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Three critical aspects of searching for and understanding how to find highly resistant surfaces to protein
adhesion are addressed here with specific application to synthetic membrane filtration. They include the
(i) discovery of a series of previously unreported monomers from a large library of monomers with high
protein resistance and subsequent low fouling characteristics for membrane ultrafiltration of protein-
containing fluids, (ii) development of a new approach to investigate protein-resistant mechanisms from
structure-property relationships, and (iii) adaptation of a new surface modification method, called
atmospheric pressure plasma-induced graft polymerization (APP), together with a high throughput
platform (HTP), for low cost vacuum-free synthesis of anti-fouling membranes. Several new high-
performing chemistries comprising two polyethylene glycol (PEG), two amines and one zwitterionic
monomers were identified from a library (44 commercial monomers) of five different classes of
monomers as strong protein-resistant monomers. Combining our analysis here, using the Hansen
solubility parameters (HSP) approach, and data from the literature, we conclude that strong interactions
with water (hydrogen bonding) and surface flexibility are necessary for producing the highest protein
resistance. Superior protein-resistant surfaces and subsequent anti-fouling performance was obtained
with the HTP-APP as compared with our earlier HTP-photo graft-induced polymerization (PGP).

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Surface modification of materials is an efficient and cost-
effective way of imparting desired interfacial properties. Exam-
ples of different approaches include wet chemistry [1], phase
separation [2,3] and radiationmethods such as photo-oxidation [4],
low pressure plasma [5], atmospheric pressure (AP) plasma [6] and
electron beam [7]. Materials are also tailored with unique func-
tional properties using for example, free radical graft polymeriza-
tion. Here, materials are exposed to an activation source, and free
radicals are formed as dissociation of excited sites. Then graft
polymerization occurs simultaneously in the presence of a func-
tional vinyl monomer. The resultant grafted polymer chains are
covalently attached to the material surface with durable stability.

Photo-induced graft polymerization (PGP) has beenwidely used
and accepted for modification of both intrinsically photoactive and
non-photoactive (with initiating agents) materials [8e10].
All rights reserved.
Recently, atmospheric pressure plasma-induced graft polymeriza-
tion (APP) has been employed for material surface functionalization
[11e16]. A number of advantages of APP are: (1) AP plasma
combines both UV and ion bombardment without the need to
submerse the substrate in a vacuum, (2) AP plasma discharges with
low breakdown voltage, uniform density of charge species and high
concentrations of ions and radicals, and (3) properties of grafted
polymer phase is controllable [11,17].

Lewis and Cohen [11] first reported the modification of a silicon
surface with APP. Graft polymerization was controlled by plasma
treatment time, radio frequency (RF) power, amount of adsorbed
surface water and solvent type. They also combined free radical
graft polymerization with controlled nitroxide-mediated graft
polymerization of polystyrene using APP with hydrogen [12]. APP
has also been used to modify synthetic material surfaces to develop
stimuli-responsive polymer for drug delivery [13], improve dyeing
and antistatic properties of fabrics [14], improve adhesion of fluo-
rocarbon polymer films [15], and reduce mineral scaling propensity
of reverse osmosis membranes [16].

A significant challenge for membrane filtration of biofluids is
protein adhesion to the external and internal surface of synthetic
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membranes (we call this “membrane fouling”). Fouling greatly
reduces membrane performance, i.e. causes permeation flux
decline, effects selectivity and increases process cost. The main
challenge for the past 20e30 years has been how do we choose the
best surface chemistry to resist protein adhesion and hence
membrane fouling for synthetic membrane filtration. The White-
sides group has published a set of criteria for selecting protein-
resistant chemistries: They should (i) be hydrophilic, (ii) include
hydrogen bond acceptors, (iii) do not include hydrogen bond
donors, and (iv) be net electrically neutral. In the Discussion
section, we address these criteria and their limitations.

Graft polymerization of synthetic membrane surface is an
attractive approach without substantially changing the bulk prop-
erties of the base-membrane. Previously, we have used low pres-
sure plasma graft polymerization (LPP) to modify the
polyacrylonitrile and polysulfone ultrafiltration (UF) membranes so
as to reduce membrane fouling [18,19]. After graft polymerization
with hydroxyethyl methacrylate (HEMA), protein fouling was
significantly reduced and membrane permeation flux during
protein filtration was improved. Recently, we combined a high
throughput platform (HTP) with PGP to synthesize, test and select
the best protein-resistance membranes from a large library of
monomers in less than a day. New and previously known mono-
mers for protein resistance were identified with this HTP-PGP
method [20,21]. Since APP has several advantages for materials
modification (above), it could offer a new approach for modifying
synthetic polymeric membranes.

