. Molecule
7 has a rigid connecting scaffold, whereas the scaffolds of Molecules
8 and 9 are soft with longer chain lengths. The E,4s of Molecules 7, 8,
and 9 are 151.2, —163.72, and —212.99 J/g, respectively. Since Mole-
cule 5 has the largest E. g4, it continued to be selected as the dominant
target molecule. The possible reason is that the scaffold with too
much flexibility is not conducive to the molecular support on the sub-
strate, which results in a close distance between the hydrophilic group
and the silica substrate (Figures S8 and S9). In contrast, the rigid scaf-
fold will not ensure the simultaneous adsorption of multiple adsorp-
tion groups on the substrate, which will reduce the E.q (Figure S7).
TREN achieves a balance between the flexibility and rigidity of mole-
cules, thus it is a suitable molecular scaffold for adhesion and antifoul-
ing. In addition to the scaffold connection, the molecule's headgroup
also plays a significant role in the adhesion process. The E,g4s of Mole-
cules 10, 11, and 12 are —42.46, —14.80, and —165.77 J/g, respec-
tively. From the E,4s values of Molecules 10, 11, 12, and 5, it can be
inferred that the benzene ring does not contribute to the surface
adsorption, but hinders it. Although the E,4s of Molecule 12 with one
phenolic hydroxyl group is much larger than that of Molecules 10 and
11, it is still much smaller than that of Molecule 5 which has two phe-
nolic hydroxyls. Hence, we found that the hydroxyl groups bind firmly
to the hydroxylated silica surface (Figures 2A,B). Based on these ana-
lyses of E,qs and Gy ONn the surface of hydroxylated silica substrate,
Molecule 5 stands out since it owns the significant advantages of
adsorption and solvation properties and is chosen to be the most suit-
able molecule for rapid underwater adhesion and long-term
antifouling.

The reason that four designed molecules (Molecules 1, 4, 5, and
6) showed different properties in their E,4s and G, on the silica sur-
face lies in their diverse surface properties. The MPI°® was employed
to analyze the hydrophilicity of the designed molecules. The greater
the polarity and the stronger hydrophilicity of the molecule is, the
larger the MPI of the molecule is. The MPIs of the single head-single
tail molecule (Molecule 1), double head-double tail molecule
(Molecule 4), triple head-triple tail molecule (Molecule 5), and quadru-
ple head-quadruple tail (Molecule 6) are 34.73, 23.91, 32.27, and
26.72 kcal/mol, respectively. Molecule 5 has the largest MPI, while
Molecule 4 has the smallest MPI, and the difference between them
was 10.82 kcal/mol. Molecules 1 and 5 with MPI greater than
30 kcal/mol contain 1 and 3 sulfonate groups exposed to water,
respectively. The number of odd sulfonate groups may result in a
more stretched morphology of the molecule in water, which causes a
larger polar surface area of the molecule. While the MPI of molecules
4 and 6 is less than 30 kcal/mol, the possible reason is the even num-
ber of sulfonate groups cause the molecules to curl up, resulting in a
reduction in the polar surface area of the molecules (Figure 2 and
Table S3). The surfaces modified with hydrophilic molecules will lead

to the good antifouling ability. Therefore, Molecule 5 is expected to
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be a favorite candidate for antifouling surface modifier due to its
proper E,gs and G, and the suitable hydrophilicity.

