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ABSTRACT: A set of diverse monomers were synthesized using combinatorial chemistry and tested using our unique high-
throughput screening platform. The versatility of our platform is exemplified by possible applications in reducing biological
fouling on ship hulls, filtration membranes, and surgical instruments, to name a few. To demonstrate its efficacy, the novel
monomers were graft-polymerized onto light sensitive poly(ether sulfone) (PES) membranes via atmospheric-pressure plasma
polymerization. A diverse library was synthesized by reacting a common vinyl ester linker with a library of maleimides containing
various different functional groups. This allowed us to produce a library of many different surfaces and graft them all using the
same linker chemistry. The modified surfaces were then tested and screened for the best antiprotein adsorption (nonfouling)
properties. Membranes, functionalized with carboxylic acid, zwitterionic, and ester groups, had the lowest protein adhesion
compared with that of an unmodified control PES membrane after a static fouling test. After dynamic fouling, these same
functionalities as well as a hydroxyl group exhibited the highest permeability. These monomers performed better than our best
previously synthesized amide monomers as well as our best poly(ethylene glycol) monomers, which are known to have very high
protein resistance. Hansen solubility parameters qualitatively predicted which monomers performed best, indicating favorable
interactions with water molecules.

KEYWORDS: combinatorial chemistry, antiprotein fouling surfaces, high-throughput screening, atmospheric-pressure plasma

1. INTRODUCTION

Biological fouling is a major limitation in many applications,
including marine structures such as ship hulls and oil rigs,1−6

surgical instruments,7 food and biotechnology processing,8−10

and wastewater treatment.11−13 A facile, fast, and inexpensive
method for assisting in the discovery of new low fouling
coatings for these applications is urgently needed.14,15 To meet
this need, we present a novel combinatorial chemistry method
combined with our unique high-throughput platform for
synthesizing, screening, testing, and discovering low fouling
chemistries. Some of the chemistries discovered here are novel
[tricyclic (2), ester (5), azo (8), and heterocyclic (9) R
groups], while others [amide (4), carboxylic acid (1),
zwitterionic (3), poly(ethylene glycol) (PEG) (7), and
hydroxyl (6) R groups] have been known for some time.16,17

To demonstrate the efficacy of the method and the discovery of

new low fouling surface chemistries, we chose membrane
ultrafiltration of protein solutions as an example.
Combinatorial chemistry has become very attractive in recent

years.18,19 This method uses a modular approach to synthesize
new molecules by combining carbon heteroatoms and “spring-
loaded reactants”.20 The ability to combine many different
types of chemistry is extremely useful for high-throughput
screening techniques,21 when reaction mechanisms are poorly
understood, such as in organometallics,22 and when developing
new catalysts,23 to name a few. This method reduces the
required amount of synthesis time by limiting the number of
reaction steps.
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Ultrafiltration membranes are widely used in the biotechnol-
ogy, food, beverage, and water industries. The major limitations
of using membrane filtration in these industries are fouling
(adhesion of interacting retained solutes like proteins, viruses,
DNA, and cells) and concentration polarization (buildup of
noninteracting retained solutes like ions near the membrane
surface), which ultimately lead to a decrease in performance
and an increase in energy use. A major source of fouling is the
binding of nonspecific protein to the membrane surface.24,25 As
upstream feed titers increase, especially in the biotechnology
industry, the majority of the operating costs of the entire
process are shifted heavily to the downstream processes.26,27

Thus, new high-performance low fouling synthetic membranes
are needed. High-throughput surface chemistry modification of
membranes is an effective and economic method for screening,
identifying, and developing membranes with new surface
chemistries.
Previous work has indicated that water interactions at

surfaces likely play a critical role in interactions of protein
with membranes.21,28−30 Special focus will be given to the role
of water interactions to gain a fundamental understanding of
membrane fouling from proteins. The Hansen solubility
parameter calculations (δd, δp, and δh) predict that hydrophilic
monomers, which have solubility parameters close to those of
water, should perform the best.21

