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A novel high throughput method for synthesis and screening of customized protein-
resistant surfaces was developed. This method is an inexpensive, fast, reproducible and
scalable approach to synthesize and screen protein-resistance surfaces appropriate for
a specific feed. The method is illustrated here by combining a high throughput plat-
form (HTP) approach together with our patented photo-induced graft polymerization
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(PGP) method developed for facile modification of commercial poly(aryl sulfone) mem-
branes. This new HTP-PGP method was validated by comparison with our previous
published results obtained using a bench-scale filtration assay of six well-studied
monomers. Optimally-performing surfaces for resisting a model protein, bovine serum
albumin (BSA), were identified from a library of 66 monomers. Surfaces were prepared
via graft polymerization onto poly(ether sulfone) (PES) membranes and were evaluated
using a protein adsorption assay followed by pressure-driven filtration. Bench-scale
verification was conducted for selected monomers using HTP-PGP method; a good
correlation with HTP-PGP results was found. © 2009 American Institute of Chemical
Engineers AIChE J, 56: 19321945, 2010
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Introduction

Customizing surfaces for particular applications has been
pursued for a long time with respect to selecting protective
coatings for objects placed in aqueous (i.e., marine and medi-
cal) and air environments. The goals are usually to minimize
the interaction of unwanted dispersed dissolved solutes and
suspended particles with particular surfaces. Here, we are con-
cerned primarily with proteins and protein aggregates. The
search for customized protein-resistant or -repellant surfaces
has been limited due to (i) the lack of widely accepted rules
guiding the choice of such surfaces, (ii) the extremely diverse
characteristics of proteins (i.e., multiple interactive forces act-
ing simultaneously), and (iii) the enormous expense and time
needed to find and develop new materials with optimal interfa-
cial characteristics. Some success has been made as exempli-
fied by the discovery and application of polyethylene glycol-
coated surfaces to minimize protein adhesion and the trend to
use hydrophilic (e.g., regenerated cellulose, polyamide) in
place of hydrophobic [e.g., poly(aryl sulfone), poly(vinylidene
fluoride), poly(propylene)] polymeric surfaces as synthetic
membranes during pressure-driven membrane filtration. How-
ever, many of these surfaces suffer from other deficiencies,
including negative influence on protein secondary structure,
susceptibility to large pH changes, and in the case of mem-
branes, low permeation fluxes.

Hence, developing new polymeric materials with appropri-
ate surface or functional characteristics for different mem-
brane filtration applications involves great effort and expense
and often takes many years. More importantly, surface sci-
ence has not yet developed to the point that allows predic-
tion of the surface or functional characteristics needed to
minimize undesirable interactions with solution components,
and thus to control fouling. As a result, over the past 30
years, few new polymers have been used for membrane pro-
duction. What is urgently needed is a fast, efficient, and
reproducible process to allow quick selection of the best pol-
ymeric surface, and subsequent analysis of its mechanism of
action, to gain understanding for future design of surfaces
for membrane and other applications.

Here, we offer such a method, by adapting high through-
put platform (HTP) approaches successfully used in chemis-
try (e.g., combinatorial spot/well analysis)' and biology (e.g.,
phage display2 and SELEX?®) to the facile modification of
PES, using a HTP together with our patented photo-induced
graft polymerization (PGP) method.*'? We illustrate the
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method by modifying commercial PES membranes, which
affords a rapid assessment of protein/surface interaction in
terms of filtration resistance developed after protein adsorp-
tion. In the PGP method, depicted schematically in Figure 1,
poly(aryl sulfone) membranes are UV-irradiated, cleaving
trunk polymer chains and forming reactive radical sites.
Either water or methanol-soluble vinyl monomers covalently
bond to these radical sites and undergo free-radical polymer-
ization.* We call the combined method HTP-PGP.

Although HTP approaches have been used to evaluate pro-
cess variables in the development of filtration processes using
commercial available filtration membranes,'>'* and to opti-
mize membrane casting dope composition,'”™” we report here
for the first time the use of a HTP approach to modify polymer
surfaces. The novel method proposed here proffers an inex-
pensive, fast, simple, reproducible, and scalable procedure to
synthesize and screen protein-resistance surfaces by modifying
poly(aryl sulfone), which has excellent physical and transport
characteristics but poor surface chemistry. The method is,
however, limited as it does not incorporate surface mixing or
tangential flow to effect mass transfer, has very small test
areas that could effect averaging of results and direct assaying
of the grafted polymer on the membrane surface (i.e difficult
to measure contact angle, XPS or ATR/FTIR directly), is inca-
pable of allowing cleaning by back-washing, and, until now, is
restricted to grafting of vinyl monomers with PES. We are cur-
rently addressing several of these limitations.

Previous work in our laboratory and that of other groups
in academia and industry has approached this problem in the
reverse order, by first choosing a priori a few ‘attractive”
monomers (based mostly on intuition and the assumption
that hydrophilic monomers with hydroxyl or ethylene glycol
groups are best), conducting confirmatory studies to verify
grafting and then testing filtration efficacy. The process has
been slow, with a low probability of success and with little
mechanistic insight. Our new approach of high throughput
“reverse engineering” substantially increased the chances of
finding grafted monomers with superior filtration perform-
ance. This process, if designed carefully and with a sensitive
relevant assay, should provide several so-called winners that
can then be verified at the bench scale. The approach itself
provides mechanistic insight by generating a large quantity
of data on structural properties and performance. Such data
allows one to search for rules on mechanism, explaining
why one surface is better than another, that can guide the
choice of protein-resistant membranes.
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cleaving trunk polymer chains and forming reactive radical sites.
Either water or methanol-soluble vinyl monomers chemically bond to these radical sites and undergo free-radical polymerization. After
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[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Strategy

The strategy for membrane material and process develop-
ment using reverse engineering HTP-PGP is depicted sche-
matically in Figure 2, and a schematic illustration of HTP-
PGP experimental setup is shown in Figure 3. First, an initial
monomer library was chosen from a pool of likely candi-
dates. The initial monomer library used in this work, shown
in Figure 4, represents 66 monomers that are commercially

available, categorized into nine groups based on chemical
functionality. These monomers were then used to modify
PES surfaces using the HTP-PGP approach. Candidate surfa-
ces were synthesized, characterized in terms of permeability,
and then screened with a protein solution challenge in the
same multi-well filter plate.

