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ABSTRACT: Metal-phenolic networks (MPNs) have recently attracted great interest in material chemistry and biomaterials
because of their biocompatible, versatile, and multifunctional properties. In this paper, we describe a facile method for
preparation of a designable antifouling, antimicrobial, and substrate-independent coating assembled from the coordination of
metal ions and catecholic groups. Hydrophilic and catecholic polymers were synthesized by copolymerization of dopamine
methacrylamide (DMA) and poly(ethylene glycol)methyl methacrylate (PEGMA) to afford p(PEGMA-co-DMA). To
investigate the assembly and formation of MPN films, two different metal ions, that is, ferrous (Fe") and ferric (Fe™) ions, to
react with p(PEGMA-co-DMA) were compared. The binding constants between iron ions and p(PEGMA-co-DMA) have been
investigated by ultraviolet—visible spectroscopy (UV—vis). Measurements with atomic force microscopy, contact angle
goniometer, and X-ray photoelectron spectroscopy (XPS) were carried out to quantitatively analyze the surface morphology,
wettability, and interfacial elemental compositions of coatings, respectively. Moreover, ellipsometric measurements were
performed to obtain the film thickness and grafting density. In addition, the pH-responsive property of the MPN films was
investigated at different pH values, showing fast disassembly of the networks at low pH. The antifouling properties of the
obtained coatings were analyzed by exposing them to bacteria of Escherichia coli and Staphylococcus epidermidis and NIH-3T3
fibroblasts under observation of fluorescence microscopy and cell imaging analysis. The findings suggest that the MPN from
complexation of p(PEGMA-co-DMA) and metal ions provides excellent antifouling, pH-responsive, and biocompatible
properties on a wide range of substrates. Furthermore, the released iron ions can effectively suppress the growth of bacteria.
Accordingly, the new coating architecture offers a universal feature to control surface properties and functionalization for
various applications.

B INTRODUCTION biomaterial devices may lead to the development of the
notorious biofilm, in which microorganisms enhance the
viability, improve adaptation to the change of their micro-
environment, and tolerate many biocidal approaches.g’10 To

The biofouling problem has become a major public health threat
worldwide. Unwanted substances, such as proteins, cells, and
other biological materials, on the surfaces of medical devices can
cause clotting, implant infection, transrnlssmn of infectious
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address the emerging problem, recent studies demonstrate two
major strategies: surface protection from attachment and
degradation of biofoulants.'"' One of the most intensively
studied antifouling materials is poly(ethylene glycol) (PEG), a
water-soluble polymer with low toxicity and high steric repulsion
for frequent use in medical and industrial applications."”~"
However, implementation of the PEG-derived coating materials
is limited by the design of attachment groups to lead to a
constraint on the specific substrates.'*™*'

Dopamine (DA), a catechol-containing molecule, has moved
into the limelight as a novel building block for developing
substrate-independent coating materials for a myriad of
applications, such as functional adlayers for post-conjugation,
antimicrobial and antifouling properties, anticorrosion treat-
ments for microtribology, and enhancement of osteointegra-
tion.”””** DA coatings were inspired by mussels adhesive
proteins (MAPs) secreted by marine mussels, containing a high
amount of 3,4-dihydroxy-L-phenylalanine and lysine amino
acids.”* The Waite group found that Fe' participates in the in
vivo coordination cross-linking of the MAPs.”>*° The
concentration of Fe'! correlates with the mechanical properties,
which is supposed to be caused because of strong, yet pH
reversibly breakable catechol—Fe™ bonds. Very recently, metal-
phenolic networks (MPNs), the supramolecular coordination
structures comprising metal ions and polyphenols, are found to
be useful for preparation of multifunctional hydrogels and
surface modification.”” "> The complexation between metal
ions and polyphenols occurs through a coordination reaction
from a ligand that donates a nonbonding electron pair to the
empty orbitals in a transition metal ion.”” The Caruso group
reported a simple and rapid assembly of metal phenolic gels (or
metallogels) by the direct gelation of natural tannic acid (TA)
and group (IV) metal ions, such as TilV.***! The large number of
gallol groups on TA facilitates efficient coordination-driven
cross-linking, leading to three-dimensional stable MPNs. The
metallogels exhibit pH-modulated mechanical property, shape
persistence, adhesiveness, self-healing, and capability of co-
gelation with various metal ions, nanomaterials, and polymers.**
Moreover, the conformal coatings based on complexation of
catechol/gallol—metal ions were developed on different
substrates with various geometries, such as planar surfaces and
nanomaterials, by simply mixing in one pot.”* MPNs are widely
applied to the fields of bioimaging, drug delivery, and
biotechnology through a novel green route to fabricating
advanced materials.”*

Synthetic catechols offer large versatility in material designs.
To prevent nonspecific adsorption, PEG-based catecholic
materials were developed for the formation of MPNs and
antifouling coatings. Holten-Andersen et al. reported a self-
healing hydrogel based on the coordination of a 4-arm-
poly(ethylene glycol) (4-arm-PEG)—catechol and Fe'™.*° Ju et
al. developed PEG—polyphenol, synthesized by conjugatin%
catechol groups onto each terminus of an eight-arm-PEG.’
PEG—MPNs were assembled on CaCOj; particles by adding
Fe'" into a PEG—polyphenol solution, followed by increasing
the pH to form metal-phenolic coordination complexes. PEG—
MPN capsules exhibit significantly higher resistance to non-
specific protein adsorption and cellular association, and pH-
degradability, which allows the controlled release of cargo for
potential intracellular drug delivery. Kang et al. synthesized six-
arm PEG catechol and deposited multilayered PEG films on
various polydopamine-premodified surfaces through catechol—
Fe**—catechol interactions for strong resistance against marine
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diatom adhesion.>® However, the catecholic building block
prepared from the conventional polymerization has not been
found.