In this work, we utilize a unique high-throughput (HTP)
platform with an atmospheric-pressure plasma (APP) polymer-
ization system to modify irradiation sensitive commercial
poly(ether sulfone) (PES) membranes. APP is commercially
attractive because it operates at atmospheric pressure and can
be easily incorporated into membrane production lines, is
flexible (both graft monomer and membrane material can be
varied), and is economical (vacuum not required for graft
polymerization). A vast number of new surface chemistries
(library) can be produced using combinatorial methods to
expand the breadth of our monomer library. The effect of
carbon chain length on antifouling properties has recently been
reported.21 That study showed that a certain minimal chain

length is required (four to six carbons) for hydroxyl and PEG
monomers to be antifouling. If the chain length is too short or
too long, either a negligible decrease or an increase in fouling
will occur, respectively. Additionally, the spacing between
nitrogen atoms in an amine/amide monomer appears to have
an influence, as well.
In this work, the effect of new functional graft-polymerized

groups on filtration performance was tested. Nine new
monomers were synthesized, including carboxylic acid,
zwitterionic, mixed matrix, azo, and heterocyclic classes. Some
of these monomers, like PEG and zwitterionic, are expected to
perform well on the basis of previous research.16,17,31−35 The
newly synthesized monomers were then grafted and poly-
merized without purification on the surface of multiple light
sensitive PES membranes located at the base of filter wells in
96-well plates. Permeation flux and solute transport across the
modified membranes were measured spectroscopically before
and after exposure to a static and dynamic fouling challenge.
Using this high-throughput screening process, nine different
surface chemistries were compared in a single afternoon with
high reproducibility and confidence. The selected winners were
determined by measuring a series of relevant parameters such
as fouling index, solute selectivity, resistance (inversely
proportional to flux), and theoretically estimated Hansen
solubility parameters. From our new monomer sets, the
monomerscarboxylic acid, zwitterionic, and ester-termi-
natedwere closest to the bulk water solubility parameter
value and exhibited the best performance. Thus, using the
Hansen solubility parameters, the nearer and farther the loci for
the grafted monomers with respect to the water locus, the
lower and higher the fouling index, respectively. This
qualitatively supports the idea that hydrophilic monomers
perform the best and provides an a priori estimate of how new
monomers will perform as protein resistant surfaces.

2. EXPERIMENTAL SECTION
2.1. Materials. Bis(2-methacryloyl)oxyethyl disulfide (99%), N-

maleoyl-β-alanine (97%), 2-maleimidofluorene (99%), N-(2-

Figure 1. Structures of all nine synthesized monomers. Monomers were synthesized by reacting the thiol linker with a maleimide containing various
different functional groups (attached to the nitrogen in the maleimide ring).
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nitrophenyl)maleimide (99%), 4-phenylazomaleinanil (97%), N-(2-
hydroxyethyl)maleimide (97%), N-[4-(2-benzoxazolyl)phenyl]-
maleimide (99%), N-methoxycarbonylmaleimide (>97%), poly-
(ethylene glycol) methyl ether maleimide (99%; Mn = 2000), and
poly(N-isopropylacrylamide), maleimide terminated (99%; Mn =
2000) were purchased from Sigma-Aldrich (St. Louis, MO) and
used without further purification. An immobilized TCEP disulfide
reducing gel was purchased from Thermo Scientific (Rockford, IL).
Spin filter tubes and receiving tubes (2 mL) were obtained from
Novagen (Darmstadt, Germany); 96-well filter plates (CMR# 1746-3,
Seahorse Labware, Chicopee, MA) were used for HTP grafting and
filtration. PES membranes (100 kDa MWCO) with an effective area of
19.95 mm2 were mounted and heat-sealed by the manufacturer
(Seahorse Bioscience, North Billerica, MA) in the bottom of each well
of a 96-well filter plate (each well has a volume of 400 μL). The
membranes were washed and soaked in deionized (DI) water
overnight before use to remove surfactant. Industrial grade helium
and oxygen gases were used as a plasma source (Airgas, Albany, NY).
The solution for the static protein fouling assay was prepared by
dissolving 1 mg/mL bovine serum albumin (BSA) [>96%, molecular
weight (MW) of ∼67 kDa, pI 4.7] in a phosphate-buffered saline
(PBS) solution. BSA and PBS tablets were purchased from Sigma-
Aldrich. When dissolved in 200 mL of water, a PBS tablet yields 10
mM phosphate buffer, 2.7 mM potassium chloride, and 137 mM
sodium chloride with a pH of 7.4 at 25 °C.
2.2. Methods. 2.2.1. Monomer Synthesis. Bis(2-methacryloyl)-

