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A comprehensive study of the separation performance of highly porous self-assembled integral asymmetric
block copolymer membranes was carried out. Four different polystyrene-b-poly(4-vinylpyridine) (PS-b-
P4VP) diblock copolymers were used to prepare membranes with pore sizes increasing with the
molecular weight of the polymers. The pore sizes vary from 17 nm to 53 nm. Clean water fluxes and the

adsorption of lysozyme, myoglobin, haemoglobin, catalase and ferritin on the membranes were studied.
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Introduction

Ultrafiltration membranes (UF) provide huge potential for (bio)
molecule separation,’” controlled-long term release,® and water
purification.*® The technology combines low energy consump-
tion, environmental friendly conditions and can be easily
combined with further technologies or be used in continuous
operations.»”® However, the performance of common
commercially available UF is limited in separation and flux of
biomacromolecules like proteins due to huge deviations in pore
size, low surface porosity, the thickness of the effective sepa-
ration layer,® or a tendency to adsorb proteins.'*** Therefore a
lot of effort is made to develop optimized membranes with
uniform pore sizes in the nanometer scale.™

About 40 years ago, polycarbonate track-etched (PCTE)
membranes with randomly distributed pores and sharp size
distributions became commercially available. Nowadays, these
membranes are common with pore sizes between 10 nm to 10 pm.
PCTE membranes provide a good scalability while their very low
porosity and limited pore uniformity, due to merging of pores,
restrict their performance in separation applications. Further
inorganic membranes made of aluminum anodic oxide (AAO) or
mesoporous silica (MPS) provide nearly uniform pore sizes. These
membranes are characterized by pore sizes of 10 nm to 200 nm for
AAO and 2 nm to 10 nm for MPS and high porosities. Nevertheless
these membranes are hardly scalable and very brittle.>*
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available polycarbonate track-etched membrane.

Due to the huge potential of nanoporous materials with
uniform pore sizes, several studies were performed to develop
improved membrane structures, to figure out and to under-
stand their separation performance, especially for proteins.”"
In this context the passive diffusion of proteins through
membranes is a versatile method for protein separation or long-
term release, since the avoidance of physical or chemical
stresses protects against denaturing of the proteins.?

The combination of self-assembly of amphiphilic block
copolymers (S) and the non-solvent induced phase separation
process (NIPS) allows preparing integral-asymmetric membranes
with highly ordered, hexagonally arranged pores in a fast one-
step process.'® These membranes show a thin selective layer on
top consisting of hexagonally arranged cylinders merging in a
sponge-like substructure underneath. Polystyrene-block-poly(4-
vinylpyridin) (PS-b-P4VP) was the first block copolymer used to
prepare the desired membrane structures and is therefore well-
examined regarding its membrane formation. In the last years a
lot of progress was achieved in membranes fabrication using
SNIPS (a combination of self-assembly and the non-solvent
induced phase separation process) including e.g. the expansion
on various di- and triblock copolymer systems,'> the investi-
gation of the influence of additives,”*® and of the structure
formation process.*”* This proves a high adaptability of the
sensitive and fascinating process and its resulting membrane
structures leading to a further increase of their range of appli-
cation. Our recent results show that the pore sizes of PS-b-P4VP
membranes are tunable in the range of 20 nm to 70 nm.*® The
pores of the membranes mainly downsize by decreasing the
molecular weights of PS-b-PAVP used for the corresponding
membrane casting solutions. The potential of isoporous PS-b-
P4VP membranes for the separation of biomolecules was pointed
out previously in diffusion experiments using membranes with
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pore sizes of 34 nm.** Bovine serum albumin (BSA) and globulin-
v(IgG) could be effectively separated. Furthermore the
membrane allowed the selective separation of similarly sized
proteins based on charge effects, as stated for the separation of
BSA and bovine hemoglobin. After quaternization of the
membrane it was possible to separate these proteins effectively
by varying the pH due to their different isoelectric points.