In this work, for facile preparation and good versatility of a
phenolic building block for the formation of MPNs, mussel-
inspired DA methacryl amide (DMA) and poly(ethylene
glycol)methacrylate (PEGMA) were co-polymerized to afford
p(PEGMA-co-DMA) for formation of antifouling and anti-
microbial coatings on various types of substrates. The binding
affinities of Fe'" and Fe™ ions with p(PEGMA-co-DMA) were
determined by UV—vis photospectroscopy. The MPN films
were prepared by simgly mixing p(PEGMA-co-DMA) and iron
ions simultaneously.”””” The thickness, grafting density, and
distance between grafting sites of p(PEGMA-co-DMA)/Fe
MPNs were well controlled by deposition cycle numbers. X-ray
photoelectron spectroscopy (XPS), contact angle, and atomic
force microscopy (AFM) were applied to characterize the
interfacial chemical composition, wettability, and morphology of
the films. The antifouling properties of p(PEGMA-co-DMA) /Fe
MPNs were accessed by attachment tests of mammalian cells
and bacteria under observation of microscopy. The fouling
resistance of the p(PEGMA-co-DMA)/Fe MPNs can be
achieved on various types of substrates, glass (SiO,), nitinol
alloy, polydimethylsiloxane (PDMS), polystyrene (PS), wafer,
and TiO,. Moreover, we observed the antimicrobial capability of
the p(PEGMA-co-DMA)/Fe MPNs, likely because of protein
dysfunction, oxidative stress, or membrane damage by metal
ions.*” The MPN coatings offer unique features, such as facile
preparation, substrate-independent deposition, and effective
antifouling and antimicrobial properties. The MPN building
blocks, including polymers and metal ions, can be assembled
onto different materials with various geometric structures to
display their functionalities. More importantly, DMA can be
incorporated with a wide variety of monomers via conventional
vinyl polymerization for preparation of functional building
blocks of MPNs. Therefore, we believe that the ingenious
approach offers a step toward addressing the biofouling problem
on the surface of medical devices.

B EXPERIMENTAL SECTION

Materials. DA hydrochloride, methacrylic anhydride, tetrahydro-
furan (THF), ethyl acetate, sodium sulfate anhydrous, hexane 4,4-
azobis(4-cyanovaleric acid) (ACVA), poly(ethylene glycol)methyl
ether methacrylate (PEGMA) (M,, = 475 Da), Trizma hydrochloride
solution, acetone, ethanol, phosphate buffered saline (PBS), iron(II)
chloride, iron(III) hexahydrate, and dimethyl sulfoxide were purchased
from Sigma-Aldrich, U.S.A. Sodium hydroxide (NaOH), hydrochloric
acid (HCI), MTT assay kit, sodium dodecyl sulfate (SDS), LIVE
BacLight Bacterial Viability kit, and Dulbecco’s Modified Eagle’s
medium (DMEM) were obtained from Thermo Scientific, U.S.A.
Sodium tetraborate was acquired from Showa, Japan. Sodium
bicarbonate was acquired from Acros Organics, Belgium. PDMS was
prepared using SYLGARD 184 Silicone Elastomer Kit from Dow
Corning, U.S.A. Difco LB Broth, Miller (Luria—Bertani) was purchased
from BD Biosciences, U.S.A. Escherichia Coli and Staphylococcus
epidermidis were provided by Bioresource Collection and Research
Center of Taiwan. NIH-3T3 fibroblasts were provided by Food
Industry Research and Development Institute, Taiwan. Fetal bovine
serum (FBS) and tissue culture PS were purchased from Gibco, U.S.A.

Synthesis of DMA. Synthesis of DMA was referred to a previous
work"" with minor modification. Tetraborate (10 g) and 4 g of sodium
bicarbonate were dissolved in 100 mL of deionized (DI) water. The
solution was degassed with nitrogen for 20 min, followed by the
addition of § g of DA hydrochloride powder into the above alkaline
solution. Methacrylic anhydride (4.7 mL) in 25 mL of THF was
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Scheme 1. Preparation of DMA Monomer and PEGMA-co-DMA Copolymer
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Table 1. Characterization of p(PEGMA-co-DMA) Polymers Using NMR and GPC

feed ratio” actual ratio”

p(PEGMA,-co-DMA,) 7:3 7.1:2.9
p(PEGMAg-co-DMA,) 8:2 7.9:2.1
p(PEGMA,-co-DMA,) 9:1 8.8:12

theoretical M, (Da) exp. M," (Da) PDI?* DP*f
19 945 15797 1.07 39
21213 15 894 1.02 37
22481 16218 1.03 36

“Feed mole ratios of PEGMA/DMA. “Determined by 'H NMR spectrum and the integrated area ratio of methylene protons adjacent to ester
group of PEGMA and aromatic protons of DMA in polymer chains. “M,, = number-averaged molecular weight. “Determined by GPC. “PDI = M,/
M,. M,, = weight-averaged molecular weight. IDP = M,/M,. M, = molecular weight of the monomer unit.