To further elucidate the superiority of Molecule 5 in modifying
the surface antifouling properties, the HOMO-LUMO and ESP distri-
bution of molecules 1, 4, 5, and 6 were analyzed (Figure 2D,E). The
calculated HOMO-LUMO gaps of Molecules 1, 4, 5, and 6 were
5.677,5.646, 5.344, and 5.443 eV, respectively. It is worth noting that
Molecule 5 owns the smallest HOMO-LUMO gap. The HOMO
energy is —5.450 eV and the LUMO energy is —0.106 eV, indicating
that the electron excitation energy of Molecule 5 is quite small, which
will enlarge the polarizability of Molecule 5.°* Due to the high polariz-
ability of Molecule 5, the electron in the molecule is delocalized,
which facilitates the modification of the hydrophilicity of the silica
surface. The ESP results reinforce our speculation. The head group
and scaffold are positively charged, whereas the hydrophilic group sul-
fonate is negatively charged. Furthermore, as the electron withdraw-
ing ability of groups bound to the sulfur element increased, the
relative ESP absolute value decreased. The isoelectric point of silica is
at a pH of 2.5, so silica surfaces immersed in water are known to
exhibit a negative charge density.>> The adsorption of target mole-
cules on the silica surface is mainly dominated by positively charged
benzene ring moieties adsorbed on the substrate, while negatively
charged sulfonate tail chains are far away from the substrate, which is
consistent with the structure we speculated. The negatively-charged
sulfonate group surrounded with highly hydrated layer will repel the
protein contaminants in the solution and play an antifouling effect.
The surface modified by Molecule 5 has a lot of negative electricity,
which makes its antifouling performance greatly improved (Figure 2E
and Table S3). MD simulation was performed on the surface of silica
substrate modified by the target molecule with a polymerization
degree of 10. The designed molecules quickly adhered to the sub-
strate surface as shown from the snapshots and animation (Figure 3A
and Video S1). There was no structural damage to the silica surface
and modified molecules during MD simulation. Physical adsorption
occurred between DOPA with catechol groups and hydroxylated sili-
con wafers, close to the silica surface, while PSBMA stretched away
from the silica surface, which could play an antifouling role. The ther-
modynamic and kinetic stability of the silica surface modified by Mol-
ecule 5 during MD simulation indicates that the modification method
is feasible. It is consistent with all the above analysis results, demon-
strating that the designed molecules can be used for rapid underwater
adhesion and long-term antifouling resistance.

32 |
PSBMA

Synthesis and characterization of tri-DOPA-

Screening through theoretical calculation, the optimal block copoly-
mer structure of tri-DOPA-PSBMA was determined. To visually com-
pare block copolymers' underwater adhesion and antifouling
properties, the sin-DOPA-PSBMA and tri-DOPA-PSBMA polymers
with different degrees of polymerization were synthesized

(Scheme S1). The two polymers corresponded to the structures of
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FIGURE 3 Comparison of adsorption properties and long-term antifouling properties of tri-DOPA-PSBMA and sin-DOPA-PSBMA on silica
surfaces. (A) The snapshots of molecular dynamics simulation of tri-DOPA-PSBMA with a polymerization degree of 10 on silicon surface.

(B) Silicon content vs. treatment time as measured by XPS of sin-DOPA-PSBMA70 solution treated hydroxylated silicon wafers. (C) Silicon
content vs. treatment time as measured by XPS of tri-DOPA-PSBMA66 solution treated hydroxylated silicon wafers. (D) Static water contact
angles of modified silicon surfaces. (E) Fluorescent LSCM images of FITC-BSA absorption on substrates after incubated in PBS buffer solution
(10 mM, pH 7.4) for different time intervals (scale bar 50 um).

Molecules 1 and 5 in the previous section. The characteristic peaks in

the *H NMR spectrum of each compound correspond to their chemi-

cal

structures, revealing that the target polymers have been

successfully synthesized (Figures S13-519, S22, and S23). The sin-
DOPA-PSBMA70, tri-DOPA-PSBMAG66, tri-DOPA-PSBMA98, and tri-
DOPA-PSBMA129 were finally synthesized, where the numbers
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represent the degrees of polymerization. It was worth noting that the
characteristic peaks of catechol were not observed in the *H NMR
spectrum of sin-DOPA-PSBMA and tri-DOPA-PSBMA (Figures S11
and 12), which may be attributed to the low proportion and solubility
of the catechol segment in the polymer. In order to compare the
adsorption properties and long-term antifouling properties of tri-
DOPA-PSBMA and sin-DOPA-PSBMA on silica surfaces, tri-DOPA-
PSBMAG66 and sin-DOPA-PSBMA70, which have similar degrees of
polymerization, were used for comparison.

