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ABSTRACT: Polyampholytic poly(2-aminoethyl methacrylate-co-sulfopropyl
methacrylate) (p(AEMA-co-SPMA)) thin films were prepared by self-initiated
photopolymerization and photografting (SIPGP) and are demonstrated to be a
potential alternative to films prepared from zwitterionic poly(sulfobetaine
methacrylate) (pSBMA) for antifouling applications. SIPGP allows polymerization
from aqueous solutions containing only monomers, implying that p(AEMA-co-
SPMA) thin films can be prepared simply and inexpensively without the risk of
introducing potentially toxic substances necessary in many controlled polymer-
ization reactions. For the polymers, wettabilities were studied by contact angle
goniometry, the compositions of the films were determined by infrared and X-ray photoelectron spectroscopies, and streaming
current measurements were used to assess their net charge. The antibiofouling properties were compared via adsorption of
fibrinogen and bovine serum albumin, settlement of algal zoospores, and the growth of sporelings of the marine alga Ulva lactuca.
The fouling of the p(AEMA-co-SPMA) copolymer was in several respects similar to that of the zwitterionic pSBMA and suggests that
it is potentially suitable for applications under high-salinity conditions, such as marine or physiological environments.

KEYWORDS: self-initiated photopolymerization and photografting, polyampholyte, poly(AEMA-co-SPMA), protein adsorption,
marine biofouling, spore settlement, Ulva lactuca

■ INTRODUCTION

The need for robust, nontoxic, and environmentally benign
antifouling coatings is increasing as biofouling problems in
shipping and industrial aquatic processes remain unsolved,
while broad-spectrum biocides are phased out due to
environmental concerns or legislation. Biocide-free antifouling
coatings relying on physicochemical methods to prevent or
interfere with the processes preceding permanent attachment
of the dispersal stage of marine organisms, that is, temporary
attachment, settlement, or adhesion, require a good under-
standing of the mechanisms involved in the interactions
between the organisms, or their adhesives, and man-made
surfaces. As a result, research on suitable marine antifouling
coatings is becoming more similar to related work in the
biomedical field, where reliance on physicochemical means of
prevention has been a necessity. In this context, understanding
the charge interactions involved in biofouling processes is
important since electrostatic interactions are involved in
several early stages of fouling, irrespective of the application.
This includes the adsorption of macromolecules forming a
conditioning film on substrates, the interactions between the
surface and the outer layer membrane surface of fouling
organisms, or interactions with organic compounds such as
proteins or peptidoglycans, which are released by fouling
organisms prior to, or during, the settlement. The strategy to
minimize the surface charges is thus promising to reduce the

electrostatic component of any such interactions, which has
also been explicitly investigated for protein adsorption.1 In
practice, a charge-neutral surface is difficult to achieve since
most surfaces spontaneously acquire a negative electrical
charge when brought into contact with an aqueous medium,
either by selective adsorption of ions or by dissociation of
ionizable residues.
Zwitterionic materials consist of equal numbers of anionic

and cationic ionizable residues. These materials have gained
increasing attention due to their excellent antifouling proper-
ties2,3 and their particular suitability for applications in
biological systems.4 Studies on the application of zwitterionic
materials include, for example, biomedicine,5 antibacterial
coatings,6 biosensors,7 separation processes,8 and many other
antifouling applications.9 Zwitterionic polymers are of
particular interest for marine and biomedical antifouling
coating applications, where the salinity is high, since their
hydration is influenced by the environmental ionic strength.10

In contrast to other types of polyelectrolytes, the fouling
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resistance of many zwitterionic materials increases as the ionic
strength is increased due to the antipolyelectrolyte behavior;11

screening of the charges in the polymer reduces the
electrostatic attraction between oppositely charged residues,
causing chain expansion and swelling of the now strongly
hydrated polymer chains.12 In practice, most zwitterionic
polymers are prepared from a very limited number of
zwitterionic monomers.3 Inspired by the structure of
zwitterionic polymers, fouling-resistant materials can be
prepared by mixing two oppositely charged monomers, thus
keeping control over the charge neutrality.13 This also
broadens the range of possible antifouling materials since
there is a large number of positively and negatively charged
monomers that can be employed to generate charge-neutral
copolymer coatings, but avoiding the complications and
additional costs involved in synthesizing zwitterionic mono-
mers. The groups of Jiang,14 Chang,12 and others15 have
successfully prepared zwitterionic-like, so-called pseudozwitter-
ionic polymer brushes by controlling the balance between
positive and negative residues using surface-initiated atom-
transfer radical polymerization (SI-ATRP). These materials
showed both low protein adsorption and blood cell attachment
with potential applications in biosensors and in the biomedical
field. A characteristic feature of many such systems is the
antipolyelectrolyte behavior with increased swelling at higher
ionic strength accompanied by increased resistance to
fouling.10,12 This suggests that pseudozwitterionic materials
could be well suited for use under conditions of high salinity,
and in particular, for use in marine and physiological
environments. Hitherto, most fouling studies of pseudozwitter-
ionic materials have been conducted with biomedical
applications in mind.12−14,16−19 For marine applications,
zwitterionic materials have attracted considerable attention,
covering assays using carboxybetaines,20,21 phosphorylcho-
lines,22 and sulfobetaines.20−24 However, investigations of the
potential of pseudozwitterionic materials for marine antifouling
are so far limited.25