prepared separately and added slowly to the DA-containing solution. 1
M NaOH was added dropwise into the reaction flask to achieve
moderately basic mixture (pH 8 or above). The reaction mixture was
protected in nitrogen and then stirred for 24 h. Afterward, the resulting
solution was filtered. To the aqueous solution was added 50 mL of ethyl
acetate and acidified with 6 M HCI to pH 2. The organic layer was
isolated from the acidified solution after 1 min of phase separation, and
dried by adding anhydrous MgSO,. Then, the solution was
concentrated with a rotary evaporator. A precipitated solid was formed
in the concentrated solution by stirring vigorously with hexane. The
white powder was acquired by centrifuging the solution at 9000 rpm for
10 min and rinsed three times by dissolving in 20 mL of ethyl acetate
and precipitating with 300 mL of hexane to improve product purity.
The synthesis process is shown in Scheme 1. The product was dried in
vacuum for 6 h and achieved production yield of 85%. "H NMR (500
MHz, DMSO-d, §) in Figure S1: 7.93 (NH, 1H), 6.61 (Ph, 2H), 6.44
(Ph, 1H), 5.59 (CH,—C, 1H), 5.23 (CH,—C, 1H), 3.23 (NH-CH,—,
2H),2.55 (CH,—Ph, 2H), and 1.84 (CH,, 3H). ESI-MS: m/z 222.3 (M
+H").

Preparation of p(PEGMA-co-DMA) Copolymer. The copolymer
was prepared using random copolymerization of PEGMA and DMA as
reported in the literature as shown in Scheme 1.*' In detail, different
molar ratios of DMA and PEGMA (Table 1) were dissolved in 15 mL of
THF and 15 mL of DI water, respectively. ACVA (0.2 mmol) was
added to the mixture of DMA and PEGMA as thermal initiator. The
mixture was then purged with nitrogen for 30 min. The copolymeriza-
tion proceeded at 65 °C for 24 h. After the reaction, the product was
concentrated to a volume of 2 mL using a rotary evaporator, and the
unreacted monomers were then dialyzed against DI water for 24 h using
a dialysis membrane with molecular weight cut-off of 3500 Da. The final
solution in the dialysis membrane was concentrated under reduced
pressure to obtain a yellow oil of the p(PEGMA-co-DMA) copolymer.

Formation of MPN on Substrates. The MPN deposition
technique followed the previous study.”® Substrates (1 X 2 cm in
size), that is glass (SiO,), silicon wafer, TiO,, nitinol (Ni—Ti) alloy
(Jp&]J Technic), were washed with 1% SDS to remove surface
contamination, then rinsed in DI water and ethanol 95% for 10 min of
each step under sonication. The substrates were eventually treated with
oxygen plasma (PDC-32G, Harrick Plasma) for 10 min. PDMS and PS
were used as they were received. One-pot deposition was employed for
the MPN formation. For preparation of the MPN solution, p(PEGMA-
co-DMA) (10 mg mL™") and FeCl,-4H,0 or FeCl;:6H,0 (1 mgmL™")
were added to 10 mM Tris buffer at pH 8.5. Then, the substrates were
soaked in the solution, and shaken at S0 rpm at room temperature. After
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18 h, the substrates were rinsed with DI water for 30 s and then dried
with the nitrogen stream. The coating process can be repeated for
several cycles. Herein, the samples prepared by a single deposition
number were denoted as “1-Fe"”, where “n” is the valence of the iron ion
and “1” indicates the deposition number. The samples prepared by two
deposition numbers were denoted as “2-Fe", and the like. After each
cycle, substrates were rinsed with DI water and dried with the nitrogen
stream. For the control sample, p(PEGMA-co-DMA) alone in the Tris
buffer at pH 8.5 without the metal ion was prepared for the deposition
of the thin films. After the coating process, substrates were rinsed with
DI water and dried with a nitrogen stream.

Characterizations for p(PEGMA-co-DMA). Characterization
with gel permeation chromatography (GPC) equipped with a Viscotek
RI detector (VE3580, Malvern) was obtained using DI water as the
mobile phase, and polyethylene oxide (PEO) (M,, 450—45 000) as a
calibration standard. The experiment was conducted at a flow rate of 1
mL min~" at 40 °C using a A3000-Single-pore GPC/SEC column (300
X 8 mm) and CLM3023-AGuard column (50 X 6 mm). The samples
were filtered by 0.45 pm filters before analysis.

UV-Vis Spectroscopic Analysis. The equilibrium constant
between p(PEGMA-co-DMA) and the metal ion was calculated based
on previous work.”> A UV—vis spectrophotometer (model V-600,
Jasco) was used in a scan range from 200 to 750 nm for the evaluation of
the interaction between catechol moieties and metal ions. p(PEGMA-
co-DMA) was added to Tris buffer (pH 8.5) to yield the concentration
0f 0.1% w/v. The Fe solution was first prepared at a concentration of 20
mM by dissolving in oxygen-free DI water. Then, the solution was
mixed with the p(PEGMA-co-DMA) solution to attain a series of metal
ion concentrations from 10 to 100 M. After adding metal ions, the final
concentration of copolymers was adjusted to 0.001% w/v and
maintained throughout the experiments. The reaction was preceded
at room temperature for 10 min before assessment.

