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The influence of polydopamine (PDOPA) deposition and poly(ethylene glycol) (PEG) grafting on pure
water flux and bovine serum albumin (BSA) adhesion of two polysulfone ultrafiltration (UF) membranes,
a poly(vinylidene fluoride) microfiltration (MF) membrane, and a polyamide reverse osmosis (RO)
membrane is reported. When modified with PDOPA, all membranes exhibited a systematic reduction in
protein adhesion. For example, 90 min of PDOPA deposition led to at least 96% reduction in BSA adhesion
to these membranes at neutral pH. BSA adhesion was further reduced by subsequent PEG grafting to
PDOPA (PDOPA-g-PEG). The membranes’ pure water flux values (i.e., with no foulants present) were
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Pc?l%%rp;mine influenced to different extents by PDOPA and PDOPA-g-PEG modifications. In the porous membranes (i.e.,
Membranes the UF and MF membranes), the pure water flux reduction due to these modifications correlated with
Modification membrane pore size, with the smallest flux reductions observed in the MF membrane (e.g., <1% flux

reduction for all PDOPA modification times considered), which have the largest pores, and the largest
flux reductions occurring in UF membranes (e.g., a 40% flux reduction after 90 min of PDOPA deposition),
which have pore sizes on the order of the PDOPA deposition thickness. The RO membranes, which are

essentially non-porous, exhibited a flux reduction of 25% after 90 min of PDOPA deposition.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Deposition of polydopamine (PDOPA), which is a newly
discovered, bio-inspired polymer (i.e., so-called “bio-glue”) [1], was
found to reduce oil/water emulsion-induced fouling in a wide
variety of water purification membranes, including poly(tetra-
fluoroethylene), poly(vinylidene fluoride), and polypropylene
microfiltration (MF) membranes, polysulfone ultrafiltration (UF)
membranes, and polyamide desalination membranes [2]. More-
over, amine-terminated poly(ethylene glycol) (PEG-NH;) was
readily grafted to PDOPA-modified membranes (called PDOPA-g-
PEG modified membranes) which, in many cases, further improved
fouling resistance [2].

Previously, PDOPA-g-PEG modified membranes were prepared
using identical conditions for all membranes (1 mg/mL of 5 kDa
PEG-NH; applied from aqueous solution at 60 °C for a period of 1 h
for MF and UF membranes and 30 min for RO membranes) [2]. Such
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PEG grafting did not reduce pure water flux of PDOPA-modified MF
membranes, and PDOPA-g-PEG modified MF membranes exhibited
a higher flux during emulsified oil filtration than either PDOPA-
modified or unmodified membranes [2]. For example, PDOPA and
PDOPA-g-PEG modified PTFE MF membranes had 20% and 56%
higher flux, respectively, than their unmodified analog after 1 h of
emulsified oil/water filtration [2]. In contrast, PDOPA-g-PEG
modification reduced pure water flux of UF and reverse osmosis
(RO) membranes by more than 50% relative to that of their PDOPA-
modified analogs. Consequently, PDOPA-g-PEG modified poly-
sulfone ultrafiltration membranes (labeled PS-20 UF in Table 1)
exhibited only slightly higher flux than PDOPA-modified PS-20 UF
membranes during emulsified oil filtration. Similarly, although no
flux decrease was observed during emulsified oil filtration, PDOPA-
g-PEG modified RO membranes (labeled XLE RO in Table 1)
exhibited fluxes lower than those of unmodified membranes that
had been fouled. Based on these results, the current study was
undertaken to explore the influence of PDOPA deposition and PEG
grafting conditions on pure water flux in MF, UF, and RO
membranes. The membranes considered in this study are listed in
Table 1.
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Table 1

Membranes used in this study.
Classification Polymer Manufacturer (Membrane Name) Pore Size Study ID
RO Interfacially polymerized aromatic polyamide Dow Water & Process Solutions (XLE RO) N/A XLE RO
UF Polysulfone GE Infrastructure Water & Process Technologies (A1support) ~100 kDa MWCO PSF A1 UF
UF Polysulfone Sepro Membranes, Inc. (PS-20) ~20 kDa MWCO PS-20 UF
MF Poly(vinylidene fluoride) Millipore (GVHP) 0.22 pm PVDF MF

Note: MWCO = molecular weight cutoff.

Protein adhesion has been explored in previous membrane
fouling studies because of the presence of proteins in wastewater
and bioprocessing streams and the aggressive nature of protein
fouling of membranes [3—8]. In this study, PEG-NH, was grafted
to a deposited PDOPA layer on the membrane surface to take
advantage of the well-known protein adhesion resistance and
fouling resistance properties of PEG [9]. To understand the ability
of PDOPA and PDOPA-g-PEG surface treatments to modify the
interaction of proteins with membranes, a static bovine serum
albumin (BSA) adhesion test was used to characterize the influ-
ence of surface modification conditions on BSA adhesion. Further
studies are under way to determine the protein fouling proper-
ties during dynamic filtration using PDOPA and PDOPA-g-PEG
modified membranes, and results from these studies will be
reported separately.

2. Theory

2.1. Hydraulic resistance of PDOPA and PDOPA-g-PEG modified
membranes

In porous membranes, such as UF and MF membranes, water
flux and transmembrane pressure (TMP) difference are related as
follows [10]:

_Ap
Ji = R, (1)

where J; is the steady-state water flux, Ap is the transmembrane
pressure difference (TMP), u is the feed solution viscosity, and R; is
the membrane’s hydraulic resistance. In non-porous membranes (e.
g., RO membranes), the solution—diffusion model is used to
describe transport [11]:

Ji = A(Ap — Am) (2)

where A is the membrane’s intrinsic water permeance, and 4« is
the osmotic pressure difference between the feed and permeate
solutions. For non-porous membranes filtering pure water (i.e.,
Am = 0), the hydraulic resistance is defined analogously to that
shown in equation (1):

A 1
= L= (3)
i uA
For both porous and non-porous membranes, the hydraulic
resistance is determined experimentally as follows:

Ap-t-a
R = v

(4)

where V is the volume of water collected during a time period t
with a membrane of area a.

To quantify the effect of PDOPA modification and PEG grafting
on membrane flux, an extension of equation (1) is employed for all
membranes. PDOPA and PEG add resistances to the membrane’s
overall hydraulic resistance. A resistance in series model, having

contributions from both the membrane and a PDOPA/PDOPA-g-PEG
surface layer, can be expressed as [12]:

Ap

_ e 5
Jpoop w(Ro + Rppopa) (%)
and
A
Jrec = P (6)

w(Ro + Rppopa + Rpec)

where Jppopa is the pure water flux of a PDOPA-modified
membrane, Jpgg is the pure water flux of a PDOPA-g-PEG modified
membrane, R, is the unmodified membrane’s hydraulic resistance,
Rppopa is the hydraulic resistance of the PDOPA modification, and
Rpgg is the hydraulic resistance of the PEG grafting layer. By
combining equations (1), (5), and (6), Rppopa and Rpgg can be
calculated as follows:

Ap 1 1 )
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and

w \Jrec  JrpoOPA
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Rprc =
where ], is the steady-state pure water flux through an unmodified
membrane.

