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ABSTRACT: Two different zwitterionic block copolymers
(BCs) and a cationic BC were synthesized from the same BC
precursor, which consisted of a polystyrene (PS) block and a
poly[N-(3-dimethylamino-1-propyl)acrylamide] block. The
zwitterionic BCs contained the dimethylammonioacetate
(carboxybetaine) and dimethylammoniopropyl sulfonate
(sulfobetaine) groups. Thin films cast from these polymers
were investigated for surface wettability, surface charge, and
protein adsorption. Surface-energy parameters calculated
with advancing contact angle (6,) and receding contact angle
(0,) of different probe liquids showed that it was 6, and not
0, that was representative of the polar/ionic groups in the
near-surface regions of the coatings. Electrophoretic mobility
was used to characterize the influence of pH on the net sur-
face charge. In aqueous dispersions, the carboxybetaine poly-
mer showed an ampholyte behavior with an isoelectric point
of 6, whereas the sulfobetaine polymer was found to be ani-
onic at all pH values between 2 and 10. Protein adsorption

on the carboxybetaine BC was relatively independent of the
net charges on the protein or the polymer, but the negatively
charged sulfobetaine polymer showed a higher adsorption
of positively charged protein molecules. Regardless of the
net protein charge, both zwitterionic coatings adsorbed less
protein compared to the PS and poly(2,3,4,5,6-pentafluoros-
tyrene) controls. The sulfobetaine and cationic BCs adsorbed
higher amounts of oppositely charged protein molecules
than like-charged protein molecules. However, the adsorp-
tion of oppositely charged protein was much higher on the
cationic surface than on the sulfobetaine surface. The zwitter-
ionic BCs, particularly the carboxybetaine polymer, from this
article are expected to function as stable, low-fouling surface
modifiers in different biological environments. © 2011 Wiley
Periodicals, Inc. ] Appl Polym Sci 124: 2154-2170, 2012
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INTRODUCTION

Protein- and cell-repellant polymers are important in
the surface modification of biomaterials and biosen-
sors and in ultrafiltration and marine antifouling
technologies.'® Hydrophilic coatings, such as those
prepared with nonionic poly(ethylene glycol) (PEG)
containing polymers, have been widely studied.”'
On the basis of these studies, it has become evident
that a high degree of hydration and conformational
flexibility are important attributes of a protein-repel-
lant polymer surface. In recent years, there has been
a significant interest in the use of ionic polymers for
antifouling surfaces because of the ability of ions to
bind water molecules. Ionic polymers have also been
explored for biomedical uses, for example, in bacte-
ricidal coatings,”'* coatings for tissue culture sub-
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strates, and coatings for drug delivery and gene
delivery.?

Zwitterionic molecules are particularly relevant in
applications where protein adsorption and cell adhe-
sion to synthetic surfaces must be prevented.'> Zwit-
terions are dipolar ions, or charge-separated ions,
wherein the charges are usually separated by distan-
ces greater than one bond length. Unlike salts, which
contain dissociable ions, the cationic and anionic
centers in a zwitterion do not dissociate (i.e., split in
to separate cations and anions). In the aqueous
phase, zwitterions strongly interact with dipolar
water through charge-dipole interactions and are,
therefore, highly hydrated.

Several studies in the past have used ultrathin
coatings of either self-assembled monolayers or
polymer brushes (of ionic or polar molecules) to pre-
pare antibiofouling surfaces."* The surface-tethering
of these molecules with thiolate, siloxane, or phos-
phonate linkages prevents their dissolution in an
aqueous environment. However, a thickness of sev-
eral micrometers is usually necessary for a polymer
to function as a protective coating in demanding
applications such as marine antifouling paints. The
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use of block copolymers (BCs) and a bilayer coating
strategy, which was described previously," is a
promising approach toward designing such coatings.
The BCs are tailored to have a water-insoluble block,
such as polystyrene (PS), and an antibiofouling, sur-
face-active block. Because of the surface-active block,
when the BC is blended with a relatively inexpen-
sive thermoplastic elastomer such as polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene
(SEBS), it spontaneously migrates to the surface of
the coating to result in a self-healing, protective,
antifouling surface.

Protein adsorption

One of the objectives of this study was to compare
the antifouling properties of novel zwitterionic BCs
containing carboxybetaine and sulfobetaine groups
with those of a cationic polymer. Zwitterionic coat-
ings, which mimic the biocompatibility of the extrac-
ellular surfaces of plasma membranes,'® have been
found to be quite effective in preventing protein
adsorption on synthetic surfaces.'® Using neutron
reflectivity measurements, Murphy et al.'® found that
the top 2.5 nm of a copolymer thin film containing
the zwitterionic phosphoryl choline group consisted
of approximately 85% water. The high degree of
hydration of the phosphoryl choline layer created a
steric barrier that prohibited protein adsorption.
Homopolymer brushes of zwitterionic monomers
containing N,N-dimethylammoniopropyl sulfonate
and N,N-dimethylammoniopropionate have been
well-documented for their antifouling properties.'”*

According to the Derjaguin-Landau-Verwey—
Overbeek theory, electrostatic and van der Waals
forces are the two important intermolecular forces
that determine protein—surface interactions. Electro-
static interactions depend on the surface potential,
net charge, and distribution of charge on the protein
surface and the ionic strength of the aqueous phase.
Protein charge is determined by the pH of solution
and the isoelectric point of the protein. Roth and
Lenhoff” showed that the contribution of electro-
static attraction to the lowering of free energy when
a protein interacts with a surface is significantly
higher than the van der Waals contribution, even
when the surface charge density is very low. Electro-
static interactions have been found by several
researchers to play an important role in protein
adsorption.?™%¢

To our knowledge, there are few reports on the
synthesis, surface characterization, and antibiofoul-
ing properties of ionic BCs. Moreover, the pH-de-
pendent amphoteric behaviors of carboxybetaine
and sulfobetaine polymers are not well understood.
The objectives of the work reported herein were
twofold: (1) to synthesize new protein-resistant ionic

2155

BCs, which could be used to create self-healing elas-
tomeric antifouling paints, and (2) to conduct a
detailed study of wettability, surface charge, and
protein repellency of the surfaces of these ionic
copolymers. Films of zwitterionic and cationic BCs
were obtained by the spin-coating of the polymers
on glass or silicon substrates. The surface wettability
of these films was characterized with dynamic con-
tact angle measurements. The influence of the ionic
groups on the dispersion and polar components of
surface energy were investigated with different sur-
face energy models available in the literature. X-ray
photoelectron spectroscopy (XPS) was used to deter-
mine the surface composition of the BC films. Fluo-
rescence microscopy was used to characterize the
protein adsorption on the BC surfaces. Surface
charges were characterized with {-potential measure-
ments, and the influence of the net charges of the
protein molecule and the BC surfaces on protein
adsorption was investigated. Protein adsorption on
the ionic BCs was compared with those on PS and a
relatively hydrophobic fluoropolymer, poly(2,3,4,5,6-
pentafluorostyrene) (PPES).