The interaction between phenolic compound can be demonstrated
by the following reaction

Phenolic compound + metal ion
< phenolic compound:metal ion

The equilibrium binding constant k in M™" between copolymers and
metal ions was defined by eq 1

[phenolic compound:metal ion]

a [phenolic compound][metal ion]

(1)
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According to the reference,** data from UV—vis can be interpreted as
aplot of 1/(A — A,) versus 1/L by eq 2

11 1, 1
A—-A enaklL

en-a (2)
where A and A, are the absorbances of metal ion—copolymer complex
and copolymer alone, respectively, and ¢ is the extinction coefficient of
catechol moiety, n is the number of metal-binding sites, a is the
concentration of copolymers, and L is the concentration of metal ions.**

From eq 2, the graphs show a linear relationship for all of the metal
ions. The binding constants, k, were calculated as the ratio of the
intercept on the vertical axis to the slope, leading to eq 3.

. 1
1 1 intercept on-—-axis
&-n-a slope

k=

slope

()

AFM Imaging for MPN Coatings. To investigate the surface
morphology of MPN coatings AFM (SPA-400, Seiko) was employed.
In this work, the tapping mode (NanoWorld innovative technologies)
was applied with aluminum-coated silicon cantilevers (Tap300Al-G,
Budget sensors with a force coefficient of 40 N m™ and resonant
frequency of 300 kHz) at a scanning speed of 1 Hz and scanning range
of 5 X 5 ym?,

XPS Characterization. The elemental composition of the MPN
coatings on substrates was revealed in XPS. The spectra were
determined using a PHI 5000 VersaProbe (ULVAC-PHI, Chigasaki,
Japan) system, including a microfocused Al X-ray beam (100 ym, 25
W) at a photoelectron take-off angle of 45° in an ultrahigh vacaum of 2
x 107® Pa and a dual-beam charge neutralizer (7 V Ar* and flooding 30
V electron beam) employed to compensate for the charging effect. The
photoelectron spectra were acquired with pass energy set to 58.7 eV.
Glass (SiO,) was chosen as the substrate for assessment. The spectra
were recorded from C 1s, N 1s, O 1s, Si 2p, and Fe 2p for further
analysis. The recorded binding energies (BEs) were corrected
according to the glass (SiO,) signal peak position of 103.5 eV.

Contact Angle Measurement. The contact angle at the solid—
liquid interface was measured using a contact angle goniometry
(Phoenix Mini, Phoenix). The microsyringe produces droplets of 5 uL,
and each sample was measured in triplicate.

Ellipsometric Measurement. The thickness of MPN coatings was
determined at room temperature using an ellipsometer (alpha-SE, J.A.
Woollam Co., Inc.) with He—Ne laser (4 = 632.8 nm) at a fixed incident
angle of 70°. The refractive index of the coating on the substrate was
fixed at n = 1.46. The bare substrates were measured to find the Ns
(2.5), Ks (—3.2), and refractive index (n = 1.00) of the ambient. The
thickness of the coating was automatically calculated using the Cauchy
model, and measured at least three times at random positions. Grafting
density and distance between grafting sites were calculated according to
eqs 4 and 5

107" 6030 X 100 _ 6.03 X h X p X 100

X=TXN, X
n Mn Mn
4)
and
1/2
D= [i)
nZ (s)

where X is the graft density (chain nm™), D is the distance between
grafting sites (nm), I is the copolymer surface coverage (mgm™2), N, is
Avogadro’s number, & is the thickness of the copolymer layer (nm), p is
the density of the copolymer, which is assumed to be 1 gcm™ and M, is
the number-averaged molecular weight of grafted copolymers.*>**
Cytotoxicity Tests. The cell viability of copolymers was evaluated
by an MTT test with NIH-3T3 fibroblasts. In detail, cells in DMEM
containing 10% FBS were seeded in a 96-well plate to get 6 X 10° cells
per well, and incubated at 37 °C and an atmosphere content of 5% CO,
for 16 h. The culture medium was then removed. Serum-free DMEM
containing p(PEGMA-co-DMA) copolymers (200 L) at different
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concentrations was added to the well, and incubated for 24 h. The MTT
solution, prepared at a concentration of S0 mg mL™" in PBS, was then
added to a 96-well plate and incubated for another 3 h. After removing
the MTT solution, 20 uL of DMSO was added to dissolve the purple
crystal of formazan. The Synergy HT Multi-Detection Reader (BioTek
Instruments, Winooski, VT) was used to determine the absorbance at
540 nm. The control experiment was carried out with the cells in the
absence of the polymer. The reported value is the mean from three
replicates and is expressed as a percentage with respect to the values
from the control samples.

Antimicrobial Test. Two bacterial strains, E. coli and S. epidermidis,
were chosen as representatives of Gram-negative and Gram-positive
bacteria, respectively. In this work, bacteria were incubated in 25 mL of
LB medium at 37 °C and 5% CO, by shaking at 200 rpm for 16 h.
Bacteria were harvested by centrifuging at 4000 rpm for S min, followed
by washing with PBS three times under the same centrifugation setting.
Finally, the bacterial concentration was diluted with sterile PBS to an
optical density at 670 (ODgy,) of 0.1, which corresponds to a
concentration of 8 X 107 cells mL™". The bacterial solution was used for
subsequent bacterial-fouling tests.