Self-assembled PS-b-PAVP membranes under investigation
with pore sizes of several tens of nanometers combine a sharp
pore size distribution, high porosity and their production is
easily up-scalable. This is an ideal basis for an excellent sepa-
ration performance, in particular with respect to commercially
available isoporous polymeric membranes. To the best of our
knowledge up to now no comprehensive investigation of the
performance of PS-h-PAVP membranes and the influence of
various pore sizes was carried out. In this work we are looking in
detail on the clean water flux over 40 h, the adsorption of
proteins and the separation selectivity of PS-b-PAVP membranes
with various pore sizes between five model proteins in diffusion
experiments.

Experimental
PS-b-P4VP diblock copolymers

Tetrahydrofuran (THF) was ordered from Th. Geyer. Styrene and
4-vinylpyridine (4VP) were ordered from Sigma-Aldrich and
purified as per description. THF was purified by successive
distillation from potassium under purified argon atmosphere.
Styrene was stirred with dibutylmagnesium (MgBu,). 4VP was
distilled once under reduced pressure from calcium hydride
(CaH,) and twice from ethylaluminium dichloride. PS-b-P4VP
was synthesized via sequential anionic polymerization at —67 °C
in THF. The polymerization of styrene was initiated with sec-
butyl lithium (sec-BuLi). After 4 h, 4VP was added and the
solution was stirred for another 16 h. The polymerization was
quenched with degassed methanol. After partial removal of THF
under reduced pressure, the polymer was precipitated in water.
The composition of the block copolymer was determined by
"H-NMR spectroscopy. All 'H-NMR measurements were
performed on a Bruker Advance 300 NMR spectrometer at
300 MHz with internal standard [tetramethylsilane (TMS)] using
chloroform (CDCl;) as a solvent. Molecular weights of the PS
precursors and polydispersities were determined by gel perme-
ation chromatography (GPC). The number averaged molecular
weights of the block copolymers were calculated from the
number averaged molecular weight of the PS precursor obtained
by GPC and the composition obtained by 'H-NMR. GPC
measurements were performed at 50 °C in dimethylacetamide
(DMAC) using 3 p PSS SDV gel columns at a flow rate of 1.0 mL
min~' (VWR-Hitachi 2130 pump). A Waters 2410 refractive-index
detector (A = 930 nm) and a PS calibration curve were used.

Protein solutions

Lysozyme (Lys) from chicken egg white, myoglobin (Myo) from
equine skeletal muscle, haemoglobin (Hem) from bovine blood,
catalase (Cat) from bovine liver and ferritin (Fer) from equine

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

spleen were purchased from Sigma Aldrich. Sodium chloride,
potassium  dihydrogenphosphate and disodium hydro-
genphosphate dodecahydrate used for phosphate buffered
saline (PBS) solutions were purchased from Sigma Aldrich.
Protein concentrations were determined using the UV-Vis
spectrophotometer Genesys 10S (Thermo Scientific) at a wave
length of 280 nm and 409 nm, respectively.

Membranes used in this work

The isoporous diblock copolymer membranes used in this work
were prepared according to a procedure recently published by
Rangou et al.® Therefore PS-b-P4AVP diblock copolymers synthe-
sized as described above were dissolved in a solvent mixture of
THF and DMF. The solutions were cast on a polyester nonwoven
support using a casting machine. The films were left for a certain
time on air before immersing them in water. The membranes
were dried at 60 °C under reduced pressure before use.

The commercial polycarbonate track-etched membranes
(PC30) used in this work were purchased from Pieper Filter
GmbH, supplier number PCN3CP04700, pore sizes 30 nm,
porosity ~0.4 as stated by supplier.

Scanning electron microscopy (SEM) of the membranes was
carried out on a LEO Gemini 1550 VP at a voltage of 3 kV or 5 kV.
The samples were coated with 2.0 nm platinum. The cross-
sections of the membranes were dipped in iso-propanol, frozen
in liquid nitrogen and cracked. Average pore size values were
determined using the software analySIS (Olympus) on basis of
the SEM results. Image] 1.46 (Wayne Rasband, National Insti-
tute of Health, USA) was used to determine the porosity of our
membranes.