oxyethyl disulfide (0.1 mmol) was mixed with 500 μL of TCEP
reducing gel (4% cross-linked beaded agarose, supplied as a 50%
slurry) in one container, while each of the maleimides (∼0.2 mmol)
was used in excess and mixed with 400−600 μL of an appropriate
organic solvent that was miscible with water (Table S1 of the
Supporting Information). The separate maleimide-containing tubes
were then sonicated for 5 min, and the disulfide-containing tubes were
rotated for 15 min to allow the pre-reduction of the disulfide reagent.
The two solutions were then mixed and rotated overnight at 22 °C
while the reaction proceeded. The nine new monomers are shown in
Figure 1. The reaction scheme and grafting process are presented in
Figure 2. The crude mixture was then added to a spin filter and
receiver tube and centrifuged at 2500 rpm for 1 min (Figure S1 of the
Supporting Information). The crude product was analyzed using mass
spectrometry (MS), and mass spectra are shown in Figures S2−S10 of
the Supporting Information. Monomer 2 was dissolved in acetone and
left uncovered in a fume hood overnight to allow the acetone to
evaporate before grafting. A maleimide with just a hydrogen as an R

group was not studied because of its very high reactivity, which would
unpredictably affect the grafting process.

2.2.2. High-Throughput Atmospheric-Pressure Plasma (HTP-
APP). The 96-well membrane plates were presoaked in DI water
overnight prior to modification. They were then filtered with 200 μL
of prefiltered DI water for 2 min with a transmembrane pressure of 68
kPa (−20 in. Hg) and at room temperature. Membranes located at the
base of each well in the 96-well filter plate were exposed to an APP
source (model ATOMFLO, Surfx Technologies LLC, Culver City,
CA) at a helium flow rate of 30.0 L min−1, an oxygen flow rate of 0.4 L
min−1, and a source-to-membrane distance of 20 mm. The plasma
source was operated at 140 V and driven by a radiofrequency power at
27.12 MHz. An XYZ Robot (Surfx Technologies LLC) was used to
control the plasma source over the plate with a scan speed of 6 mm
s−1. Following exposure to the plasma and subsequent formation of
radicals at the membrane surface, 200 μL of the monomer solution was
added to each well of the filter plate. Graft polymerization was
immediately initiated at 60 ± 1 °C for 2 h. The reaction was
terminated by adding prefiltered DI water (filtered using a 0.22 μm
PES Stericup, Millipore, Billerica, MA). The 96-well membrane filter
plate was then soaked and rinsed with DI water for 24 h to remove any
homopolymer and unreacted monomer residue from the membrane
surfaces. Finally, the plates were filtered twice with 200 μL of
prefiltered DI water for 2 min through a vacuum manifold (Pall, Port
Washington, NY) using a TMP of 68 kPa (−20 in. Hg). The degree of
grafting was not measured because attenuated total reflection infrared
spectroscopy (ATR-FTIR) does not show high absorbance peaks at
this monomer concentration. This concentration is used to study the
effects of surface chemistry alone, not the effects of three-dimensional
chain polymerization, which requires much higher monomer
concentrations (typically 1−4 M, depending upon the monomer
used).