In this work, the goals were to discover new protein-resistant
monomers, explain the basis of protein resistance and develop
high flux and low protein-binding (low fouling) UF membranes
using APP. Together with a previously reported HTP method
[20e22], a library of 44 commercial vinyl monomers was grafted
onto commercial PES membrane surfaces. The performance of
modified and unmodified PES control membranes were assessed
using a static protein adsorption protocol. To evaluate our capability
for developing protein-resistant membranes, the performance of
HTP-APP was compared with our previously successful HTP-PGP
results. We also investigated the mechanisms of why some
surfaces resist protein adhesion better than others from structure-
property relationships.

2. Theoretical

Solubility parameters have been used to predict the compati-
bility between solvents and polymers. Liquids with similar solu-
bility parameters are mostly miscible, while polymers dissolve in
solvents with solubility parameters close to those of the polymer.

The term solubility parameter was first introduced by Hilde-
brand and Scott [23]. The Hildebrand solubility parameter is
defined as the square root of the cohesive energy density:

d ¼ �� U=V
�1=2 (1)

U is defined as the molar internal energy, which is associated with
the net attractive interactions between the materials. eU is total
energy of evaporation, which is a direct measure of the total energy
of association of the liquid’s molecules. V is themolar volume of the
liquid.

The seminal assumption of the Hansen solubility parameter
(HSP) approach is that the total energy of evaporation is due to (i)
“non-polar” or dispersion interactions (dd), (ii) “polar” or perma-
nent dipoleepermanent dipole interactions (dp), and (iii) hydrogen
bonding interactions (dh). dd, dp, and dh of HSP are estimated from
molecular physical properties of each group in a monomer and is
named the group contribution method [24]:
dd ¼ ðSFdÞ=V (2)

dP ¼
�
SF2P

�1=2
=V (3)

dh ¼ ðSUh=VÞ1=2 (4)

where Fd (J1/2 cm2/3 mol�1), Fp (J1/2 cm2/3 mol�1) and Uh (J mol�1)
are the molar attraction constant for the non-polar groups, the
molar attraction constant for the polar group and the hydrogen
bonding energy, respectively. All these values were adapted from
the work of van Krevelene [25], except sulfur dioxide group [26]. V
(cm3 mol�1) is molar volume of monomer.
3. Experimental

3.1. Materials

96-well filter plates (Seahorse Labware, Chicopee, MA) were
used for the HTP-APP experiment. 100 kDa PES membrane coupons
(effective area 19.95 mm2) were mounted and sealed by the
manufacturer on the bottom of each well with the volume of 300 ml.
The membranes were washed and soaked in DI water overnight
before use to remove any surfactant. Separate 100 kDa PES
membranes (Pall Corp., Port Washington, NY) were used to char-
acterize the membrane surface structure and the degree of grafting
of the monomers after expose to APP. Five classes from 44
commercial vinyl monomers (Fig. 1) and butyl methacrylate (BMA),
a control monomer, were purchased (SigmaeAldrich, Saint Louis,
MO). A description of these monomers is shown in Table S1
(Supplementary Information, SI). The monomers were tested
without further purification. All monomer solutions were degassed
before use to remove the existing oxygen. Except for #4 and BMA
used water/ethanol (20/80 wt %/wt %) as the solvent, the other
monomers were dissolved in water. Except for #4 at a concentra-
tion of 0.12 mol L�1, the concentration of other monomers was
0.2 mol L�1 2,2-diphenyl-1-picrylhydrazyl (DPPH) and benzene
were purchased from SigmaeAldrich without further purification.
Bovine serum albumin (BSA) and phosphate buffered saline (PBS)
tablets were purchased (SigmaeAldrich). Ultrahigh purity helium
and nitrogen gas was used (Noble Gas Solutions, Albany, NY).
3.2. Methods

3.2.1. Peroxide assay
Radical concentrations weremeasured according to Suzuki et al.

[27]. After the PES membranes were APP with helium (He), they
were placed into 0.1 mM de-aerated DPPH benzene solution and
reacted at 60� 1 �C for 2 h. The amount of the DPPH consumedwas
measured from the difference in transmittance at 520 nm between
the unmodified or control and the treated PES membranes.