EXPERIMENTAL
Materials

Styrene (CAS no. 100-42-5, Sigma-Aldrich, Milwau-
kee, WI, > 99%), tert-butyl acrylate (CAS no. 1663-
39-4, Aldrich, Milwaukee, WI, 98%), and 2,3/4,5,6-
pentafluorostyrene (PFS; CAS no. 653-34-9, Matrix
Scientific, Columbia, SC, 99%) were treated with
neutral alumina to remove the inhibitor. CuBr (CAS
no. 7787-70-4, Aldrich, Milwaukee, WI, 99.999%),
CuBr, (CAS no. 7789-45-9, Aldrich, Milwaukee,
WI, 99%), N,N,N',N",N"-pentamethyldiethylenetri-
amine (CAS no. 3030-47-5, Aldrich, Allentown, PA,
99%), methyl-2-bromopropionate (CAS no. 5445-17-0,
Aldrich, Milwaukee, WI, 98%), 3-(dimethylamino)-1-
propylamine (CAS no. 109-55-7, TCI America, Port-
land, OR, > 99%), 2,2-azobis(2-methylpropionitrile)
(AIBN; CAS no. 78-67-1, Aldrich, Milwaukee, WI,
98%), 4-(dimethylamino)pyridine (DMAP; CAS no.
1122-58-3, Fluka, Allentown, PA, > 99%), N-(3-dime-
thylaminopropyl)acrylamide (DMAPrAAm; CAS no.
3845-76-9, TCI America, Portland, OR, >98%), N,N’-
diisopropylcarbodiimide (DIC; CAS no. 693-13-0,
Aldrich, Milwaukee, WI, 99%), 1,3-propanesultone
(CAS no. 1120-71-4, TCI America, Portland, OR, >
99%), 2-bromoacetic acid (CAS no. 79-08-3, Alfa
Aesar, Ward Hill, MA, > 98%), methyl bromoacetate
(CAS no. 96-35-2, Alfa Aesar, > 98%), Zonyl FSO-
100 [R{PEG-OH, where R{PEG is w-perfluoroalkyl
poly(ethylene glycol), CAS no. 65545-80-4, Aldrich,
Milwaukee, WI], sodium salt of ethylene diamine
tetraacetic acid (CAS no. 10378-23-1, Fisher Scientific,
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Fair Lawn, NJ), and Supelco Amberlite IRA-400
(OH™) anion-exchange resin (16-50 mesh, Sigma-
Aldrich, Milwaukee, WI) were used as received. Flu-
orescein isothiocyanate conjugated bovine serum al-
bumin (BSA-FITC), phosphate-buffered saline (PBS)
tablets, and 4-morpholineethanesulfonic acid (MES;
CAS no. 4432-31-9, > 99.5%) were purchased from
Sigma and were used without further purification.
In BSA-FITC, the extent of labeling was at least
seven fluorescein isothiocyanate (FITC) molecules
per molecule of bovine serum albumin (BSA). The
fluorophore had an excitation peak wavelength of
about 495 nm and an emission peak wavelength of
about 521 nm. The PBS solution (pH of about 6.9 at
25°C) consisted of 137 mM NaCl, 2.7 mM KClI, 10
mM Na,HPO,, and 2 mM KH,PO, in distilled water.
A MES solution of 50 mM concentration was pre-
pared in water. The pH of this solution was about
3.5 = 0.2 (consistent with a pK, of 6.1 at 25°C). Sol-
vents such as N,N-dimethylformamide (DMF; J. T.
Baker (Avantor Performance Materials), Phillipsburg,
NJ), pyridine (J. T. Baker), dichloromethane (CH,Cl,,
J. T. Baker), dioxane (Acros, > 99.9%), diethyl ether
(EtzO, J. T. Baker), hexanes (J. T. Baker), and tetrahy-
drofuran (THF; CAS no. 109-99-9, Sigma-Aldrich,
Milwaukee, WI, > 99.9%, anhydrous), unless speci-
fied, were used as received. Solvents for the reac-
tions were dried with type 3A molecular sieves
(Fluka, Allentown, PA). Glycerol (CAS no. 56-81-5,
EMD Chemicals, Gibbstown, NJ, > 99.5%), 1-bromo-
naphthalene (CAS no. 90-11-9, Alfa Aesar, 97%), hex-
adecane (CAS no. 544-76-3, ]. T. Baker, > 99%), diio-
domethane (CAS no. 75-11-6, Alfa Aesar, 99%),
ethylene glycol (CAS no. 107-21-1, Sigma-Aldrich,
Milwaukee, WI, 98%, anhydrous), and dimethyl sulf-
oxide (CAS no. 67-68-5, J. T. Baker, 99.9%) were stored
in a desiccator and used for contact angle measure-
ments. Distilled water and ultrapure nitrogen were
used throughout.

Methods

Gel permeation chromatography of THF solutions of
the polymers was carried out with a 515 HPCL
pump (Waters Corporation, Milford, MA) operating
at room temperature, two PLgel Mixed-C columns
(Agilent Technologies, Santa Clara, CA), and a Vis-
cotek model LR40 laser refractometer (Malvern
Instruments, Westborough, MA). The columns were
calibrated with commercial linear PS and poly
(methyl methacrylate) standards. The IR spectra of
the polymers cast as films from chloroform solutions
on NaCl or KBr salt plates were collected with a
Spectrum 100 Fourier transform infrared (FTIR)
spectrometer (PerkinElmer, Waltham, MA). "H-NMR
spectra were recorded on a 400 MHz Bruker Avance
DMX-400 nuclear magnetic resonance spectrometer
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(Bruker Biospin, Billerica, MA) at ambient tempera-
ture in deuterated solvents.

The surfaces for contact angle measurement and
protein adsorption studies were prepared on 1.8 x
1.8 cm® glass slides (Fisherfinest Premium Cover
Glasses, Fisher Scientific, Fairlawn, NJ). The polymer
solution (3% w/v) was spin-coated on the glass
slides with a model WS-400-6NPP-LITE spin coater
(Laurell Technologies, North Wales, PA) at 2000 rpm
for 1 min. The surfaces were dried at 60°C for 24 h
before they were further annealed at 120°C in a vac-
uum oven for 24 h. Room-temperature contact
angles were measured by the sessile drop method
with a model 100-00 Ramé-Hart Instrument Co.
(Netcong, NJ) contact angle goniometer and a 22-
gauge stainless steel needle (0.7 mm o.d. and 0.4
mm id.). Dynamic water contact angle measure-
ments were performed by the addition and retrac-
tion of a drop of solvent on the surfaces.

BSA-FITC was used to study protein interaction
with the BC surfaces. The substrates were incubated
in a 100 pg/mL solution of BSA-FITC in a PBS solu-
tion (pH ~ 6.9) in the dark for 60 min. Then, the
substrates were gently rinsed five times with PBS
with a 2-mL Pasteur pipette and observed under a
fluorescence microscope. The polymer films were
also incubated in a 100 pg/mL solution of BSA-
FITC in MES solution (pH 3.5 at 25°C) and analyzed
for BSA-FITC adsorption, as in the case of PBS. Flu-
orescence microscopy was performed using an
Olympus BX51 microscope (Olympus America, Mel-
ville, NY) with a U Plan Fluorite 40x dry objective.
Images were acquired with a Photometrics (Tucson,
AZ) CoolSNAP ES camera and Meta Imaging Series
6.1 software (Universal Imaging Corporation, West
Chester, PA). FITC was observed with a 450-nm ex-
citation and 550-nm emission filter set. The fluores-
cence intensity, which was proportional to the sur-
face density of the adsorbed protein, was quantified
with Image] software (National Institute of Mental
Health, Bethesda, MD).

For (-potential measurements, solutions of BSA
(25 pug/mL) were prepared in PBS and MES solu-
tions (pH 6.9 and 3.5, respectively). The { potential
of the protein in these solutions was measured at
room temperature with a ZetaPlus (-potential ana-
lyzer (Brookhaven Instruments, Holtsville, NY). The
instrument used electrophoretic light scattering for
mobility measurements. The Helmholtz—Smoluchow-
ski equation [p, = &g, L/mn, where |, is the electro-
phoretic mobility (m* V™' s7), g is the vacuum per-
mittivity (8.85 X 1002 C® 7' m™), & is the
dielectric constant of the medium (78.54 for water at
25°C), ( is the { potential (V), and n is the viscosity
of the medium (8.937 x 10~* Pa s for water at 25°C)]
was used to convert mobilities to { potentials.*” Col-
loidal particles were prepared from the ionic BCs by
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Scheme 1 Synthesis of the N-(3-dimethylamino-1-propyl)acrylamide BC precursor,

cationic BCs.

dispersion of the BCs (90 mg) in THF (1 mL), addition
of the dispersion to distilled water (30 mL), and dis-
tilling off the THF in vacuo at about 50°C. The pH val-
ues of the resulting dispersions were adjusted with
hydrochloric acid and potassium hydroxide solutions.

XPS spectra were acquired using a VG Microtech
(West Sussex, UK) Multilab ESCA 3000 spectrometer
equipped with a dual-anode (Mg/Al) X-ray source
operated at about 33 W and a VG-CLAM4 hemi-
spherical electron energy analyzer (VG Microtech)
with a nine-channel array detector. Nonmonochrom-
atized Mg Ko X-ray beam (hv =~ 1253.6 eV) was
used. The high-resolution C 1s spectra reported here
were acquired at an electron emission angle (¢) of
55° relative to the surface normal. The spectra were
analyzed with CasaXPS version 2.3.14 software
(Casa Software Ltd.). We performed binding energy
calibration by setting the position of the C—C peak
to a binding energy of 285.0 eV.

Synthesis of the surface-active cationic and
zwitterionic BCs

Poly(acrylic acid)-block-polystyrene (PAA-b-PS) BC
(1; cf. Scheme 1), with degrees of polymerization of
about 43 and 148 of the PAA and PS blocks, respec-
tively, was synthesized as reported previously.’

and the zwitterionic and

Synthesis of poly{N-(3-dimethylamino-1-propyl)

acrylamide-ran- o)— erfluoroalkyl poly(ethylene
lycol) acrylate]}-block-polystyrene
P(DMAPrAAm-r-R;PEGA)-b-PS or 2; Scheme 1]

PAA-b-PS (1; 4 g or 9.3 mmol of acrylic acid) was dis-
solved in 12 mL of anhydrous pyridine in a round-
bottom flask purged with dry nitrogen. In a separate
flask, DIC (0.438 g, 3.47 mmol), DMAP (0.170 g, 1.39
mmol), and Zonyl FSO-100 (1.675 g, 2.3 mmol) were
dissolved in 8 mL of anhydrous pyridine, and this so-
lution was added dropwise to the flask containing
PAA-b-PS. After the reaction mixture was stirred for
48 h at 40°C, a solution containing DIC (2.322 g,
18.4 mmol), DMAP (0.566 g, 4.63 mmol), and 3-(dime-
thylamino)-1-propylamine (4.73 g, 46.3 mmol) was
added dropwise to the polymer solution in the reac-
tion flask, and the mixture was stirred at 40°C for an
additional 48 h. After the mixture cooled to room tem-
perature, the BC was recovered by precipitation in
hexane and dried in vacuo at 50°C for about 12 h.
Yield: 5.48 g (ca. 94%). "H-NMR (400 MHz, CDCls,
d8): 7.2-6.2 (Ar H), 4.16 [br s, C(=0)OCH,], 3.77 [t,
C(=0)OCH,CH,], 3.64 (br s, OCH,CH,0), 3.2 [br d,
C(=O)NHCH,CH], 242 (m, CH,CF,), 2.36 [br s,
CH,N(CH3;),], 22 [br s, N(CHj),], 1.6 [br s,
CH,CH,N(CH3),], 2-1 (CH,, CH, backbone). IR (dry

Journal of Applied Polymer Science DOI 10.1002/app
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film, Vi, cm 1) 3201, 3082, 3060, 3026, 3002, 2928,
2855, 2782, 1732, 1636, 1617, 1602, 1567, 1493, 1452,
1368, 1348, 1303, 1240, 1218, 1178, 1151, 1107, 1029,
908, 756, 699, 540.