For practical applications, the ideal coating should be
inexpensive and simple to prepare. Controlled polymerization
methods such as atom-transfer radical polymerization (ATRP)
or reversible addition/fragmentation chain transfer (RAFT)
provide well-controlled synthesis but require specific atmos-
pheric conditions as well as costly and potentially toxic
chemicals (halide initiators, transition-metal ligands, or chain-
transfer agents). In this study, we use a simple, rapid, low-cost
method; self-initiated photopolymerization and photografting
(SIPGP), for preparing polyampholytic thin hydrogel-like
films. In SIPGP, no separate initiator is needed, but the
monomers act also as initiators (“inimers” or initiator
monomers). The monomers are excited by UV irradiation to
form radicals with enough energy to initiate free-radical
polymerization in the solution, but which might also abstract
hydrogen atoms from the substrate to form surface-bound
radicals as starting points for grafting. This is an uncontrolled
polymerization reaction where polymerization proceeds in the
bulk and monomers, oligomers, or polymers are grafted, while
possibly also cross-linking and branching of grafted chains
occur.26,27 In previous studies in our lab, this preparation
method has been used to fabricate both excellent antifouling
coatings28,29 and charge-balanced materials.30,31 Among the
advantages of this method is that it is inexpensive and simple in
setup and preparation, uses water as the solvent, and is
compatible with a wide range of monomers, substrate surface

chemistries (almost any organic material),32 and geometries.33

For use in sensitive environments and for biological assays, it
also has a considerable advantage since it does not use
initiators or catalysts, thus eliminating the risk of toxicity from
residual chemicals, for example, Cu ions, and only the potential
toxicity of remaining free monomers needs to be considered.
Here, we aim at preparing pseudozwitterionic thin polymer

film coatings from 1:1 mixtures of cationic 2-aminoethyl
methacrylate (AEMA) and anionic sulfopropyl methacrylate
(SPMA) monomers and testing their antifouling properties.
The performance is compared to homopolymers prepared
from the two monomers as well as a regular zwitterionic
sulfobetaine methacrylate (SBMA) polymer film prepared in a
similar manner. We characterize the physicochemical proper-
ties of the coatings, and the antifouling performance is tested
by protein (fibrinogen and bovine serum albumin) adsorption
assays and via the settlement of zoospores and growth of
sporelings of the marine green alga Ulva lactuca (U. lactuca).

■ MATERIALS AND METHODS
Materials. 2-aminoethyl methacrylate hydrochloride (AEMA), 3-

sul fopropyl methacrylate potassium salt (SPMA), [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)-ammonium hydrox-
ide (SBMA), fibrinogen, bovine serum albumin (BSA), and
phosphate-buffered saline (PBS) tablets were purchased from
Sigma-Aldrich Sweden AB and used as received. 11-Mercapto-1-
undecanol (HS-(CH2)11-OH) for preparation of OH-terminated self-
assembled monolayers (OH-SAMs) was purchased from ProChimia
Surfaces, Poland. Spore settlement and sporeling growth experiments
were carried out on cleanroom-cleaned Nexterion B, 26 × 76 × 1
mm3, glass microscope slides (Schott AG, Germany) coated on one
side. Artificial sea water (ASW) was prepared by dissolving 24.5 g of
sodium chloride, 4.1 g of sodium sulfate, 11.1 g of magnesium
chloride hexahydrate, 1.5 g of calcium chloride dihydrate, and 0.7 g of
potassium chloride in 1 L of Milli-Q water (MQ, Millipore, USA),
adjusted to pH 8.2 with 0.1 M NaOH, and filtered through a 0.2 μm
pore size membrane filter (Nalgene, USA).

Preparation of OH-Terminated SAM Surfaces. Nexterion B
glass slides were coated with a 25 Å adhesion-promoting titanium
layer and 300 Å gold by electron-beam evaporation under vacuum.
These gold-coated glass substrates were cleaned in a solution of 25%
NH3, 30% H2O2, and Milli-Q water in a 1:1:5 ratio for 10 min at 85
°C (TL1 cleaning). After rinsing several times with Milli-Q water, the
surfaces were blow-dried in N2 and immersed in a 50 μM solution of
mercaptoundecanol in ethanol for at least 24 h to form a monolayer.
After 2 min of sonication and rinsing with ethanol, the OH SAM-
immobilized gold substrates were blow-dried in N2 as described above
before polymer grafting.

Preparation of Polymer Films. The thin polymer films were
SIPGP-grafted from OH-SAMs, see Figure 1. Then, 5−10 μL/cm2 of
0.2−0.5 M monomer solution in Milli-Q water was used for
polymerization. The molar ratio of AEMA and SPMA was kept at
1:1 during the preparation of p(AEMA-co-SPMA) films. Large
samples (25 × 75 mm2 microscope slides) for spore settlement and
sporeling growth assays and samples for X-ray photoelectron
spectroscopy (XPS) were prepared using 5 μL/cm2 of 0.2 M
monomer solutions. Samples for Fourier transform infrared
reflection−absorption spectroscopy (FT-IRAS), wettability, and
protein adsorption were prepared using both 5 μL/cm2 of 0.2 M
and 10 μL/cm2 of 0.5 M monomer solutions. Samples for streaming
current measurements were prepared using 10 μL/cm2 of 0.5 M
monomer solutions. For grafting, the monomer solution was placed
on the OH-SAM substrate surface, and a transparent quartz disc was
gently placed on top of this surface. The solution was then allowed to
distribute evenly between the substrate and the quartz disc via
capillary forces. The thickness of the liquid layer between the surfaces
is approximately 40 μm. The assembly was irradiated by a UV light
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using a Philips TUV PL-L lamp (18 W, main emission at 254 nm), see
Figure 1b. The irradiation time was varied to account for differences
in the polymerization rate between the different monomer solutions
and in general tuned to obtain dry thicknesses of 200−300 Å. One
minute before irradiation, and throughout the UV polymerization, the
reaction chamber was purged with moist nitrogen gas to reduce
interference of oxygen and evaporation of the solvent. Nitrogen was
moisturized in a water-filled gas wash bottle immediately before
entering the reaction chamber. After irradiation, samples were
sonicated in Milli-Q water for 2 min followed by overnight immersion
in water to remove unreacted monomers and other chemical residues.
The samples were then blown dry and kept in sealed containers until
further use. To test whether the collapse of the polymer due to the
antipolyelectrolyte behavior prevents effective removal of residual
monomers upon rinsing in Milli-Q water, rinsing in 500 mM NaCl
was also tested, without any differences in film thicknesses. Thus,
Milli-Q rinsing was retained to minimize loading of ions into the
polymer.
Polymer Characterization. The chemical structure of the