3.2.2. HTP-APP
The atmospheric pressure AP plasma source (Model ATOMFLO,

Surfx Technologies LLC, Culver City, CA) was operated at 200 V and
was driven by RF power at 27.12 MHz. A beam of reactive gas
species with 5 cm of length was generated from the plasma source.
With the source-to-membrane distance of 13 mm, the 96-well
membrane plate was exposed to the ultra-purity He at a flow rate
of 30.0 L min�1. An XYZ Robot (Surfx Technologies LLC, Culver City,
CA) was used to control the plasma source over the plate with the
scan speed (S) from 0.7 to 0.2 mm s�1. The width (L) of the plasma
source was 3.1 cm measured according to Gonzalez et al. [6]. The
exposure time was calculated as the ratio of L/S. Following the



Fig. 1. Monomer library for HTP-APP testing and synthesis: list of 44 monomers in five classes. Numbers refer to Table S1.
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exposure to the AP He plasma, the 96-well filter plate was dipped
with 200 ml of monomer solutions. The graft polymerization was
immediately conducted at 60 � 1 �C for 2 h. The reaction was
terminated by adding with DI water. Themembranes in the 96-well
filter platewere soaked and rinsedwith DI water for 24 h to remove
any homopolymer and unreacted monomer residue from the
membranes by shaking [28].

3.2.3. HTP-PGP
The membranes in the 96-well filter plates were covered with

200 ml of monomer solutions for 1 h while shaking at 22� 1 �C. The
monomer solutions were removed and the filter plate was sealed in
a glass container, and then nitrogen gas was purged for 10 min. PGP
was performed for 30 s in a UV chamber (F300S, Fusion UV Systems,
Inc. Gaithersburg, MD) containing an electrode-less microwave
lamp (w 7% of the energy was at < 280 nm). A band-pass 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% [29]. After PGP, the membranes
were washed with DI water for 24 h to remove any homopolymer
and unreacted monomer residue from the membranes [9].

We also provide a comparison between APP and PGP below.
Experimental details of the two methods, the filtration and fouling
conditions are summarized in Table 1.
Table 1
Modification, filtration and fouling conditions for HTP-APP and HTP-PGP.

Method Surface activation Graft polymerizationa

HTP-APP AP He plasma treatment
(0.3 mm s�1, 200 V, 27.12 MHz)

Followed by plasma treatmen
polymerization at T ¼ 60 � 1

HTP-PGP UV irradiation (30 s,
1% of the energy at < 280 nm)

polymerization at T ¼ 22 � 1
during 30s UV irradiation

a Monomers (#s 1e44) and BMA were tested with equivalent concentration by both m
b Water filtration was performed before and after modification to measure the HR rati
3.2.4. Chemical structure and degree of grafting (DG) by ATR/FTIR
Attenuated Total Reflection/Fourier Transform Infrared spec-

troscopy (ATR/FTIR, Magna-IR 550 Series II, Nicolet Instruments,
Madison, WI) was used to characterize the chemical structure of
the PES membrane surfaces. 256 scans with a resolution of 4 cm�1

were performed with an indicant angle of 45�. Penetration of the IR
beam was w0.1e1.0 mm. DG of poly(ethylene glycol) methyl ether
methacrylate with a molecular weight of 300 Da (PEG-300) is
defined as the ratio of the absorbance peak height at w1715 cm�1

(carbonyl stretching), to a reference peak at w1578 cm�1 of the
benzene carbonecarbon double bond of PES membrane.

3.2.5. Contact angle measurement
The sessile contact angle of DI water droplets on the membrane

surfaces wasmeasured by a goniometer (SITcamera, SIT-66X, Dage-
MIT, Michigan City, IND) connected with a video monitor (TR-930,
Panasonic, Osaka, Japan) for image capture. The measurements
were repeated five different positions on each membrane.

3.3. Protein feed solution

The model protein solution for evaluating membrane adhesion
andhence fouling contained 1mg/ml BSAdissolved in PBS. BSA (MW
67 kDa, pI 4.7) was negatively charged during the experiments. PBS
Filtration conditionsb Fouling conditions

t,
�C for 2 h

TMP ¼ 68 kPa and T ¼ 22 � 1 �C BSA adsorption for 44 h

�C TMP ¼ 68 kPa and T ¼ 22 � 1 �C BSA adsorption for 44 h

ethods.
o. PBS filtration was conducted before and after BSA adsorption to estimate fouling.
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comprised 10 mmol L�1 phosphate buffer, 2.7 mmol L�1 potassium
chloride, and 137 mmol L�1 sodium chloride with pH 7.4 at 25 �C.