Synthesis of poly{N-(3-acrylamidopropyl)-N,N-
dimethylammonioacetate-ran-[o-perfluoroalkyl poly
(ethylene glycol) acrylate]}-block-polystyrene
[P(AAMPrDMA Ac-r-R¢PEGA)-b-PS or 3; Scheme 1]

The BC P(DMAPrAAm-r-R{PEGA)-b-PS (0.5 g or
0.67 mmol of DMAPrAAm) was dissolved in dry
DMF (2 mL). To this solution, a solution of bromo-
acetic acid (0.3848 g, 2.77 mmol) in acetonitrile (1
mL) was added slowly. After the mixture was
stirred at 80°C for 48 h, it was cooled to room tem-
perature, and a solution of KOH (0.1602 g, 2.857
mmol) in methanol (0.5 mL) was added. The mix-
ture was further stirred for 30 min at room tempera-
ture. The quaternized BC was precipitated in cold
Et,O, filtered, washed with Et,O, dried, washed
again with distilled water, and finally, dried to a
constant mass in a vacuum oven at about 50°C.
Yield: 0.48 g (ca. 89%). IR (dry film, Vmax, cm ™)
3260, 3083, 3061, 3026, 2927, 2855, 1743, 1615, 1493,
1452, 1399, 1243, 1204, 1106, 1029, 908, 757, 699, 538.

Synthesis of poly{[N-(3-acrylamidopropyl)-N,N-
dimethylammoniopropyl sulfonate]-ran-[w-perfluor-
oalkyl poly(ethylene glycol) acrylate]}-block-poly-
styrene [P(AAMPrDMAPS-r-R{PEGA)-b-PS or 4;
Scheme 1]

The BC P(DMAPrAAm-r-R{PEGA)-b-PS (1 g or 1.35
mmol of DMAPrAAm) was dissolved in dry DMF (4
mL). A solution of 1,3-propanesultone (0.677 g, 5.54
mmol) in DMF (2 mL) was added dropwise to the
polymer solution. After the mixture was stirred at
80°C for 48 h, it was cooled to room temperature
and poured into an excess of acetone. The precipi-
tated polymer was filtered, washed with acetone,
and dried in vacuo at 50°C.

Yield: 1.09 g (ca. 94%). IR (dry film, Vmax, cm )
3275, 3082, 3060, 3026, 3003, 2928, 2856, 1731, 1624,
1493, 1452, 1366, 1350, 1207, 1187, 1038, 908, 757, 699,
666, 607, 538.

Synthesis of poly{[N-(3-acrylamidopropyl)-N,N-
dimethyl-N-(carbomethoxymethyl)ammonium
bromide]-ran-[w-perfluoroalkyl poly(ethylene glycol)
acrylate]}-block-polystyrene [P(AAMPrDMABr-r-
R{PEGA)-b-PS or 5; Scheme 1]

The BC P(DMAPrAAm-r-RPPEGA)-b-PS (1 g or 1.35
mmol of DMAPrAAm) was dissolved in dry DMF (4
mL). Methyl bromoacetate (0.8475 g, 5.54 mmol) was
dissolved in 2 mL of DMF, and the solution was added
dropwise to the flask containing the polymer. The reac-
tion mixture was stirred at 80°C for 48 h. The solution
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was then cooled to room temperature, and the polymer
was precipitated into an excess of acetone. After filtra-
tion, the polymer was dried in vacuo at 50°C.

Yield: 1.08 g (ca. 91%). IR (dry film, Viax, cm )
3082, 3060, 3026, 3002, 2925, 2853, 1743, 1709, 1601,
1493, 1452, 1384, 1350, 1238, 1218, 1153, 1117, 1029,
907, 845, 758, 699, 568, 540.

Synthesis of the homopolymer poly[N-(3-dimethyla-
mino-1-propyl)acrylamide] [P(DMAPrAAm]

N-(3-Dimethylamino-1-propyl)acrylamide (6 g, 38.4
mmol) was mixed with 98.5 mg (0.6 mmol) of AIBN
and 3 mL of dry toluene in a 25-mL, round-bottom
flask. The flask was deoxygenated by purging with
nitrogen. Polymerization was carried out at 70°C for
20 h. After the solution cooled to room temperature,
the polymer was precipitated in an excess of cold hex-
anes, filtered, and dried in a vacuum oven at 50°C.

Yield: 5.32 g (ca. 89%). IR (KBr, dry film, vmax,
cm™'): 3292, 3076, 2944, 2862, 2817, 2778, 1647, 1548,
1463, 1376, 1262, 1237, 1182, 1159, 1100, 1041, 972,
844, 753, 664.

Synthesis of the homopolymer poly[N-(3-
acrylamidopropyl)-N,N-dimethylammonioacetate]
[P(AAMPrDMAAC)]

Poly[N-(3-dimethylaminopropyl)acrylamide]
[P(DMAPrAAm); 1 g or 6.4 mmol of DMAPrAAm]
was placed in a round-bottom flask and was dis-
solved in dry DMF (8 mL). 2-Bromoacetic acid (3.92
g, 28.2 mmol), dissolved in DMF (2 mL), was added
dropwise to the polymer solution. Subsequent to a
reaction at 80°C for 24 h, the mixture was cooled to
room temperature, and the polymer was precipitated
in excess acetone, filtered, and washed further with
acetone. After it was dried in a vacuum oven at
room temperature, the polymer was redissolved in a
1:1 v/v water/methanol mixture (3% w/v concen-
trated polymer). The solution was passed through a
column packed with an ion-exchange resin to
remove bromide anions. The polymer was recovered
from the eluent by distillation of the solvent with a
rotary evaporator and drying in vacuo at 50°C (yield:
1.2 g, ca. 90%).

Synthesis of the homopolymer poly[N-(3-
acrylamidopropyl)-N,N-dimethylammoniopropyl
sulfonate)] P(AAmPrDMAPS)]y

P(DMAPrAAm) (1 g or 6.4 mmol of DMAPrAAm)
was placed in a round-bottom flask and dissolved in
dry DMF (8 mL). Then, 1.56 g (12.8 mmol) of 1,3-
propanesultone dissolved in DMF (2 mL), was
added slowly to the polymer. The reaction mixture
was stirred at 80°C for 24 h. The solution was cooled
to room temperature, and the polymer was
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Figure 1 Chemical structures of the acrylamide precursor and its zwitterionic and cationic derivatives. AAmPrDMAAc
is a carboxybetaine molecule, and AAmPrDMPAS is a sulfobetaine. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

precipitated in acetone, filtered, and dried in a vac-
uum oven at 50°C (yield: 1.6 g, ca. 90%).

Synthesis of the homopolymer PPFS

The homopolymer of PFS was synthesized by con-
ventional free-radical polymerization. The monomer
(5.15 g, 0.0265 mol) was mixed with AIBN initiator
(0.0435 g, 0.265 mmol) in a 25-mL, round-bottom
flask. The solution was purged with nitrogen for 20
min. The polymerization was carried out at 70°C for
40 min. After cooling to room temperature, the solid
in the flask was dissolved in chloroform. The poly-
mer was recovered by precipitation in excess metha-
nol and vacuum-dried at 50°C (yield: 4.12 g, ca.
80%).

RESULTS AND DISCUSSION
Molecular design of the ionic BCs

The ionic BCs and homopolymers of this work were
based on the N-[3-(dimethylamino)propyl]acryla-
mide monomer. Figure 1 shows the chemical struc-
tures of this monomer and its ionic derivatives.

Each BC consisted of a PS block and an ionic
block and was synthesized by atom transfer radical
polymerization (ATRP) and polymer analogous reac-
tions. Ionic mers, which are significantly more polar
than PS, would normally be buried below the PS
block when the coatings are processed in air.'*?®
However, following the approaches of Thanawala
and Chaudhury® and Koberstein,*® who showed
that a high-energy group can be pulled to the air-
polymer interface by the driving forces of the lower
surface energy groups segregating to the surface, we
introduced a small number of low-surface-energy

mers, consisting of RPEG side groups (cf. Fig. 2) in
the ionic block. Our previous studies showed that in
BC coatings prepared with this monomer, the low-
surface-energy fluoroalkyl groups anchored the
polymer chain at the air-polymer interface, and the
hydrophilic PEG segment retained the polymer
chain at the surface in aqueous environments.”**!