MPN-coated substrates were placed in a 12-well plate. The bacterial
solution in PBS (2 mL) was added to each well, and incubated at 37 °C
and 5% CO, for 3 h. After that, substrates were washed with sterile PBS
by shaking at 100 rpm for S min three times to remove nonadherent
bacteria. LIVE/DEAD BacLight was used to stain bacteria in a dark
room at room temperature for 15 min. Then, the substrates were shaken
with PBS at 100 rpm for S min and imaged using a fluorescence
microscope (Zeiss Microscope Axio Observer Al, Germany) with a
magnification of 20X and excitation wavelength at 488 nm. The live
bacteria emitted green light at wavelengths between 510 and 540 nm;
the dead bacteria emitted red light at wavelengths between 620 and 650
nm. In each sample, five locations were randomly selected, and
quantitative analysis of bacterial adhesion was performed using Image]J
software (developed at National Institutes of Health, MA).

Cell Adhesion Tests. Mouse NIH-3T3 fibroblasts were used for
the cell adhesion assay. The cell solution was diluted with DMEM
containing 1% FBS to achieve 1 X 10° counts mL™". The MPN-
modified substrates were immersed in 75% ethanol for 30 s for
sterilization, then washed three times with sterilized PBS. The
substrates were then soaked with culture media in a 24-well plate at
37 °C, 5% CO, for 30 h. After that, the substrates were washed with
sterile PBS by shaking at S0 rpm at room temperature for 10 min,
followed by imaging under an optical microscope at a magnification of
20X for assessment. The number of cells and the cell coverage area was
calculated using Image] software.

B RESULTS AND DISCUSSION

The biomimetic catecholic polymers were obtained by
copolymerization of PEGMA and DMA with the feed molar
ratios of 7:3, 8:2, and 9:1 to afford p(PEGMA-co-DMA). The
products were denoted as p(PEGMA;-co-DMA;), p(PEGMA;-
co-DMA,), and p(PEGMAy-co-DMA,), respectively, corre-
sponding to their feed mole ratios. The actual compositions,
molecular weight, polydispersity index (PDI), and degree of
polymerization (DP) were analyzed by '"H NMR spectroscopy
and GPC, as shown in Table 1. Generally, the actual molecular
compositions of the products from the synthesis were in
agreement with the monomer feed mole ratios. The mole ratios
of catecholic DMA in polymer chains varied from 10 to 30%.
The number-averaged molecular weight (M,) of three polymers
were controlled to a narrow range of around 15 000 Da.

The MPNs are constructed relying on coordination
interaction between metal ions and catechol groups. The
binding constant of the metal ion—ligand is an important
parameter to study the complexation kinetics and structure, film
stability, and environmental susceptibility. Herein, binding
constants of ligand, that is catechol group in p(PEGMA-co-
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Figure 1. UV—vis spectroscopy measurements for the formation of the coordination structures between p(PEGMAg-co-DMA,) and metal ions of Fe'"
(a) and Fe™ (b). The photometer was used with a scan range from 240 to 800 nm. The polymer solution was prepared at a concentration of 0.001% w/
vin pH 8.5 Tris buffer and the Fe solution was mixed with the p(PEGMA-co-DMA) solution to attain a series of metal ion concentrations from 10 to

100 uM. The reaction proceeded at room temperature for 10 min before assessment.
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Figure 2. XPS spectra of Fe 2p (ab), C 1s (c,d), N 1s (e,f), and O 1s (gh) for MPN coatings of 1-Fe', 2-Fe" (a,c,e,g), 1-Fe™ and 2-Fe™ (b,d,fh), and
reference samples of bare wafer and polymer film deposited without addition of metal ions.

DMA), and multivalent iron ions, that is Fe' and Fe, were
investigated using UV—vis spectroscopy as described in the
Experimental Section. Evaluation of chelation properties of the
catechol group was carried out by analyzing the absorbance and
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the shift of the peaks. In a solution containing p(PEGMAg-co-
DMA,) alone, an absorbance peak centered at 288 nm was
found, corresponding to the catechol group.””***>*® The
intensity of the peak increased with the concentration of Fe''
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and Fe'", and the peak red-shifted to a higher wavelength in the
presence of iron ions, which related to the formation of
complexation of iron ions and catechol groups (Figure 1).
Moreover, new absorbance can be observed between 492 and
575 nm, indicating the formation of bis-complex and tri-complex
structures between Fe ions and catechol groups in p(PEGMA;-
co-DMA,) (Figure $2).*® Moreover, the equilibrium binding
constant, k, of iron ions with p(PEGMAg-co-DMA,) was
estimated from the Klotz plots, based on the quantitative
analysis of the absorbance of the samples at 288 nm (Figure S3).
Thus, k values of Fe''— and Fe"'—p(PEGMAg-co-DMA,)
complexes were obtained to be 0.13 and 0.05 M, respectively.
The coordinative structure of Fe''—p(PEGMAg-co-DMA,)
provides a more stable coordination structure than Fe'".

Cytotoxicity of p(PEGMA-co-DMA) Copolymers. A
cytotoxicity test for the newly synthesized p(PEGMA-co-
DMA) copolymers was essential for the development of a
coating material in biomedical applications. The testing
solutions containing p(PEGMA-co-DMA) at concentrations
ranging from 0.2 to 25 mM were prepared in serum-free DMEM.
The testing solutions were introduced to cell culture wells with
NIH-3T3 fibroblasts for 24 h. The MTT assay was carried out
for each sample and the viability of fibroblasts was calculated
with respect to the cell sample without addition of copolymers.
As shown in Figure S4, the cell viability remains above 80% for
all concentrations of copolymers. Hydrophilic PEG is the major
constitution of the copolymers and has proven its high
biocompatibility for using in various medical applications.””**
The bioinspired DMA was derived from the natural DA, and has
been applied for synthesis of underwater biocompatible
adhesive"”* and medical coatings.”" Therefore, the cytotoxicity
induced by DMA-containing polymers was negligible. The
results from the MTT assay confirm the biocompatibility of the
copolymers for medical applications.