polymers was investigated by FT-IRAS at a grazing incidence angle
of 85°. The spectrometer (Bruker IFS66) was equipped with a liquid
nitrogen-cooled mercury cadmium telluride detector. A deuterated
hexadecanethiol (HS(CD2)15CD3) SAM on gold was used to record
the background spectrum. XPS analyses were performed using an Axis
Ultra DLD spectrometer (Kratos Analytical, UK) using a mono-
chromatized Al (Kα) radiation with 1486.6 eV photon energy. The
background pressure during spectra acquisition was lower than 1 ×
10−9 mbar. The experimental conditions were such that the full width
at half maximum of the silver Ag (3d5/2) line was 0.56 eV. The
samples were analyzed in the as-received state, and the size of the
analyzed area was 0.3 × 0.7 mm2. The XPS spectra were referenced to
the hydrocarbon C 1s signal at 285.0 eV. No surface charging was
observed during the XPS analyses. The polymer film thicknesses were
determined with a Rudolph Research Auto EL III ellipsometer (He-
Ne laser at 632.8 nm and 70° incidence angle). The refractive index of
gold (TL1-cleaned as previously described) was measured prior to
polymer grafting and used for the substrate optical properties when
calculating the polymer thicknesses. The thickness was calculated
using a three-layer gold/polymer/air model with the refractive index
of the polymer set to 1.5. Wettabilities were assessed by advancing
water contact angle measurements in air using a CAM 200 optical
contact angle meter (KSV Instruments Ltd., Finland) equipped with a
manual liquid dispenser. A video system with software for calculating
contact angles was used to analyze images acquired during quasi-static
expansion of a droplet placed on the surface.
Three water droplets were measured on each surface in their dry

state, and for each droplet, 10 images were collected and both sides of

the droplet were analyzed, giving 20 data points per droplet.
Streaming current measurements were carried out at varying pressures
(0−200 mbar) across rectangular channels (length: 20 mm, width: 10
mm, and height: ∼25 μm) formed by two identically coated sample
carriers using a microslit electrokinetic setup.34−36

Protein Adsorption. Fibrinogen and BSA were used as models to
assess the resistance to protein adsorption. The optical properties of
each sample were determined by ellipsometry prior to the assays.
After washing three times with PBS followed by immersion in PBS for
1 h to let the polymer layers swell, the samples were incubated in the
protein solution (0.4 mg/mL) for 1 h at room temperature. After
washing three times again with PBS, the samples were gently blow-
dried under a N2 stream, and the thickness was measured
ellipsometrically to obtain the change in thickness due to the
adsorbed proteins. As above, the thickness was calculated using a
three-layer gold/organic layer/air model with the refractive index of
the organic layer set to 1.5. To ascertain that the observed changes in
thicknesses were caused by the adsorbed proteins, FT-IRAS
measurements were performed to verify the presence of proteins.

Settlement of Spores of the Marine Alga U. lactuca. The
spore settlement assay was performed following a previously reported
protocol.37 The reproductive plants of the marine alga U. lactuca were
collected from a site (588625N; 111308E) near the Sven Loveń
Centre for Marine Sciences, Tjar̈nö, Sweden. The motile spores were
released, and the concentration was adjusted to OD600 nm = 0.1 using
filtered ASW. Three replicates of each sample were placed separately
in polystyrene Quadriperm dishes (Greiner Bio-One Ltd.) and
equilibrated in ASW for 1 h prior to the assay. After removing the
ASW, 10 mL of the spore suspension was added to each well and
incubated for 45 min in the dark. After washing with ASW, the
samples were fixed in 10 mL of 2.5% w/w glutaraldehyde in ASW for
20 min at room temperature. The samples were then successively
washed in ASW, ASW/deionized water (1:1 by volume), deionized
water and then air-dried. The number of settled (adhered) spores was
determined by chlorophyll a autofluorescence using an epifluor-
escence microscope (20× objective; λ excitation and emission of 546
and 590 nm, respectively). A total of 30 images were captured on each
sample slide at every 5 mm along three parallel rows.

Growth of Sporelings. After releasing the spores and letting the
spores settle on the tested surfaces in the dark, as described above, 10
mL of an enriched seawater medium38 was added to each well and
incubated at 23 °C with a 16 h:8 h light/dark cycle. The medium was
refreshed after 24 h and then every 2 days. The sporelings were
harvested by scraping with a razor blade after 3 or 8 days of
incubation. Biomasses were determined by extraction of chlorophyll
alpha (chlo a) in DMSO, and the amount of chlo a present in the
solution was determined using the Jeffrey and Humphrey method.39

Statistical Analysis. The adsorption of protein is presented as the
thickness of the protein layer. Error bars represent the standard
deviation from five measurements on each sample. Ulva spore
settlement is presented as the number of settled spores per mm2 with
95% confidence limits. The sporeling growth on the polymer films is
presented as the total sporeling biomass on the tested surfaces, as
determined by the amount of chlo a. Error bars represent the standard
deviation from three replicates of each sample.

Statistical analysis of the protein adsorption, spore settlement, and
sporeling growth data was carried out using Minitab 16 statistical
software and one-way analysis of variance (ANOVA) with α = 5%,
and Tukey’s HSD post hoc tests were performed to determine the
difference between samples. Values were considered significantly
different from each other when the p value (p) < 0.05.

■ RESULTS AND DISCUSSION
Polymer Preparation. In SIPGP, high-energy UV

radiation excites monomers, forming radical species primarily
through methacrylate double bond cleavage. This procedure
initiates free-radical polymerization, and surface-bound radicals
are formed via hydrogen abstraction from the surface, or from
already grafted chains, assisted by the high energy of the UV