We have successfully used two different screening assays
to evaluate membrane performance: resistance to buffer fil-
tration after protein adsorption by of graft-modified

MonomerLibrary

1. Surface Modification

High-Throughput Photo Induced

Graft Polymerization
96-Well Format

4. Mechanism
Structural properties (QSPR)

Measure modified membrane flux

( 2. Prescreen Assay N
Adsorb or filter feed

Kinetic behavior
Rheological properties
Flux decline

A

cleanability

Assess permeation flux, feed retention,
96-Well Format Vi

3. Process Optimization
Grafting conditions: monomer conc, rxn time, UV 1
Feed Composition/pretreatment
Solution conditions: ionic strength, pH
96-Well format

5. Large Scale Validation
Measure modified membrane flux
Adsorb or filter feed
Assess permeation flux, feed retention,
cleanability
Bench-Scale Format

6. Scaleup
Mixing conditions
Flux optimization
Module configuration
Bench or pilot-scale format

Figure 2. Surface material and process development using the “reverse engineering” HTP-PGP strategy with a
membrane filtration as both an assay and as an example application.
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Figure 3. Schematic illustration of HTP-PGP experi-
mental setup.
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membranes, and resistance to protein solution filtration by of
graft-modified membranes. The membrane-based approach,
illustrated here, allows determination, in the HT platform, of
performance parameters specific to membrane applications,
including permeation flux, flux decline due to feed solute
interactions with the membrane, feed component retention,
and cleanability. Surface characterization such as contact
angle and chemical composition is also possible."

Here, we report on (i) validation of the HTP-PGP
approach by comparison with previous results of PES grafted
with six different monomers using a bench-scale method
described by Taniguchi and Belfort,® (ii) screening of mem-
brane surfaces, prepared from an initial monomer library of
66 commercial vinyl monomers, for their ability to resist
interaction with BSA, (iii) verification of surfaces identified
in the HT format via bench-scale filtration with mixing, and

(iv) comparison of our results with those previously reported
in the literature. Other feeds, including soil humic acid as
model natural organic matter (NOM) hen egg white lyso-
zyme, Chinese Hamster Ovary (CHO) supernatant, and im-
munoglobulin G (IgG) precipitate in the presence and ab-
sence of BSA, have also been evaluated using this method
and the results are reported elsewhere.”” We have also used
the HTP-PGP approach to identify surfaces that resist foul-
ing by water containing natural organic matter (e.g., humic
and fulvic acids).'® The HTP-PGP approach to synthesize
and screen fouling-resistance surfaces is general, and thus
provides the capability to develop surfaces optimized for
specific feeds.

Experimental
Materials

Membrane. Polypropylene 96-well filter plates (Seahorse
Labware, Chicopee, MA) were used in HTP-PGP experi-
ments. A 100 kDa cut-off PES membrane coupon (effective
area 19.35 mm?) was mounted by the manufacturer on the
bottom of each 400-uL. well. The hydraulic resistance of the
96 membranes ranged from 8.12 x 10" to 9.49 x 10" m™'
with a coefficient of variation equal to 4.0%. In bench scale
studies, a commercial PES ultrafiltration membrane (PBHK
Biomax 100 kDa, Millipore Corporation, Bedford, MA) was
used. Before use, the membrane sheets and filter plates were
washed several times with deionized (DI) water and then
soaked in DI water overnight to remove surfactant from the
membrane coupons.

Monomers. Commercial vinyl monomers (66 total, Fig-
ure 4) were purchased from Sigma-Aldrich (Saint Louis,
MO) and were used as-received without further purification.
The name, structure, and formula weight (FW) of these
monomers are shown in Supporting Information Table SI.
These monomers were either dissolved in reagent grade
water or ethanol (see Figure 4 and Supporting Information
Table S1) depending on their solubility. Six of these

HPO methacrylates
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Figure 4. Initial monomer library: Library consisted of 66 monomers in nine groups. Numbers refer to Table S1 in

the Supplemental Information.
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monomers were used for HTP-PGP validation: N-vinyl pyr-
rolidinone (NVP), 2-hydroxyethyl methacrylate (HEMA);
acrylic acid (AA), 2-acrylamidoglycolic acid (AAG), 3-Sul-
fopropyl methacrylate (SPMA) and 2-Acrylamido-2-methyl-
1-propanesulfonic acid (AMPS). These monomers were
dissolved in reagent grade water for grafting. An additional
62 commercial vinyl monomers were evaluated further.
Unless otherwise noted, a monomer concentration of 0.2 mol
L' was used for grafting experiments. Several monomers
were evaluated at the bench-scale to verify HTP results,
including selected promising monomers from HTP-PGP
experiments that were representative of several different
groups, a few monomers that did not perform well, and a
few that performed well with other feed solutions. The same
monomer concentration (0.2 mol L™') as that used at the
HTP scale was used for bench scale verification. The mono-
mers were dissolved in either water or ethanol depending on
their solubility, as done in the HTP-PGP experiments.

Protein Feed Solution. Bovine serum albumin was cho-
sen as a model protein to assess membrane fouling for both
HTP and bench scale experiments. BSA (MW = 67 kDa, pl
= 4.7) is negatively charged under our experimental condi-
tions. Solution was prepared by dissolving BSA into phos-
phate buffered saline (PBS) solution to yield a protein con-
centration of 1 g L~'. PBS buffer solution contained 10
mmol L~ phosphate buffer, 2.7 mmol L' potassium chlo-
ride, and 137 mmol L~ ! sodium chloride with pH 7.4 at
25°C. BSA and PBS tablets were purchased from Sigma-
Aldrich (Saint Louis, MO).

HTP-PGP methods

Preparation of Modified Surfaces. The membranes on
the 96-well filter plates were modified using the UV-induced
graft polymerization method; mechanisms have been
described in our previous publications.***! The approach is
shown schematically in Figure 3. UV irradiation was con-
ducted in a chamber (F300S, Fushion UV Systems, Inc. Gai-
thersburg, MD) containing an electrodeless microwave lamp
(~7% of the energy was at <280 nm). A bandpass UV filter
(UG-11, Newport Corporation, Franklin, MA) was placed
between the 96-well filter plate and the UV lamp to reduce
the energy at wavelengths below 280 nm to <1%.

The membrane modification consisted of the following
steps. After washing, the hydraulic permeability of each well
was measured simultaneously with DI water. The mem-
branes were then modified by adding monomer solution (200
uL) to each well, shaking the plates on an orbital shaker at
100 rpm for 1 hr, reducing O, level under vacuum for 10
min (or purging with N, for 15 min), and irradiating plates
in the UV chamber for 30 s (unless otherwise noted). After
modification, the plates were washed by shaking in water for
1 h.