2.2.3. Static Fouling. Static fouling was conducted with 1 mg/mL
BSA in PBS at room temperature for 24 h, pH 7.4, and a TMP of 68
kPa. First, 200 μL of 1 mg/mL BSA in PBS was added to each well of
the 96-well membrane plate [containing both modified and
unmodified (control) membranes]. The plate was then covered and
left to foul for 24 h at pH 7.4 and room temperature. After static
fouling, the protein solutions were removed, and 200 μL of pure PBS
was filtered through the entire plate for 2 min at a transmembrane
pressure (TMP) of 68 kPa. The permeate was collected and the UV
absorbance at 977 nm read for each well. The UV absorbance at 977
nm was used with a calibration curve to determine the permeate
volume. This permeate volume was used to calculate resistance (see
section 2.2.5). Resistance is used to calculate the fouling index. All
measurements were taken in triplicate, and error bars represent one

Figure 2. Reaction scheme for the combinatorial chemistry approach. A diverse library was generated by varying the R group in the square box. After
synthesis, the monomers were grafted to 100 kDa MWCO poly(ether sulfone) ultrafiltration membranes at the bottom of 96-well filter plates using
APP polymerization.
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standard deviation in Figures 3 and 5. The monomers presented in
Figure S11 of the Supporting Information are shown for reference
from previous work and were not tested here.
2.2.4. Dynamic Fouling. Dynamic fouling was conducted with 1

mg/mL BSA in PBS at room temperature, pH 7.4, and a TMP of 68
kPa for 2 min. First, 200 μL of 1 mg/mL BSA in PBS was added to
each well of the 96-well membrane plate [containing both modified
and unmodified (control) membranes] as described in Static Fouling.
The plate was then immediately filtered for 2 min at a transmembrane
pressure (TMP) of 68 kPa. The permeate was collected and the UV
absorbance at 280 nm read for each well. The UV absorbance at 280
nm was used with a calibration curve to determine the protein
concentration. This was used with the initial protein concentration (1
mg/mL) to calculate selectivity (see section 2.2.5). All measurements
were taken in triplicate, and error bars represent one standard
deviation in Figure 6.
2.2.5. Assay for Protein Adhesion: High-Throughput Filtration

and Evaluation. After static fouling, filtration of a PBS solution in a
96-well filter plate was performed on a multiwell plate vacuum
manifold (Pall Corp., Port Washington, NY) at a constant trans-
membrane pressure (TMP) of 68 kPa and 22 ± 1 °C. The permeate
was collected in an acrylic 96-well receiver plate (Corning Inc.,
Corning, NY), placed under the 96-well filter plate, establishing well-
to-well alignment. The volume of permeate in each receiver well was
calculated by measuring the absorbance at 977 nm of the permeate
solution in the receiver plate wells using a microplate spectropho-
tometer (PowerWave XS, BioTek Instruments Inc., Winooski, VT)
and compared with a calibration curve. Permeation flux, Jv (meters per
second), is defined as V/(At), where V (cubic meters) is the
cumulative volume of permeate, A (square meters) is the membrane
surface area, and t (seconds) is the filtration time. Membrane
resistance is defined as R = ΔP/(μJv), where ΔP (pascals) is TMP and
μ (kilograms per meter per second) is the solution viscosity. The
protein adhesion and subsequent pore blocking (i.e., antifouling
performance) were measured in terms of a fouling index, ℛ:

= − −R R R R( ) /( )Fouled PBS mod Fouled PBS control (1)

where ℛ is defined as the ratio of the increase in resistance due to
BSA fouling of the modified membrane to the control or unmodified
membrane, RPBS,mod and RPBS,control are resistances to the PBS flux for

the modified and unmodified membranes before BSA fouling,
respectively, and RFouled,mod and RFouled,control are resistances to the
PBS flux for the modified and unmodified membranes after BSA
fouling, respectively. An ℛ of <1 indicates that the modified
membranes exhibited less BSA fouling than the control or unmodified
membrane. Membrane selectivity was measured after filtration of a 1
mg/mL BSA solution in PBS for 2 min at a TMP of 68 kPa (dynamic
fouling) and room temperature and is defined as

ψ = C C/b p (2)

where Cb and Cp are the BSA concentrations in the feed (before
filtration) and the permeate (after filtration), respectively. The BSA
concentration in the permeate was calculated by measuring the
absorbance at 280 nm of the permeate solution in the receiver plate
wells and compared with a calibration curve.