Zwitterionic and cationic BC synthesis

The general techniques for the synthesis of zwitter-
ionic polymers have been reviewed by Kudaiberge-
nov et al.*> We used the approach of polymer analo-
gous reactions to prepare the zwitterionic and
cationic BCs, which also contained the surface-
directing R{PEG side groups (Scheme 1). PAA-block-
PS BC was synthesized with ATRP of tert-butyl acry-
late and styrene followed by the conversion of the
tert-butyl ester to carboxylic acid by hydrolysis.” The
degree of polymerization of the acrylic acid block

F F
o
DNMF
FF’
0

Figure 2 Chemical structure of the RPEGA surface-
anchoring group. The side chain had a relatively broad
distribution of PEG and fluoroalkyl chain lengths. The av-
erage values of x and y are about 5.5 = 0.5 and 3.5 = 0.5,
respectively. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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was about 43, and that of the PS block was 148. The
molecular weight distribution of the original poly(-
tert-butyl acrylate)-block-PS, determined by gel per-
meation chromatography, was narrow (polydisper-
sity index = 1.09). Partial esterification of the acrylic
acid mers with the hydroxyl groups of the R{PEG
surfactant, Zonyl FSO-100, was preceded by the acti-
vation of about 37.5% of the carboxylic acid groups
with DIC, followed by reaction with the alcohol (ca.
25 mol % of the carboxylic acid groups). At the end
of the first step, the remaining carboxylic acid
groups of the PAA block were reacted with an
excess (5x) of 3-(dimethylamino)-1-propylamine
with the DIC/DMAP mediated amide formation.
The reaction mixture gelled when the amine was
added (because of hydrogen-bonding interactions of
the amino and carboxylic acid groups), but as the
amide formation reaction progressed, a gradual
decrease in the viscosity was observed. At the end
of the reaction, a completely soluble functionalized
polymer was obtained. The esterification and amide
formation reactions were monitored with 'H-NMR
spectroscopy. The extent of attachment of RPEG
was determined using the peak at 4.16 ppm, which
arises from the two —C(=0O)OCH,— protons, to be
17.3%. In other words, of the 43 —COOH groups in
the PAA block, an average of 7.4 groups had reacted
with R{PEG. Because an excess of 3-(dimethyla-
mino)-1-propylamine was used in the second step of
the reaction, almost all of the remaining —COOH
groups were converted to the corresponding amide.
Except for product loss during workup, the reaction
yield was almost quantitative.

The procedures used for the quaternization reac-
tions were similar to those reported in the literature
for quaternization of tertiary amines with bromoace-
tic acid® and 1,3-propanesultone.** The precursor
BC was also reacted with methyl 2-bromoacetate.
FTIR spectroscopy was used to monitor the quaterni-
zation reactions. On the basis of the IR spectrum of
the P(DMAPrAAm) homopolymer (cf. Infrared Spec-
troscopy section), the peak at 2778 cm™' in the IR
spectrum of P(DMAPrAAm-r-RPEGA)-b-PS (2) was
attributed to >N(CHj;), C—H stretching vibrations.*®
After reactions with bromoacetic acid, 1,3-propane-
sultone, and methyl-2-bromoacetate, this peak disap-
peared; this indicated that the tertiary amine groups
had undergone the quaternization reaction. All of
the ionic polymers of this study were completely
soluble in polar solvents such as DMF, despite the
high extent of the quaternization reaction.

The design strategy used herein was different
from that of Sundaram et al,** who recently
reported the marine antibiofouling properties of sur-
face-active zwitterionic BCs. These polymers were
prepared with poly(dimethylaminoethyl methacry-
late)-block-PS precursors synthesized by ATRP. The
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Figure 3 FTIR spectra of (a) PS, (b) P(DMAPrAAm), (c)
P(DMAPrAAm-r-R{PEGA)-b-PS (2), (d) P(AAmPrDMAAc-
r-R{PEGA)-b-PS (3), (e) P(AAMPrDMAPS-r-R{PEGA)-b-PS
(4), and (f) PLGAAMPrDMABr-r-R{PEGA)-b-PS (5).

dimethylaminoethyl groups were reacted with an
(R{PEG) 2-oxodioxaphospholane derivative to intro-
duce phosphobetaine zwitterions into the polymer
side chains. The 2-oxodioxaphospholane derivative
performed the dual roles of a quaternization agent
and a surface-directing group. In the BCs of this
study, however, the surface-directing R{PEG mers
and the ionic mers were separate, and their relative
numbers could be independently controlled (cf.
Scheme 1). Only a small number of the R{PEG
groups (17.3 mol %) were incorporated into the sur-
face-active block so that a large fraction of the sur-
face sites were occupied by the ionic mers (instead
of the PEG or fluoroalkyl moieties).

In contrast to polymers with dimethylaminoethyl
side chains, which have been widely studied in the
past, the additional methylene group in the propyl
spacer (that connects the ionic group to the polymer
backbone) of this study was expected favor surface
segregation of the ionic side chains. Liaw et al.*’
used propiolactone to synthesize polycarboxybe-
taines, wherein the ammonium and carboxylate ions
were separated by three methylene groups. How-
ever, the use of 2-bromoacetic acid, as in this work,
results in only one methylene group between the
cation and the anion, which affects the intercharge
length, the dipole moment, and the hydration char-
acteristics of the zwitterion.

Infrared spectroscopy

Figure 3 shows the IR spectra of the three ionic
copolymers, the P(DMAPrAAm-r-RPEGA)-b-PS BC
precursor, the P(DMAPrAAm) homopolymer, and PS.

The peak corresponding to amide C=O stretching
vibrations occurred at 1647 cm ' in P(DMAPrAAm).
The ester C=O stretching vibrations were observed
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at about 1732 cm™ ! for P(DMAPrAAm-r-R{PEGA)-b-
PS and P(AAmMPrDMAPS--R{PEGA)-b-PS and at
1743 cm™' for P(AAmMPrDMAAc-r-RPEGA)-b-PS
and P(AAmPrDMABr-r-R(PEGA)-b-PS. The peak at
1399 cm ™' in the spectrum of P(AAmPrDMAAc-r-
R{PEGA)-b-PS (3) was attributed to the COO™ sym-
metric stretching vibrations. The peak at 1038 cm ™!
in the spectrum of P(AAMPrDMAPS-r-R{PEGA)-b-PS
(4) was due to the S=O stretching vibrations. The
peak near 757 cm ' was attributed to the CH, rock-
ing vibration (in the polymer backbone and side
chains), and that at 1452 cm ™' was due to CH, scis-
sor vibrations. The peak at 699 cm ™' was due to the
out-of-plane bending vibrations of the five hydrogen
atoms attached to the PS phenyl ring, and that at
1493 cm™' was attributed to aryl C=C stretching
vibrations. From the IR spectrum of polytetrafluoro-
ethylene, asymmetric and symmetric CF, stretching
was expected at 1241 and 1208 cm™'. The peak at
1106 cm ' was attributed to the C—O stretching
vibrations of the —CH,CH,O— segments (cf. Fig. 2).

XPS

Figure 4 shows the C 1s XPS spectra of the surfaces
of the BCs P(AAmPrDMAPS-r-R{PEGA)-b-PS and
P(AAMPrDMABr-r-R{PEGA)-b-PS. The BCs were
spin-coated on silicon wafers, and the films were
annealed in a vacuum oven at 120°C for about 12 h.
These spectra were acquired at ¢ = 70°. The spectra
were resolved into subpeaks with a series of Gaus-
sian—Lorentzian curves and a Tougaard background.

In XPS, about 63.2% of the experimentally deter-
mined XPS peak intensities is attributable to photo-
electrons emitted from the topmost layer of film,
with a thickness of Acos¢p, where L is the inelastic
mean free path of the electrons.*® A second layer,
with a thickness of Acosd, results in an additional
23.3% of the detected photoelectrons. A third layer
of the same thickness makes a contribution of only
about 8.5% to the detected peak intensity. Hence, for
the spectra reported in Figure 4, the probe depth
was approximately 2 nm (=2Acos¢), where A of the
photoelectrons was estimated’ to be about 3 nm for
the BCs). About 86.5% of the XPS signal resulted
from atoms located within this depth.

Peaks 1 and 2 were attributed to the —CF; and
—CF,— carbon atoms, respectively. The n — =n*
shakeup satellite peak of the PS phenyl rings was
also expected in this region (290-294 eV). From the
fraction areas of peaks 1 and 2, it was inferred that
less than 15% of the carbon atoms in the top 2 nm of
the film were fluorinated. Peaks 3 and 4 were attrib-
uted to the C=O carbon atoms of the ester and am-
ide groups in the polymers. The cationic BC 5 con-
tained additional —C(=O)OCHj; ester groups in the
side chains. Peak 5 was attributed to carbon atoms
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Figure 4 High-resolution Cls XPS spectra of BCs: (a)
P(AAMPrDMAPS-r-R{PEGA)-b-PS (4) and (b) P(AAmPrD-
MABr-r-RPEGA)-b-PS (5).

attached to the heteroatoms O, S, and N in the BCs.
Hence, the surfaces of the BC films contained a large
number of ionic mers; this was also evident from the
contact angle studies reported in the following sec-
tion. Peak 6 was attributed to C—C carbon atoms in
the BC and to the C=C carbon atoms of the PS
mers, which constituted about 78 mol % of the BC.
Despite the large mole fraction of styrene and the
lower surface energy of styrene compared to the
ionic mers (cf. the Surface Wettability and Surface
Energy section), the presence of the ionic block at
the surface was attributed to the relatively low-sur-
face-energy R{PEG surface anchoring groups (Fig. 2).
The surface concentration of ionic mers would be
even higher when the coatings are immersed in an
aqueous environment. The composition depth pro-
files in the ionic BC thin films were investigated in
detail and will be reported separately.