Figure 1. (a) Scheme of the three types of monomers used and the
molecule forming the SAMs. (b) Outline of the reaction chamber.
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radiation. The structure of the polymer is determined by a
combination of steric constraints, radical stability (reactivity),
and the diffusion rates of species from the solution. We expect
that the formed polymer is heterogeneous, with grafts to the
surface or existing polymers formed in many different ways.
While grafting to the surface could occur via hydrogen

abstraction from the OH-SAM hydroxyl groups, it is also
possible that exposed C−H bonds upon degradation of the
surface layer participate in grafting or that oxygen radicals
abstract hydrogens from the methylene residues, transferring
the radical down the chain. Thus, the coupling to the surface
might produce both ether linkages and C−C bonds. Similarly,
hydrogens on the already grafted chains are also possible
targets for grafting of polymers, oligomers, or monomers from
the solution, resulting in chain branching. Aliphatic hydrogens
are the most likely targets, but heteroatom effects are likely to
direct these specifically to methylene residues adjacent to
amines or ethers. We also note the possibility that radicals on
already grafted residues react with each other, resulting in
cross-linking and potentially in a hydrogel-like network
structure.
The polymerization rate is strongly dependent on the

monomer, with AEMA (and to some extent also SPMA)
polymerizing much slower than the 1:1 mixture used to
prepare the p(AEMA-co-SPMA) films and SBMA being
intermediate in terms of the polymerization rate; see Table 1

for thicknesses obtained at various UV illumination times. The
lower polymerization rate of pAEMA is related to the lower
solubility of AEMA compared to SPMA and SBMA (which is
also indicated by the lower wettability of pAEMA by water, see
Table 1). This slows down the polymerization process and
results in layers with increased heterogeneity. It is also likely
that unfavorable Coulomb interactions between monomers
and the polymerized film reduce the growth rate for both
pAEMA and pSPMA. The polymerization competes with
continuous UV degradation of the polymer, which is an
inevitable consequence of UV exposure28 resulting in a
nonmonotonous relation between UV illumination time and
polymer film thickness (see also Supporting Information
Figure S1). In most cases, the dry film thickness decreases at
exposure times beyond 3−4 min (Table 1), but even if the
thickness does not change significantly upon additional
exposure, it is possible that the degree of cross-linking or
branching within the film changes as a result of the continuing
UV irradiation. Infrared spectra of p(AEMA-co-SPMA) films

with thicknesses in the range of 300−750 Å do not reveal
significant differences when normalized to the carbonyl
stretching vibration at 1734 cm−1 (see Figures S2 and S3),
and the C−H stretching bands are too weak to infer changes,
and cannot support any conclusions regarding the degree of
cross-linking. In addition, fibrinogen adsorption assays do not
yield different results on samples with variations in thickness
(see Figure S4), and we find it reasonable to assume that for
our purposes, any variations in the polymer structure for the
ranges of exposure times and thicknesses listed in Table 1 are
small.
Comparing the obtained thicknesses with those obtained

with other methods is difficult since it is not clear what would
be comparable conditions. In our case, both the UV exposure
and the geometric constraints limit the obtainable thicknesses
(which are also, as discussed above, dependent on the
monomer). We note that the literature on ATRP preparation
of pSBMA reports thicknesses similar to ours40 but also
pSPMA and pSBMA film thicknesses extending to several tens
of micrometers.41

Contact angle measurements were conducted in air using
deionized water to determine the wettabilities of the polymer
films. Advancing contact angles for the four polymer types are
reported in Table 1. Contact angles for the anionic pSPMA
and the zwitterionic pSBMA polymers are very low, indicating
strongly hydrophilic materials (angles <10° cannot be
determined with any accuracy using goniometric methods).
The contact angle for the cationic pAEMA was considerably
higher, ca. 68°. Although pAEMA has a strong hydrophilic
character due to hydration of the amine in contact with
water,42 the polarity is apparently much less in its dehydrated
form. The contact angle of p(AEMA-co-SPMA) falls between
those of pAEMA and pSPMA, as expected for a mixture of the
two components, but we emphasize that the contact angles as
such cannot be used to infer quantitative information about the
composition due to possible reorganization of the polymer at
the interface in response to the properties of the interfacing
medium. The difference in wettability between the copolymer
p(AEMA-co-SPMA) and the proper zwitterionic pSBMA is
notable, a result which could be explained by the greater
flexibility of the copolymer, allowing for local separation of the
strongly hydrophilic and the much less polar cationic residues
near the interface. Upon immersion in water, and subsequent
hydration of the charged residues, this difference is reduced. It
is widely accepted that strongly hydrophilic surfaces bind water
molecules tightly, resulting in, for example, reduced nonspecific
protein adsorption and biofouling, but it has also been
demonstrated that the ionic solvation of water molecules is
stronger than the hydrogen bonding in hydrophilic polymers,43

and the properties of both materials are dominated by the
hydration of the ionizable residues, once immersed in water.

Streaming Current Measurements. In order to assess
whether charge neutrality was achieved on the p(AEMA-co-
SPMA) sample, streaming current measurements were
performed and compared to the results obtained on the
zwitterionic pSBMA sample. As the high salinities of both
ASW and PBS, and the associated short Debye screening
lengths, are not suitable for streaming current measurements,
the total electrolyte concentrations had to be reduced for these
measurements; the electrolyte conditions and the results are
shown in Table 2.
Being aware of the fact that the hydrodynamic flow partially

penetrates the soft surface layers at the walls of the streaming

Table 1. Preparation Parameters for the Polymer Thin
Films Prepared with 10 μL/cm2 of 0.5 M Monomer
Solutions, Except for the Last p(AEMA-co-SPMA) Entry
Where 1.5 μL/cm2 Was Used

sample
illumination time

(min)
thickness

(Å)
advancing contact

angles (°)

pAEMA 3 86 ± 10 68 ± 10
5 78 ± 10

pSPMA 3 175 ± 7 <10
5 77 ± 4

p(AEMA-co-
SPMA)

2 736 ± 3 58 ± 2
4 720 ± 21

(using 1.5 μL/
cm2)