Each 96-well plate allowed evaluation of 22 monomers
with four replicates for each monomer, and eight controls:
four membrane coupons were treated with ethanol without
UV irradiation to serve as a control for membranes grafted
with the monomers dissolved in ethanol, and the remaining
four wells were used as-received to serve as a control for the
membranes grafted with monomers dissolved in water.
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Evaluation of Modified Membranes by Filtration. The re-
sistance of the 96 membrane coupons during protein solution
filtration was measured simultaneously by mounting the filter
plate on a vacuum manifold (Pall Corporation, East Hills,
NY) as shown schematically in Figure 3. A constant trans-
membrane pressure (TMP) of 9.8 psi was provided by a vac-
uum pump. First, water and then PBS solution flux were
measured, and then 300 uL of foulant solution was added to
each well. A vacuum was then applied for 4 min., after
which the wells were gently emptied and refilled with PBS
solution. The PBS flux was measured again, followed by a
DI water measurement.

During filtration, a 96-well receiver plate was placed
under the 96-well filter plate. The permeate from each mem-
brane was collected into a corresponding well in the receiver
plate, and was analyzed for solute concentration and volume
(as described later) to calculate the rejection and flux proper-
ties of each membrane. The receiver plate was replaced by
an empty receiver plate every time the wells of the mem-
brane plate were refilled.

Evaluation of Modified Membranes by Static Protein
Adsorption. The resistance of modified and control mem-
branes was also evaluated using a static adsorption protocol.
The water permeability after adsorption was measured as a
criterion for membrane performance. In this method, 300 uL
of protein solution was added to each well, and the plate
was sealed with adhesive film to eliminate evaporation. The
plate was then placed on a shaker (as above) for 44 h. After
equilibration, the wells were then gently emptied, and DI
flux was measured. The membrane resistance was calculated
using flux values. The resistance increase of the modified
membranes caused by protein adsorption was compared with
that of control membranes to evaluate protein/surface inter-
actions.

Analytical Methods. A Microplate Spectrophotometer
(PowerWave XS, BioTek Instruments Inc., Winooski, VT),
was used to measure the volume and solute concentration
of permeate solution in the receiver plate wells. The acrylic
96-well receiver plates are UV transparent which facilitates
permeate analysis by light absorbance in both UV and near
infrared regions. Protein concentrations were measured at
280 nm. Rejection, R, was calculated as R = 1 — C,/Cy,
where C,, (g L") and C; (g L~!) are the concentrations in
the permeate and feed, respectively. The volume of permeate
in each receiver well was measured at 977 nm. Proteins do
not absorb at this wavelength, whereas water exhibits an ab-
sorbance peak. Volumetric flux, J, (m s 1) was calculated as
J, = V/At, where V (m?) is the cumulative permeate volume,
A (m?) is the membrane area, and ¢ (s) is the filtration time.
The resistance of membrane was calculated from R = AP/
wl,, where AP (Pa) is the transmembrane pressure, i (g m™!
s~ ') is the solution viscosity at 22 4 1°C.

Validation of the HTP-PGP method

The HTP-PGP approach was validated by comparing
results with those obtained from a conventional bench-scale
(25 mm stirred cell) low-throughput approach using the six
monomers (NVP, HEMA, AA, AAG, SPMA and AMPS)
described by Taniguchi and Belfort.® For each monomer,
five concentrations (0.02, 0.05, 0.1, 0.2, and 0.5 mol L’l)

July 2010 Vol. 56, No. 7 AIChE Journal
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Figure 5. HT platform reproducibility.

Resistance after modification, R ,,q normalized by the resist-
ance of the as-received membrane, Rar is plotted for two
. . . 2
separate experiments. The correlation coefficient R® =
0.948, thus veritying reproducibility of the HT platform.

and two UV irradiation times (10 and 30 s) were used for
graft polymerization. In the experiment, 12 membrane cou-
pons served as unmodified controls; and another 12 coupons
were UV irradiated in the absence of monomers (six cou-
pons were irradiated for 10 s, and another six for 30 s). Af-
ter modification, the grafted membranes were evaluated by
both filtration and static adsorption of BSA. The filtration
results were used to compare the HTP-PGP data with pub-
lished data using the bench-scale approach, which used a fil-
tration assay. The static adsorption experiments were run to
assess whether such a protocol was consistent with the filtra-
tion assay.

Bench-scale verification methods

Preparation of Modified Membranes. The membranes
were modified using the same UV irradiation system as
applied in HTP-PGP experiments. The membranes were
dipped in monomer solutions for 1 h with a shaking speed
of 100 rpm, removed from the monomer solutions, N, (water
saturated) purged for 15 min (or vacuumed for 10 min), and
irradiated for 10 s. After modification, the membranes were
washed with DI water by shaking for more than 2 h.

Evaluation of Modified Membranes by Filtration. A
dead-end stirred cell filtration system was used to character-
ize the filtration performance of unmodified and modified
membranes. The system consisted of a filtration cell (25-mm
diameter, model 8010, Millipore Corp., Bedford, MA) with a
total inner volume of 18.5 mL that was connected to a 1-L
reservoir. The active membrane area was 3.8 cm”. The feed
side of the system was pressurized with nitrogen. All filtra-
tion experiments were conducted at a constant transmem-
brane pressure at 20 psig, a stirring rate of 500 rpm, and a
system temperature of 22 + 1°C. The filtration protocol used
was based on that described previouslyg; a schematic repre-
sentation is shown in Supporting Information Figure SI.
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Each membrane was first compacted for 15 min at 25 psig
with DI water. The DI water and PBS permeation resistance
(Rv and Ry pgs. m~') was measured. Then, the cell was
filled with the BSA solution from the reservoir and the cell
repressurized to the operating pressure, 20 psig. The flux
was recorded with a time interval of 1 min by a computer,
which was connected to an analytical balance. The filtration
was stopped after 20 g of permeate was collected. The resist-
ance at this point was called Rg (m™1). The concentration of
the feed solution (Cy, g L") and the first 2 g of permeate
(Cp, g L’l) was measured. Rejection, R, was calculated as
R =1-Cy/Cy.

Results and Discussion
Validation of HTP-PGP technique

Reproducibility of HTP-PGP Technique. Two separate
experiments were conducted with 60 monomers to evaluate
the reproducibility of the HT platform. The data from these
experiments were analyzed to assess reproducibility in terms
of the resistance after modification, R,,oq (m~') normalized
by the resistance of the as-received membrane, Rar (m™ ),
shown in Figure 5. The data from two independent experi-
ments are plotted on each axis; the correlation coefficient,
R? = 0.948, indicating excellent correspondence between the
experiments.