3. Materials and experimental methods
3.1. Materials

Dopamine hydrochloride, Trizma hydrochloride (i.e., tris buffer),
isopropanol (IPA), sodium hydroxide, hydroxy-terminated poly-
(ethylene glycol) (PEG-OH, M,, = 3.35 kDa), sodium chloride,
dimethyl sulfoxide, glycine buffer, and bovine serum albumin were
purchased from Sigma Aldrich (St. Louis, MO, USA) and used as
received. Flat-sheet XLE reverse osmosis (XLE RO) membranes were
kindly provided by Dow Water & Process Solutions (Edina, MN,
USA). Ultrafiltration polysulfone membranes (PSF A1 UF) with
a nominal molecular weight cutoff of 92.5 kDa [12] were kindly
provided by GE Infrastructure Water & Process Technologies
(Minnetonka, MN, USA). Poly(vinylidene fluoride) microfiltration
membranes (PVDF MF), with an average pore size of 0.22 um, were
purchased from Millipore (Cat. #GVHP, Billerica, MA, USA). Poly-
sulfone ultrafiltration membranes were purchased from Sepro
Membranes, Inc. (Cat. #PS-20 UF, Oceanside, CA, USA). Methyl-
terminated poly(ethylene glycol) amine (PEG-NH;, My, = 5 kDa and
20 kDa) was purchased from JenKem, USA, Inc. (Allen, TX, USA) and
Laysan Bio (Arab, AL, Mw = 1 kDa). Rhodamine N-hydroxyl succi-
nimide (R-NHS), and slide-a-lyzers were purchased from Thermo
Fisher Scientific Pierce Protein Research (Rockford, II, USA).
Sephadex columns were purchased from GE Life Sciences (Piscat-
away, NJ, USA). Ultrapure water (18.2 MQ-cm) was obtained from
a Millipore MilliQ Advantage A10 ultrapure water purification
system.
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3.2. Experimental methods

3.2.1. Water flux measurements on modified and unmodified
membranes

Pure water flux was characterized in dead-end filtration cells
(UHP43, Advantec MFS, Dublin, CA for MF and UF membranes;
CF042, Sterlitech Corp., Kent, WA for RO membranes). Unmodified
membranes were cut to the size appropriate for the dead-end cell
to be used (UF and MF: 4.3 cm diameter, RO: 5.1 cm diameter) and
immersed in IPA for at least 30 min prior to a flux measurement.
The IPA soak insured that any extractable components (e.g., glyc-
erin) were removed and that the porous structure of the UF and MF
membranes was completely wetted. Relative to soaking the
membranes initially in only water, this IPA pre-soak provided more
reproducible water flux results, presumably because the IPA was
more effective at insuring complete pore wetting in the hydro-
phobic UF and MF membranes considered in this study. Membranes
were then placed in dead-end cells immediately after the IPA soak
and rinsed with ultrapure water. Approximately 100 mL of ultra-
pure water was allowed to permeate through the MF and UF
membranes and 30 mL through the RO membranes to rinse the IPA
from the membrane structure before the water flux was measured.
The pressure normalized pure water flux (in units of
Lm~2h ! atm™!) for the unmodified UF and MF membranes was
constant over a significant TMP range (i.e., 5—50 psi for UF, and
1-10 psi for MF). Extremely high throughput for the MF
membranes limited testing at higher pressures. Similarly, the
pressure limit (~50 psi) of the dead-end cells used in this study
limited the TMPs tested for the UF membranes. All water flux
experiments were performed at a fixed TMP (e.g., MF membranes:
3 psi (0.2 atm), UF membranes: 10 psi (0.7 atm)) that was within
the range of TMP values where pressure normalized flux was
independent of TMP. On the other hand, the RO membrane TMP,
which was 150 psi (10.2 atm), was selected based on a similar value
used in a previous study [13].

After the unmodified membrane’s pure water flux was
measured, PDOPA modification was performed directly on the
membrane coupon while it remained mounted in the dead-end
permeation cell. 5-10 mL of aqueous dopamine solution (2 mg
dopamine per mL of solution in 15 mM tris buffer at pH = 8.8 and
ambient conditions) was added to each dead-end cell after
decanting any remaining ultrapure water used for the flux
measurement. Using magnetic stir bars, the dead-end cells were
stirred intermittently during the PDOPA deposition process, and
they were left open to air. After deposition, the membranes were
carefully removed from the dead-end cells and rinsed with ultra-
pure water. They were then soaked in IPA, again for 30 min, to
remove any unbound or loosely-bound PDOPA. The membranes
were then placed in dead-end cells, and their pure water flux was
measured as described previously. The membranes were then
removed from the dead-end cells and modified by immersion in
a PEG-NH; aqueous solution at the desired PEG-NH; concentration,
temperature, and grafting time. Each PDOPA-g-PEG modification
was performed in 15 mM Tris—HCI at pH = 8.8 buffer. Following
PEG grafting, the membrane was removed from the solution and
thoroughly rinsed under running ultrapure water. Afterwards, the
water flux of the PDOPA-g-PEG membrane was recorded using the
protocol described previously. This procedure allowed Jppopa and J,
to be measured for each individual membrane sample tested,
which led to highly reproducible Jppopa/Jo Values. This method was
not used for protein adhesion experiments because a PDOPA
modification could not be performed on an unmodified membrane
that had been exposed to BSA. Therefore, another, more facile
modification method, described below, was employed to prepare
samples for the protein adhesion studies.

Stirred dead-end filtration is a poor technique to effectively
analyze salt rejection of an RO membrane, because concentration
polarization will lower rejection values under most conditions of
operation of such filtration cells [13]. Therefore, salt rejection
values in the RO membranes were not measured in this study.
Dead-end filtration was used instead of crossflow filtration because
it permits faster screening of samples, and the PDOPA modification
could be performed easily inside the dead-end cell. However,
previously, where salt rejection was measured in crossflow filtra-
tion, PDOPA deposition was found to have little effect on XLE RO salt
rejection, and PDOPA-g-PEG modification actually increased
membrane salt rejection [2].

3.2.2. PDOPA and PDOPA-g-PEG membrane modification for BSA
adhesion measurements

Porous membranes (MF and UF) were prepared for PDOPA
modification using the IPA immersion procedure outlined above,
followed by immersion in ultrapure water for at least 30 min to
exchange out the IPA from the membrane pores. RO membranes
were soaked in ultrapure water at ambient conditions for at least
2 h prior to PDOPA modification.

A membrane was taped to a glass plate, and a glass ring
(12 cm diameter) was secured to the membrane surface. 50 mL of
the dopamine solution described in the previous section was
placed in the glass ring (in contact with the membrane surface)
and constantly stirred using a rocking platform shaker (Cat.
#12620-906, VWR International LLC) at ambient conditions. The
solution was exposed to air, as oxygen is required for the dopa-
mine to PDOPA reaction to occur [1]. After the desired immersion
period, the modified membrane was removed from the glass
plate and thoroughly rinsed under running ultrapure water.
Membranes were stored in ultrapure water until characterized
for BSA adhesion or further modified to produce PDOPA-g-PEG
modified membranes.

PEG conjugation (i.e., PDOPA-g-PEG modification) was accom-
plished as described above. Unless otherwise indicated, all PEG
grafting was accomplished using a 2 x 10~% mol/L PEG-NH,
aqueous solution (i.e., 0.2 g/L of 1 kDa PEG, 1 g/L of 5 kDa PEG-NHp,
or 4 g/L of 20 kDa PEG-NH;) at 60 °C. A Boekel Scientific incubator
(Cat. # 133000, Feasterville, PA, USA) was used to keep the
membrane and contiguous solution at constant temperature during
the PEG grafting step. The standard grafting time was 60 min for MF
and UF membranes and 30 min for RO membranes. Following
grafting and rinsing, the membranes were stored in ultrapure water
until characterized.