4 341 ± 43

pSBMA 3 211 ± 9 <10
5 203 ± 6
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channel,44 apparent zeta potentials were nevertheless calcu-
lated according to the Smoluchowski equation45 to make the
obtained results better comparable with those for other
surfaces (Table 2).
Neither of the two samples has apparent zeta potentials near

zero, which would be expected from the molecular structure
for at least a proper zwitterionic material. The negative excess
charge detected by the streaming current measurements could
be a result of additional charging mechanisms. Previous
electrokinetic studies of zwitterionic phosphatidylcholine layers
show consistent negative zeta potentials for these zwitterionic
lipids at all pH values above 4.46,47 This was rationalized as an
effect of preferential adsorption of hydroxide ions at the
interface. These observations are in agreement with observa-
tions of electrolyte-dependent sign and magnitude of the zeta
potentials obtained on different sulfobetaine polyzwitterions48

and results obtained on pSBMA brushes, showing zeta
potentials near −40 mV over a broad pH range.49 However,
similar trends are observed on nominally charge-neutral
surfaces such as thermoplastic polymers,50 methyl-terminated
SAMs,51 and oil−water interfaces,52 which are also charged by
preferential adsorption of ions from the aqueous bulk,
suggesting that the observed negative zeta potentials are the
manifestation of a general phenomenon, rather than a result of
the specific materials used in this study. Considering that in
our case, both tested samples have negative apparent zeta
potentials, we hypothesize that a similar hydroxide ion-
adsorption mechanism can explain the data for both polymer
types. We conclude that streaming current measurements
alone do not allow us to determine the ratio of anionic to
cationic residues in the polymer films, and further, that this
type of measurement cannot be easily applied to verify charge
neutrality for (pseudo)zwitterionic polymers.
FT-IRAS Characterization. The chemical compositions of

pAEMA, pSPMA, pSBMA, and p(AEMA-co-SPMA) films were
evaluated by FT-IRAS, and the result is shown in Figure 2.
Overall, the presence of the ester carbonyl (CO) stretching
around 1734−1730 cm−1 in all the spectra reflects the
successful grafting of methacrylate monomers to the surfaces,
and the absence of methacrylate CC bands at 1640 cm−1

indicates that very few, or no, free monomers remain in the
films. The spectra for pSPMA and pSBMA lack features near
this position, while any such bands would partially overlap with
the N−H bending observed at 1635 cm−1 in pAEMA and at
1631 cm−1 in p(AEMA-co-SPMA). However, close-ups of
these bands do not indicate that any of these bands are
bimodal (not shown). In pSPMA, pSBMA, and p(AEMA-co-

SPMA), the symmetric SO stretching is characteristic and
easily distinguishable at approximately 1050−1040 cm−1.
Interestingly, the location of this band is slightly different for
pSPMA (1050 cm−1) and pSBMA (1040 cm−1), but for
p(AEMA-co-SPMA), the position at 1039 cm−1 is nearer the
corresponding peak position in pSBMA than in pSPMA. The
reason for this shift is the interaction of the sulfonates with the
cationic ammonium residues in the copolymer (and in the
zwitterionic film) that is not possible in the pSPMA
homopolymer (as is also observed by XPS, see below). The
broad bands in the range of 1300−1100 cm−1 are
combinations of asymmetric SO and ether bond C−O−C
stretching vibrations (though the former contribution is absent
in pAEMA), for which detailed analysis would be superfluous
for the present purpose. Similarly, the C−H deformation
modes in the range of 1500−1440 are expected, but their
resolution is beyond the scope of the current analysis. Taken
together, these results indicate that the four polymer types
were successfully polymerized onto the substrates. Unfortu-
nately, many infrared amine bands are weak and not suitable
for quantitative analysis. The following XPS analysis is
included to quantitatively describe the chemical composition
of the films.

XPS Measurements. XPS measurements were performed
to investigate the chemical compositions for three polymer
films, pAEMA, pSPMA, and p(AEMA-co-SPMA), and
specifically to confirm the presence of the two components
in the p(AEMA-co-SPMA) copolymer. The XPS measure-
ments include identification of chemical states and estimation
of relative ratios with a focus on the chemical states of nitrogen
and sulfur elements in the films. The XPS survey spectra are
shown in Figure 3 for pAEMA, pSPMA, and p(AEMA-co-
SPMA). The XPS survey spectra for all three polymer samples
showed presence of O and C, with dominating peaks (e.g., C
1s at about 285 eV and O 1s at about 532 eV) in good
agreement with the composition of the polymer backbones of
pAEMA, pSPMA, and p(AEMA-co-SPMA).53

The survey spectrum of pAEMA showed one peak at about
400 eV (N 1s) that corresponds to the presence of nitrogen
and two peaks at 269 eV (Cl 2s) and 198 eV (Cl 2p),
indicating the presence of chlorine as the polyelectrolyte
counterion. The pSPMA survey spectrum also showed a clear

Table 2. Streaming Current Data and Apparent Zeta
Potentials Calculated for p(AEMA-co-SPMA) and pSBMA
Films

streaming current vs
pressure gradient (pA/

mbar)
apparent zeta
potential (mV)

p(AEMA-
co-SPMA)

10 mM
NaCl,
pH 8

−34.9 ± 12.6 −37.9 ± 13.6

1/10 PBS,
pH 7.4

−31.4 ± 1.2 −34.0 ± 1.3

pSBMA 10 mM
NaCl,
pH 8

−32.7 ± 14.1 −35.5 ± 15.3

1/10 PBS,
pH 7.4

−18.2 ± 4.1 −19.8 ± 4.5

Figure 2. Infrared reflection−absorption spectra of the polymer films
in the fingerprint region. See text for details on peak assignments.
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signal from sulfur at 231 eV (S 2s) and 168 eV (S 2p) as well
as the presence of potassium at 378 eV (K 2s) and 293 eV (K
2p), consistent with the chemical ionic structure of the
polymer. The elemental composition in at. % and stoichio-
metric and experimental values for pAEMA, pSPMA, and
p(AEMA-co-SPMA) are summarized in Table S1. Interestingly,
for the copolymer p(AEMA-co-SPMA), the signals from both
the counterions K and Cl were suppressed and the signals from
N and S remain, which indicates that when the two polymers
are mixed, they appear to charge-neutralize each other and
expel the counterions. A possible reason for the retention of
counterions in the pAEMA and pSPMA films is incomplete
dissociation of ionizable residues upon rinsing due to the
unfavorable electrostatic interactions of the remaining ionized
moiety with surrounding charged residues and thus counter-
ions remain in the film to reduce the repulsive Coulomb
interactions. For the copolymer film, there are ionizable (and
ionized) residues of the opposite charge in the polymer and
hence the enthalpic barrier to dissociation and removal of the
counterions is much lower. The extensive rinsing and soaking
of the films during preparation facilitate removal of the
counterions. This conclusion is further supported by the
narrow scans on sulfur and nitrogen, Figure 4. The ratio of
pAEMA to pSPMA in the copolymer was determined from the