XPS Analysis for Surface Compositions. Chemical
compositions of MPN coatings prepared from complexation
of p(PEGMAg-co-DMA,) and iron ions with deposition cycle
numbers of 1 and 2, that is samples of 1-Fell, 2-Fell 1-Fe!™ and
2-Fe', on the substrates were characterized by XPS measure-
ments in Figure 2 and Table 2. In addition, the reference

Table 2. Atomic Concentration of MPN Coatings and
Reference Samples Determined by XPS and Corrected by a
Sensitivity Factor

atomic percentage (%)

sample C Fe N (e} Si
wafer 28.81 0 0 44.45 26.74
polymer-w/o metal 48.96 0 0 29.51 21.53
1-Fe!! 48.55 321 2.87 37.24 8.13
2-Fell 51.64 3.54 3.32 32.94 5.53
1-Fe'! 47.99 2.38 2.13 37.16 10.34
2-Fe!ll 50.27 3.49 2.76 36.61 6.87

samples, prepared on silicon wafers without modification and
with deposition of p(PEGMAg-co-DMA,) alone (denoted as
“polymer-w/o metal”), were included in the spectra for parallel
comparison. The XPS spectra of Fe 2p (Figure 2a,b), C 1s
(Figure 2¢,d), N 1s (Figure 2e,f), and O 1s (Figure 2gh) were
recorded to determine the elemental compositions of the
coatings. The spectra for the MPN coatings prepared from the
mixture of p(PEGMAg-co-DMA,) and Fe' are present on the
left column of Figure 2a,ce,g; that from the mixture of
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p(PEGMAg-co-DMA,) and Fe™" are shown on the right column
of Figure 2b,d,fh. In the spectra of Fe 2p, the spin orbital
splitting doublet of metal oxide at BEs of 709.0 and 722.6 eV
were observed, which correspond to Fe 2p;,, and Fe 2p,,, of
Fe'l, respectively (Figure 2a).”> A shoulder peak of Fe 2p;, at
714.0 €V is assigned to be a satellite peak.*” For the MPN films
with Fe'" in Figure 3b, the relatively distinct peaks of Fe 2p;

Contact angle (degree)

4

2 3
MPN deposition number

Figure 3. Contact angle measurements of MPN coatings with different
deposition numbers. Triplicate tests were conducted.

and Fe 2p, /, centered at BEs of 711.0 and 724.5 eV, respectively,
were found. The spectra of Fe 2p indicate clearly the presence of
iron ions in the MPN coatings. However, no peak in Fe 2p
spectra was found from the reference samples. It should be noted
that because the coatings were washed with copious deionized
water to remove unbound substances, the peaks confirmed the
presence of the chelated Fe ions within the polymer networks. In
addition, the intensities of the peaks from samples of 2-Fe' and
2-Fe are stronger than that of 1-Fe and 1-Fe' indicating the
larger quantity of Fe ions in the films with the higher deposition
number. From the analysis of C 1s spectra (Figure 2¢,d), the
peak components with BEs of 285.7 and 288 eV appearing in the
MPN samples are associated with C—O and C=O species,
respectively, indicating the presence of PEGMA.>>>* The peak
components with BE of 284.2 eV on bare wafer could be
ascribed to the adventitious contamination of hydrocarbons
from air.

The N 1s spectra for the coatings containing iron ions present
peak components with a BE of 398.5 eV, which is associated with
C—NH-CH in the DMA (Figure 2e,f). Nevertheless, no peak
was found in the reference samples, revealing the absence of the
copolymer on surfaces. As a result, the coordination-driven
cross-linking and deposition for the film formation is
proved.”®*” Moreover, in the O 1s core-level spectra for the
MPN coatings in Figure 2g,h, the peak components with BEs of
529.8, 532.2, 532.5, and 533.2 eV were observed, which
contribute to FeQ, O—-C=0, C-0-C, and O-C=0,
respectively.””>* Moreover, the HO—C in the catechol group
can shift from 529 eV to a higher BE of 532 eV after chelation of
iron ions because of the electron transfer from catechol to metal
ions.”” The deposition of copolymers through complexation of
catechol—Fe was once again proved by the spectra of O 1s. In
addition to the spectrum analysis, Table 2 presents the atomic
concentrations of the MPN coatings and reference samples. The
increase in the atomic percentages of Fe and N and decrease in
that of Si with the deposition number indicated the growth of the
MPN films. Therefore, the results from XPS spectra present
three messages: (1) the deposition of copolymers on substrates
was verified because of the presence of the backbone structures
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Figure 4. Thickness (a), grafting density, and distance between grafting sites (b); analysis of MPN after each deposition number (n = 3).

of acrylate and acrylamide as well as ether groups; (2) the
coordination interaction between iron ions and catechol groups
in copolymers was necessary for the deposition of the MPN films
on surfaces; (3) the film thickness of the MPN coatings increases
with the deposition number.