As above mentioned, PSBMA shows the upper critical solution
temperature (UCST) phase transition behavior in an aqueous solu-
tion.>® Figure S24 shows the aggregation behaviors of sin-DOPA-
PSBMA and tri-DOPA-PSBMA zwitterionic polymers in aqueous solu-
tions measured by dynamic light scatting. Both polymers show the
UCST phase transition in the temperature range of 15-65°C, while
the UCST of tri-DOPA-PSBMA is higher than that of sin-DOPA-
PSBMA indicating a lower water solubility of the tri-DOPA-PSBMA.
Insolubility of sulfobetaine (co) polymers at low temperatures is based
on an interlocking of zwitterionic side groups of different polymer
chains and incorporating rigid hydrophobic functionality into sulfobe-
taine copolymers will decrease their water solubility.>” Although there
was a one-to-one correspondence between the PSBMA chain and
rigid DOPA residue for both copolymers, the influence of the DOPA
residue on the water solubility and the UCST of the two polymers
was remarkably different. The presence of a single DOPA residue can
be assumed to sterically interrupt this interlocking to a greater extent
than the presence of a TREN scaffold with three DOPA residues
groups, thereby a higher gain in entropy during the dissolution of a
sin-DOPA-PSBMA compared to a tri-DOPA-PSBMA copolymer will
induce a more soluble sin-DOPA-PSBMA.>® Additionally, the UCST
decreased, and the water solubility of the tri-DOPA-PSBMA increased
with the increase of the hydrophilic PSBMA chain length.>”>° Since
there is a balance between enthalpic polymer-substrate interaction
favoring surface adsorption and mixing entropy favoring polymer dis-
solution, the hydrophilic-hydrophobic balance of the copolymer plays
a vital role in the surface adsorption from the aqueous solution.

With a “grafting to” method, the DOPA-functionalized PSBMA
was used to modify silicon wafers by a solution dip-coating method.
XPS measurements indicate a change in chemical composition on the
PSBMA-treated substrates (Figure S25). The new peak at the binding
energy of 231.5 eV, assigned to S2s in PSBMA, appears. The reduc-
tion in silicon content and the appearance of sulfur element on the
substrate surface confirm the successful grafting of PSBMA polymers.
Figure 3B,C shows the surface silicon element content as a function
of treatment time measured by XPS. It can be seen that the silicon
content in untreated silicon wafer substrate is about 45.0%, while the
content is significantly reduced after dipping in the DOPA-PSBMA
solution. It reaches the lowest value at the treatment time only after
10 min dipping in tri-DOPA-PSBMA solution and then the values do
not vary much with the treatment time prolonging from 10 min to 6 h
(Figure 3C). Correspondingly, it is found that the surface silicon con-
tent decreases sharply after 1-h dipping in sin-DOPA-PSBMA solu-
tion, and a gradual reduction comes until it reaches the lowest value
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after 11 h of treatment (Figure 3B). These results demonstrate the
successful attachment of both sin-DOPA-PSBMA and tri-DOPA-
PSBMA chains on the silicon substrates and a shorter equilibrium time
of adsorption from tri-DOPA-PSBMA solution than that from sin-
DOPA-PSBMA solution.®C The significant enhancement of the surface
adsorption of the PSBMA polymer on three dopamine anchors is con-
sistent with the higher hydrophobic property from DLS results. The
results for the surface adsorption rates are in agreement with the sim-
ulated MPI and ESP results. tri-DOPA-PSBMA has a larger non-polar
surface area and has more delocalized positive charges, so that it
adsorbs to the substrate much faster than sin-DOPA-PSBMA. Inter-
estingly, polymer surface modification in 10 min by using the solution
dip-coating method is of great significance to industrial applications.