2.2.6. Hansen Solubility Parameter Calculation. Hansen solubility
parameters (HSPs) were calculated in an attempt to try to predict the
surface properties of modified PES membrane surfaces.36,37 HSPs are
defined as the square root of the cohesive energy density and used to
characterize the physical properties of the modified surfaces. HSPs
consist of three components: (i) “nonpolar” or dispersion interactions
(δd), (ii) “polar” or permanent dipole−permanent dipole interactions
(δp), and (iii) hydrogen bonding interactions (δh). Each component is
estimated from the molecular physical properties of each molecular
group in a monomer. Here, a group contribution method was used:

∑δ = F V( )/d d (3)

∑δ = F V( ) /p p
2 1/2

(4)

∑δ = U V( / )h h
1/2

(5)

where Fd (J
1/2 cm3/2 mol−1), Fp (J

1/2 cm3/2 mol−1), and Uh (J mol
−1)

are the molar attraction constants for the nonpolar groups, the molar
attraction constants for the polar groups, and the hydrogen bonding
energy, respectively, and V (cm3 mol−1) is the monomer molar
volume. These were tabulated using the relevant tables from a
Handbook of Solubility Parameters.38 Hansen solubility parameters
are shown in Figure 4. They are purely theoretical and not
experimental and are based on the structure of each monomer. The

Figure 3. Fouling index values vs monomer number for all nine synthesized monomers. A chemical representation of the R groups is shown above
each bar in the graph. The fouling index for monomer 2 is cut off, and its respective value is shown at the top of the bar. The performance of the as-
received membrane (no modification) is shown as a dashed line at a fouling index of 1.0. The curly bond connects to the nitrogen of the maleimide
ring for all of the monomers (Figure 1). All data were obtained in triplicate, and error bars represent one standard deviation.
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results are plotted in relation to water because water interactions play a
critical role during protein binding with surfaces in aqueous
solutions.21

3. RESULTS AND DISCUSSION

3.1. Antifouling Performance of Modified PES
Membranes. The filtration performance of the newly
synthesized monomers, as characterized by the fouling index
(ℛ), is shown in Figure 3. Monomers 1, 3−5, 8, and 9 all had
ℛ values lower than those of the unmodified control
membranes (<1). Monomers 1, 3, 4, and 8 performed the
best (acid, zwitterionic, amide, and azo, respectively).
Monomers 2, 6, and 7 performed poorer than the unmodified
control membranes (ℛ = 1.0). Monomer 2 performed
substantially worse than the others and is shown as a cutoff
bar. Monomer 2 had a fouling index of 10.7 ± 0.2. Interestingly,
monomers 4 and 7 performed very differently, even though
they have similar chain lengths. This could be due to the
intermolecular interactions between grafted chains or the
roughness of the surface. Because of the sparse grafting density
used here, it was not possible to further investigate the
mechanism. Using a higher graft density and comparing the
surface morphology using atomic force microscopy (AFM)
would be useful for further study.
We have previously reported the sessile contact angles for

water drops under cyclooctane that were 62 ± 2° and 107 ± 2°
for -OH (monomer 6) and -OCH3 (monomer 7),
respectively.38 We can see qualitatively that the more
hydrophilic the functional group, the smaller the contact
angle and the lower the fouling indices (ℛ values). Thus, we
surmise that water interactions play an important role in
protein adhesion and hence fouling.
Next, we present an analysis of Hansen solubility parameters

for different monomers and correlate their differences with
protein resistance of antifouling properties.
3.2. Hansen Solubility Parameters (HSPs). Previously,