3.4. High throughput filtration

The filtration of membranes (modified, AP He plasma-treated
and unmodified control PES) in a 96-well filter plate was per-
formed on a multi-well plate vacuum manifold (Pall Corp., Port
Washington, NY) at T ¼ 22 � 1 �C. The permeation in an acrylic 96-
well receiver plate placed under the 96-well filter plate. The
membrane resistance was defined as R ¼ DP/(mJv), where DP (Pa),
the transmembrane pressure (TMP), was constantly maintained at
68 kPa, m (gm�1s�1) is the solution viscosity. Permeation flux, Jv
(ms�1), was calculated as Jv ¼ V/(At), where V (m3) is the cumula-
tive permeate volume, A (m2) is the membrane area, and t (s) is the
filtration time. A Microplate Spectrophotometer (PowerWave XS,
BioTek Instruments Inc., Winooski, VT) was used to measure the
absorbance at 977 nm of permeate solution in the receiver plate
wells, fromwhich the volume of permeate in each receiver well was
calculated.

The filtration protocol for evaluating membrane performance is
shown in Fig. S1. Briefly, in order to investigate the effect of APP on
permeation flux, membranes in the 96-well filter plate were first
filtered with DI water prior to and after the APP experiment. Then
PBS filtration was conducted to assess the anti-fouling capability of
modified and unmodified control membranes before and after
adsorptionwith 1mg/ml BSA solution (static fouling) for 44 h. Static
fouling was measured in terms of a fouling index, ℛ ¼ [(Rfoulede

RPBS)mod/(RfouledeRPBS)control]. Here, RPBS, mod and RPBS, control are
resistances to the buffer flux for the modified and unmodified
membranes before BSA fouling, Rfouled, mod and Rfouled, control are
resistances to the buffer flux for the modified and unmodified
membranes after BSA fouling. The fouling index, ℛ, defined as the
ratio of the static fouling of modified membranes to that of the
control or unmodified membrane, is used to screen protein-
resistant membranes for different grafted monomers. ℛ < 1
Fig. 2. Comparison of HTP-APP with HTP-PGP for HR ratios. (A) HR ratio, (B) Blow-up of the
(black dotted line) in (B). The modification and filtration conditions for both methods are sho

points lie between two black lines demonstrates their good reproducibility. s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ðHR
q

of membranes modified with HTP-APP and HTP-PGP, respectively. We used values of 0 <

instrument error that was due to very low permeation (difficult to measure).
indicates that the modified membranes exhibited less fouling than
the control membrane.

3.5. Membrane selectivity

The membrane selectivity is defined as J ¼ 1/So,BSA, where
So,BSA, the observed sieving of BSA, is the ratio of the BSA concen-
tration in the permetate, Cp, to that in the feed, Cb. Cp wasmeasured
after the 1 mg/ml BSA solution (dissolved in PBS) filtrationwith the
absorbance of 280 nm in the receiver plate.

4. Results

4.1. Flux comparison between HTP-APP and HTP-PGP

The hydrodynamic resistance (HR) ratio, RW, mod/RW, initial,
indicates how graft modification influences membrane permeation
flux and is a relative inverse measure of permeation flux. It is
determined by both surface hydrophilicity and pore plugging
effects. Improved surface hydrophilicity results in an increase in
water flux or a decrease in HR ratio, while pore plugging and nar-
rowing gives the opposite effect [9,10].

As shown in Fig. 2, the HR ratio using HTP-APP is comparedwith
that using HTP-PGP. Most of the APP modified membranes
exhibited HR ratios < 1, mainly due to the increased surface
hydrophilicity and subsequent improvement of performance over
pore plugging. HR ratios > 1 are observed for many modified
membranes with the PGP method mainly due to pore plugging.
Only a few monomers (#s 6, 16, 31, 38) lie close to the diagonal
(Fig. 2B insert), while many monomers exhibited higher resistance
with PGP than that with APP (below the 45� diagonal).

The membrane flux disparity after modification with the two
methods can be explained by their surface activation and graft
polymerization conditions (Table 1). Graft polymerizationwith PGP
was achieved during UV irradiation after exposure to the monomer
solution. This is called the “dip technique”. Using this technique,
rectangle area (black dotted line) in (A). Insert in (B) is a blow-up of the rectangle area
wn in Table 1. 2s in the figure is the distance of two black lines (y ¼ x � s, s ¼ 0.71). Theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
HTP-APP;i � HRHTP-PGP;iÞ2=N, where HRHTP-APP, i and HRHTP-PGP, i are the average HR ratios