It is generally accepted that the best non-fouling properties can
only be achieved when surface hydration and steric repulsion work
together, where surface hydration is the primary factor.*%? CA
results show that the pristine silicon wafer's initial CA was approxi-
mately 34°. The lower CA (~11°) of the cleaned substrate indicates
more hydroxylated groups and stronger surface hydration, which will
enhance protein resistance. All DOPA-PSBMA polymer-modified sub-
strates show similarly low CAs as that modified before
(i.e., hydroxylated silicon wafer), which may be contributed to resis-
tance to protein adsorption (Figure 3D). To evaluate the protein resis-
tant property of DOPA-PSBMA modified silicon wafers, the relative
fouling of 1gG on various surfaces was measured at 4 and 37°C by
using ELISA with a reference of untreated silicon wafer protein
adsorption and laser scanning confocal microscopy (LSCM) was used
for monitoring the adsorption of FITC-BSA on substrates. Figure 4A
shows that the relative adsorption amounts of DOPA-PSBMA modi-
fied surfaces are approximately 2%-7% at both 4 and 37°C, demon-
strating a much lower protein adsorption level than that of
hydroxylated surfaces (39 + 3 and 17 + 3%, respectively) with the
similar surface hydrophilicity. The protein adsorption is reduced to an
ultra-low fouling degree as compared with uncoated surfaces, compa-
rable to the PSBMA surfaces modified by the “grafting-from”
method.®® However, protein adsorption on the sin-DOPA-PSBMA
modified surface is still a little higher than that on the surface grafted
with tri-DOPA-PSBMA. At the same time, DOPA-PSBMA with differ-
ent degrees of polymerization do not affect surface wettability and
antifouling properties much while the DOPA groups can make a dif-
ference. So, the weak influence of the grafting surface caused by
molecular weight are not carried out in the subsequent discussion.
These results indicate that DOPA-PSBMA polymer can effectively
adhere to the hydroxylated substrate by using a “grafting-to” method
to provide a highly protein-resistant surface. Although all surfaces suf-
fered slightly more fouling at low-temperature conditions of 4°C than
at physiological temperature of 37°C, the adsorption level is such low
to be super-low fouling even at low temperatures. On the other hand,
the best non-fouling ability of DOPA-PSBMA modified surfaces
achieved here has to be considered as the result of the combination
of surface hydration from surface hydrophilicity and steric repulsion
resulting from chain flexibility of the attached PSBMA polymer. The
highly efficient protein resistance of DOPA-PSBMA coated silicon
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FIGURE 4 Application of synthetic polymers. (A) Relative fouling of various substrates at 4°C and 37°C normalized to that of pristine silicon
wafer. (B) Water and soybean oil contact angles of the modified PVDF membranes. (C) The underwater self-cleaning property of the modified

PVDF membranes repelling the dyed soybean oil.

wafers was further proved by the LSCM image of FITC-BSA-adhered
substrates.

The development of antifouling surfaces, especially for medical
devices, requires strong anchoring of the polymer to the surface in
order to withstand long-term in vivo exposure to physiological condi-
tions.*%> To explore the long-term stability of the DOPA-PSBMA
modified substrates, the substrates were incubated in PBS buffer at
different time intervals till 30 days before being verified by LSCM
images of the attachment tests of FITC-BSA (Figure 3E). As for the
freshly modified substrates, the attachment of FITC-BSA was hardly
observed, meanwhile FITC-BSA adsorption can be observed on the
blank substrate (pristine silicon wafer in Figure S13). However, the
adsorption for the sin-DOPA-PSBMA substrate incubated in PBS
buffer for 18 days increased sharply, which is the same as that of the
hydroxylated sample. In effect, the adsorption for the 30 days incu-
bated tri-DOPA-PSBMA modified samples was still hardly observed,
implying that the tri-DOPA-PSBMA was stable and has long-term
antifouling properties. The relatively fouling area of the FITC-BSA
adsorption substrate shows the same trend by quantitative fluores-
cence values (Figure S14). The designed Molecule 5 with both high
adsorption energy and solvation free energy provide theoretical

support for the long-term adsorption stability and fouling resistance
of polymer tri-DOPA-PSBMA.

3.3 | Application of antifouling performance of tri-
DOPA-PSBMA

To verify the effectiveness of this polymer on the commonly used
hydrophobic surface, we compared the wettability of the bare PVDF
and DOPA-PSBMA modified PVDF membranes (Figure 4B). The in-air
water contact angle (WCA) of the bare PVDF membrane was 120°,
while that of the PVDF-OH membrane decreased to 85°. The wetta-
bility of the DOPA-PSBMA modified PVDF membrane is indicated by
a relatively low WCA (~20°), suggesting a successful attachment of
DOPA-PSBMA on the PVDF surfaces. However, there is no signifi-
cant difference between the in-air soybean oil contact angle (OCA) of
the PVDF-OH and those of DOPA-PSBMA modified PVDF mem-
branes with OCA of 25 * 5°. Although no superwettability has been
reached on the DOPA-PSBMA modified PVDF membranes in the
air,%¢ the unique underwater superoleophobicity can be obtained due