Water-flux experiments

Water flux measurements were performed in dead-end mode
using a home-made automatic testing device at trans-
membrane pressures of 2.0 bar to 2.3 bar at room temperature.
The volume was measured gravimetrically every 15 and 30 min
for 40 h, respectively. The actual pressure was recorded as well.
The effective membrane area was 1.77 ecm®. These studies were
conducted employing demineralized water with an electrical

conductivity of ~0.055 uS cm ™.

Adsorption experiments

Adsorption experiments adjusted to a known procedure®* were
carried out with five different proteins of different hydrody-
namic diameters and isoelectric points: values for hydrody-
namic diameters (Dy,) and isoelectric points (IEP) as stated by
supplier; Lys (Dy, = 3.8 nm, IEP = 11.4), Myo (D, = 4.4 nm, IEP =
7.2), Hem (Dy, = 6.4 nm, IEP = 7.1), Cat (D, = 10.2 nm, IEP =
5.4) and Fer (D, = 12.0 nm, IEP = 7.2). 2 mLof a 1 g L™ solution
of the proteins in PBS buffer solution (10 mM PBS, 9 wt% of
NaCl in demineralized water) at different pH were placed on a
membrane disc of 2 cm in diameter in a small closed vial. The
vials were shaken at 90 rpm for 24 h at 25 °C to reach equilib-
rium. The membranes were rinsed two times with 2 mL of the
PBS buffer solution for 10 minutes. The protein adsorption on
the membrane was calculated as follows:
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m(ads, protein)  mg — (ma + mys + myy)

Protein adsorbed =

)

membrane area A

where m, is the mass of the protein in the solution before the
adsorption experiment, 7, is the mass of the protein in solution
after the adsorption experiment and my; and my, are the
masses of the protein in the washing solutions and A4 is the
membrane area. The concentration of the protein solution
where measured by UV as stated before.

Diffusion experiments

A side-by-side diffusion cell (PermeGear) was used to study the
diffusion of five model proteins through our membranes. The
system consists of two chambers with 6 mL volumes, namely the
donor (right chamber) and the receptor compartment (left
chamber). The orifice diameter allows an accessible membrane
area of 2.04 x 10°* m” (effective diameter: 16.1 mm). Each
chamber is equipped with a magnetic stirrer to allow continuous
mixing and avoid concentration gradients in the chamber itself.
The effect of stirring speed on the diffusion through the
membrane was studied at 100 rpm, 200 rpm, and 300 rpm.
Otherwise the stirring speed was kept constant to 100 rpm. The
system is constantly heated to 37 °C. PBS with low ionic strength of
10 mM and a pH of 5.4, 7.4 and 11.8, respectively, was used as
diffusion medium. The buffer was prepared using Na,HPO, X
12H,0, KH,PO,, NaCl, and Millipore water. The pH was adjusted
by adapting the proportions between the salts or by adding NaOH,
respectively. The buffer was used within five days after preparation.

Initially the membrane is placed between the two chambers
exposing the ordered surface structure towards the donor
chamber. The system is tightly sealed using a cell clamp. Both
chambers are filled with 6 mL of the diffusion medium at least
16 hours before the diffusion experiment is started. This
enables a good wetting and swelling of the membranes. To start
the experiments both cells are emptied. The receptor cell is
filled again with 6 mL PBS, while the donor cell is filled with
6 mL protein solution (0.5, 1.0, and 2.0 mg protein per mL PBS
of the respective pH). Samples of the receptor medium were
taken after 15 min, 1 h, 2 h, 4 h, 6 h, 8 h, 24 h, 26 h, 28 h, and
30 h. Therefore the solution in the receptor cell was completely
removed and refilled with fresh PBS. After 24 h the receptor
compartment was rinsed once with PBS buffer to remove
residual proteins. After 30 h the solution in the donor
compartment was removed for further analysis. Each diffusion
measurement was performed at least three times.