HR ratio < 3 to calculate s, as too large values of HR ratio > 3 mainly resulted from
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Pieracci et al. [9] observed that high a DG (w0.5e1) of N-vinyl-2-
pyrrolidinone onto 50 kDa PES membrane was obtained at short
irradiation times (30e60 s). This was due to abundant free radical
production by the large amount of transmitted energy. They also
observed that the permeability decreased after dip-modification
due to a high DG of grafted polymer chains that blocked the
pores (call this pore-narrowing). It is also possible that homo-
polymerization occurred in the pores and crosslinked the grafted
polymer chains. In contrast, APP was performed after AP plasma
treatment of membrane surfaces (Table 1). Thus, it avoided expo-
sure of monomer solution to the plasma source, reducing possible
homo-polymerization and crosslinking of the grafted polymer
chains that results in pore narrowing. Therefore, the higher
permeate flux obtained with HTP-APP than with HTP-PGP can be
attributed to avoidance of homo-polymerization and crosslinking
of grafted polymer chains. The net result is that substantial pore
narrowing suspected with PGP is avoided with APP.

4.2. Develop protein-resistance membranes with HTP-APP

As shown in Fig. 3, most membranes grafted from the five
classes of monomers exhibited reduced fouling when compared
with the control as-received PES membrane. The membranes
modified with PEG, tertiary amine and zwitterionic monomers
exhibited low fouling. These results are consistent with the general
rules for surfaces with low protein adsorption [30e33]. Below, we
discuss the results summarized in Fig. 3 in detail.

4.2.1. Hydroxyls
All four monomers exhibited reduced fouling (w 25%e30%

reduction). Monomer #s 1 and 2 are commonly used to modify
membranes for reducing fouling [10,19,34]. Monomer #s 3 and 4
terminatedwithmultiplehydroxyl groupsare veryhydrophilic. These
two monomers were copolymerized to synthesize water-soluble
polymers and were used to reduce non-specific binding of protein
[34]. These results are also consistentwith sugar-based self-assembly
monolayer (SAM) that are resistant to protein adsorption [35].

4.2.2. PEGs
PEG polymers are biocompatible and resistant to non-specific

protein adsorption [36,37]. They are considered to be the “gold-
standard” for reduced protein adsorption. In our work, membranes
Fig. 3. Fouling index, ℛ, of PES membranes grafted from five classes of monomers, BMA and
monomers #s 29, 32 and 37 with very high ℛ > >1.5.
modified with PEG monomers (#s 6-12) all exhibited reduced
protein fouling (w 15%e40% reduction) as compared with the
control PES membrane. Only the membranes modified with the
lowest molecular weight PEGmonomer #5 exhibited higher fouling
than the control membrane. No significant molecular weight
dependence was observed when the EG unit was larger than one
unit. These results were consistent with previous HTP-PGP results
[20,21]. Ostuni et al. [33] reported similar results for the number of
EG units > 2, which gave less specific protein adsorption.

4.2.3. Acids
When electrostatics is applicable, acid monomers are widely

used for grafting membranes to improve anti-fouling properties
when proteins are negatively charged. For example, Taniguchi and
Belfort [10] grafted acid monomers (#s 13, 17, 21, 22) onto 50 kDa
PES membrane using PGP. A much lower irreversible resistance
after 1 mg/ml BSA solution filtration at pH 7.4 was obtained for
these acid modified membranes than for the unmodified
membrane. Using APP, the PES membranes grafted with the acid
monomers (#s 13e22) also exhibited the lower BSA fouling (w
15%e30% reduction) when compared with the unmodified PES
membrane. Only one acid monomer (# 23) did not exhibit reduced
fouling perhaps due to its aromatic ring. Also, using the bench scale
PGP method for binary protein mixtures purification, much higher
fouling with monomer # 23 was reported [38].

4.2.4. Amines
Most membranes modified with amine monomers exhibited

reduced fouling (w 10%e30% reduction). Membranes grafted from
tertiary amine monomers (#s 31, 33 and 35) resulted in the higher
anti-fouling improvement than primary [21] and secondary amines
(#s 25e29). Membranes modified with monomers #s 29, 32 and 37
(marked by cross symbol) exhibited very high ℛ values (> > 1.5)
due to the very low permeate flux after modification that was
probably caused by enhanced grafting and pore narrowing (Fig. 2).