3.2.3. PDOPA deposition thickness measurements on polysulfone

To quantify the amount of PDOPA deposited on a surface as
a function of immersion time, ellipsometry was employed on thin,
non-porous films of bisphenol A-based polysulfone (PSF) from
Solvay Advanced Polymers (UDEL PSF-3500 NT LCD) (Alpharetta,
GA). Thin (~150 nm) films of polysulfone were prepared by spin
coating a 3 wt% polysulfone solution in cyclopentanone onto silicon
wafers at 1000 rpm [14]. Thickness was measured using a Model
2000D variable angle spectroscopic ellipsometer manufactured by
J.A. Woollam Co.; the methods used to extract thickness informa-
tion from these measurements have been described previously in
refs. [15,16]. A polysulfone-coated wafer was then immersed in
a stirred dopamine solution similar to that used to deposit PDOPA
on membrane surfaces. After a desired deposition time, the poly-
sulfone-coated wafer was removed from the dopamine solution,
rinsed in running ultrapure water and air dried. The thickness of
the coated polysulfone film was then measured using ellipsometry,
and the PDOPA layer thickness was determined using a Cauchy
model [16]. For the unmodified polysulfone films, a 3-layer model
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was used to represent the system of a silicon substrate, a native
silicon oxide layer, and the polysulfone film. A 4-layer model was
used for the PDOPA-modified polysulfone films, where the 3
previously mentioned layers’ properties were fixed based on the
initial ellipsometry scan, and the 4th layer was used to model the
PDOPA coating.

3.2.4. Contact angle measurements

Contact angle measurements were performed using a captive
n-decane bubble in water, as described previously in Refs. [12].
A membrane was cut into a 5 mm wide strip and placed face down
in a custom-made holder. The membrane-holder assembly was
placed in a small, transparent water bath such that the membrane
was fully immersed in water. A computer-controlled camera was
focused on the membrane surface, and at least five n-decane
bubbles were placed on the membrane surface using a syringe with
a hooked needle. Images of the bubbles were analyzed using soft-
ware from First Ten Angstroms (Portsmouth, VA, USA). The values
reported in this study are the average and standard deviation of at
least five measurements.

3.2.5. BSA adhesion measurements

Protein adhesion experiments were performed using a fluori-
metric assay of tagged bovine serum albumin. R-NHS-tagged BSA,
rather than fluorescein-tagged BSA, was used in this study because
the desalination membranes exhibited a significant fluorescent
signal at approximately the same excitation/emission spectrum as
fluorescein. The fluorescent tagging of BSA was accomplished using
a common approach [17]. Briefly, 40 mg of BSA was dissolved in
5 mL of ultrapure water, and 8 mg of R-NHS was dissolved in 175 pL
of dimethyl sulfoxide. 150 pL of the R-NHS solution was added to
the BSA solution and incubated at room temperature for 1 h, after
which the reaction was quenched by adding 50 pL of glycine buffer.
The reaction mixture was purified by elution through Sephadex
columns and then dialysis against ultrapure water using Slide-A-
Lyzers (15-20 h dialysis time was typical). The final concentration
and fluorescent tags per BSA molecule were analyzed using UV
spectrophotometry [17]. There were approximately 3.5 rhodamine
molecules per BSA molecule.

2.5 ¢cm (1 in.) diameter samples were cut from flat-sheet
membranes. The circular samples were placed in dead-end cells
(Advantec MFS, #UHP 25) having an effective surface area of
3.5 cm? and washed several times with ultrapure water. R-NHS-
tagged BSA solution (0.1 mg/mL in ultrapure water, pH = 6.5) was
then added to the cells. After 30 min, the protein solutions were
decanted, and the membrane surface was washed repeatedly with
ultrapure water. The membranes were then air dried, and their
fluorescence intensity was measured (using either a fluorescent
microscope (Leica DM IRBE, Bannockburn, IL, USA) or a plate reader
(Tecan Sapphire II, Mannedorf, Switzerland)).

3.2.6. Gravimetric analysis to quantify PEG grafting density
Gravimetric analysis was performed using a Magnetic Suspen-
sion Balance (MSB, Rubotherm, Bochum, Germany). The amount of
mass deposited on the membranes during PDOPA deposition was
too low to be accurately detected by this gravimetric technique.
Ellipsometry was found to be a more accurate technique for
determining the amount of PDOPA deposited on thin PSF films.
However, the amount of PEG deposited on the membrane was
easily detectable using gravimetric analysis. Therefore, gravimetric
analysis enabled the determination of grafting densities on actual
membranes, rather than being limited (as in the ellipsometry
studies) to characterization of flat, non-porous PSF films. PDOPA-
modified membranes were cut into 1-inch diameter disks and
soaked in IPA for at least 1 h. The membranes were then transferred

to water for 1 h and dried under vacuum for at least 1 h at 50 °C.
Typically, 6 membrane disks were stacked into the MSB sample
holder and weighed at ambient conditions. Afterwards, PEG was
grafted to the membrane by placing the membranes in a petri dish
with a PEG-NH; solution. Following PEG grafting, the membranes
were rinsed using water and IPA; in this step, they were immersed
in IPA for at least 1 h. The membranes were then vacuum dried and
reweighed. The difference in membrane weight before and after
PEG grafting was ascribed to PEG grafted to the membrane surface.
The PEG grafting density was calculated as the mass difference
between PDOPA-modified and PDOPA-g-PEG modified membranes
divided by the membrane nominal surface area determined by the
diameter (1 in.) of each membrane coupon (i.e., area per
coupon = 0.78 in?) [2].

3.2.7. Ultrafiltration membrane pore size determination

To calculate the effective pore sizes of the UF membranes
considered in this study, the membranes were challenged with
dilute aqueous solutions (1 wt.%) of PEGs with various molecular
weights (1—200 kDa). The membrane’s mean pore diameter was
taken to be equal to the Stokes diameter of the PEG exhibiting 50%
rejection, which could be calculated from the molecular weight of
the PEG using equation (9) [18]:

d = 33.46 x 103 M9>>7 (9)

where d (nm) is the Stokes diameter of PEG of molecular weight
M,,. The PEG concentrations in the feed and permeate solutions
were measured using a total organic carbon (TOC) analyzer (Model
TOC5050A, Shimadzu, Japan).

4. Results and discussion

4.1. Polydopamine modification of XLE RO, PS-20 and PSF A1 UF,
and PVDF MF membranes: pure water flux

Fig. 1 presents pure water permeance (i.e., pressure normalized
flux) of a PSF A1 UF membrane as a function of exposure time to
a PDOPA solution (i.e., PDOPA deposition time). These data were
collected using a procedure reported in ref. [2]. At short deposition
times, permeance decreases strongly as PDOPA deposition

300 | 100
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200 | .
: 60
150 |
: 40
100 | |

Permeance [Lm'zh'1atm'1]
[wu] ssauyoiy} uonisodag

50| 120

PDOPA deposition time [h]

Fig. 1. Pure water permeance as a function of PDOPA deposition time on a polysulfone
ultrafiltration membrane (PSF A1 UF), and PDOPA deposition thickness as a function of
PDOPA deposition time on Udel polysulfone thin films [2].
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time increases. For example, permeance decreased from
297 Lm~2 h~! bar! to 2.2 Lm~2 h~! bar! after 16 h of deposition.
Fig. 1 also presents the influence of deposition time on PDOPA
deposition thickness, as measured using ellipsometry [15,16], on
thin, non-porous Udel PSF films. PDOPA deposition increased with
increasing time, but appeared to approach a plateau of approxi-
mately 65 nm after about 8 h. Similar results (i.e., significant
deposition at short exposure times to dopamine, followed by little
deposition at long exposure times) were observed on silicon
substrates [1,19]. 65 nm of PDOPA deposition corresponds to a very
small fraction of the dopamine initially present in the solution
(<1%), so the plateau in deposition thickness (cf., Fig. 1) is not
a result of all of the dopamine depositing on the polysulfone film
surface. Furthermore, the PDOPA solution remained dark brown,
with visible formation of PDOPA particles after approximately 1 h,
indicating reaction of dopamine in the solution. The plateau in
deposition thickness presumably reflects the competition between
PDOPA deposition and PDOPA formation in solution to consume
free dopamine. In support of this hypothesis, Lee et al. observed
that immersing a substrate in a PDOPA solution that had been
previously incubated for long periods of time (greater than three
days) led to no surface deposition [1].