The carboxybetaine polymers were obtained by
the reaction of DMAPrAAm mers with bromoacetic
acid. The bromide ions in the BC were removed by
reaction with KOH (cf. Scheme 1). The excess KOH

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE I
0, and 6, (°) Values of Different Probe Liquids® on the Surfaces of the Polymer Thin Films

WA EG HD DIM BN GL

0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

P(DMAPrAAm-r-R;PEGA)-b-PS (2) 73 21 69 20 48 43 72 25 52 43 90
P(AAMPrDMA Ac-r-R{PEGA)-b-PS (3) 64 14 58 14 47 16 80 11 60 11 86
P(AAmMPrDMAPS-+-RPEGA)-b-PS (4) 66 14 62 12 44 36 69 22 61 12 80
P(AAMPrDMABr-r-RPEGA)-b-PS (5) 70 18 74 30 40 28 75 45 75 45 91
P(AAmPrDMAAC) ~ 0 ~0 21 12 37 21 66 57 56 48 45
P(AAmPrDMAPS)b ~0 ~0 26 12 27 21 51 25 44 27 28
PS 97 83 62 55 11 ~ 11 = 15 11 74
PPFS 107 85 72 53 30 17 64 15 52 34 95

WA, water; EG, ethylene glycol; HD, hexadecane; DIM, diiodomethane; GL, glycerol; BN, o-bromonaphthalene.

b9, of dimethyl sulfoxide on P(LAAMPrDMAPS) was 12°.

and KBr were then removed by extraction in water.
The absence of Br 3d peaks (expected near a binding
energy of 70 eV) or the K 2p (294 eV) and K 2s (377
eV) peaks in XPS survey scans (data not shown)
indicated that there were no residual bromide or po-
tassium ions in the carboxybetaine polymers.

Surface wettability and surface energy

Thin films of the polymers were prepared by spin-
coating solutions of the polymers in suitable solvents
on glass substrates. The nonionic precursor BC,
P(DMAPrAAm-r-RqPEGA)-b-PS, and the cationic BC,
P(AAmMPrDMABr-r-R{PEGA)-b-PS, were spin-coated
with 3% (w/v) solutions in chloroform. The zwitter-
ionic BCs were spin-coated with 3% (w/v) solutions
in a DMF-methanol blend (8 : 1 v/v). The zwitter-
ionic homopolymers were spin-coated with 3%
(w/v) solutions in distilled water. Thin films of PS
and PPFS were also prepared (from 3% w/v solu-
tions in chloroform) and used as references for the
surface wettability studies. Because PPFS is a fluori-
nated polymer, it was expected to have a lower sur-
face energy than PS. After spin coating, the films
were dried at 60°C for 24 h and further annealed at
120°C in a vacuum oven for 24 h.

The sessile drop method was used to determine
the advancing contact angle (6,) and receding con-
tact angle (0,) values of several probe liquids on the
spin-coated BC surfaces. Table I gives the contact
angles measured in air at room temperature.

All of the contact angles reported in Table I are
averages of at least three measurements. The mea-
surement uncertainty was less than 2° for contact
angles greater than about 30° (except in the case of
glycerol, for which the uncertainty was about 4°
because of its high viscosity). For lower contact
angles, the measurement uncertainty was about 4°.
The 6, values of glycerol could not be determined.

The BC surfaces were hydrophilic, with advancing
and receding water contact angles (0,, and 6,,,
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respectively) significantly below 90°. The contact
angles were different from the values for PS. There-
fore, although about 77.5 mol % of the BCs were sty-
rene mers, a significant concentration of the ionic
mers was present at the surface; this was attributed
to the low surface energy of fluoroalkyl poly(ethyl-
ene glycol) acrylate (R{PEGA) surface-anchoring
groups. 0,, and 0,, of the ionic BCs 3, 4, and 5
were significantly lower than those of the nonionic
precursor BC 2 and also those of the nonionic BC
P(RPEGA)-b-PS (0,,, = 86° and 0,,, = 41°) reported
previously;® this indicated that the surface wettabil-
ity was predominantly influenced by the ionic mers.
The R{PEGA mers in these copolymers only func-
tioned as surface anchors, and their effect on water
wettability was relatively small. The water contact
angles on the zwitterionic BCs were slightly lower
than those on the BC with cationic groups, evidently
because of the relatively nonpolar, terminal —CHj
group in the cationic side chains.

Contact angle hysteresis (the difference between 6,
and 0,) is caused by factors such as chemical and topo-
graphical heterogeneity and surface reconstruction of
the polymer after contact with the probe liquid. The
spin-coated and thermally annealed surfaces were
expected to have surface roughnesses in the nanometer
range. All four BC surfaces showed large hysteresis val-
ues, mainly because of chemical heterogeneity (a combi-
nation of highly polar and nonpolar groups in the poly-
mer microstructure) and surface reconstruction.

Surface energy

The surface energy of a solid is usually determined
by the study of the contact angles of probe liquids on
the solid. There are only a few reports on the surface
energies of zwitterionic polymers.***° Hiwatashi
et al.*’ found that the surface energies of ionic ran-
dom terpolymer films containing the carboxybetaine
N -(2-methacryloyloxyethyl)-N,N-dimethylammonioa-
cetate or the cationic mer N-(2-methacryloyloxyethyl)-
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N,N-dimethyl-N-ethyl ~ammonium ethyl sulfate
ranged from about 38 to 64 mJ/m? with a variation
in the number of ionic mers from 35 to 60 mol %.
The other two monomers in the terpolymers were the
nonionic methyl methacrylate and iso-butyl methacry-
late. The surface energies were calculated with static
contact angles.

In this study, the surface energy model of Owens,
Wendt, and Kaelble (OWK)! was used to estimate
the surface energy (y) values of the BCs. The OWK
model resolves surface energy into contributions
from dispersion and polar forces, and the work of
adhesion at the solid-liquid interface (Wsy) is
assumed to be given by the following equation:

Wsr = 2v/7s%7.% + 24/vsP1i? (1)

where 24/vs%y; 4 is the nonpolar, dispersion contri-
bution and 2,/ysPy;? is the polar contribution. The
superscripts d and p denote the dispersion and polar
components, respectively, of the surface energy of
the solid (denoted by subscript S) and that of the
probe liquid (denoted by subscript L). v/ and 7 are
the contributions from the induced dipole-induced
dipole interactions (the London or dispersive inter-
actions) and the polar interactions [the dipole—
induced dipole (Debye), dipole-dipole (Keesom),
and hydrogen-bonding interactions], respectively.

The Young-Dupré equation [eq. (2)] relates the work
of adhesion to the total surface energies of the solid and
liquid (ys and v;, respectively) and the equilibrium con-
tact angle (0) of the liquid on the solid:

WsL = vs + v — vs. = 7.(1 + cos 0) )

Thus, from egs. (1) and (2), we obtain

YL (1 + cos0) = 2¢/ysMy, 4 + 24/ vsP . P ®)

The two unknowns, ys? and v’ in eq. (3) may be
determined with at least two probe liquids with
known surface energy components ;% and vy;” (cf.
Table II).>> We used a matrix method to solve the set
of n algebraic equations in +/ys? and /ys? [cf.
eq. (4)]:

V(1 +c080:)/2 =\ /Y PV + /TLFVYS (@)

where i = 1 to n denotes the different probe liquids.
In matrix notation

y = Xp ©)

where y is a column vector of dependent variables
[yi = v.:(1 + cos 0;)/2], P is a column vector consist-
ing of the unknowns /y¢¢ and /y¢7, and X is an n
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TABLE II
Surface Energy Parameters (mJ/m?) for the
Probe Liquids at 20°C
Liquid N v v
Water 72.8 21.8 51
Glycerol 64 38 26
Ethylene glycol 48 33.8 14.2
Dimethyl sulfoxide 44 36 8
Diiodomethane 50.8 49.5 1.3
1-Bromonaphthalene 444 444 0
Hexadecane 27.5 27.5 0

x 2 matrix with the elements /v, 7 and /v, in
each of the n rows.

The multiple linear regression equation for the
determination of p is

p=X"x)"'X"y (6)

where X" is the transpose of X. Thus, one obtains v’
and y¢’ by squaring the elements of vector p. The
total surface energy of the solid is then determined
using ys = vs + V5"

When more than two probe solvents are used, the
number of degrees of freedom (df) in the multiple
regression is increased to n — 2; this allows an estima-
tion of uncertainties in the calculated surface energy
parameters. First, the estimated values of the depend-
ent variable ¥; are obtained using y = Xp, where ¥ is a
column vector of the estimated values of the depend-
ent variables. The residual is calculated as a difference
of y and §. The sum of all squared residuals (SS;s) is
a summation of the square of each element of the vec-
tor y — §. The mean squared error (MSE) is given by
SSyes/df (Where df = n — p, where n is the number of
probe liquids, and p is the number of parameters in
the model and is equal to 2). The standard errors of
the dispersion and polar components (se; and se,,
respectively) in the estimated values of \/ys? and
V/YsP, respectively, are the square roots of the ele-
ments along the main diagonal of the variance-co-
variance matrix [MSE(X"X)™].