4.2.5. Basic & zwitterionic (zwit)
This class of polymers is comparable with PEG polymers for

protein resistance. They are both biocompatible and resistant to
protein adsorption [39e41]. For example, self-assembledmonolayer
with zwitterionic functional groups had low-fouling characteristics
[32,42]. The membranes grafted from this type of monomers all
unmodified PES membranes (dashed horizontal line). The cross symbols represent the



Fig. 4. Comparison of HTP-APP with HTP-PGP fouling index. (A) Fouling index,ℛHTP-APP, i andℛHTP-PGP , (B) blow up of the rectangle area (black dotted line) in (A). The modification,

filtration and fouling conditions for both methods are shown in Table 1. s ¼ 0.41, is calculated from s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1ð<HTP-APP;i � <HTP-PGP;iÞ2=N
q

, whereℛHTP-APP, i andℛHTP-PGP, i are the

average ℛ values of membranes modified with HTPeAPP and HTPePGP, respectively. We used values of 0 < ℛ < 2.5 to calculate s, as the values of ℛ > 2.5 mainly resulted from
instrument error that was caused by very low permeation (difficult to measure).
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exhibited reduced fouling, especially monomer #39 (w 50% reduc-
tion), which is consistent with previous HTP-PGP results [20,21].

The results in Fig. 3 verify that the HTP-APP method is able to
discovered protein-resistant surfaces. New attractive monomers for
protein resistance were discovered: PEG (#s 11, 12), amine (#s 26,
31) and basic & zwit (# 43).

Again, we now compare fouling index results for the two
methods: PGP and APP. (Fig. 4). Comparable values of ℛ < 1 were
Fig. 5. Fouling index versus permeation
observed for bothmethods. They include hydroxylmonomers (#s 1,
2, 4), PEG monomers (#s 5e8, 10, 11), acid monomers (#s 19, 20),
amine monomers (#s 24, 25, 28) and basic & zwit monomers (#s
38, 39, 41e43). HTP-APP showed advantage over HTP-PGP for
testing hydroxyl monomer (#3), PEG monomers (#s 9, 12), basic &
zwit monomers (# 40) and acid monomers (#s 13e17, 21, 23) with
lower ℛ values. Similarly, HR ratio values were lower for most of
these monomers (Fig. 2).
flux using HTP-APP to modify PES.



Fig. 6. Classic selectivity versus capacity plot for HTP-APP modification of PES. (A) Selectivityepermeability trade-off for modified and unmodified PES membranes. (B) Blow up of
the curved area (black line) in (A). Filtration conditions: 1 mg/ml BSA solution (dissolved in PBS) filtrated through the PES membranes after HTP-APP, TMP ¼ 68 kPa, T ¼ 22 � 1 �C.
Permeability, LP , was calculated by dividing the PBS flux with TMP.
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In order to develop membranes for ultrafiltration of protein-
containing solutions, both lower fouling and higher permeation
than the unmodified membranes are required. In Fig. 5, various
HTP-APP modified membranes meet this requirement. The
membranes grafted from PEG monomers had the best perfor-
mance, especially monomer # 8. Since PEG degrades rapidly in the
presence of oxygen [43], the following membranes modified with
hydroxyl (#s 1, 2), acid (#s 13, 15), amine (#s 27, 28, 33, 35) and
basic & zwit (#39, 40) monomers are attractive PEG substitutes.
Table 2
HSP of water and selected monomers.

Solubility parameters (MPa1/2)a

Dispersion, dd Polar, dp Hydrogen bonding, dh (dp2 þ dh
2)1/2

Water 18.10 17.10 16.90 30.09
BMA 15.80 3.08 6.64 7.32
H-1 16.74 5.77 14.92 16.00
H-2 17.01 5.18 14.13 15.05
H-3 9.93 11.55 20.61 23.62
H-4 17.15 10.73 21.26 23.81
PEG-1 16.12 4.36 8.30 9.37
PEG-2 16.15 5.08 8.39 9.81
PEG-4 14.91 5.86 8.15 10.04
PEG-8 15.51 7.36 8.40 11.17
PEG-22 15.78 8.81 8.54 12.28
PEG-45 15.84 9.35 8.80 12.84

a H1 to H4 are the hydroxyls monomers (#s 1e4), and PEG-1 to PEG-45 are the
PEG monomers (#s 5e10).
4.3. Membrane permeability vs. selectivity

A useful approach to analyze filtration data and proved direction
for improvement is to use the classical plot of capacity versus
selectivity, i.e. the Robeson plot for gas separations [44]. By filtering
BSA feed solution (dynamic fouling) through modified and
unmodified PES membranes, the membrane permeability (Lp) and
selectivity (1/So,BSA) or inverse observed BSA sieving were
measured and plotted in Fig. 6. The trade-off between selectivity
and permeability is evaluated to show the performance of modified
ultrafiltation PES membranes with HTP-APP. The expected trend of
high selectivity and low permeability (and vice versa) is observed
[44,45].