relative concentrations of N and S (from N 1s and S 2p) in
p(AEMA-co-SPMA) and was calculated using sensitivity factor-
corrected photoelectron peak areas, which yield an N/S atomic
ratio of 0.85. Thus, the copolymerization of pSPMA and
pAEMA resulted in a polymer with nearly equal amounts of
each component. The slight deficiency of AEMA in the film
could be a result of the lower solubility of AEMA, differences
in the degree of ionization of the two monomers, or
degradation under the UV irradiation to which AEMA is
more susceptible than SPMA. It is often observed during the
preparation of, for example, pseudozwitterionic SAMs that the
surface composition is insensitive to variations in the solution
composition over a wide range of mixing ratios of the anionic
and cationic components.54,55 This is attributed to electrostatic
association of the two components in the solution during SAM
formation, effectively pairing the ions before surface attach-
ment. Nevertheless, it is clear that there are possibilities to tune
the composition of a polyampholytic copolymer film via
variations in the monomer ratios, especially if weak acids or
bases are used for the preparation, for which ionization may be
only partial.56,57 This implies that other parameters than
charge will affect the composition of the copolymer film,
perhaps diffusion rates and steric hindrance, in addition to the
degree of ionization.
High-resolution XPS S 2p core-level spectra for pSPMA and

p(AEMA-co-SPMA) and high-resolution XPS N 1s core-level
spectra for pAEMA and p(AEMA-co-SPMA) are shown in
Figure 4. The XPS S 2p spectra for pSPMA were deconvoluted
into one double peak at binding energy positions of 167.8 and
168.9 eV due to spin−orbit splitting, that is, S 2p3/2 and S
2p1/2, respectively. The strong double peak is assigned to
−SO3

− K+ species and a small amount of SO2.
58 The XPS S 2p

spectra for p(AEMA-co-SPMA) have a double peak at a
binding energy position of 167.6 eV dominating the spectra,
with a smaller contribution from a low-intensity double peak
found at 168.6 eV. There is broadening of the S 2p spectra for
p(AEMA-co-SPMA) compared to the pSPMA spectra, and the
deconvoluted peaks are shifted by 0.2−0.3 eV. Since no signal
from K or Cl in the survey spectra can be detected, the shift of
the high-intensity peak at 167.6 eV is assigned to S 2p3/2 in
−SO3

− interacting with NH3
+ and a small amount of SO2.

59,60

The low-intensity doublet with a peak position found at 168.6
eV is suggested to be contaminants such as oxidized sulfur
species, SOx. The S 2p binding energy peak positions for the
gold−sulfur bonds at the bottom of the SAMs are expected at
about 162−163 eV,61 and any contribution from these sulfur
atoms is expected to be marginal because of the extensive
attenuation of the corresponding photoelectrons within the
polymer films.
The XPS N 1s core-level spectra were deconvoluted into two

components. For pAEMA (Figure 4c), the deconvoluted peaks
are present at binding energies of 399.6 and 401.7 eV. These
two peaks are assigned to −NH2 and −NH3

+ Cl·−,
respectively.62 The relative intensities of these peaks contribute
to 65% (−NH2) and 35% (−NH3

+ Cl·−) of the total N 1s
intensity. When copolymerized, p(AEMA-co-SPMA) (Figure
4d), the deconvoluted peaks appear at binding energy
positions of 399.6 and 401.8 eV. These peaks are similarly
assigned to −NH2 and −NH3

+ SO3
−, respectively. The relative

atomic ratios for these two peaks are 19% (−NH2) and 81%
(−NH3

+ SO3
·−). When pAEMA is copolymerized with

pSPMA, the atomic ratios for the assigned peaks are clearly
changed compared to those in pAEMA. The peak found at

Figure 3. XPS survey spectra for pAEMA, pSPMA, and p(AEMA-co-
SPMA).

Figure 4. (a) S 2p core-level XPS spectra for pSPMA and (b)
p(AEMA-co-SPMA). (c) N 1s core-level XPS spectra for pAEMA and
(d) p(AEMA-co-SPMA).
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399.6 eV decreased from 65 to 19%, whereas the peak at about
401.7−401.8 eV increased from 35 to 81%. A comparison with
the survey scan, where no signal from K or Cl could be
detected for p(AEMA-co-SPMA), suggests that the high-
intensity peak positioned at 401.8 eV is due to interactions
between −NH3

+ and −SO3
·− in the copolymer, which is in

good agreement with the IRAS data. The −NH2 component
drastically decreased when copolymerized with pSPMA, but
some −NH2 was still present. The experimental values for
p(AEMA-co-SPMA) show that we have more S compared to
O, which suggests that we have not only NH3

+SO3
− but also

SO2 species in the copolymer. We suggest that SO2 might have
been derived from SO3

− ions (or sulfite radicals) formed
during photolysis of SPMA and their condensation to SO2.
Overall, these observations are in good agreement with our
quantification data analysis where the N to S ratio is 0.85.
Protein Adsorption. Understanding the interactions

between surfaces and biomolecules, such as proteins, is of
considerable interest for coating development in many fields,
notably biomedical and food industries, as well as in marine
biofouling. The adsorption of proteins is typically the result of
complex interactions including van der Waals and electrostatic
interactions, hydrogen bonding, and hydrophobic interactions.
The presence of proteins or other biomolecules on a surface
might affect the attachment of fouling organisms or provide
preferable conditions for microbial attachment and subsequent
biofilm formation. We have used fibrinogen and BSA as models
for protein adsorption assays. Fibrinogen is a well-established
model and “sticky” protein that is often used to investigate
resistance to nonspecific protein adsorption. The results for the
protein adsorption assays are shown in Figure 5. The amount

of fibrinogen adsorbed on the polyampholytic p(AEMA-co-
SPMA) sample is significantly lower (ANOVA, Tukey’s test, p
< 0.05) than those on pAEMA or pSPMA. These results show
that combining AEMA and SPMA into an ampholytic polymer
improves the antifouling properties of both pAEMA and
pSPMA with protein resistance performance similar to that of
the zwitterionic pSBMA. This is in accordance with a previous
study that demonstrated that a 1:1 composition of charged
residues is optimal and improves antifouling properties over
that of homopolymers.56,57 BSA is also a commonly used
model for protein adsorption and is frequently used for
passivation of surfaces, preventing further (or other)
adsorption and also reducing platelet adhesion. The results