For the acrylamido polymers, the 0, values were
significantly lower than the 6, values for all of the
probe liquids (cf. Table I). When the 6, and 0, differ
significantly, a question arises as to which of these
angles should be used in eq. (3) to calculate the
polymer surface energies. The equilibrium contact
angles upon which eq. (3) is based are usually diffi-
cult to determine. The 6, values are commonly used
for surface energy calculations, but Della—Volpe and
Siboni recommended the use of an average contact
angle (0), given by cos 0 = (cos 0, + cos 0,)/2.%

The surface energy values were estimated with all
three angles, 0,, 0,, and 0, and are shown in Table
III. The surface energies of the zwitterionic homopol-
ymers P(AAmPrDMAAc) and P(AAmPrDMAPS)

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Surface Energies (mJ/m?) of the Polymers as Calculated with the OWK Model®
vs” Vs Vs
Polymer With 6, With®, With6  With 0, With 6, With 6 With 6, With 0, With 0
P(DMAPrAAm-r- 19.6 (55) 285 (5.7) 242 (46) 6.8 (49) 354 (10.3) 209 (7.0) 263 (7.3) 639 (11.8) 45.1 (8.3)
R{PEGA)-b-PS (2)
P(AAMPrDMAAc-r- 168 (52) 346 (7.1) 254 (46) 129 (7.0) 319 (11.1) 245 (74) 297 (8.8) 665 (13.2) 49.9 (8.8)
RPEGA)-b-PS (3)
P(AAMPrDMAPS-+- 19.0 (42) 327 (7.1) 257 (49) 117 (5.1) 33.6 (11.8) 235 (7.6) 307 (6.6) 662 (13.7) 49.3 (9.0)
R{PEGA)-b-PS (4)
P(AAMPrDMABr-r- 153 (4.8) 26.0(5.2) 208 (41) 99 (59) 367 (10.1) 23.7 (72) 252 (7.6) 627 (11.4) 445 (8.3)
R{PEGA)-b-PS (5)
P(AAMPrDMAAc) 194 (44) 239 (44) 21.8 (43) 41.6(9.8) 427 (95) 44.6 (10.0) 61.0(10.7) 665 (10.5) 66.4 (10.9)
P(AAMPrDMAPS) 239 (42) 31.8(6.3) 283 (5.6) 385 (8.4) 357 (10.8) 38.0 (10.6) 624 (9.4) 67.5(125) 66.3 (12.0)
PS 406 (5.1) 398 (6.0) 40.1(5.9) 01(03) 19(21) 07(1.2) 407 (5.1) 418(63) 408 (6.0)
PPFS 26.6 (1.9) 37.0(5.1) 31.8 (2.6) 0 2221  08(07) 266(19) 392 (55) 325 (2.8)

0, average angle calculated with cos 6 = (cos 0, + cos 0,)/2. The uncertainties are given in parentheses.

and the nonionic polymers PS and PPFS were also
determined for comparison. In Table III, the best
estimates for vs®, v¢’, and vs are shown with the
uncertainties in these values. The uncertainties were
calculated using the se; and se, values obtained from
linear regression. The uncertainties in vs? and y4

are, respectively, equal to 2se;\/vs? and 2se,\/Ys?,
and that in the total surface energy (ys), is equal to

2\/ (seavs)® + (sepvs?)™.

In Figure 5, the contact angles calculated with the
OWK surface energy parameters are plotted against
the experimental 6, values. The Pearson product-
moment correlation coefficient was 0.7389. Thus, a
reasonable agreement between the experimental and
predicted contact angles was observed.

The relative values of the surface energy compo-
nents would be influenced by the surface concentra-
tions of the polar (ammonium, sulfonate, or carboxy-
late ions, PEG segments, amide and ester groups,
etc.) and nonpolar groups (perfluoroalkyl segments,
styrene mers, etc.). From Table III, it is seen that the
polar component of surface energy (v;) was higher
for the ionic polymers than for the nonionic poly-
mers PS and PPFS. The total surface energies of BCs
2, 3, 4, and 5, on the basis of the 6, values, were sig-
nificantly lower than the surface energies of the
zwitterionic homopolymers. The relatively low sur-
face energy, calculated with 6,, was attributed to the
fluoroalkyl groups present in these polymers. Marti-
nelli et al.'’ found that the fluoroalkyl groups low-
ered the surface energy significantly (<20 mJ/m?),
even when less than 10% of the mers were fluori-
nated. Hence, the 0, values were not representative
of the ionic composition of the zwitterionic and cati-
onic BCs. The 0, values were strongly influenced by
the relatively small numbers of the highly nonpolar
perfluoroalkyl groups in the BCs.
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Table III also gives the surface energy of the ionic
BCs, determined with the 0, values. These values
were now closer to those of the zwitterionic homo-
polymers P(AAmPrDMAAc) and P(AAmPrDMAPS).
Additionally, it was evident that the zwitterionic
homopolymers had nearly the same surface energy,
regardless of whether 0, or 0, was used for the sur-
face energy determination. The same was true for
the nonionic polymers PS and PPFS.

Thus, for the surfaces of the copolymers consisting
of both polar and nonpolar mers, 0, was determined
primarily by the nonpolar mers, whereas 0, was sen-
sitive to the polar groups at the surface. For homo-
polymer surfaces, where mers of only one polarity
were present, both the contact angles resulted in
similar values of surface energy.
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Figure 5 Contact angles calculated with the OWK model
[eq. (3) and Table III] versus the experimental values for
the BCs [(¢) 2, (W) 3, (A) 4, and (®) 5] and homopoly-
mers [((0) P(AAmPrDMAACc), (/) P(AAmPrDMAPS), (+)
PS, and (x) PPES]. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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The dispersion component of the surface energies
(vs") of the carboxybetaine and sulfobetaine homo-
polymers, calculated with 0, were about 22 and 28
mJ/m?, respectively, and the polar components
(vs"’s) were about 45 and 38 mJ/m?, respectively (cf.
Table III). Hence, the total surface energy of
P(AAMPrDMAPS) was close to that of P(AAmPrD-
MAAC) (ca. 66 mJ/m?). The surface energy of the
sulfobetaine homopolymer had a lower polar com-
ponent than that of the carboxybetaine homopoly-
mer; this was attributed to the presence of a greater
number of the relatively nonpolar methylene groups
between the ammonium ion and the sulfonate ion
(three —CH,— groups) in the sulfobetaine mer than
that in the carboxybetaine mer (one —CH,— group).

The contact angles and surface energy of PS deter-
mined in this work were in good agreement with lit-
erature values.”*”®> We also determined the surface
energy of PPFS, a polymer which has been widely
investigated as an antibiofouling (fouling-release)
polymer because of its low surface energy. The sur-
face energy of this polymer was significantly lower
than that of PS. Both PS and PPFS had negligible
values of the polar surface energy component; this
meant that mostly dispersion forces contributed to
the work of adhesion on these surfaces.

The van Oss, Chaudhury, and Good and the
Della-Volpe Siboni models™ were also used to esti-
mate the surface energies of the ionic polymers. The
results were qualitatively similar to those obtained
with the OWK model and, hence, are not discussed
in detail here.

¢ potential and surface charge of the ionic BCs

To determine the effect of pH on the net charge of
the ionic BCs, aqueous colloidal dispersions of the
BCs were prepared. Because of the hydrophilicity of
the ionic mers, we expected the ionic block to be
preferentially present at the particle-water interface.
The number-average particle diameters of the dis-
persions of the BCs P(AAMPrDMA Ac-r-R{PEGA)-b-
PS, P(AAm PrDMAPS--R{PEGA)-b-PS, and P(AAm
PrDMABr-r-R(PEGA)-b-PS were 2.7, 4.3, and 2.3 um,
respectively. The particles were formed by the pre-
cipitation and aggregation of the BC chains in water.
The particle sizes in coagulative nucleation, particu-
larly in a surfactant-free system, are strongly sensi-
tive to the surface charge density of the aggregates.”
The sulfobetaine moiety has two additional, rela-
tively nonpolar —CH,— groups in the zwitterionic
structure. Subtle differences in the van der Waals
and electrostatic forces between the different ionic
groups in the polymer chains, mediated by the aque-
ous environment, could probably explain the
observed difference in the particle diameters. The
polarity of the water-miscible solvent THF, which
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Figure 6 { potential of aqueous dispersions of the (M)
P(AAMPrDMAAc-r-RIPEGA)-b-PS, (A) P(AAMPrDMAPS-
r-R{PEGA)-b-PS, and (O) P(AAmMPrDMABr-r-R{PEGA)-b-
PS BCs (T = 25°C).

was used in particle formation, could also influence
the particle size. A detailed investigation of these
effects was beyond the scope of this study.