Comparison of the HTP-PGP and Bench-Scale Approach-
es. We have validated the HTP-PGP method by comparing
measures of membrane performance obtained using the
HTP-PGP approach with those of Taniguchi and Belfort,®
which were obtained using a bench-scale, low-throughput
approach. Most of the results obtained in the previous work
using the bench-scale method were presented as a function
of degree of grafting (a measure of grafted amount) or mem-
brane surface wettability (cosine of the interfacial contact
angle).® To facilitate comparison, previous results were
replotted here as a function of monomer concentration. Fig-
ure 6a shows total fouling resistance, ARg (= Rr — Ry pps)
as a function of monomer concentration measured using the
HTP-PGP approach whereas Figure 6b shows the data
reported by Taniguchi and Belfort.®

Although the data cannot be compared point-to-point
because different monomer concentrations and UV irradia-
tion times were used, the data in Figures 6a,b clearly con-
firm that the results obtained by the two methods are consist-
ent. Indeed, considering that completely different UV irradi-
ation systems were used, and the base membrane was made
by a different manufacturer, the consistency is remarkable.
The total fouling obtained by using both methods decreased
in the order AAG ~ AA > AMPS > SPMA > HEMA ~
NVP. These comparisons confirm that the HTP-PGP tech-
nique identifies the same trends identified using a bench-
scale experimental approach and is therefore scalable in
terms of membrane resistance developed by interactions
between the surface and feed components. As shown in Sup-
porting Information Figures S2 and S3, the HTP-PGP tech-
nique is also scalable in terms of membrane resistance after
grafting, and protein rejection. A comparison of cleaning ef-
ficiency after fouling was not possible because backwashing
was used in the bench-scale approach.8 It should also be
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Figure 6. Validation of the “HTP-PGP” technique.

Panels (a) and (b): total fouling, ARg (= Rr — Rypps) dur-
ing BSA solution filtration as a function of monomer con-
centration. Panel (a) shows results obtained using the HTP-
PGP approach using an irradiation time of 30 s; (b) shows
results from bench-scale data reported by Taniguchi and
Belfort® using an irradiation time of 60 s. Panel (c): total
fouling, ARg (= R — Rypps) during PBS buffer filtration
after BSA static adsorption using an irradiation time of 30
s. Monomers: (O) HEMA; (o) NVP; (A) AA; (A) AAG;
(0) SPMA; (H) AMPS.
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noted that the relative ranking of different surfaces prepared
using the HT approach is not very sensitive to monomer
concentration. In general, the monomer concentration should
be sufficiently high to produce a degree of grafting that has
a measurable influence on surface properties. When using
the filtration assay used here, the monomer concentration
should not be so high as to block membrane pores to an
extent that makes permeability too low to measure.

Comparison of the Filtration and Adsorption Assays. The
data in Figures 6a,b showed that the HTP approach was scal-
able in terms of surface properties assessed using a protein
solution filtration protocol. An alternative approach to assess
protein/surface interactions is to use a protein adsorption
protocol. This approach has the advantage that it avoids
complications arising from the convective transport of pro-
tein to the membrane surface, which can result in the forma-
tion of a protein cake. The adsorption protocol was eval-
uated by comparing the resistance measured during the pro-
tein solution filtration assay (Figure 6a) with the resistance
during filtration of a protein-free feed after static adsorption
from a protein solution, shown in Figure 6¢c. Comparison of
the data in these figures confirms that the filtration and static
adsorption evaluation protocols exhibit similar trends in
measured resistance. The general agreement of the results
validates the scalability of the static adsorption protocol.

Careful inspection of Figure 6a,c reveals differences
between the magnitude of resistance developed during filtra-
tion and static adsorption of BSA - the magnitude of resist-
ance was generally greater after filtration as compared to
static adsorption. This is expected because resistance was
developed by different mechanisms. Pore blockage and pore
constriction may result from solute adsorption to the mem-
brane surface and pore walls; the amount depends on bind-
ing affinity and the thermodynamic driving force. During fil-
tration, however, permeation drag causes mass accumulation
on the membrane surface and in the membrane pores (in
proportion to both membrane flux and solute rejection), and
may induce protein aggregation; therefore, cake formation
may occur in addition to pore blockage and pore constric-
tion. Hence, the resistance after static adsorption better rep-
resents the fouling potential of membrane surfaces in terms
of solute affinity, chemistry, and structural properties.

HT discovery of new surfaces

The resistance to water permeation after modification (but
before fouling) relative to the resistance of the as-received
membrane, R.,,q/Rar, represents the factor by which mem-
brane resistance increased after modification, and is a rough
indicator of the amount of grafted material. To assess pro-
tein/surface interactions, a fouling index, R, was calculated
as the resistance increase of grafted membranes caused by
fouling normalized by that of ungrafted membrane control,
R :ARmod/ARcontml , Where ARmr)d = (Rfoutea — R)mod and
ARcontrol = (Rfouled - R)comr01~ The control was the as-
received membrane treated with either water or ethanol,
depending on which was used to dissolve the monomer. The
increase in the modified membrane resistance after protein
adsorption should be lower than that of the control when the
modified surface resists protein interactions. Although not a
general criterion, for applications involving permeation, the

July 2010 Vol. 56, No. 7 AIChE Journal
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Figure 7. Optimized selection of surfaces for BSA.

A total of 66 commercial monomers were evaluated relative
to the as-received poly(ether sulfone) membrane using the
HTP-PGP method. Success is measured in terms of a foul-
ing index, M = AR,0a/ARconirol = (Riouted — R)mod/Rrouled
— R)control- Other surfaces exhibit either fouling greater than
the as-received membrane, or high membrane resistance.
(a): relative ranking of monomers in terms of fouling index;
(b): fouling index and increase in resistance to DI water fil-
tration after modification considered together. Symbols are:
(#) Methacrylates having hydrophobic side chains; (H)
Hetero ring group monomers; (A) Aromatic monomers; (o)
Hydroxy monomers; (<>) PEG monomers; ((J) Acid mono-
mers; (/) Amine monomers; (O) Basic and Zwitterionic
monomers; (*) Monomers that cannot be characterized into
the other eight classes; (+) Unmodified membrane surface.