The deposition thicknesses were in the same range as the pore
size of the unmodified PSF A1 UF membrane, which was charac-
terized using PEG molecular weight cutoff (MWCO) experiments
(cf., Fig. 2). Typically, the mean pore diameter of a membrane is
assessed as the Stokes diameter of the PEG molecule having
arejection of 50% [18]. For the PSF A1 UF membrane, the rejection is
50% for a 17.5 kDa PEG molecule, which, using equation (9), yields
a pore diameter of 7.7 nm. To provide some characterization of the
pore size distribution, the PSF A1 UF molecular weight cutoff (i.e.,
the PEG molecular weight for which the rejection was 90%) was
92.5 kDa [12], corresponding to a pore diameter of 18 nm [18].

During initial stages of deposition, PDOPA should be able to
penetrate into the porous structure of the UF membrane because its
molecular weight is still relatively low. Therefore, some PDOPA
deposition probably occurs within the membrane pore structure,
leading to pore constriction and an exponential decrease in water

PEG diameter [nm]
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Fig. 2. Effect of PEG molecular weight on rejection by an unmodified PSF A1 UF
membrane. From these data, the molecular weight cutoff is approximately 92.5 kDa.
Adapted from Ref. [12].

Table 2
Influence of PDOPA deposition time on captive n-decane-in-water contact angles of
PSF A1 UF membranes.

PDOPA deposition time [min] Contact angle [°]

0 109 £ 5
10 49 +7
60 49 + 4
120 58 £2
240 47 +£5
480 47 + 1
720 53+4
960 55+7

permeance, which is expected according to the Kozeny—Carman
equation. However, as deposition time increases, the effective
PDOPA molecular weight has been reported to reach millions [1].
Eventually, the thickness of the PDOPA layer may block the pores in
the UF membrane, leading to the continuing decrease in membrane
permeance observed in Fig. 1 at long deposition times. Although
the PDOPA deposition thickness appears to plateau around
a deposition time of 8 h, the flux of the UF membrane continues to
decrease at longer deposition times (e.g., from 73 Lm~2h~ ! bar~! at
a deposition time of 8 h—2.2 Lm~2 h~! bar~! at a deposition time of
16 h). At 8 h, many pores have probably been significantly con-
stricted, as observed by the significant reduction in permeance
compared to that of unmodified membranes. Therefore, even small
amounts of further PDOPA deposition, as is likely to occur at
deposition times greater than 8 h, may bridge and completely block
the pores, leading to substantial further decreases in membrane
permeance. For water filtration applications, high water flux is
desirable, so short PDOPA deposition times were the focus of this
study, because they led to higher values of pure water flux.

Interestingly, even at low PDOPA deposition times, when the
water flux of a PDOPA-modified membrane is only slightly less than
that of an unmodified membrane, a significant increase in
membrane surface hydrophilicity was observed. Table 2 presents
captive n-decane bubble-in-water contact angles as a function of
PDOPA deposition time for a PSF A1 UF membrane. At even the
shortest deposition time considered, 10 min, the contact angle
decreased significantly, indicating an increase in membrane
hydrophilicity. All PDOPA-modified membranes exhibited similar
contact angles after only brief deposition times. Membrane fouling
resistance has been correlated with membrane surface hydrophi-
licity [20], so more hydrophilic surfaces should be more resistant to,
for example, fouling by emulsified oil droplets.

Some further examples of the influence of PDOPA treatment on
contact angles are presented in Table 3 for XLE RO membranes and
PVDF MF membranes. These membranes are hydrophilic even
before PDOPA modification. Even so, the XLE RO membranes
showed a slight increase in hydrophilicity (i.e., a decrease in contact
angle) following PDOPA modification. The PVDF MF membranes
were even more hydrophilic than the XLE RO membranes initially.
Because PVDF is not expected to be hydrophilic based upon its
chemical structure, these membranes presumably contained
hydrophilic surface-active additives (one such common additive is

Table 3
Captive n-decane-in-water (XLE RO) and air-in-water (PVDF MF) bubble contact
angles.

Contact Angle [°]

Sample Unmodified PDOPA-modified
XLE RO 45 +3 36+4
PVDF MF 31+1 31+4

Note: For the PVDF MF membranes, air-in-water bubbles were used because
n-decane would readily sorb into the porous membrane structure of the unmodified
membranes. The PDOPA deposition time was 60 min.
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poly(vinyl pyrrolidone)[21]) in the PVDF membrane -casting
mixture to render the membrane surface hydrophilic. Because
PVDF membranes had highly hydrophilic surfaces prior to PDOPA
treatment, there was no discernable increase in their hydrophilicity
due to PDOPA treatment.

To provide an indication of the relative decrease in pure water
flux resulting from PDOPA deposition, Fig. 3 presents the influence
of PDOPA deposition time on the fractional flux loss due to
dopamine treatment, which is reported as the ratio of pure water
flux of a PDOPA-modified membrane, Jppopa, to that of an
unmodified analog, J,. Each membrane responds differently to
PDOPA modification. For example, PVDF MF membranes exhibited
virtually no flux loss due to PDOPA modification. XLE RO
membranes showed some flux loss, and the PS-20 UF membranes
exhibited the largest decrease in flux with respect to deposition
time. The PS-20 UF response is similar to the decrease observed for
the PSF A1 UF membranes.

The differences shown in Fig. 3 may be rationalized by consid-
ering each membrane’s structure. The PVDF MF membranes have
a nominal pore size of 0.22 pum, which is more than an order of
magnitude larger than that of the PSF A1 UF membranes discussed
earlier. Based on the deposition thickness results for polysulfone,
the PDOPA thickness, even after 90 min of deposition, should be
much smaller than the nominal pore size of the PVDF MF
membranes. Therefore, any pore size decrease associated with
PDOPA modification should be negligible, so the pure water flux
was not measurably influenced by modification.

During PDOPA deposition on PVDF MF membranes, PDOPA pore
penetration was believed to be more pronounced than in the PSFA1
or PS-20 UF membranes, because the PDOPA polymerization solu-
tion was observed to permeate through the MF membrane during
the deposition process. Therefore, deposition likely occurred
throughout the porous structure of the PVDF MF membrane.
Consistent with this hypothesis, the pure water flux of other, more
hydrophobic MF membranes (e.g., poly(tetrafluoroethylene) (PTFE)
and polypropylene (PP)) actually increased following PDOPA
modification [2]. For example, Jppopa/Jo values for PTFE and PP MF
membranes were 1.30 and 1.10, respectively, after 60 min of PDOPA
deposition. Because PDOPA modification occurs under aqueous
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Fig. 3. The influence of PDOPA deposition time on the ratio of PDOPA-modified

membrane pure water flux (Jppopa) to unmodified membrane pure water flux (J,). Error
bars represent standard deviations from at least 3 separate experiments.

conditions and is believed to occur via a mild oxidation mechanism
similar to that involved in melanin formation [1], PDOPA poly-
merization should not chemically degrade the membrane. There-
fore, this flux increase should not be a result of membrane pore
structure destruction. We speculate that an increase in membrane
wettability, due to PDOPA deposition on the pore walls, coupled
with a negligible decrease in the membrane’s effective pore
diameter, led to an increase in pure water flux. Presumably, the
PDOPA treatment permitted wetting of some pores in the highly
hydrophobic PTFE and PP membranes that might not otherwise
have been wetted without PDOPA treatment, thereby opening
additional transport pathways in the membranes. This wetting
effect was less pronounced in the already hydrophilic PVDF MF
membranes where, as indicated in Fig. 3, the Jppopa/Jo ratio is quite
close to 1.