The sulfobetaine BC was found to be negatively
charged over a pH range of 1-10 (cf. Fig. 6). This
perhaps unexpected behavior of the zwitterionic sul-
fobetaine polymer as an anionic polymer can be
understood on the basis of the strongly acidic nature
of sulfonic acid (the conjugate acid of the sulfonate
moiety present in the zwitterion) compared to car-
boxylic acid.

The net charge on the zwitterionic polymers is deter-
mined by the acid-base equilibria involving the tetraal-
kylammonium and sulfonate ions. Because of the
strong acidity of sulfonic acid (e.g., pK, of methanesul-
fonic acid ~ —2.6), almost all of the sulfonate would be
present in the form of the anion, instead of the
uncharged sulfonic acid [cf. eq. (7)]. Concomitantly,
some of the tetraalkylammonium ion would associate
with the OH™ ions supplied by water to form
uncharged tetraalkylammonium hydroxide [eq. (8),
where NR; = —CH,N"(CH;),CH,— is the cationic
group of the zwitterion]:

—CH,SO3H — —CH,SO;~ + H™ (7)
Klz
NR; " + H,O 2 NRyOH H' (8)

Because of an excess of the negatively charged sulfo-
nate ion over the positively charged ammonium ion,
the polymer would have an overall negative charge,
as seen experimentally. For charge neutrality in the
polymer, the pH must be lowered so that the equi-
librium shown in eq. (8) is shifted to the left, in
favor of NR," formation. The decrease in the magni-
tude of surface charge with a decrease in pH and
the approach toward the charge neutrality that is

Journal of Applied Polymer Science DOI 10.1002/app
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shown in Figure 6 are, thus, consistent with the pro-
posed explanation. The equilibrium constant, Kj, [cf.
eq. (8)], is related to the pK, of NR4OH [cf. eq. (9)]
by pKy, = 14 — pKy:

K
NR;OH = NRy" OH™ )

On the basis of the pK; of NH,OH (= 4.7), the value
of Kj, is expected to be significant. The forward reac-
tion of eq. (8) would therefore, result in a lowering
of the isoelectric point of the sulfobetaine polymer.
The experimentally observed acidity (pH ~ 2.6) of a
solution of the cationic homopolymer poly[N-(3-
acrylamidopropyl)-N,N-dimethyl-N-(carbomethoxy-
methyl) ammonium bromide] [P(AAmMPrDMABr)] in
distilled water is also attributed to the hydrolysis
reaction of the ammonium ion [cf. eq. (8)].

The situation is different in the case of the carbox-
ybetaine group, which contained the carboxylate
anion, the conjugate acid of which is relatively weak
(pK, of acetic acid ~ 4.8). The almost irreversible
reaction of eq. (7) is now replaced by the reversible
reaction shown in eq. (10):

_ CH,COOH & —CH,COO~ + H*  (10)

When the pH is adjusted with a strong acid (e.g., HCl)
or base (e.g.,, KOH), the fractions of the tetraalkylam-
monium hydroxide and the carboxylic acid groups
that are in the dissociated form and, therefore, con-
tribute to net charge are given by 1/(1 + 10P" P
and 1/(1 + 10P% PH) respectively [cf. egs. (9) and
(10)].>® At the isoelectric point, these fractions are
equal. Hence, the isoelectric point of the zwitterion is
given by pl = (pK, + pK},)/2. As expected, the experi-
mentally observed isoelectric point of the carboxybe-
taine BC 3 was about 6 (Fig. 6), which is also in
agreement with the results of another recent study.”
We believe that this is the first elucidation of the
anionic behavior of sulfobetaine zwitterions with an
analysis of ionic equilibria in zwitterionic systems.
The negative { potentials of the sulfobetaine BC were
in agreement with the observations of Graillat et al.*’
that electrophoretic mobilities of PS latexes coated
with  (dodecyldimethylammonio)propanesulfonate
sulfobetaine surfactant are negative at pH’s between 2
and 12. The nonexistence of an isoelectric point in the
electrokinetic measurements of Graillat et al.*’ could
be rationalized with the explanation proposed herein.
The anionic character of the sulfobetaines was also
consistent with the observations of Mary and Bende-
jacq,®" that the sulfobetaine polyzwitterions formed
complexes only with positive polyelectrolytes (poly-
cations) and not with polyanions of acrylic acid.
Similarly, Polzer et al.%® recently reported a negative
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surface charge for colloidal particles consisting of a
crosslinked PS core and a grafted poly(N-methyacry-
loxyethyl-N,N-dimethylammoniopropyl  sulfonate)
shell but attributed the negative charge to the potas-
sium persulfate initiator and sodium dodecyl sulfate
surfactant residues incorporated during the synthe-
sis of the core particles. We expect that the sulfobe-
taine brushes would be negatively charged (at pH >
2) even if a nonionic initiator and surfactant were
used because of the lowering of the isoelectric point
of the sulfobetaine ampholyte caused by the hydro-
lysis reaction of the ammonium ion [cf. eq. (8)].

The hydrolysis of ester bonds, which would lead
to the formation of the anionic carboxylic acid, could
be argued to be a reason for the negative surface
charge of the sulfobetaines. However, negligible hy-
drolysis would be expected during the synthesis of
these polymers with the procedure outlined in
Scheme 1 or during the (-potential measurements.
Moreover, each molecule of the cationic N-(3-acryla-
midopropyl)-N,N-dimethyl-N-(carbomethoxymethy-
Dammonium bromide (AAmPrDMABr) BC 5 con-
tained a significantly higher number of ester groups
than those of the zwitterionic BCs 3 and 4 (cf. Scheme
1 and Fig. 2), and yet, BC 5 showed positive surface
charges in the electrokinetic measurements at pH val-
ues between 1 and 10. Thus, the primary reason for
the anionic behavior of the sulfobetaine polymers was
the relatively low isoelectric point of sulfobetaine.

It should be noted that HCl and KOH were used
to adjust the pH of the dispersions. Any decrease in
C potential at the pH extremes is also attributable to
an increase in the ionic strength (due to the addition
of acid or base that is required to cause the change
in the pH). Similarly, the dissociation constants, K,
or K;, could be different for monomers and poly-
mers, because of local electrostatic interactions that
are influenced by polymer conformation; but these
differences are not expected to lead to discrepancies
with the explanations presented herein.

Equation (11) gives the relation between the {
potential and surface charge density [c (C/m?)] for
spherical particles of radius a (m) dispersed in a so-
lution of a symmetric 1 : 1 electrolyte:*®

G:2sr82KkTsinh(e§> lH 1 1

|

Ka cosh?(e( /4kT)

where ¢, is 78.54 for water at 25°C, & is 8.85 x 107"
C?> J7' m™!, k is the Boltzmann constant (1.38 x
1072 J/K), T is the absolute temperature (K), z is
the valency of ions in the electrolyte, ¢ is the unit
charge (1.6 x 107" C), x = [2000Me*N 4/ (g,80kT)]"/>
is the Debye-Hiickel parameter, M is the molarity
(mol/dm®) of the electrolyte, and N, is the Avoga-
dro’s number (6.023 x 10*° mol™'). When ka > 1 (as
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TABLE IV
Sign of the Surface Charges of the Ionic BC Surfaces and BSA
PBS (pH 6.9) MES (pH 3.5)
P(DMAPrAAm-r-R{PEGA)-b-PS (2, precursor) + +
P(AAMPrDMAAc-r-RPEGA)-b-PS (3, carboxybetaine) - +
P(AAMPrDMAPS-r-R{PEGA)-b-PS (4, sulfobetaine) - —
P(AAMPrDMABr-r-R(PEGA)-b-PS (5, ammonium) + +
BSA _ +

in our experiments) and { is less than about 100 mV,
eq. (6) simplifies to o = 0.117\/Msinh gs/li} at
25°C. Thus, when the ionic strength is about 10"'mM,
a { potential of 40 mV corresponds to a surface
charge density of about 0.01 C/m? which is rela-
tively small, approximately one electronic charge per
16 nm? of surface. A fully ionized surface, on the
other hand, has one charge per 0.5 nm” (c = 0.3 C/
m?).** Thus, the ionic BC surfaces of this study were
highly hydrophilic but with a relatively low surface
charge density.

Protein adsorption

The influence of electrostatic interactions on the
adsorption of positively and negatively charged pro-
tein molecules onto the ionic BC surfaces was stud-
ied by a comparison of the fluorescence intensities
originating from adsorbed, fluorescently labeled
probe protein molecules. The same protein was
used, but we varied the net charge on the protein by
changing the pH of the solution in which the
adsorption occurred. BSA, a 66.8-kDa protein, with
585 amino acid residues, an ellipsoidal shape of
dimensions 14 x 4 x 4 nm® and an isoelectric point
of about 4.7 in water at 25°C, was selected as a
model protein for the study. Each polymer coating
(1.8 x 1.8 cm?) was incubated in about 2 mL of 1.5
uM BSA-FITC solution. Protein solutions were pre-
pared in PBS (pH ~ 6.9) and aqueous MES (pH ~
3.5) to alter the net charge and the nature of electro-
static interaction between the protein and the
surface.