membrane resistance for the modified membranes should be
near that of the as-received membrane (R,oq ~ Rar),
although a higher resistance may be acceptable when it cor-
relates with increasing rejection (and high rejection is a
goal).
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Static Adsorption of Protein by Modified Membrane
Surfaces and their Subsequent Filtration Resistance. Mono-
mer number, name, structure and fouling index are tabulated
in Supporting Information Table S1; the fouling index, cal-
culated as described earlier, was rated into 7 classes as
shown by the criteria in Supporting Information Table S2.
Representative results are shown in Figure 7. In Figure 7a
monomers having a fouling index less than the as-received
membrane are ranked. It is clear that the HT approach has
identified many new and previously reported surfaces that
perform significantly better than the as-received membrane,
offering significantly lower resistance due to fouling. In Fig-
ure 7b the value of the fouling index is plotted against the
resistance after modification. Modification has significantly
increased the resistance of some surfaces (e.g., Ryod/Rar >
1.8); however, two such surfaces offer a very low fouling
index, i.e., M < 0.1. Furthermore, many surfaces exhibit a
fouling index R < 0.8 and a relative resistance R,oq/Rar <
1.2

The ranking of monomers in terms of the number of
monomers with specific ratings for different monomer
classes for BSA fouling-resistant surfaces is shown in
Figure 8. As expected, on the basis of other results reported
in the literature, poly(ethylene glycol) (PEG) surfaces were
generally protein resistant, and the fouling index decreased
with increasing molecular weight.”>** Such selection of pre-
viously known protein resistant polymeric surfaces, i.e.,
those reported in the literature by various research groups,
helps build confidence in the HTP-PGP method. Six excel-
lent surfaces (with ratings 34) were obtained, with two from
the PEG class (long-chain poly(ethylene glycol) methyl ether
methacrylates, #34 and #35), two from the amine group (N-
isopropylacrylamide and 2-(dimethylamino) ethyl methacry-
late, #51 and #55), one methacrylate having hydrophobic
side chains (2-ethylhexyl methacrylate, #7), and diacetone
acrylamide (# 53). In addition, good performance was
obtained with zwitterion #59, [3-(methacryloylamino) pro-
pyl]ldimethyl(3-sulfopropyl) ammonium hydroxide inner salt;
short chain PEG #33, poly(ethylene glycol) methyl ether
methacrylate; and hydroxyl #66, caprolactone 2-(methacry-
loyloxy) ethyl ester.

The surfaces that exhibited the least favorable fouling
index (a rating of 3-) were made using monomers from the
acid group and methacrylates having hydrophobic side
chains. In addition, no acceptable surfaces (those that exhib-
ited fouling less than the as-received surface) were obtained
using monomers containing an acid group unless part of a
zwitterionic structure.

Our results are generally consistent with results from stud-
ies of protein interactions with surfaces having a variety of
functionality created using self-assembled monolayers
(SAMs) of alkanethiolates on gold as a model substrate.”>%’
Such studies have identified general features of surfaces hav-
ing low affinity for proteins: (i) they are hydrophilic (wetta-
ble), (ii) they contain hydrogen bond acceptors, (iii) they
lack hydrogen bond donors, and (iv) they are electrically
neutral>>?>*3% The PEG monomers, representing the
“standard” for protein resistance, satisfy all four criteria.
However, the best performing monomer, diacetone acrylam-
ide (#53), contains a secondary amine which can act as a
hydrogen bond donor (Supporting Information Table S3). It
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Figure 8. Ranking of monomers by class.

Number of monomers with specific ratings for different
monomer classes for fouling-resistant surfaces due to the
challenge from BSA. The rating of monomers is according
to the fouling index R = AR ,0d/ARconwor: >3 (———); 1.8
to3(——); 1to 1.8 (—); 0.8 to 1 (+); 0.6 to 0.8 (+-+); 0 to
0.6 (+++).

is likely that the location of the amine group adjacent to the
carbonyl oxygen limits its reactivity. Others have noted that
primary and secondary amines adsorb more protein than
structurally similar groups in the form of amides.>> Further-
more, it should also be noted that other molecules containing
hydrogen bond donors, such as mannitol, have exhibited pro-
tein resistance.”’ Two other monomers containing amine
groups also performed well. The 2-(dimethylamino) ethyl
methacrylate (#55) contains a tertiary amine and the N-iso-
propylacrylamide (#51) also contains an amide group. The
caprolactone 2-(methacryloyloxy)ethyl ester monomer (#66)
terminates in an alcohol group, separated from the hydro-
philic portion of the molecule by a five-carbon chain. It is
possible that this chain length is long enough to promote
self-association and reduce the hydrogen bond donor reactiv-
ity with proteins. The zwitterion [3-(methacryloylamino)pro-
pylldimethyl(3-sulfopropyl)ammonium hydroxide inner salt
(#59) conforms to the net neutrality criterion, but also con-
tains a secondary amine in an amide group. The most sur-
prising monomer was the 2-ethylhexyl methacrylate (#7),
which is much less hydrophilic than the other high perform-
ers.

Bench-scale verification of HTP results

Several of the most promising monomers identified in the
high throughput experiments (and one that was not among
the best) were tested in bench-scale filtration experiments
with mixing to assess the scalability of the results and
whether surfaces that exhibited low protein interactions after
adsorption would also be favorable for filtration applications.
Note that the membranes used for the HTP and bench-scale
experiments were both made from PES and had a MWCO of
100 kDa. However, the manufacturer of the 96-well plates
did not report the membrane source; therefore, it is possible
that the membranes used at the two scales were different.
Representative filtration data are shown in Figure 9. Data
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were selected to represent each of the most successful mono-
mer groups identified in the HTP experiments; some data
have been omitted for clarity. Also, two of the nine best
surfaces that exhibited low protein interaction in the high
throughput experiments, monomer #53, diacetone acrylamide
and hydroxyl monomer #66, caprolactone 2-(methacryloylox-
y)ethyl ester, yielded permeabilities too low to allow evalua-
tion at the bench scale. One monomer that was not among
the best candidates, hetero-ring monomer #39, 4-acryloyl-
morpholine, is also shown. The data are plotted in terms of
resistance versus volume throughput; plotting the data in this
way minimizes the effects of differences in the initial grafted
membrane resistance. As shown in Figure 9, the filtration
data for several surfaces clearly show significantly improved
performance as compared to the as-received PES membrane
(i.e., the lower absolute value of the total fouling resistance
and slopes) , as predicted by the high-throughput experimen-
tal results; these include surfaces prepared by grafting amine
#51, N-isopropylacrylamide; methacrylate #7, 2-ethylhexyl
methacrylate; PEG #35, poly(ethylene glycol) methyl ether
methacrylate (N = 45); zwitterion #59, [3-(methacryloyla-
mino) propyl]dimethyl(3-sulfopropyl)ammonium hydroxide
inner salt; and hetero-ring #39, 4-acryloylmorpholine.