Surface Wettability of MPN Films on Substrates. The
wettability of MPN films in terms of the deposition numbers was
conducted using a contact angle goniometer. Bare glass
substrates with a water static contact angle of 6 = 49.7 + 2.6°
are found in Figure 3. The MPN films were prepared on the O,
plasma-treated glass substrates by co-deposition of p(PEGMAg-
co-DMA,) with either Fe' or Fe with various deposition
numbers from 1 to 5, that is samples of n-Fel'and n-Fe''', where n
is 1 to 5. The contact angles of samples slightly increased with
the deposition number and eventually reached around 6 = 30°.
The plasma-treated glass is superhydrophilic with a contact
angle of @ < 5°. As a result, the presence of PEG on surfaces can
lead to higher contact angles, reflecting the amphiphilic
character of PEG.> Nevertheless, the surface wettability of
MPN coatings became steady after the multiple deposition.

Ellipsometric Analysis of MPN Coatings. The thickness
of MPN coatings prepared by co-deposition of p(PEGMAg-co-
DMA,) with either Fe' or Fe'! with a deposition number from 1
to S on wafers was measured using ellipsometry. As shown in
Figure 4, the thicknesses of MPN coatings increased with the
deposition number, and reached d = 30.5 and 28.6 nm for 5-Fe""
and 5-Fe'", respectively. In addition, the MPN films coordinated
with Fe' or Fe'" exhibited comparable film thicknesses on the
same basis of the deposition number. According to the hard—
soft acid base theory, the phenolic ligand serves as hard Lewis
base, leading to the large metal-binding constant with hard
Lewis acid, such as Fe''".>® Moreover, Fe'l is a moderate Lewis
acid, which is expected to have a weaker interaction with DMA.
For example, the binding constants of polyphenolic tannic acid is
k=10* M and 107 M~ with Fe"" and Fe'", respectively.”’ >’
Interestingly, k values of Fe''— and Fe''—p(PEGMAg-co-DMA, )
complexes were obtained to be 0.13 and 0.05 M, respectively,
in this work. However, the interactions between the catecholic
group on DMA and iron metals did not show an obvious
difference in terms of the film thickness, which may be ascribed
to change in acidity of the catecholic group and oxidation of Fe'.

The grafting density, 2, and distance between grafting site, D,
were estimated from the data of M, and film thickness with an
attempt to compare with polymer brushes prepared by surface-
initiated polymerization.” Unlike the polymer brushes, the
grafting density of which was determined by initiator surface
density and polymerization conditions, the MPN coatings,
prepared by the grafting-onto approach, allow varying the
grafting density and distance between grafting sites by
controlling the deposition number. As shown in Figure 4b, the
grafting density increased with the deposition numbers, which
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approximately changed from 0.1 to 1.1 chains nm™ when the
deposition numbers increased from 1 to S. For the MPN films
with higher deposition numbers, the grafting density is
comparable with that obtained from surface-initiated polymer-
ization (~0.7 chains nm™2)."> Additionally, the distance
between grafting sites decreased with the increase in the
deposition number, reflecting increased occupation of polymers
on a unit area. It should be noted that the MPN films are a three-
dimensional network structure, other than the two-dimensional
polymer brushes. Therefore, the gyration of polymer chains in
the MPN films should be the same under the identical
deposition environment. The high grafting density and short
distance between grafting sites should be explained by the high
surface concentration from the top view, instead of the
crowdedness of polymer chains as found in polymer brushes.
Nevertheless, the surface properties of the substrates should be
determined by the coatings that enable shielding the surfaces
and providing the excluded volume.

Surface Topological Analysis of MPN Films. AFM was
used to further characterize surface morphology of MPN
samples of 3-Fe'' and 3-Fe'" with p(PEGMAg-co-DMA,) in
comparison with bare silicon wafer in Figure SS. The average
roughness (R,) of the bare sample is 0.5 & 0.2 nm, whereas the
R, values of the 3-Fe" and 3-Fe™ increased to 58.3 = 3.2 and
55.9 + 1.2 nm, respectively. Evidently, the MPN films displayed
a higher roughness and exhibited large amounts of aggregates
deposited on surfaces. The aggregates should be attributed to
the complexation of catechol groups in polymer chains with
metal ions. It is suspected that the aggregates should form in the
coating solution and then deposit onto the substrates. Previous
work indicated that catecholic molecule is mobile at the high
ligand concentration and can form tris-type complexes locally or
as a whole with metal ions in a solution.®® Therefore, the
roughness of the coatings can be reduced by controlling the
concentration of the polymers and metal ions, leading to less
aggregation in solutions.

Stability Test of MPN on Substrates. The formation of
MPN films was based on the coordination bonds between metal
ions and catechol moieties, which is a pH-sensitive inter-
action.””* Thus, evaluation of the network stability was
conducted by observing the change in the thickness of the
biomimetic MPN films as a function of time under different pH
conditions. The 3-Fe' coating on silicon wafers was submerged
in buffered solutions at pH of 5, 7.4, and 10. An ellipsometer was
employed to follow the thickness changes. As indicated in Figure
5, the thickness of the 3-Fe'" films in an acidic solution dropped
more rapidly than that in neutral and alkaline solutions, which is
in agreement with previous works.””** After incubation for 20 h,
the thickness of the MPN films on surfaces in the solution at pH
S considerably reduced by 82%, whereas that at pH 7.4
decreased by only 22%. As a result, the MPN films possessed
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respectively, considerable suppression in bacterial adhesion was
found on the MPN-coated substrates compared with that on
bare glass. The biofouling tests with fibroblasts and bacteria
reflect the fact that the surface pegylation by deposition of
p(PEGMAg-co-DMA,) offers high hydrophilicity, large excluded
volume, lack of protein binding sites, high molecular mobility,
and osmotic repulsion to effectively expel the nonspecific
adsorption.””®” Interestingly, comparable antifouling capabil-
ities for fibroblasts and bacteria were found for the MPN
coatings with different polymer compositions, that is p-