Modified membranes with five classes of monomers exhibited
higher permeability than the unmodified membrane mainly due to
the reduced dynamic fouling. The higher permeability of most
modified membranes is consistent with ℛ values obtained with
BSA static fouling in Fig. 3. The hydroxyl monomer #4 showed the
largest average permeability as compared with that for the
unmodified membrane. As the BSA molecular weight (67 kDa) was
less than the mean membrane pore size (100 kDa), BSA trans-
mission through membranes was expected. Membranes with
higher permeability showed lower selectivity, which indicates that
increased BSA transmission through the membranes is mainly due
to decreased dynamic BSA fouling. Only the acid monomer #17
modified membrane exhibited higher selectivity than the unmod-
ified PES membrane. This is possibly due to both high electrostatic
repulsion between negatively charged BSA (pI 4.7) and negatively
charged membrane at low PBS flux at pH 7.4 [46].
5. Discussion

5.1. Structure-property relationships for understanding protein-
resistance

Andrade and de Gennes [36,47] postulated that the mechanism
of protein resistance is mainly due to surfaceewater interactions
with the adsorbing protein. They suggested that water molecules
associated with hydrated PEG layers are compressed out of the PEG
chains as the protein approaches the surface. Hower et al. [48]
estimated the intrinsic hydration capacity of moieties and chem-
ical groups in order to quantify protein resistance. Ethylene glycols,
sugar alcohols and zwitterionic molecule possessed comparable
hydration capability (e.g. total number of hydrated water
molecules).

Here, we investigate protein-surface moiety interactions using
the HSB approach and assume that the properties of the monomers
sufficiently represent the interactive properties with water and
proteins of the grafted polymers. The physical properties of the
tested monomers (#s 1-37 and butyl methacrylate, BMA) for HTP-
APP are estimated with the dd, dp, and dh of HSP using the group
contributionmethod (Table 2). Plotting dispersion versus polar plus



Fig. 7. Hansen solubility parameter (HSP) approach for determining the water affinity of monomers. HSP of dd vs. (dp2 þ dh
2)1/2 of tested monomers (#s 1e37 and BMA) and water. The

HSP of monomers (#s 1e37 and BMA) were calculated using group contribution method. The HSP of water, derived from a correlation of total miscibility of the given solvents with
water, were adopted from Hansen [75].

Fig. 8. Peroxide concentration on PES membrane surfaces as a function of AP plasma
treatment time. The AP plasma conditions: He plasma, 0.7e0.2 mm s�1, 200 V,
27.12 MHz. Each data point was obtained in quadruplicate.
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hydrogen bonding components, or dd vs. (dp2 þ dh
2)1/2, for each

monomer in Fig. 7, we see that all the monomers (#s 1e37) lie
between water and BMA. The dotted lines are a measure of the
radial distance fromwater. The shorter the distance fromwater, the
higher is the solubility and interactions with water. The d-values for
basic & zwit monomers (#s 38e44) used here are not estimated
due to the lack of data for quaternary amine groups. As they are
soluble in water, we assumed they exhibit shorter distance from
water than from BMA.

As shown in Table 2, BMA has very low values of dp, dh and
(dp2 þ dh

2)1/2 that resulted in poor solubility and weak interactions
with water due to its C4H9 groups. Thus, such weak interactions of
BMA with water exhibited increased hydrophobicity of grafted
poly(BMA). Therefore, the BMAmodified PESmembranes exhibited
higher ℛ values than most other monomer- modified PES
membranes (except #s 29, 32, 37 due to very high HR) (Fig. 3). It can
be attributed to lower interactions of BMA with water and higher
hydrophobicity of grafted poly(BMA).

The relatively short radial distance of hydroxyl monomer points
(#s 1e4) from water point (Fig. 7) is mainly due to their very high
values of dh (Table 2), as they terminate with hydroxyl groups.
Therefore, hydroxyl monomers gave very low ℛ values (Fig. 3),
mainly due to their strong hydrogen-bonding interactions with
water. These types of interactions can explain why sugar alcohols
exhibit very high protein-resistance [49,50,51], in spite of the fact
that they have hydrogen bond donors (seeWhitesides’ criterion (iii)
above).