The data for the resistance of all surfaces determined at
the bench scale after about 55 L m™ 2 solution throughput
are summarized in Figure 10, where they are also compared
with the fouling index determined at the HTP scale. All of
the monomers selected from the HTP results and subse-
quently verified at the bench scale exhibited a fouling index
lower than that of the as-received PES surface. The best sur-
face was made from amine monomer #51. The next best per-
forming surface was synthesized from PEG monomer #34. A
large group of monomers performed nearly equally at the
bench scale, exhibiting a fouling index ranging from 0.4 to
0.55. These include several basic and zwitterionic monomers

1E+13

Total fouling, AR (m™1)

Cumulative permeate, ZV (L m2)

Figure 9. Bench-scale verification of HT discovery.

Total fouling ARg (= Rg — Ry pps) during filtration of BSA
in PBS buffer (with mixing) is plotted as a function of cu-
mulative permeate volume throughput. Performance plotted
in this way minimizes dependence on initial membrane re-
sistance. All modified surfaces exhibited lower total resist-
ance (membrane resistance + fouling resistance) than
that of the as-received membrane. Symbols are: (/\) mono-
mer # 51; (@) monomer # 7; (&) monomer #34; (QO)
monomer #59; (H) monomer # 39; (e) Unmodified mem-
brane surface.

July 2010 Vol. 56, No. 7 AIChE Journal



1.2

9 & m 39
0 6@, 62
% 63

BS fouling index,
(ARF)mod’(ARF)conh'ol
(=]

[=2]

0.0 T T T v T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

HTP-PGP fouling index, R = ARyoq/AR:ontrol

Figure 10. Fouling index comparison at bench- and HT-
scale.

Normalized total fouling (AR = Rr — Rmpps) during
BSA filtration (with mixing) is plotted as a function of
fouling index from HTP-PGP experiments. Symbols are:
(#) Methacrylates having hydrophobic side chains; (H)
Hetero ring group monomers; (<>) PEG monomers; (/\)
Amine monomers; () Basic and Zwitterionic monomers;
(o) Unmodified membrane surface. The lines shown repre-
sent one standard deviation based on repeated measure-
ments with the as-received membrane.

(#s 59, 60, 62, and 63), PEG #35, hetero-ring monomer #39,
and methacrylate monomer #7; the filtration profiles of sev-
eral of these monomers are shown in Figure 9.

The fouling index determined from the bench-scale results
are compared with those determined from the HTP-PGP
results (after static adsorption) in Figure 10. The unmodified
membranes were evaluated twice in bench-scale filtration,
and the error bar is plotted. Bench scale results correlated
well with results from the HT platform: 5 of 12 surfaces
were within one standard deviation and 8 of 12 surfaces
were within two standard deviations of the 1:1 correspon-
dence line. Five monomers (#s 34, 35, 59, 52, and 14)
showed somewhat lower fouling in bench-scale verification
whereas three surfaces, those made from monomers (#s 7,
51, and 55), exhibited higher fouling in bench-scale verifica-
tion than in HTP-PGP screening. The four surfaces that were
not within two standard deviations of the 1:1 line, monomers
(hetero-ring #39, zwitterionic #60, and basic #s 62 and 63)
performed better at the bench scale than at the HTP scale.

Despite differences in membrane properties (surface
chemistry and resistance), hydrodynamics, and fouling mech-
anisms, the performance of the monomers at the two differ-
ent scales correlated reasonably well. The main objective of
the current work was to identify surface chemistries that
minimize interactions with feed components as a way to mit-
igate the initial stages of fouling. The resistance after static
adsorption likely represents the fouling potential of mem-
brane surfaces in terms of feed component affinity, chemis-
try, and structure. This approach should incorporate pore
blockage and pore constriction that results from solute
adsorption to the membrane surface and pore walls. How-
ever, this approach neither does incorporate all fouling
mechanisms nor does it predict the effects of hydrodynam-
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ics. Therefore, minimizing deviations between high through-
put and bench scale data will require minimizing the differ-
ences in the operating conditions as a function of scale,
especially the effects of mixing (absent at the HTP scale)
and how the fouling mechanisms were influenced by perme-
ation flux (including effects of concentration polarization).

Discussion and Comparison with Literature

In the following discussion, we divide the monomers stud-
ied in this work into four groups: (i) those that have been
studied previously but not in the context of either protein
interaction or membrane fouling during filtration; (ii) those
that have been studied for their properties to resist protein
adsorption or cell adhesion but have not been assessed for
downstream processing filtration applications; and (iii) those
that have been identified previously as promising in filtration
applications as a route to mitigate fouling or to enhance re-
covery. A detailed list of references from the literature for
the different monomers is presented in the Supporting Infor-
mation References. For monomers in group (i), there was no
basis in the literature for anticipating how these monomers
would perform in terms of protein adsorption or filtration;
therefore, our results demonstrate the ability of the HTP to
identify new high-performance surfaces and assess them for
protein interaction. For monomers in group (ii), our results
demonstrate the ability of the HTP to rapidly assess promis-
ing surfaces for specific feed solutions. The literature results
for monomers in group (iii) serve to validate the HTP
approach - the HTP approach identified monomers expected
to perform well. In addition, our results illustrate how the
HTP approach can be used for verification and optimization.

Group (i). Six monomers studied in this work have
appeared in the literature, but not for their surface properties
or for applications involving protein adsorption or cell adhe-
sion, or filtration [Group (i)]. These include amide-contain-
ing monomer #53, diacetone acrylamide; zwitterionic mono-
mer #63, [2-(methacryloyloxy)ethyl] trimethylammonium
methyl sulfate; and monomer #66, caprolactone 2-(methacry-
loyloxy)ethyl ester. At the HTP scale, these were rated
+++, +, and ++ respectively, performing better than the
as-received membrane. Monomers #53 and #66 were not
subsequently assessed at bench scale because the permeabil-
ity was too low; these monomers will be investigated further
in future work as they could have value for marine, medical
and other applications. However, monomer #63 performed
quite well at the bench scale; indeed, better than expected
based on HTP results.