Protein concentrations were determined by UV within one
hour after sample collection. The flux J of the proteins through
the membrane can be calculated based on the law of Fickian
diffusion. Therefore the permeability coefficient can be
obtained from the slope of the diffusant concentration C versus
time ¢ (1 h to 24 h).*® The error bars drawn in the diagram
correspond to the maximum deviation from the mean value

_Am
At

Am  Ac
(4G) —=

P =
At At

0.006L

A: membrane surface area C,: concentration at t = 0 s.
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The effective diffusion coefficient Dy of proteins was
calculated according to Lu et al.>**® and allows determining the
theoretically separation selectivity S based on our single protein
diffusion experiments

Dy (protein a)

Dy = Pl -
i Der(protein b)

S =

[: thickness of the membrane.

Results and discussion
Membranes used in this work

In order to obtain membranes with different pore sizes four
different PS-b-P4VP diblock copolymers were used in this work.
Therefore the previous published procedure®” was adjusted to
develop membranes with pore sizes smaller than 20 nm. The
molecular characteristics of the polymers and resulting
geometrical feature of the membranes are listed in Table 1 in
which the numbering of the membranes is according to their
pore sizes. Fig. 1 depicts SEM image of the surfaces and cross-
sections of the membranes.

Clean water-flux experiments

Clean water fluxes were measured over 40 hours for four
different PS-b-P4VP diblock copolymer membranes (M17, M23,
M34, and M53) and one commercially available polycarbonate
track-etched membrane (PC30). The results are shown in Fig. 2.

As expected the fluxes increase with the pore size of the PS-b-
P4VP membranes. The flux declines over 40 h were calculated
and are listed in Table 2. For M17, M23 and M34 the water flux
values are quite stable throughout the measurement leading to
small flux declines below 30%. The negative flux decline value
for M17 could be caused by some small polymer particles inside
the raw membrane which are pressed out during the measure-
ment leading to an increased flux after some time. Another
explanation is that the deviance of the water flux values is bigger
for M17 since the values are quite small leading to a higher
relative error during the measurement. The flux decline
increases with the pore size of the PS-b-P4VP block copolymer
membranes.

Interestingly the flux decline is much higher for M53 than for
the other membranes. The initial flux of this membrane was
1465 L m™>h ™" bar™ . After 40 h it seems to approximate a stable
state with a flux value of around 400 L m > h™" bar™'. The huge
flux decline of M53 could be caused by an increased swelling of
the PAVP chains that are in this case quite longer (~50 kg mol )
compared to the other membranes (M34 ~30 kg mol ™', M23
~18 kg mol ', and M17 ~13 kg mol ). Furthermore it has to be
mentioned that the water fluxes over 40 h for M34 and M53
could not be measured continuously since our measurement set
up can only measure up to a limit of 4 L water. The water fluxes
for M34 and M53 are so high that the overall volume of water is
more than 4 L leading to interval measurements. During the
measurement breaks the membranes are kept wet in the system
over night. Therefore the higher flux declines for M34 and M53
could also be generated by an increased fouling on the surface

This journal is © The Royal Society of Chemistry 2014
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Table 1 PS-b-P4VP diblock copolymers and commercial polycarbonate track-etched membrane used in this work, resulting pore diameter,

porosity, thickness, and numbering of the membranes

Average

M, PS P4VP Pore Average membrane Membrane
PS-b-PAVP [kg mol™*] [Wt%] [Wt%] diameter” [nm] porosity [%] thickness [pum] numbering
PSg;P4VP,,”® 76 83 17 17+ 2 13.6 68 M17
PSg; ,P4VP ¢ ;' 113 83.7 16.3 23 +2 18.7 56 M23
PSg;PAVP, ' 160 81 19 34+4 25.8 48 M34
PSgoP4VP,,>** 252 80 20 53+ 5 31.5 44 M53
Commercial polycarbonate track-etched membrane 30 0.4 7 PC30

% The numeric value is attributed to the average pore size followed by the + standard deviation.