to the presence of the highly polar PSBMA chains, which endows the
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surface with the underwater self-cleaning property.®” The soybean
oil-stained bare PVDF-OH and DOPA-PSBMA-modified PVDF mem-
branes were dipped into the water. Although partly dewetted, soy-
bean oil droplets with high viscosity remained on the bare PVDF-OH
and sin-DOPA-PSBMA modified PVDF membranes after 4s of
immersion. On the contrary, oil can be automatically detached from
the tri-DOPA-PSBMA modified PVDF surface in 4 s (Figure 4C and
Video S2). The excellent anti-fouling properties of the modified sur-
face are inextricably associated with the adsorption conformation of
tri-DOPA-PSBMA. In the adsorption configuration obtained from MD
simulations, the DOPA adsorbed on the substrate acts as a robust
adhesive, while the PSBMA extends into the water and repels oils.
The excellent performance of tri-DOPA-PSBMA with different
degrees of polymerization in water also shows its wide applicability.
Consequently, the convenient modification technology with excellent
self-cleaning properties will have great potential in industrial

practice.®®

4 | CONCLUSIONS

A designing and screening strategy for novel bio-inspired zwitterionic
polymer for rapid underwater adhesion and long-term antifouling stabil-
ity was proposed. The polymer molecules are divided into three parts
to fulfill the different functions of the antifouling material and connect
the different modules. In the process of the design of zwitterionic poly-
mer, different head groups, tail chains, scaffolds, and degrees of branch-
ing are considered and compared. The E,4s and G, of Molecule 5 are
—239.32 and —502.79 J/g, respectively. It proves that Molecule 5 pos-
sesses significant advantages in terms of adsorption on the substrate
and antifouling properties by comparing with other designed molecules.
From further analysis of the surface properties of the designed mole-
cules, the larger non-polar surface area and the more delocalized posi-
tive charges of Molecule 5 indicates that it will adsorb more quickly on
the silicon wafer. By continuously screening different molecules of each
module, DOPA, TREN, and PSBMA are the optimal molecules for the
head group, scaffold, and tail chain in this system, respectively. Besides,
the equilibrium configuration by MD simulations shows that all the
DOPAs on tri-DOPA-PSBMA adhere to the substrate surface which
gives tri-DOPA-PSBMA optimum efficiency. All the calculation results
are consistent and prove that tri-DOPA-PSBMA may become a target
molecule with excellent properties.

In addition, tri-DOPA-PSBMA and sin-DOPA-PSBMA were suc-
cessfully synthesized by an ATRP method to be used to compare the
surface adsorption properties. From XPS characterization, surface
adsorption kinetics of DOPA-PSBMA was monitored to show that tri-
DOPA-PSBMA adheres to the substrate much faster than sin-DOPA-
PSBMA in aqueous solutions. The facile dip-coating method under an
ambient environment has important practical significance. At the same
time, the LSCM image of FITC-BSA adhered substrates indicated that
tri-DOPA-PSBMA has excellent anti-protein adsorption ability and
long-term stability on the silica surface at 4°C and 37°C. More impor-
tantly, the adhesion time of the tri-DOPA-PSBMA to the target
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substrate underwater by the solution dip-coating method is less than
10 min, and there are no relevant reports of surface modification of
the polymer within 10 min. Finally, tri-DOPA-PSBMA is applied to
modify the commonly used hydrophobic PVDF membrane. The tri-
DOPA-PSBMA can be efficiently grafted on the PVDF membrane sur-
face to fabricate surfaces with good surface antifouling and self-
cleaning ability.

In summary, all calculations and experimental characterizations cor-
roborate each other, indicating a successful combination of theory and
experiment for the rational design of antifouling material. Regarding the
surface adsorption rate, this can be related to the MPI and the surface
ESP. The larger the non-polar surface area of the molecule and the
more delocalized positive charge the easier it is to adhere to the sub-
strate. The tri-DOPA-PSBMA surface has a long-term anti-fouling prop-
erty, which can be analyzed in conjunction with the adsorption energy
E.qs In the self-cleaning experiments, tri-DOPA-PSBMA achieves bet-
ter fouling resistance, due to the surface configuration of three PSBMA
tail chains extending into water. The mode of theoretical design and
screen, experimental synthesis, and practical application greatly
enhance new functional materials' design efficiency. Our general molec-
ular engineering strategy offers a rapid way to design and synthesize

functional polymers for specific environments.
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