Aromatic monomer #15, phenyl methacrylate, was cross-
linked with divinyl benzene to create novel supports.32 It
performed surprisingly well at the HTP scale, receiving a
++ rating, but was not pursued at the bench scale because
the yielded permeability was too low to allow the evaluation.
Hetero-ring monomer #39, 4-acryloylmorpholine, has been
studied for its metal binding properties as a co-polymer
with, e.g., cellulose and 2-acrylamido glycolic acid.**** At
the HTP scale, it exhibited reduced interactions with BSA as
compared with the as-received membrane, receiving a + rat-
ing. Because of its unique structure, it was pursued further at
the bench scale, and performed quite well. The metal inter-
action  properties of basic ~monomer #62, [3-
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(methacryloylamino)propyl] trimethylammonium chloride
have been studied when used as a component of cross-linked
co-polymers.*>=® Also, copolymers of [(3-methacryloylami-
no)propyl] trimethylammonium chloride and 2-acrylamido-2-
methyl-1-propane sulfonic acid were complexed with Ag(I)
and evaluated for their biocidal or biostatic action against E.
coli and S. aureus.’” In addition, complexes formed between
the positively charged random copolymers of methoxy-poly-
(ethylene glycol) monomethacrylate and [3-(methacryloyla-
mino)propyl] trimethylammonium chloride with oppositely
charged biosurfactants (sodium deoxycholate and sodium
cholate) were assessed as vectors for drug delivery.*® In our
work, this monomer exhibited reduced interactions with
BSA as compared with the as-received membrane at the
HTP scale, receiving a + rating, and performed even better
at the bench scale. Clearly, the results of Group (i) mono-
mers also demonstrate the ability of the HTP to identify new
high-performance surfaces and assess them for protein inter-
action.

Group (ii). These monomers have been studied for their
ability to resist protein adsorption or cell adhesion, but have
not been evaluated for their ability to reduce fouling or feed
component adhesion during membrane filtration. Star copoly-
mer networks were synthesized by the group transfer poly-
merization of aromatic monomer #18, benzyl methacrylate,
and the ionizable hydrophilic monomer 2-(dimethylami-
no)ethyl methacrylate (DMAEMA) were cross-linked by eth-
ylene glycol dimethacrylate.39 DNA adsorbed strongly onto
the networks at low pH but there was no DNA adsorption at
alkaline pH (pH > 10), when the DMAEMA units were
uncharged, indicating that DNA binding was governed by
electrostatics.®® In our work, benzyl methacrylate performed
surprisingly well at the HTP scale, receiving a ++ rating. It
was not among the top performers, however, and was not
pursued further at the bench scale, in part due to its hydro-
phobic structure. Surfaces grafted with N-isopropylacryla-
mide (#51) have exhibited protein adsorption properties
based on its temperature-dependent conformation, and, there-
fore, could be used to control protein and cell adhesion/
detachment behavior.**™7 At temperatures above its lower
critical solution temperature (32°C ) polymer chains were
collapsed and protein adsorbing whereas below this tempera-
ture they were hydrated and protein repellent.*' In our work,
this monomer created one of the best surfaces at the HTP
scale, and was the best performer at the bench scale.
Future work with this monomer will involve optimization
and assessment of its pH, salt, and thermoresponsive
properties.

The brushes formed by 2-(dimethylamino)ethyl methacry-
late (#55) have been shown to be sensitive to solution pH
and ionic strength; increasing either leads to a conformation
switch from a stretched brush to a collapsed state. In contrast
to polymerized N-isopropylacrylamide, the collapsed state
enhances hydrophilicity and protein-resistance of the grafted
surfaces, due to a higher surface enrichment of ester
groups.”®>! A weak polyelectrolyte ultrafiltration membrane
based on poly(acrylonitrile and 2-dimethylamino ethyl meth-
acrylate) copolymer was reported.’® X-ray photoelectron
spectroscopy confirmed enrichment of PDMAEMA on the
membrane surface, which made water flux was tunable by
switching from the stretched to collapsed state. Surface
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enrichment of ester groups improved water flux™’; however,
effects on fouling were not examined. In our work, this
monomer performed quite well at the HTP scale, as one of
the top performers. However, although it did perform signifi-
cantly better than the as-received membrane at the bench
scale, it was not one of the top performers. Future work will
involve optimizing solution conditions to assure that a favor-
able conformational state has been achieved. Monomer
N-tert-butylacrylamide (#52) has been used to form thermor-
esponsive surfaces to control bioadhesion of protein and bac-
terial, and cell attachment and growth.sz_55

Zwitterionic surfaces have been investigated as protein re-
sistance surfaces based on cell surface lipids as biological
precedents and the previous success of grafted phosphocho-
line derivatives.”” Surfaces comprised of single component
thiols terminated in groups having both a positively charged
moiety (quaternary ammonium) and a negatively charged
moiety (either phosphate or sulfonate) resisted adsorption of
fibrinogen and lysozyme. In addition, surfaces comprised of
1:1 mixtures of thiols terminated in a positively charged
group (quaternary ammonium) and a negatively charged sul-
fonate group also resisted protein adsorption.22 Cho et al.”®
showed that the surface grafted with zwitterionic monomer
#59 exhibited resistance to the nonspecific adsorption of pro-
teins, comparable to that of the best known systems such as
PEG-like films. In our work, at the HTP scale this monomer
performed well, receiving a ++ rating, and it performed
similarly well at the bench scale.

Group (iii). These monomers have been studied for their
ability to resist protein adsorption or cell adhesion during
membrane filtration. To our knowledge, only a few of the
monomers studied in this work fall into this category. One
monomer considered here, 2-ethylhexyl methacrylate (#7),
was used as a co-polymer additive to segmented polyur-
ethane to improve its biocompatibility with blood.’”~®* The
co-polymer was made from 2-ethylhexyl methacrylate and a
phospholipid polymer having 2-methacryloyloxyethyl phos-
phorylcholine units. Membranes made from this “alloy”
were evaluated for insulin permeation and fibroblast adhe-
sion. A reduction in adhesion was promoted by the co-poly-
mer additive, which was dispersed both on the surface and
inside the membrane. In our work at the HTP scale this
monomer performed very well, receiving an excellent
(+++) rating, and it performed similarly well at the bench
scale. A random copolymer was synthesized from acryloni-
trile and amine monomer #55, poly((2-dimethylamino ethyl
methacrylate)-acrylonitrile) and then reacted with 1,3-pro-
pane sultone to produce [2-(methacryloyloxy)ethyl]dimethyl-
(3-sulfopropyl)ammonium hydroxide moieties (monomer
#60) on the surface.”’ As a result, the hydrophilicity, anti-
fouling properties, and flux recovery after water cleaning
were improved. Recently, Azzaroni et al.** have studied
graft polymerization of sulfobetaines (i.e., zwitterionic
monomer #60) on silicon and gold surfaces to form polymer
brushes. Thin brushes were wettable and swelled in water
due to strong hydration forces and because steric factors
(related to the polymer backbone and the hydrated charged
groups) hindered the formation of ion pairs. As the brush
thickness increased, a decrease in the dielectric constant of
water in the polymer environment and a high polymer vol-
ume fraction promoted ion paring, leading to a hydrophobic,
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self-associated collapsed state that could be partially
reversed by increasing the temperature to about 50°C. The
good performance of this monomer in our work suggests
that the surface conformation is in a nonassociated and
hence highly hydrated state.