Visually, PDOPA treatment changes the color of membranes. For
example, PVDF MF and PS-20 UF membranes turn brown during
PDOPA deposition. The XLE RO membranes had the least PDOPA
deposition, since only a slight change in membrane color accom-
panied PDOPA deposition. PDOPA deposition occurred only on the
surface of RO membrances as a result of the membranes’ non-
porous nature, so any flux reduction (or mass transfer resistance
increase) associated with the deposition resulted from water
transport through a thin PDOPA surface layer and not via pore
constriction/blockage, as was the case in the porous UF and MF
membranes. However, the polyamide RO layer was still believed
to be the rate-controlling step in water transport through the
modified membrane. Therefore, an increase in PDOPA deposition,
due to increasing deposition time, resulted in only a small reduc-
tion in pure water flux. For example, as shown in Table 4, the PDOPA
hydraulic resistance (Rppopa, equation (7)) on an XLE membrane
ranged from 700 x 10 m~! (30 min deposition time) to
1000 x 10 m™! (90 min deposition time), which was significantly
lower than the unmodified RO membrane’s resistance, which was
3400 x 101 m~.

4.2. PEG grafting to PDOPA-modified XLE RO, PS-20 UE, and PVDF
MF membranes

4.2.1. Influence of grafting conditions on grafting density and pure
water flux

Prior to PEG grafting, the PDOPA-modified membranes were
prepared using a PDOPA deposition time of 60 min and the depo-
sition conditions set forth in the Materials and Experimental
Methods section. Fig. 4a presents the influence of PEG grafting
temperature on the ratio of pure water flux of PDOPA-g-PEG
modified PS-20 UF membranes, Jpgc, to that of their PDOPA-modi-
fied analogs, Jppopa. 5 kDa PEG-NH, was used for these studies.
Temperature was varied in these PEG grafting to PDOPA-modified
membranes because it is an important parameter that can be used
to vary extent and rate of modification in both laboratory scale and
large-scale membrane modifications. The temperature range in
Fig. 4a was selected because it could be used on both laboratory and

Table 4
Influence of PDOPA deposition on membrane hydraulic resistance.

Membrane Hydraulic Resistance x 10~'° (m~1)

PVDF MF PS-20 UF XLE RO
Unmodified, R, 39 173 3400
PDOPA modified, Rppopa
30 min 3.8 20.5 4100
60 min 4.0 24.8 4250
90 min 3.8 293 4400

Note: All values were calculated using equation (3).
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Fig. 4. The ratio of pure water flux of PDOPA-g-PEG modified membranes, Jpgg, to the pure water flux of PDOPA-modified membranes, Jppopa, as a function of: a) PEG grafting
temperature, b) PEG grafting time, and c¢) PEG-NH, concentration in the grafting solution. A 60 min PDOPA deposition (2 mg/mL dopamine, 15 mM tris, pH = 8.8, ambient
conditions) was used for all membranes prior to PEG grafting. All PEG grafting was performed using 5 kDa PEG-NH, in 15 mM tris buffer at pH = 8.8.

large-scale membrane modifications without damaging the
membranes. The pure water flux was lower in all cases following
PEG grafting (i.e., Jeec//ppopa < 1). This reduction in flux presumably
occurred because the pore size of the UF membrane is on the order
of the size of the PEG molecules used for grafting (e.g., the PS-20
rejection of 20 kDa PEG is 95%[22]). Therefore grafting most likely
led to a combination of pore constriction and pore blockage (due to
grafting on the membrane surface), which, in turn, increased the
resistance to water transport. However, the extent of flux reduction
due to PEG grafting was only weakly dependent on temperature
because the flux reduction in PS-20 following PEG grafting changed
by less than 10% (i.e., from Jpec//ppopa = 0.84 to 0.77) as temperature
changed from 20 to 60 °C. This result suggests that the extent of
PEG grafting did not change appreciably with temperature. The
effect of temperature on PEG grafting was not explored for the
other membranes considered in this study.

PDOPA deposition was necessary to achieve significant grafting
of PEG-NH;, to PS-20 UF membranes. For example, a PS-20 UF
membrane not subjected to PDOPA deposition prior to being
exposed to a 1 mg/mL 5 kDa PEG-NH; solution (pH = 8.8) for
60 min at 60 °C exhibited a flux decline of only 5% relative to that of
an unmodified membrane (i.e., Jpec/Jo = 0.95), indicating minimal
PEG-NH, grafting to an unmodified PS-20 UF membrane. In
contrast, the observed flux loss due to PEG grafting, under similar

conditions, to a PDOPA-modified membrane was 22% (i.e., Jpec/
JpDoOPA 0.78). Thus, PEG-NH, does not readily react with or
strongly adsorb to unmodified PS-20 UF membranes. Similarly,
grafting or adsorption of PEG-NH, to unmodified PVDF MF
membranes was not expected to occur and was not explored in this
study. PEG-NH, grafting to unmodified XLE RO membranes is dis-
cussed in detail below.

In the case of the PS-20 UF membranes, physical adsorption of
PEG to PDOPA-modified membranes was not sufficient to cause
a measurable flux decrease. For example, a PDOPA-modified PS-20
UF membrane was exposed to an aqueous solution containing
1 mg/mL of 3.35 kDa PEG-OH for 1 h at a pH of 8.8 and 60 °C. Unlike
PEG-NH,, PEG-OH cannot form covalent bonds with PDOPA. Such
a membrane exhibited no flux decline (Jpeg/Jo = 1.0), indicating that
physical adsorption of PEG to PDOPA is negligible. Therefore, the
flux loss observed in Fig. 4 was ascribed to PEG that was covalently
bound to PDOPA. This effect was not explored for PDOPA-modified
PVDF MF and XLE RO membranes.

Fig. 4b presents the influence of PEG grafting time on the ratio of
the pure water flux of several PDOPA-g-PEG modified membranes
to that of their PDOPA-modified analogs. All results presented in
this figure resulted from 60 min of exposure to PDOPA solution. PEG
grafting did not significantly influence the PVDF MF membrane
flux, as evidenced by only a ~3% flux decrease observed at any
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grafting time considered. The PS-20 UF membranes exhibited
a decrease in flux with increasing PEG grafting time, suggesting
that PEG grafting density increased with increasing grafting time.
This hypothesis was confirmed by gravimetric analysis described in
greater detail below.

The XLE RO membranes exhibited the most significant flux
reduction due to PEG grafting. For example, an XLE RO membrane
was modified by exposure for 60 min to dopamine solution and
then exposed to the PEG solution for 15 min to graft PEG to the
PDOPA-modified surface. This modification led to a considerable
decrease in flux (Jeec/Jppora = 0.45). However, at grafting times
ranging from 15 to 90 min, the flux decrease was only weakly
influenced by grafting time, since the flux decrease, Jpec/JppoPA, ONlY
varied from 0.45 to 0.32. Presumably, most of the PEG grafting
occurred at low grafting times (i.e., less than 15 min). PEG grafting
to polyamide membranes is known to cause a decrease in
membrane flux similar to or even greater than that observed in this
study. For example, Mickols [23] observed a flux decrease of 80%
(i.e., Jpec/Jo = 0.20) for an FT-30 Dow Filmtec RO membrane
modified using an aqueous solution containing 1 wt% PEG diep-
oxide (3.4 kDa), and he observed a flux decrease of 68% (i.e., Jpec/
Jo = 0.32) when an FT-30 membrane was modified by exposure to
0.2 wt% PEG diepoxide (0.2 kDa) solution. In both cases, the grafting
time was 10 min, and the grafting temperature was 60 °C.