we have shown that membrane fouling due to protein
interactions (ℛ values) for a series of surfaces correlated
with a distance parameter [i.e., distance of the modified surface
locus from the water locus and from the hydrophobic control,
butyl methacrylate (BMA)] from a specialized Hansen
solubility plot. We attributed this to surface water inter-
actions.21 The intrinsic hydration capacity of different chemical
groups was calculated from tables using only the structure of a
molecule. Hansen solubility parameters were then used to
quantify the type of interactions that each different surface will
have with a protein foulant in the presence of surrounding
water molecules. Dispersion, or nonpolar (δd), polar (δp), and
hydrogen bonding (δh) interactions were calculated using the
group contribution method.36,37 These data are based entirely
upon the structure of each monomer. They do not always
predict filtration performance, so we use them as a reference to
see which monomers should theoretically perform well. These
parameters do not take into account the three-dimensional
structure of the resultant polymer (i.e., if its functional groups
are exposed or buried after graft-induced polymerization) and
do not include entropic contributions. Figure 4 shows a lumped
solubility parameter (δp

2 + δh
2)1/2 plotted versus δd for the

newly synthesized monomers, excluding monomers 3, 8, and 9,
which could not be calculated because of insufficient database
data for certain groups. BMA is included as a hydrophobic
reference. The greater the distance from the water locus, the

less affinity the monomer likely has for water. The dotted
circles are used to help guide the eye.
Monomer 2 was the farthest from water and therefore should

exhibit the highest fouling index. Conversely, monomers 1, 5,
and 6 were the closest to the water locus and should have the
lowest fouling indices. These predictions were mostly
consistent with our filtration results. Monomer 6 was predicted
to perform well but had a fouling index higher than that of the
control membrane. This could be due to the relatively short
chain length of the R group, as well as the fact that it is
composed of a hydrophobic hydrocarbon chain. Monomer 7
should have performed well but performed worse, likely
because of its very long chain length. This had an effect that
was the opposite of that of monomer 6 because its long chain
length likely blocked the pores and increased protein adhesion.

3.3. Development of Antifouling Membranes. Anti-
fouling membranes require both a low fouling index and high
permeability (low resistance to flow). In Figure 5, the fouling
index is plotted against the normalized resistance, which is the
ratio of resistance to flow of the modified membrane to the
unmodified control membrane. Normalized resistance is a
measure of additional resistance to flow imparted to the
membrane from the modification of the surface alone (before
fouling). A desired optimal membrane modification should
exhibit properties in the direction of the arrow. Data for
previously synthesized amide monomers (A1−A3, A6, and
A8−A10), shown in Figure S11 of the Supporting Information,
as well as three previously tested commercial monomers (PEG
9, hydroxyl 4, and BMA) are included for reference from earlier
work.14,15,21,31,39 Membranes modified with monomers 1, 3−5,
8, and 9 all exhibited fouling indices lower than that of the
control membrane (Figure 3). The best performing monomers
were monomers 1, 3, and 5 because they also exhibited
normalized resistances lower than that of the control
membrane. All three of these monomers also had fouling
indices lower than those of the best previously synthesized
monomers. Monomer 6 did not perform as well as expected. It
had a fouling index higher than but a resistance lower than that
of the control. Both of these results can likely be attributed to
the short length of the R group on this monomer. It was likely
too short to have a real antifouling effect, but short enough that
its effect on normalized flow resistance was negligible.
Monomers 8 and 9 had resistances much higher than that of

Figure 4. Hansen solubility parameters of (δp
2 + δh

2)1/2 vs δd of
synthesized monomers and water.
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the control membrane, so they are less desirable than
monomers 1, 3, and 5 because they add an inherent resistance
to the membrane. The worst performing monomers were
monomers 2 and 7 (Figure 5, inset). Their fouling indices and
normalized resistances were as follows: 10.7 ± 0.2 and 12.5 ±
0.3 for monomer 2 and 1.8 ± 0.1 and 2.8 ± 0.1 for monomer 7,
respectively. Monomer 2 was very hydrophobic and therefore
was expected to foul extensively, as shown. Monomer 7 was a
very long PEG, which is hydrophilic, but most likely fouled
because of its long chain length, as shown previously.21