Many researchers have observed that poly(ethylene glycol)
surfaces resist nonspecific adsorption of proteins; this prop-
erty has resulted in their wide use in biomedical devices.*>
Protein resistance has been observed to increase with density
and chain length of surface grafted PEGs, a finding that is
consistent with the results of this work.** Self-assembled
monolayers terminated in (EG),OH groups have also been
shown to resist protein adsorption; because of this property
and because they are well characterized, they are considered
the standard against which to compare other systems.”
Potential limitations of PEGs include their propensity to de-
grade both in the presence of dioxygen and transition metal
ions, and their inability to retain anti-fouling properties
above 35°C.>""%77%% Still, the favorable properties of PEGs
have motivated attempts to use them to improve membrane
surface chemistry. Microfiltration (MF) membranes were
fabricated by phase inversion in aqueous media from comb
copolymers synthesized via living radical graft polymeriza-
tion of poly(ethylene glycol) methyl ether methacrylate
(monomer #30-35) with poly(vinylidene fluoride) (PVDF) in
the reversible addition fragmentation chain transfer-mediated
process. The copolymer MF membranes displayed resistance
to 7y-globulin fouling, in comparison to the unmodified
hydrophobic PVDF MF membranes.”® A similar approach
was taken to make thin film composite membranes.”' The
surface was coated with amphiphilic graft copolymers con-
sisting of a PVDF backbone and poly(oxyethylene methacry-
late) side chains. These materials molecularly self-assemble
into bicontinuous nanophase domains of semicrystalline
PVDF and poly(ethylene oxide), providing selective trans-
port channels of defined size. The ability of such membranes
to resist fouling was attributed to hydrogen bonding between
water and the ether oxygen groups of the PEO side chains,
which act as a grafted brush layer at the membrane surface
and within the water-filled nanochannels. In other research,
poly(poly(ethyleneglycol) methyl ether methacrylate) was
covalently grafted onto UV pretreated PVDF microfiltration
membrane surfaces by reverse atom transfer radical polymer-
ization.”> Protein adsorption and permeation flux experi-
ments revealed that the grafted exhibited antifouling proper-
ties as compared with ungrafted PVDE.”?> In our work, this
monomer performed quite well at the HTP scale, as one of
the top performers, and it performed equally well at the
bench scale. These results provide verification for the HTP
approach—it was able to identify surfaces that are known to
resist protein fouling.

Conclusions

A novel high throughput method for synthesis and screen-
ing of customized protein-resistant surfaces was developed
by combining a high throughput platform approach together
with our patented photo-induced graft polymerization
method, to allow facile modification of commercial poly(aryl
sulfone) membranes. The following conclusions can be made
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from the development and testing of this new method of
synthesis and screening:

e The PGP method combined with a HTP approach is an
inexpensive, fast, simple, verifiable, reproducible, and scal-
able method for identifying surfaces that exhibit low protein
adsorption and hence low fouling during membrane
filtration.

e The HTP approach was used in a discovery mode to
identify many surfaces that perform significantly better than
the as-received membrane, offering significantly lower resist-
ance due to fouling and similar membrane resistance. As
expected, long chain poly(ethylene glycol) surfaces were
generally protein resistant. Excellent surfaces were also
obtained with two monomers from the amine group (N-iso-
propylacrylamide and 2-(dimethylamino) ethyl methacrylate),
one methacrylate having hydrophobic side chains (2-ethyl-
hexyl methacrylate), and diacetone acrylamide. The surfaces
which exhibit the least favorable fouling index were made
using monomers from the acid group and methacrylates hav-
ing hydrophobic side chains. In addition, no acceptable
surfaces (those that exhibited fouling less than the as-
received surface) were obtained using monomers containing
an acid group unless part of a zwitterionic structure.

e Despite significant past efforts, a clear understanding of
the mechanism of how substrate surface chemistry influences
protein behavior is lacking. Guidelines for designing protein-
resistant surfaces have emerged from studies of protein inter-
actions with functionalized self-assembled monolayers as
model substrates. They include increased hydrophilic charac-
ter (i.e., high wettability), presence of a large number of
hydrogen bond acceptors, absence of hydrogen bond donors,
and the need for electrical neutrality. Polyethylene glycol
and zwitterionic surfaces have received special attention, as
they appear to repel proteins efficiently. Our results are gen-
erally consistent with these guidelines and may, with further
analysis, provide more insight regarding mechanism.

® Because of the high throughput nature of the HTP-PGP
method, the volume of feed and the duration of the tests
were significantly lower than those for similar past labora-
tory tests. Thus, the HTP approach is about six times faster
(quadruplicate runs) than the previous bench-scale study
(duplicate runs), and the identification of new protein resist-
ant surfaces from a screened library of 66 commercial vinyl
monomers took only about 6 weeks for one protein-contain-
ing feed.
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Notation

R = solute rejection

Cp = solute concentration in the permeate, g L!
C¢ = solute concentration in the feed, g L!
J, = volumetric flux, m s~ !

V = cumulative permeate volume, m?
A = membrane active area, m
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Rvpps = membrane resistance to PBS buffer, m™

Roq = resistance of modified membrane to DI water, m™

t = the filtration time, s

R = resistance of membrane, m—
AP = transmembrane pressure, Pa

1 = viscosity of the solution at 22 + 1°C, gm ™' s~
Ry = membrane resistance to DI water, m~!

1

1

Rr = membrane resistance to BSA solution at the end of filtration,

m
1

: . —1
Rar = resistance of the as-received membrane to DI water, m

ARg = total fouling, or resistance increase due to fouling (Rp —
=
RM,PBS), m

Rioulea = membrane resistance to DI water after BSA adsorption, m~!
q

R = fouling index (AR 100/ AR control)

AR,,0q = resistance increase of modified membrane after adsorption,

m

AR onrol = resistance increase of control membrane after adsorption,
-1

m
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