The influence of PEG-NH> solution concentration on pure water
flux for 60 min PDOPA-modified PS-20 UF and XLE RO membranes
is presented in Fig. 4c. Results for PVDF MF membranes are not
presented because, based on the results presented in Fig. 4b, there
was no systematic decrease in flux following PEG-NH, grafting, so
these studies were not conducted for the PVDF MF membranes.
A modest decrease in flux was observed at increasing PEG-NH,
concentration for both PDOPA-modified PS-20 UF and XLE RO
membranes, suggesting an increase in PEG grafting density with
increasing PEG-NH; concentration. For the PS-20 UF membrane,
whose grafting density was measured directly using a gravimetric
technique, the increase in PEG grafting density with increasing
PEG-NH, concentration was consistent with the gravimetric
measurements, as will be described below.

Fig. 5 presents gravimetric measurements of grafting density of
5 kDa PEG-NH; on a PDOPA-modified PS-20 UF membrane. In this
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figure, the effect of PEG grafting time and PEG-NH; grafting solu-
tion concentration on grafting density is reported. The grafting
density is reported as the mass of PEG added to the membrane per
unit nominal surface area. In Fig. 5a, the PEG-NH, solution
concentration was 1 mg/mL, and the grafting experiments were
conducted at 60 °C and a solution pH of 8.8. In Fig. 5b, the influence
of PEG-NH, solution concentration on grafting density was studied
in membranes subjected to 60 min of PEG grafting at 60 °C and a pH
of 8.8. These experiments were conducted at conditions to match
those of the PS-20 UF flux measurements reported in Fig. 4b and c.
PDOPA deposition was necessary to obtain appreciable grafting
densities, because unmodified PSF UF membranes exposed to 5K
PEG-NH, for 60 min exhibited very low PEG grafting densities
(<1 pg cm~2). Increasing grafting time and PEG-NH, solution
concentration increases PEG grafting density. The effect of PEG
grafting time and PEG-NH, grafting solution concentration on
grafting density was not explored for PVDF MF or XLE RO
membranes, although similar trends to those observed for PS-20 UF
membranes would be anticipated. The observed increase in graft-
ing density decreases the PS-20 UF membrane flux (as observed in
Fig. 4b and c), possibly due to pore constriction and pore blockage
associated with the increase in grafting. As will be shown later, all
PEG grafting densities led to similar reductions in BSA adhesion.
Due to the rough surface and porous nature of membranes,
apparent PEG grafting densities observed on membranes are
significantly higher than grafting densities reported on smooth,
non-porous surfaces. For example, on a smooth, non-porous
surface, grafting densities as low as 0.033 chains per nm? for 5 kDa
PEG (which corresponds to 0.027 pg/cm?) are sufficient to cause
overlap between the areas occupied by adjacent PEG chains
(assuming a radius of gyration of 3.1 nm for a 5 kDa PEG molecule)
[24]. At this grafting density, protein adhesion is greatly reduced
due to steric repulsion. In our studies, much higher apparent
grafting densities (for example, 30 pg/cm? for 5 kDa PEG-NH,,
4 mg/mL, 60 °C, pH = 8.8 on a 60 min PDOPA-modified membrane)
were observed on PS-20 UF membranes. However, this large graft
density probably results from the membrane’s surface roughness
and internal porous structure, which substantially increases the
total surface area above that of the nominal surface area, which is
based on the surface area of the membrane if it were non-porous
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Fig. 5. PEG grafting density on PDOPA-modified PS-20 UF membranes as a function of: a) PEG-NH, grafting time, and b) PEG-NH, concentration in the grafting solution. Grafting
conditions for a) 1 mg/mL 5 kDa PEG-NH,, 60 °C, 15 mM tris buffer (pH = 8.8), and b) 60 min grafting time using 5 kDa PEG-NH,, 60 °C, 15 mM tris buffer (pH = 8.8). All values were
obtained via gravimetric analysis. A 60 min PDOPA deposition (2 mg/mL dopamine, 15 mM tris, pH = 8.8, ambient conditions) was used for all membranes prior to PEG grafting. The
results are reported as the mass of PEG added to the membrane per unit nominal surface area of the membranes. The internal surface area of this membrane is not known, so it

could not be used to normalize the grafting mass results.
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and smooth. The graft densities reported in this work are based on
nominal surface areas and do not reflect the internal surface area of
the membranes. For example, Ulbricht et al. reported a surface area,
measured via BET nitrogen adsorption, of 23.1 m?/g for a poly-
propylene MF membrane (0.4 um pore diameter), which corre-
sponds to an effective surface area of 760 m? per m? of membrane
(165 pm thickness, membrane density of 0.2 g/cm?) [25]. Similar
surface area values, ranging from approximately 15—23 m?/g, have
been reported for other UF and MF membranes [26,27]. Therefore,
assuming that PDOPA deposits on a significant portion of the PS-20
UF pore structure and that the PS-20 UF membranes have an
effective surface area similar to other UF membranes, a 5 kDa PEG-
NH; apparent grafting density of 30 pg/cm? would correspond to an
actual grafting density of 0.04 pg/cm?, which is slightly higher than
the grafting density at the onset of PEG chain overlap. However,
even larger polymer grafting densities on membranes have been
observed in other studies. As an example, Ulbricht et al. observed
PEG methacrylate grafting densities of up to 2000 pg/cm? on
polyacrylonitrile (PAN) UF membranes using a UV-induced grafting
method, and the presence of these PEG grafts on the PAN surface
correlated with significantly reduced protein adhesion [28].
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4.2.2. Influence of PEG-NH, molecular weight and PDOPA
deposition time on PEG grafting

To more clearly isolate the influence of PEG grafting on pure
water flux, it is useful to consider the hydraulic resistance of the
PEG grafting rather than the ratio Jpgc/Jppopa, because, as shown in
Fig. 3, Jepopa increases with increasing PDOPA deposition time.
Fig. 6 presents the influence of PDOPA deposition time on Rpgg (cf.,
equation (8)) for PDOPA-modified PVDF MF, PS-20 UF, and XLE RO
membranes at three different PEG-NH; molecular weights. Grafting
densities, measured via gravimetric analysis, are presented in Fig. 7.
Rpgg values for PDOPA-g-PEG modified PVDF MF membranes were
lower than the hydraulic resistances of unmodified and PDOPA-
modified membranes (cf., Table 4). These low Rpgc values, coupled
with the fact that there was no discernable trend between PDOPA
deposition or PEG-NH, molecular weight and Rpgg, indicate that
PEG grafting had little effect on the flux of PVDF MF membranes.
However, as PDOPA deposition time increased, PEG grafting density
did increase for PVDF MF membranes, as shown in Fig. 7. Unfor-
tunately, PDOPA deposition density was difficult to verify using
a gravimetric analysis because PDOPA deposited in quantities
below the detection limit of this gravimetric technique (i.e.,
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Fig. 6. Hydraulic resistance of PEG grafted to PDOPA-modified: a) PVDF MF, b) PS-20 UF, and c) XLE RO membranes as a function of PDOPA deposition time and PEG-NH, molecular
weight. PDOPA deposition conditions: 2 mg/mL dopamine in tris buffer (15 mM, pH = 8.8) at ambient conditions. PEG grafting conditions: 60 min (PVDF MF and PS-20 UF) or
30 min (XLE RO) PEG grafting time using 2 x 10~* mol/L PEG-NH,, 60 °C, tris buffer (15 mM, pH = 8.8). Standard errors were (in m~"): 1.2 x 10° (PVDF MF), 1.6 x 10'° (PS-20 UF),
and 1.0 x 10" (XLE RO). Standard errors were calculated from at least 2 replicate trials of 4 data points for each membrane.
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Fig. 7. PEG grafting density as a function of PDOPA deposition and PEG-NH; molecular weight on: a) PVDF MF, b) PS-20 UF, and c) XLE RO membranes. All values were obtained via
gravimetric analysis. PDOPA deposition conditions: 2 mg/mL dopamine in tris buffer (15 mM, pH = 8.8) at ambient conditions. PEG grafting conditions: 60 min (PVDF MF and PS-20
UF) or 30 min (XLE RO) PEG grafting time using 2 x 10~ mol/L PEG-NH,, 60 °C, tris buffer (15 mM, pH = 8.8). Error bars are the standard error of at least two replicate trials.