Thickness (nm)

o+ (PEGMA,-co-DMA;) and p(PEGMA,-co-DMA,), as demon-
0 2 4 ¢ ?I'im? (h1rz; 14 16 18 20 strated in Figure S8. In addition, the fraction dead on the MPN
coatings generally increased with the deposition numbers, which
Figure S. Time revolution of ellipsometric thickness of the MPN is most likely due to the metal ion releasing from the MPN
sample of 3-Fe' in solutions at different pH values. networks. Many reports have shown that toxic doses of certain
metal ions increase intracellular ROS.”*7%° Fe-catalyzed
good stability in a physiological environment, but in an acidic autoxidation initiates the production of recil;ced forms of
environment, such as tumor microenvironment and lysosome, molecular oxygen (0O,), such 3565'162902 and O,""."" The process s
the MPN structure will disassemble by breaking the driven by the Fenton reaction.”””” The radicals interfere in cell
coordination interaction. Consequently, the pegylated MPN membrane formation of bacteria, and cause organelle damage
structure will be particularly interesting in drug delivery and and ger;gﬂmutation, leading to death of the adsorbed
design for smart materials. bacteria.””"" Moreover, the redox cycling of metals might
Antifouling Properties of Pegylated MPN Films. consume cellular antioxidants. Therefore, metal ions can
Hydrophilic PEG has been well known as a biocompatible and eﬁectiyely exert antimicr obia.l activity.
antifouling material for a wide spectrum of applications in the Universal MPN Coatings on Different Types of
medical field."”~"* Herein, surface pegylation was conducted by Substrates. The MPN coatings of 2-Fe'' and 2-Fe' were
the formation of p(PEGMAg-co-DMA,) MPN films through prepared on various substrates of glass (SiO,), Nitinol (Ni—Ti
coupling with Fe' and Fe'™ for fouling resistance against NIH- alloy), PDMS, PS, silicon wafer, and TiO,, which are raw
3T3 fibroblasts and bacteria. The coatings with different materials regularly used in medical applications. The fouling
deposition numbers were prepared on glass substrates and the tests with E. coli for bare and MPN-modified samples were
adhesions of cells and bacteria were microscopically observed carried out and compared with corresponding bare substrates as
and counted using Image] software. In Figure 6a, the cell indicated in Figure 7. Obviously, the MPN coatings enable
adhesion assay with NIH-3T3 fibroblasts shows that the suppressing bacterial adhesion regardless of the underlying
pegylated surfaces with the MPN coatings enable resisting cell substrates. From the quantitative analysis, the reduction rates of
adsorption to a relatively low level with respect to that on bare bacteria on MPN coatings reach 90%. The substrate-
glass substrates. The adherent cell numbers were inversely independent deposition of MPI\IIH coatings using naturza;
proportional to the deposition numbers of the MPN coatings. polyphenol tannic acid (TA) and Fe' ions was demonstrated.
Moreover, the MPN—Fe! coatings show better fouling In this work, synthetic catechol-containing antifouling polymers
resistance than the MPN—Fe'" coatings on the same basis of were deposited onto a wide range of materials by the formation
the deposition number, which can be ascribed to the stable of a complex structure with metal ions for potential exploitation
coordinative properties of Fe'' with p(PEGMA-co-DMA). in a wide spectrum of medical devices for antifouling properties.

Gram-positive and Gram-negative bacteria of E. coli and S.
epidermidis, respectively, were chosen for the fouling tests on the B CONCLUSIONS
bare glass and MPN coatings. The samples were immersed into In this work, catechol-containing p(PEGMA-co-DMA) poly-

bacterial solutions, and the presence and viability of adherent mers were synthesized as molecular building blocks, and

bacteria were probed by using a Live/Dead staining kit (Figure deposited on substrates by reacting with metal ions of Fe'' and

S6). As present in Figures 6b and S7 for E. coli and S. epidermidis, Fe'" to form cross-linked films. The formation and interfacial
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Figure 6. (a) Relative numbers of NIH-3T3 fibroblasts on MPN coatings with respect to bare glass. The MPN coatings were prepared by co-deposition
of p(PEGMAg-co-DMA,) and metal ions of Fe' or Fe" with different deposition numbers. (b) Total number of adsorbed bacteria counts per area
(black bars) and fraction of bacteria dead (red bars) for E. coli on bare glass and MPN-coated substrates. Values in (a,b) represent the mean and the
standard deviation (n = 3). *, #%, *¥* represent p < 0.0, p < 0.01, p < 0.001, respectively.
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properties were characterized by using UV—vis spectroscopy,
contact angle goniometer, XPS, ellipsometry, and AFM. The
thickness, grafting density, coverage, and roughness of the MPN
coatings increased with the deposition number. The calculation
for equilibrium binding constants reveals that the MPN coatings
with Fe' provides better stability than that with Fe'™. Moreover,
the pH responsive property of the MPN coatings was accessed,
showing a quick disassembly of the networks at low pH. Good
biocompatibility of the polymers ensures the potential medical
applications. Herein, the antifouling and antimicrobial proper-
ties of the MPN coatings were demonstrated on various types of
substrates. Thus, we can envision that the present study
represents a promising strategy to provide an important insight
into the synthetic MPN-assisted approach, thereby paving the
way for major benefits to medical coatings.
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