Because BSA has an isoelectric point of 4.7, the
protein molecules were expected to be negatively
charged in PBS and positively charged in MES solu-
tion. Accordingly, the { potentials of BSA-FITC in
PBS and MES solutions were found to be —28.0 and
27.4 mV, respectively, at 25°C. The value of —28.0
mV in PBS was in good agreement with that
reported by Kaufman et al.° There was clearly an
inversion in the net charge of the protein in moving
from a pH above the isoelectric point to a pH below
the isoelectric point. Table IV summarizes the nature
of the charges on the BCs and BSA in the two solu-
tions. The { potential of the N-(3-dimethylamino-1-
propyl)acrylamide BC precursor (polymer 2) was

not determined, but on the basis of the relatively
high pK, of trimethylamine (9.74), it is expected that
this polymer would carry a net positive charge in
both the PBS and MES solutions. However, the sur-
face charge density would be significantly lower
than those on the ionic BC surfaces.

Figure 7 shows fluorescence images for the
adsorption of BSA-FITC on the nonionic precursor
BC 2, the zwitterionic BCs 3 and 4, the cationic BC 5,
and the nonionic homopolymers PS and PPFS in PBS
solution. A darker image corresponds to a lower fluo-
rescence intensity and, hence, a lower adsorption of
BSA-FITC. Several such images were analyzed for
each polymer surface to obtain the mean fluorescence
intensity reported in Figure 8. Figure 8 gives an aver-
age intensity over 300 x 240 x N pixels, where N is
the number of images analyzed. The intensities were
normalized such that the average value for BSA-FITC
adsorbed on PS in PBS corresponded to 100%.

As expected, the hydrophobic PPFS and PS surfa-
ces adsorbed relatively large concentrations of BSA.
Protein adsorption on these nonionic surfaces was
almost independent of the net charge on the protein
molecules (cf. Fig. 8). The precursor BC 2 had almost
the same amounts of adsorbed protein as the PS
control. This polymer contained about 83 mol % N-
(3-dimethylamino-1-propyl)acrylamide groups and
17 mol % R{PEGA mers in the surface active block.
Thus, it was evident that the small number of R(PEG
groups in the precursor BC was unable to prevent
protein adsorption at the surface of this polymer.

Quaternization reactions on the precursor BC gave
the hydrophilic zwitterionic BCs 3 and 4. In PBS so-
lution, the adsorption of BSA was significantly lower
on the surfaces of both 3 and 4 (the carboxybetaine
and sulfobetaine BCs, respectively) than PS. On the
other hand, for the cationic BC 5, the surface density
of adsorbed BSA was about two times that on PS
(and about six times that on the zwitterionic coat-
ings). The increased protein adsorption on the cati-
onic polymer 5 and the BC precursor 2 could be
attributed to electrostatic attraction between the neg-
atively charged protein and the positively charged
surface surface; see ref. 64). The lower BSA adsorp-
tion on the zwitterionic polymers was evidently due
to a stronger net repulsive force between the poly-
mer coatings and the protein.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 7 Fluorescence microscopy images of the polymer coatings with adsorbed BSA-FITC [adsorption in PBS of ionic

strength 140 mM (scale bar = 25 um)].

In MES solution, the pH of the aqueous phase was
below the isoelectric point of the protein, and the
protein molecules had a net positive charge. The
lower BSA adsorption on the positively charged BCs
3 and 5 compared to that on PS or PPFS was consist-
ent with the expectation of repulsion between like-
charged surfaces (the repulsive force between two
similarly charged surfaces in a medium containing
counterions is entropic in origin, not electrostatic—
the electrostatic contribution to the net force is
attractive even between two similarly charged surfa-
ces; see ref. 64). The BSA adsorption on the nega-
tively charged P(AAmMPrDMAPS-r-R{PEGA)-b-PS
(sulfobetaine) BC surface was higher in MES solu-
tion than in PBS solution yet lower than that on PS
or PPFS. The higher protein adsorption in MES solu-
tion could be attributed to electrostatic attraction
between the positively charged protein molecules
and negatively charged BC surface. However, it was
evident that electrostatic attraction (in PBS) was
much stronger in the case of the cationic BC 5 than
in that of the zwitterionic BC 4 (cf. Fig. 8).

An important inference from Figure 8 arises from
a comparison of the adsorptions of (1) BSA-FITC on
the sulfobetaine BC 4 in MES buffer and (2) BSA-
FITC on the cationic BC 5 in PBS. In both cases, the
protein and the polymer surface were of opposite
charges. However, the protein adsorption was signif-
icantly higher on the cationic polymer (case 2) than
on the sulfobetaine polymer (case 1); this was attrib-
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uted to the stronger steric hydration forces on the
zwitterionic polymer surface.

The formation of a hydration layer on a biomate-
rial surface and the resulting excluded volume
interactions with hydrated protein molecules are re-
sponsible for the exclusion of protein from the sur-
face of the biomaterial (see chapters 15 and 21 in
ref. 64). The hydration shell consists of a layer of
water molecules directly in contact with the surface.
The disruption of a hydration shell consisting of
strongly bound water is not energetically favorable.
Repulsion occurs because of the energy needed to

250%
O Adsorption in PBS solution El

200% 1 O Adsorption in MES selution

150% -

32

100

0% - { 1_‘
0% T T T

PPFS PS 2 3 4 5

2,3

Fluorescence intensity (a.u.)

Figure 8 Relative adsorption of BSA-FITC from a pH 6.9
PBS solution and a pH 3.5 MES solution on P(DMAPr
AAmM-r-RPEGA)-b-PS (2), P(AAmMPrDMAAc-r-RPEGA)-b-
PS (3), P(AAmMPrDMAPS-r-R;PEGA)-b-PS (4), P(AAmPrD-
MABr-r-RqPEGA)-b-PS (5), PS, and PPFS.
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dehydrate the surface hydrophilic groups as the
surfaces of the protein and the biomaterial approach
each other.

West et al.?® performed a direct comparison of the
antibioadherence of sulfobetaine and phosphobe-
taine random copolymer coatings and found that the
phosphobetaine-based copolymer coatings were
markedly superior to the sulfobetaine-based copoly-
mer coatings; they attributed this to better hydration
of the phosphobetaine head group (12-19 water mol-
ecules per head group) than of the sulfobetaine head
group (8 water molecules).

It is expected that both types of zwitterionic
groups in the BCs of this study would be highly
hydrated.”” Furthermore, the extent of hydration
would be higher in the case of the carboxybetaine
side chains because of fewer methylene groups sepa-
rating the ionic centers in these zwitterions. More-
over, the protein adsorption results indicated that
the zwitterionic polymers were hydrated to a much
greater extent than the cationic polymer. The rela-
tively high adsorption of the negatively charged pro-
tein molecules on the cationic BC surface could be
attributed to the layer of poorly hydrated bromide
counterions on this surface. The cationic surface
would be covered by an electrical double layer com-
posed of bromide anions in the Stern layer (the first
layer of the double layer). The bromide anion,
because of its large size and weak electric field,
would have a low hydration number (~ 1) in the
aqueous phase. The relatively weak steric hydration
force of the cationic BC surface would be unable to
overcome the force of electrostatic interaction, result-
ing in the highest protein adsorption on this surface
(cf. Fig. 8). Thus, the steric hydration forces on pro-
tein repulsion decreased in the following order: car-
boxybetaine > sulfobetaine > cationic.

CONCLUSIONS

We have discussed a simple polymer analogous
reaction strategy for the synthesis of surface-active
ionic BCs that can form water-insoluble antifouling
coatings on surfaces by techniques such as dip coat-
ing, spin coating, and spraying. All of the ionic BC
surfaces were found to be quite hydrophilic, as
expected. The total surface energies of the carboxy-
betaine and sulfobetaine homopolymers were both
about 66 mJ/m? The total surface energies of the
zwitterionic BC coatings, calculated with the 0, val-
ues, were also about 66 mJ/m?; this indicated that
the zwitterionic moieties were present at the surface,
despite their high surface energy.

All of the ionic polymers possessed net charges
and nonzero electrophoretic mobilities in aqueous
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dispersions (except at the isoelectric pH 6, at which
the carboxybetaine polymer had no net charge). Con-
trary to the notion that sulfobetaines should exhibit
charge neutrality because of their zwitterionic nature,
the sulfobetaine BC surfaces were found to be nega-
tively charged throughout the pH range of 2-10.

Both the zwitterionic coatings, including the nega-
tively charged sulfobetaine surface, showed low pro-
tein adsorption regardless of the net charges on the
protein molecules or the polymer coatings. In con-
trast, the amount of protein adsorbed on the cationic
BC surface was strongly dependent on protein
charge. The protein resistance of the zwitterionic BC
surfaces was attributed to steric hydration repulsion
forces. The hydration force was weaker in the cati-
onic BC surface because of the presence of free bro-
mide counterions, which were poorly hydrated.
Thus, the zwitterionic polymers of this study are
expected to be effective in preventing adsorption of
protein molecules with isoelectric points both below
and above the physiological pH (ca. 7.4) or the pH
of seawater (ca. 8.0), so they could be used as bio-
compatible coatings for biomedical applications and
as marine antifouling coatings.
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