for BSA adsorption shown in Figure 5 show that beyond the
much higher adsorption to pAEMA, as a result of the overall
negative charge of BSA at physiological conditions, there are
no significant differences in the adsorbed amount between the
remaining three polymers.
To further verify the protein adsorption results and to obtain

qualitative data for adsorption, samples were subjected to FT-
IRAS measurements before and after adsorption of fibrinogen
and BSA, respectively, see Figure 6. Adsorbed proteins were

identified via the amide I (1700−1600 cm−1) and amide II
(1600−1500 cm−1) bands, and to some extent, also via
interactions with the carbonyl residues in the polymer,
inducing intensity or peak position changes in the carbonyl
peak at 1730 cm−1. The spectra confirm the trend observed in
Figure 5, where adsorption, as determined via the intensities of
the amide bands, is greatest on the pAEMA sample, lower on
pSPMA, and lowest on p(AEMA-co-SPMA) and pSBMA, with
very little changes in the spectra of the latter two.

Ulva Spore Settlement and Sporeling Growth. The
marine green alga Ulva constitutes a class of major biofouling
organisms, populating shores and man-made structures around
the world. Reproductive Ulva plants produce vast amounts of
microscopic motile swimming spores, which disperse to find
new surfaces to settle onto.63 The spores have four flagella
acting as locomotive and sensory organelles. Once committed
to settlement, the permanently attached spores will germinate

Figure 5. Adsorption of fibrinogen and BSA onto the polymers. The
error bars represent the standard deviation (SD) from five
measurements on each sample and data from four (fibrinogen) or
three (BSA) different assays. Letters (a−e) indicate data points that
do not differ significantly from each other at p < 0.05 (ANOVA,
Tukey’s pairwise comparison).

Figure 6. Infrared spectra covering the amide band region for the four
polymers before (solid lines) and after (dashed lines) (a) fibrinogen
and (b) BSA adsorption assays.
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into young plants, so-called sporelings, within the next few
days. The algal assays were conducted with U. lactuca
zoospores. The result of the settlement assay is shown in
Figure 7. Spore settlement differed significantly between

samples (ANOVA, p < 0.05). Post hoc pairwise Tukey
comparisons show that the spore settlement was significantly
lower (p < 0.05) on p(AEMA-co-SPMA) than on pAEMA or
pSPMA (Figure 7). However, although total settlement onto
both the charge-balanced surfaces p(AEMA-co-SPMA) and
pSBMA was low, settlement was significantly higher (Tukey’s
test, p < 0.05) on the former surface (35 ± 11 versus 12 ± 3
spores/mm2). The low settlement is in good agreement with
the published results obtained on pSBMA surfaces using other
Ulva species.23,35 The massive settlement onto the pAEMA
sample is most likely a result of electrostatic interactions. Ulva
spores do not have a cell wall but expose a “bare” membrane,
which is negatively charged (zeta potential is −19 mV for U.
linza),64 suggesting that the massive settlement onto the
cationic pAEMA surface is induced by attractive electrostatic
interactions, in agreement with previous studies.35,65−67

Normally, the settled spores have a round shape, and upon a
closer examination of spores settled on the pAEMA surface, a
smaller fraction of pear-shaped spores was also observed (not
shown). These “pseudosettled” spores are likely electrostati-
cally trapped to the surface but do not undergo the
morphological transformations associated with settle-
ment.35,65,68 To the extent the Ulva spores are killed by the
cationic surface, they remain on the surface as disrupted
spores68 and the low settlement onto p(AEMA-co-SPMA) and
pSBMA is thus unlikely to be a result of surface toxicity, in
agreement with data for pseudozwitterionic SAMs55 and
toxicity tests with pSBMA.23

In addition to spore settlement, the growth of sporelings of
U. lactuca was also studied. The sporeling biomass was assessed
after 3 and 8 days of incubation in an enriched seawater
medium. At 3 days of incubation, the biomasses on the samples
were found to differ significantly from each other (ANOVA, p
< 0.05), and pairwise comparisons (Tukey’s tests) show that
the mass on the copolymer p(AEMA-co-SPMA) is significantly
lower (p < 0.05) than on pAEMA, not significantly different
from the biomass on pSPMA (p > 0.05), but significantly
higher than that on pSBMA (p < 0.05) (Figure 8a). However,
after 8 days of incubation, the biomasses on p(AEMA-co-
SPMA) and pSBMA were significantly lower than on the other
two samples (p < 0.05) but not significantly different from

each other (p > 0.05). The large biomass found on pAEMA,
which is much higher than on the other samples (p < 0.05), is
probably related to the large number of initially settled spores.
The widely different results for the settlement make the

direct comparison of the sporeling biomass data difficult.
Hence, it is also of interest to consider the biomass normalized
to the settlement since this is a measure of the growth rate of
the sporelings and removes the bias of the different settled
amounts on different samples. These data are shown in Figure
8b. In this graph, the mean sporeling biomasses are
significantly different (ANOVA, p < 0.05) and are lowest on
pAEMA (Tukey’s test, p < 0.05), indicating slow growth, or
phrased differently, effective growth inhibition. This is in
agreement with a recent study where the antialgal properties of
a similar cationic polymer (poly(2-(dimethylamino)ethyl
methacrylate)) was discussed.68 Normalization shows that
although pSBMA had the lowest absolute biomass after 3 days,
it had by far the largest (Tukey’s test, p < 0.05) normalized
biomass after 8 days, indicating that the copolymer p(AEMA-
co-SPMA) has a better inhibitory effect on algal growth than
pSBMA.