<1 pg cm™2). Furthermore, as expected, higher PEG-NH; molecular
weights led to increased grafting densities. Nevertheless, probably
because the PVDF MF pore size was large relative to the PDOPA
layer thickness and the length of grafted PEG chains, an increase in
PEG grafting density had little to no effect on flux.

PDOPA-modified PS-20 UF membranes exhibited similar trends
and magnitudes in PEG grafting density as PDOPA-modified PVDF
MF membranes: PEG grafting density increased as both PDOPA
deposition time and PEG-NH, molecular weight increased.
However, in contrast to the results from the PVDF MF membrane,
the increase in PEG grafting density resulted in an increase in Rpgg
for the PS-20 UF membrane, and the hydraulic resistance was
higher in PDOPA-g-PEG samples than in unmodified or PDOPA-
modified samples, as shown in Table 4.

The XLE RO membranes have excess carboxylic acid function-
ality on their surfaces as a byproduct of the interfacial polymeri-
zation method used to synthesize the membrane [29]. The
carboxylic acids moieties can react and form covalent linkages with
PEG-NH, [30]. PVDF MF and PS-20 UF membrane have no such
reactive moieties. Therefore, PEG grafting was also characterized on
unmodified XLE RO membranes. PEG grafting (without prior
PDOPA deposition) to XLE RO membranes was performed by
placing unmodified membranes in a 2 x 10* mol/L solution of 1, 5,
or 20 kDa PEG-NH; (15 mM tris buffer, pH = 8.8, 60 °C) for 30 min.
Although PEG grafting densities on PDOPA-modified XLE RO were

significantly lower than on PDOPA-modified PVDF MF or PS-20 UF
membranes (cf., Fig. 7), the decrease in flux (i.e., increase in resis-
tance) associated with PEG grafting is more significant in the XLE
RO membranes (as seen by the high Rpgg values, which are, in the
case of 20 kDa PEG-NH,, 3 times higher than the hydraulic resis-
tance of an unmodified XLE RO membrane). No PEG grafting-
associated flux loss was observed as PDOPA deposition time
increased. Moreover, PEG grafting density remained essentially
constant as PDOPA deposition time increased. Perhaps PDOPA
deposition shields reactive carboxylic acid sites and makes reactive
catechol/quinone sites available to the PEG-NH;, with the net result
being not much change in the number of reactive sites on the RO
membrane surface for the PEG-NH,. Thus, in contrast to the results
obtained using the PVDF MF and PS-20 UF membranes, PDOPA
deposition did not measurably increase PEG grafting to XLE RO
membranes.

4.2.3. BSA adhesion resistance

As a first step towards assessing the ability of PDOPA and
PDOPA-g-PEG surface treatment to alter protein adhesion to
membranes, fluorescently tagged BSA adhesion experiments were
performed on unmodified, PDOPA-modified, and PDOPA-g-PEG
modified membranes. The method used in this study is a modified
version of a similar method reported in the literature [31]. Organic
adhesion to membranes is a necessary step in any fouling process
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[32,33]. Protein adhesion, in particular, to membranes is problem-
atic because it primes the surface for and provides a nutrient source
for biofilm-forming bacteria, which can lead to catastrophic flux
reductions in membranes used for wastewater treatment or
thrombosis in membranes used for applications in medical-related
fields, such as hemodialysis [32—34]. Of course, the measurements
reported here should be complemented by filtration experiments
involving protein solutions to determine the fouling resistance, and
those studies are under way now in our laboratories.

Fig. 8 presents the influence of PDOPA deposition time and PEG
molecular weight on the relative amount of BSA adhered to the
membranes. The amount of BSA on the membranes is characterized
as the ratio of the fluorescent intensity of BSA adhered to modified
membranes, I, to that of BSA adhered to their unmodified analogs,
Io. For the unmodified membranes, protein adhesion was in the
following order:

PS-20 UF > PVDF MF > XLE RO.
This trend was also observed in previous studies that considered

longer contact times between membranes and protein solutions
[2]. PDOPA-only modified membranes are labeled “No PEG” in
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these plots. BSA adhesion to the PDOPA-modified membranes was
significantly lower than that of the unmodified membranes. For
example, a PVDF MF membrane, subjected to 30 min of PDOPA
deposition, exhibited 83% lower BSA adhesion than its unmodified
analog, and the reduction in BSA adhesion was even greater after
longer PDOPA deposition times. In the case of a PS-20 UF
membrane subjected to 90 min of PDOPA deposition, the BSA
adhesion was reduced by more than 99.9% compared to that of its
unmodified analog. PDOPA modification also significantly reduced
protein adhesion to XLE RO membranes, which already exhibited
low protein adhesion [2] due to their high hydrophilicity and
negative charge. BSA is also negatively charged at neutral to alka-
line pH, and both of these factors (i.e., hydrophilicity and negative
surface charge) have been linked to decreased BSA adhesion [9].
Furthermore, protein adhesion was reduced as PDOPA deposition
time increased for all membranes.

Protein adhesion reduction by PDOPA deposition is interesting
given the chemical nature of PDOPA, which was designed to mimic
an adhesive protein [1]. The reduction in protein adhesion could
occur as a result of the formation of a small number of PDOPA
brushes, in a manner analogous to previously reported physisorbed
polymers [35], that might be found throughout the PDOPA layer,
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Fig. 8. Influence of PDOPA deposition time on normalized fluorescent intensity of BSA adhered to: a) PVDF MF, b) PS-20 UF, and c¢) XLE RO membranes. Rhodamine-tagged BSA was
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coupled with the fact that PDOPA is a highly hydrophilic substance.
Hydrogen bonding between the hydrophilic catechol group in
PDOPA and water molecules could lead to steric hinderance of
proteins approaching the surface, which would render adhesion to
the PDOPA surface difficult [36—38]. This mechanism of protein
adhesion resistance is reminiscent of that reported for PEG brushes
[37,38]. However, PDOPA could probably react to form covalent
bonds with protein amino acid residues, such as lysine, arginine,
and cysteine, under alkaline conditions (our BSA adhesion tests
were performed at neutral pH) [39]. Therefore, PEG grafting may be
needed to minimize protein adhesion over a broad pH range.

As indicated in Fig. 8, PEG grafting to the PDOPA layer further
decreased BSA adhesion relative to PDOPA-modified membranes.
Overall, BSA adhesion decreased with increasing PDOPA deposition
time in both PDOPA and PDOPA-g-PEG modified membranes. In
PVDF MF membranes, a general trend of decreasing BSA adhesion
with increasing PEG molecular weight was observed, with 20 kDa
PDOPA-g-PEG-modified membranes exhibiting the lowest BSA
adhesion for each PDOPA deposition time. All PDOPA-g-PEG
modified PVDF MF membranes with a PDOPA modification time of
60 or 90 min exhibited more than 99% reduction in protein adhe-
sion compared to that of unmodified PVDF MF membranes. For PS-
20 membranes, 20 kDa PEG also provided the best resistance to BSA
adhesion. PDOPA-modified PS-20 UF membranes subjected to
90 min of PDOPA modification exhibited essentially no measurable
protein adhesion, so grafting PEG to this membrane resulted in no
measurable reduction in BSA adhesion, at least according to the
adhesion assay used in this study. PEGs of various molecular
weights resulted in nearly identical reductions in BSA adhesion in
PDOPA-g-PEG modified XLE RO membranes.