3.4. Dynamic Fouling (Selectivity vs Permeability). In
addition to antifouling properties, one also desires high
selectivity and high permeability. Previously, Zydney and
others40,41 plotted the separation factor versus permeability
and found that there was an upper bound above which no
current membrane separations could be achieved. Here,
selectivity is plotted against permeability (Figure 6). Selectivity
is measured as the ratio of the concentration of BSA in the feed
to that in the permeate and is plotted against permeability. The
classic trend can be seen, in that membranes with high

Figure 5. Performance after a static fouling test, normalized by the performance for the as-received membrane (RPES,control = 1.0 ± 0.1, and RPES,control
= 1.0 ± 0.1). Several previously synthesized monomers (A1−A3, A6, and A8−A10) and some previously tested commercial monomers (PEG 9,
hydroxyl 4, and BMA) are shown for reference (squares). The fouling index and normalized resistances are shown in the box at the top left for
monomers 2 and 7 because they were much higher than the values of the other monomers. One standard deviation of error is shown in both the x
and y directions for all newly synthesized monomers (1−9). All data were obtained in triplicate.

Figure 6. Performance after a dynamic fouling test. Data shown for the synthesized monomers, the as-received membrane, and the previously tested
monomers (A1−A10, PEG 8, and zwitterionic 40) for reference (squares). All data were obtained in triplicate, and error bars represent one standard
deviation.
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selectivity have low permeability and vice versa. The dashed
line is drawn for reference and is not a fitted parameter.
Monomers 1, 3, 5, and 6 all exhibited permeability higher

than that of the control but had selectivity similar to that of the
control. Most of the previously synthesized amide monomers
(squares) had permeability lower than that of the control, but
some had slightly higher selectivity. Monomer 7 had the highest
selectivity (ψ = 2.3) and low permeability (Lp = 1.3 ± 0.14
LMH/kPa). Monomer 7 most likely fouled the most because of
its long chain length, as shown earlier with its uncharacteristi-
cally high fouling index. Monomer 2 had the lowest
permeability (Lp = 0.3 ± 0.02 LMH/kPa), as predicted. The
monomers with the highest permeability were monomer 6 (Lp
= 4.4 ± 0.40 LMH/kPa), monomer 5 (Lp = 4.3 ± 0.11 LMH/
kPa), and monomer 1 (Lp = 4.2 ± 0.37 LMH/kPa). This is
very consistent with the predictions from the Hansen solubility
parameter calculations. These data support our hypothesis that
water interactions play a major role in protein adhesion
processes because monomers that had favorable intermolecular
interactions with water performed better.

4. CONCLUSIONS

Using combinatorial chemistry that allows one to expand the
breadth and depth of one’s library, a set of diverse monomers
were synthesized and tested employing our unique high-
throughput screening platform with APP. Using membrane
ultrafiltration as an example system to reduce protein adhesion
(biofouling), monomers containing a carboxylic acid (mono-
mer 1), a zwitterionic group (monomer 3), and an ester
(monomer 5) performed the best from a fouling resistance
viewpoint. All three of these monomers performed better than
our best previously synthesized amide monomers.21 Our results
are consistent with the fact that hydrophilic surface chemistries
tend to be more protein resistant or less protein fouling. This,
we suspect, is primarily due to the importance of surface−water
and protein−water interactions during the protein filtration
process. These interactions may also be relevant for most other
biofouling events. Zwitterions have also performed well, likely
because of strong intermolecular interactions required to
neutralize overall charge, leading to electrostatically induced
water adsorption.32 After dynamic fouling, monomers contain-
ing a carboxylic acid, zwitterionic, an ester, and a hydroxyl
(monomer 6) exhibited the highest permeability. Meanwhile,
the long PEG (Mn = 2000) (monomer 7) had the highest
selectivity. Hansen solubility parameters proved to be useful for
predicting which grafted polymeric surfaces would likely be
antifouling. HSPs act as a guide for determining which
monomers will have strong interactions with water. As stated
above, this is likely critical to the protein fouling process.
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