The dp and dh values of PEG monomers increased from
4.36e9.35 MPa1/2 and 8.30e8.80 MPa1/2, respectively, when the
number of EG unit increased from 1 to 45 (Table 2). Thus, increased
EG units mainly improved the polarepolar interactions of PEG
monomers with water that resulted in reduced fouling (Fig. 3). As
compared with the hydroxyl monomers, the PEG monomers have
lower values of dp andmuch lower values of dp so that the aggregate
(dp2 þ dh

2)1/2 values were lower (Table 2) and further away from the
water value than the hydroxyls (Fig. 7). It demonstrates that protein
resistance for PEG or oligo (ethylene glycol) (OEG) is notmainly due
to strong interactions with water. Molecular simulation and
experimental work indicates that a flexible helical conformation of
PEG or OEG can hold a tight hydration layer for good protein-
resistance [50,51].

5.2. Surface analysis

As radicals are created on the membrane surface by AP He
plasma treatment, they are converted into peroxides after reacting
with oxygen in the air and are possibly initiators for APP [13,27].
The amount of peroxides increased as the AP treatment time



Fig. 9. ATR-FTIR spectra of PES membranes. (A) unmodified, (B) AP plasma treatment for 103 s (He plasma, 0.3 mm s�1, 200 V, 27.12 MHz) (C) after the AP He plasma treatment,
0.2 mol L�1 PEG-300 grafted at T ¼ 60 � 1 �C.

Table 3
Surface properties and anti-fouling performance of the PES membranes.

Degree of
grafting, DG

Wettability,
cosq

Fouling index,
ℛc

Unmodified PES 0 0.62 � 0.02 1.00 � 0.04
AP plasma treateda 0 0.91 � 0.01 0.89 � 0.05
PEG-300 graftedb 0.12 � 0.02 0.70 � 0.01 0.71 � 0.02

a AP plasma conditions: He plasma, 0.3 mm s�1, 200 V, 27.12 MHz.
b Grafting conditions: 0.2 mol L�1 PEG-300 in DI water, graft polymerization at

T ¼ 60 � 1 �C.
c ℛ values were estimated with an experimental protocol shown in Fig S1.
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increased and was nearly stable after about 100e160 s exposure
(Fig. 8). The maximum amount that obtained was w 4.5 nmol/cm2,
which is comparable with that from the LPP method [19].

From ATR-FTIR spectroscopy (Fig. 9A and B), a broad peak at w
1665 cm�1 appeared for the unmodified PES membrane. It suggests
that the eC]O group was present possibly from poly(vinyl pyr-
rolidone) (PVP), which is often added to commercial synthetic
membranes prior to casting. With AP He plasma treatment (no
monomers added only plasma exposure), we did not observe
noticeable peak change in ATR-FTIR (Fig. 9C), as compared with the
unmodified PES membrane. However, very high membrane
wettability obtained with the AP He plasma treatment indicates the
hydrophilic groups were incorporated onto membrane surface,
which is possibly due to the reaction of oxygen in the air with
activated membrane surface that created CeO and C]O bond [52].
In Fig. 9C, a peak at w1715 cm�1 for eC]OeO stretching demon-
strated the grafting of the PEG-300 on the PES membrane.

Though AP plasma treatment increased the membrane wetta-
bility enormously, it did not significantly improve the anti-fouling
capacity of the membrane (Table 3). One possible reason is that
plasma treatment was not able to retain the surface properties over
time and surface restructuring occurred [6]. Extensive AP plasma
activation to improve surface hydrophilicity could be used, but it
would likely cause deterioration of membrane dense skin or
separation layer.

Using APP, the PES membrane grafted with PEG-300 exhibited
low DG, but with much better protein resistance and hence anti-
fouling performance than that of the unmodified and AP He
plasma treated PES membranes (Table 3). It demonstrates high
stability of grafted polymer chain and intrinsic non-fouling capacity
of PEG.

6. Conclusions

Atmospheric pressure plasma-induced graft polymerization
(APP) together with a high throughput platform (HTP) were used to
discover a series of previously unreported monomers from a large
library of monomers with high protein resistance and subsequent
low fouling characteristics for membrane ultrafiltration of protein-
containing fluids. Several new high-performing protein-resistant
grafted surface chemistries, comprising two polyethylene glycol
(PEG) (#s 11, 12), two amines (#s 26, 31) and one zwitterionic
monomers (# 43), were identified from a library of 44 commercial
monomers from five different classes. Important to helping
understand our results was the application of the Hansen solubility
parameters (HSP) approach. Finally the HTP-APP method was
comparable, if not superior, to our earlier HTP-photo graft-induced
polymerization (PGP) approach in producing protein-resistant
surfaces with excellent ultrafiltration performance. We conclude
that strong interactions withwater (hydrogen bonding) and surface
flexibility are necessary for producing the highest protein resis-
tance [50,51].
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