The synergistic protein adhesion resistance of combining PDOPA
deposition and PEG grafting may be further elucidated by comparing
protein adhesion to PEG-modified XLE RO membranes (i.e.,
membranes with no PDOPA deposition prior to PEG modification)
and to PDOPA-g-PEG modified XLE RO membranes. Among the
family of XLE RO membranes modified with only PEG (i.e., with no
PDOPA), the membranes modified with 20 kDa PEG-NH, exhibited
a 17% reduction in BSA adhesion compared to that of an unmodified
analog. No reduction in BSA adhesion was observed upon modifi-
cation with 1 kDa PEG-NH>, and a 10% reduction was observed when
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the membrane was modified with 5 kDa PEG-NH,. In contrast, the
PDOPA-g-PEG treatment reduced BSA adhesion between 96 and 99%
relative to that of unmodified XLE RO membranes.

At the high PEG grafting densities observed in our study, no
definitive trend is observed between PEG grafting density and BSA
adhesion reduction due solely to PEG adhesion (i.e., the difference
in BSA adhesion between PDOPA-modified and PDOPA-g-PEG
modified membranes). It is difficult to compare BSA adhesion
reduction as a function of PEG grafting density from the data in
Fig. 8 because the technique used to control grafting density (i.e.,
PDOPA deposition time) significantly influences BSA adhesion.
Consequently, a series of experiments were performed where PEG
grafting time and PEG-NH; concentration in the grafting solution
were varied to control the PEG grafting density (as seen in Fig. 5 for
PS-20 UF membranes). Fig. 9 presents BSA adhesion to PDOPA-
modified and PDOPA-g-PEG modified membranes as a function of
PEG grafting time and PEG-NH;, concentration in the grafting
solution. All membranes were initially subjected to a 60 min PDOPA
modification at the conditions set forth in Materials and
Experimental Methods section. The points at a PEG-NH, grafting
time or concentration of zero correspond to BSA adhesion on
membranes only subjected to PDOPA modification. Other than the
initial decrease in BSA adhesion upon exposing the membranes to
PEG, only a small reduction in BSA adhesion was observed for PVDF
MF membranes as PEG grafting time and concentration increased.
For PS-20 UF and XLE RO membranes, BSA adhesion showed no
definitive trend with PEG grafting time and concentration. There-
fore, PEG surface coverage, regardless of grafting time or concen-
tration, is sufficiently high to give high levels of BSA adhesion
resistance, at least within the limits of detection of BSA adhesion
used in this work. Since PEG deleteriously influences flux in the UF
and RO membranes, this result suggests that membranes prepared
with as low a PEG concentration as possible may be of most interest
for retaining high flux and significant fouling resistance.

4.2.4. Correlation between BSA adhesion resistance and total flux
loss due to PDOPA or PDOPA-g-PEG

One objective of this study was to evaluate the tradeoff between
improved BSA adhesion resistance characteristics and the
reduction in flux accompanying the membrane modifications
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Fig. 9. Influence of a) PEG grafting time and b) PEG-NH; concentration in the grafting solution on normalized fluorescent intensity of BSA adhered to PVDF MF, PS-20 UF, and XLE
RO membranes. Prior to PEG grafting, these membranes were first PDOPA-modified using a 60 min PDOPA deposition time at ambient conditions and the following dopamine

solution: 2 mg/mL, 15 mM tris buffer, pH = 8.8.
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considered. Ideally, one would seek membrane modifications that
yielded the maximum reduction in BSA adhesion and the minimum
reduction in flux. In Fig. 10, a measure of the reduction in BSA
adhesion, characterized as 1 — I/I,, is plotted against the ratio of the
modified membrane’s pure water flux, Jy, relative to the flux of its
unmodified analog, J,. An ideal modification would result in
membranes having a BSA adhesion reduction of 1 (corresponding
to an I value of 0, indicating no BSA adhesion on the modified
membrane) and the same flux as an unmodified membrane (Jr/
Jo=1). As aresult, values closest to the upper right corner of Fig. 10
are desirable. The PVDF MF membranes show the best combina-
tions of flux retention and enhancement in resistance to protein
adhesion, in part because their large pores allow these membrane
modifications to occur with little loss in flux. The UF membranes
show very good resistance to protein adhesion, but flux can be
significantly reduced by extensive modification since these
membranes have smaller pores, which are more easily constricted
or bridged by the modifications considered, than those of the MF
membranes. The XLE RO membranes show a distinct tradeoff, with
more significant modification conditions (i.e., high-density PEG
grafting) yielding substantial improvements in protein adhesion
resistance but large reductions in flux. In general, the XLE RO
membranes show the least improvement in protein adhesion
resistance for a given reduction in flux, presumably because of
unmodified XLE RO’s already low comparative protein adhesion.
Table 5 provides some examples of the detailed modification
conditions characterizing this tradeoff. In the PS-20 UF membranes,
which have smaller pore size that the PVDF MF membranes, many
of the most effective modification conditions, from a BSA adhesion
reduction standpoint (i.e.,, 1 — I/I, values closest to 1), showed
significant reductions in flux, and the most effective modification
conditions (from a point of view of balancing BSA adhesion resis-
tance and flux loss) had a combination of PDOPA deposition and
PEG grafting. The XLE RO membranes showed the clearest evidence
of a distinct tradeoff between BSA adhesion resistance and flux, and
modifications involving PEG grafting generally gave the most
significant reductions in flux. In summary, PDOPA deposition,
combined with PEG grafting, provides an effective tool for
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Fig. 10. BSA adhesion reduction as a function of the ratio of modified membrane flux,
Jr to the unmodified membrane flux, J,. (@): XLE RO, (M): PS-20 UF, (A ): PVDF MF.
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Table 5
Modification parameters for membranes numbered in Fig. 10.
Label from Membrane PDOPA PEG-NH,  PEG-NH; PEG-NH,
Fig. 1.10 deposition grafting concentration molecular
time [min] time [min] [mg/ml] weight [kDa]
1 PVDF MF 90 0 NA NA
2 PVDF MF 30 60 4 20
3 PVDF MF 60 0 NA NA
4 PS-20 UF 90 0 NA NA
5 PS-20 UF 60 60 0.2 1
6 PS-20 UF 90 60 1 5
7 XLE RO 30 30 0.2 1
8 XLE RO 60 0 NA NA
9 XLE RO 90 0 NA NA

modifying membrane surfaces, and the balance of flux reduction
and protein adhesion resistance must be determined experimen-
tally for each membrane of interest.

5. Conclusions

PVDF MF, PSF Al and PS-20 UF and XLE RO membranes were
modified using PDOPA. PEG-NH, could be grafted to PDOPA-
modified membranes. PDOPA and PDOPA-g-PEG modifications
influenced pure water flux differently in each membrane. For
example, PDOPA and subsequent PEG grafting had little influence
on PVDF MF membrane flux because the pore size of these
membranes was likely to be much larger than the thicknesses of the
PDOPA deposition and the PEG graft layer. However, a decrease in
PS-20 UF water flux was observed with increasing PDOPA deposi-
tion and PEG grafting density, probably because the pore size of
these membranes was similar to the PDOPA deposition and PEG
graft layer thicknesses. XLE RO membranes exhibited a small
decrease in flux with increasing PDOPA deposition (most likely due
to a low amount of PDOPA deposition compared to the other
membranes considered), but PEG grafting significantly reduced XLE
RO flux. PDOPA deposition substantially reduced BSA adhesion in
all cases. Additional BSA adhesion reduction was observed when
PEG was grafted to the membrane. A general trend of reduced BSA
adhesion with increasing PEG graft molecular weight was observed
for all membranes, except for the XLE RO, where all molecular
weights of grafted PEG exhibited similar BSA adhesion. Finally, by
plotting BSA adhesion resistance as a function of total unmodified
membrane flux retained after a modification, a tradeoff between
protein adhesion resistance and pure water flux was observed for
several membranes.
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