UV Polymerization of Polyampholytes as an Alter-
native to Controlled Polymerization of Zwitterionic
Polymers. The antibiofouling performance of zwitterionic
polymers is well documented, but these materials are yet to
find their way to large-scale applications. Zwitterionic
monomers are expensive and inflexible, and it is likely that
many practical antifouling coatings would benefit from, or
indeed require, less costly options. Using separate anionic and
cationic monomers to prepare pseudozwitterionic polymers
vastly broadens the range of possible charge-balanced
materials. A recurring problem in the preparation of

Figure 7. Settlement of zoospores of U. lactuca on cationic pAEMA,
anionic pSPMA, polyampholytic p(AEMA-co-SPMA), and zwitter-
ionic pSBMA. Error bars represent the SD. Letters (a−d) indicate
data points that do not differ significantly from each other at p < 0.05
(ANOVA, Tukey’s pairwise comparison).

Figure 8. (a) Sporeling biomass of U. lactuca measured after 3 and 8
days of incubation in an enriched algal culture medium at 23 °C. The
error bars represent the SD from three measurements on each sample.
Letters (a−f) indicate data points that do not differ significantly from
each other at p < 0.05 (ANOVA, Tukey’s pairwise comparison). (b)
Sporeling biomass data after being normalized to the spore settlement
density data shown in Figure 7. The error bars represent the SD from
three measurements on each sample. Letters (a−f) indicate data
points that do not differ significantly from each other at p < 0.05
(ANOVA, Tukey’s pairwise comparison).
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copolymers is the control of the monomer ratio, and especially
in cases where the monomer conversion or reactivity ratios are
different for the involved monomers. With oppositely charged
monomers, it is conceived that the Coulomb attraction
between ionizable monomer pairs promotes alteration of the
monomers during polymerization, as it has been observed in
the formation of mixed SAMs,69 and facilitates the formation
of a charge-balanced, zwitterion-like polymer. However, our
XPS data indicate a 1:0.85 ratio of the monomers in the
polymer film prepared from a 1:1 monomer ratio solution.
Similarly, in a recent study, Sponchioni et al. found that
copolymerization of sulfopropyl- and trimethylammonium-
functionalized monomers at a 1:1 ratio resulted in imperfect
charge alteration along the polymer chain,70 and an earlier
study by Dobbins et al. made similar observations.13 It should
also be mentioned that our copolymer is not a direct division
of polysulfobetaine to its respective ionizable monomers; the
quaternary ammonium, which is a strong cation, in our system
is replaced by a primary amine whose degree of ionization is
pH-dependent. However, our results demonstrate that, for
practical purposes, this is not necessarily a problem since
fouling resistance at a level similar to a proper zwitterionic
polymer is still retained even at monomer ratios deviating from
1:1.
A major benefit of the presented preparation method, in

addition to the antifouling properties, is the low cost compared
to many controlled radical polymerization processes. The latter
often require costly chemicals beyond the monomers, often
need a controlled (oxygen-free) atmosphere and associated
infrastructure such as glove boxes, and also use vastly more
reagents. Separate anionic and cationic monomers are often
much less costly than the corresponding combined zwitterionic
polymer, and the samples prepared in this study require
monomer volumes of the order of μL/cm2, while ATRP and
RAFT grafting protocols frequently include volumes of the
order of mL/cm2, while still using similar monomer
concentrations in the ∼1 M range. This corresponds to an
approximately 100- to 1000-fold difference in the amount of
the used materials. In addition, controlled polymerization
grafting times are typically several hours, sometimes extending
to a day, whereas our samples are prepared in a few minutes.
For biological or biomedical applications, even trace

amounts of the halide initiators, ligands, transition-metal
catalysts, chain-transfer agents, or nonaqueous solvents that
are used in many controlled radical polymerization methods
are potentially toxic. With the presented method, using water
as a solvent for the monomers, only the potential toxicity of the
monomers needs to be considered. This, however, is not
negligible for cationic monomers, but these are present in
either case.
Here, the investigated polymers were prepared on gold-

coated slides (with alkylthiol SAMs) for the purpose of
detailed FT-IRAS and ellipsometric characterizations, but in
the past, we have demonstrated that the same preparation
method, which was carried out in the presence of only an
aqueous solution of the monomers, can be used to prepare
fouling-resistant polymer coatings on most organic materials32

and also in varying geometries.33 Despite the weaker control of
both the polymerization process and the monomer ratio, this
method results in efficient antifouling coatings, and the
simplicity and flexibility with regard to substrates offered by
this UV polymerization process further reduce the costs and
barriers to practical applications. As with all antifouling

coatings, for marine applications, future field test studies
extending over several months are required to verify their
practical utility and stability, using other more practically
applicable substrates to support these polymers.

■ CONCLUSIONS

A polyampholytic p(AEMA-co-SPMA) polymer film was
successfully prepared via SIPGP. The ratio of the cationic
AEMA to the anionic SPMA monomers was estimated to be
0.85 by XPS in the copolymer, indicating a nearly equal
amount of both monomers. A major benefit of a
pseudozwitterionic polymer over a zwitterionic polymer is
the greater flexibility in preparation of the polymer in which
anionic and cationic monomers can be combined, giving great
flexibility at a low cost. In fouling assays, the p(AEMA-co-
SPMA) copolymer showed both lower adsorption of proteins,
lower settlement of Ulva zoospores, and lower sporeling
biomass after 8 days, compared to the homopolymers pAEMA
and pSPMA. The performance of the p(AEMA-co-SPMA)
copolymer was comparable to that of the proper zwitterionic
polymer pSBMA in the protein assay, somewhat inferior in the
algal settlement assay, but again similar in the sporeling growth
assay after 8 days. The polyampholytic p(AEMA-co-SPMA)
copolymer, however, shows significantly better sporeling
growth inhibition than pSBMA after 8 days. Physicochemical
characterization shows that the copolymer contains hydration
water and forms a strongly hydrated barrier, acting both as a
physical and an energetic barrier to adhesion or attachment of
proteins or spores approaching the surface. These results show
that the ampholytic p(AEMA-co-SPMA) polymer could be
potentially used for antibiofouling applications and also in
applications where salinity is high.
In summary, we present a simple, inexpensive, and nontoxic

procedure to prepare an antifouling polyampholytic coating,
with physicochemical and antifouling performance similar to
that of proper zwitterionic coatings, making it suitable for
applications in high salinity such as seawater or physiological
conditions.
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