Fig.1 SEM pictures of the surfaces and cross-section of membranes M17 made from PSgzP4VP;5® (a and b), M23 from PSgs ,P4VP;6 31 (c and
d), M34 from PSgiP4VP;16*° (e and f), and M53 from PSgoP4VP»02°2 (g and h).

1000
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Water flux [L/(m2 h bar)]

Time [h]
oM17 aM23 xM34 oM53 ePC30

Fig. 2 Water flux measurements for membranes made from M17,
M23, M34, M53, and PC30.

Table 2 Water flux values and flux decline for PS-b-P4VP membranes

Initial flux Flux after 40 h Flux

Membrane [Lm >h 'bar'] [Lm>h'bar'] decline [%]
M17 55 67 —22
M23 101 90 11
M34 432 321 25
M53 1465 418 72
PC30 198 111 44

This journal is © The Royal Society of Chemistry 2014

due to the longer times the membranes are kept in water. An
increased amount of bacteria was observed for M34 to M53 after
flux measurements as shown in Fig. S1.}

Adsorption experiments

A detailed analysis of the adsorption of different proteins on
isoporous diblock copolymer membranes was necessary for this
study. On the one hand adsorption of proteins on membranes is
correlated to their fouling behavior which is important when it
comes to application. On the other hand the adsorption of
proteins on the membrane surface and substructure reduces the
effective pore diameters and further lead to partial or full pore
blocking.* The adsorption was tested both at physiological pH 7.4
and at the IEP of the proteins. The latter one is important because
the adsorption can be different when the overall charge of the
proteins are neutral (at IEP), positive (pH < IEP) or negative (pH >
IEP) due to electrostatic interaction with the membrane surface.
For Myo, Hem and Fer the IEP is close to pH 7.4. Therefore no
additional measurements were carried out. The results of the
adsorption measurements are depicted in Fig. 3 and 4.

At pH 7.4 the amount of adsorption of Lys, Myo, Hem, and
Cat concerning the different membranes M23, M34, and M53 is
independent of the membrane pore size and polymer used for

RSC Adv., 2014, 4, 10252-10260 | 10255
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Fig. 3 Adsorption of Lys, Myo, Hem, Cat, and Fer in PBS buffered
solution (pH 7.4) on isoporous diblock copolymer membranes M17,
M23, M34, and M53.
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Fig. 4 Adsorption of Lys, Myo, Hem, Cat, and Fer in PBS buffered
solution (pH ~ isoelectric point of the protein) on isoporous diblock
copolymer membranes M17, M23, M34, and M53.

the membrane formation, respectively. Small deviation in the
absorption value may be caused by the error of the method and
UV system included. Interestingly Myo is the only protein
without any measurable adsorption on the membrane surface.
In contrast to the other proteins the adsorption of Fer
increases with the molecular weight of the polymer, respectively
the pore size of the membrane. For the biggest proteins, Fer and
Cat, no adsorption was observed at pH 7.4 on M17. In this case
the effective pore diameters are too small for the proteins to
allow any or huge amounts of proteins to reach the substructure
of the membrane and adsorb there. Also for Hem the adsorp-
tion is considerably lower on the membrane with the
smallest pore size M17 corresponding to the results observed
for Cat and Fer.

At pH ~ IEP the adsorption has the same tendency as for pH
7.4 when the different membranes are compared. For Lys and
Cat (compare also Fig. S27) the adsorption is much higher at
neutral state (IEP) than at pH 7.4, although Lys is positively and
Cat negatively charged at pH 7.4. The repulsive interaction
between the proteins themselves seems to be too high to let the
proteins attach to the membrane surface. In case of Cat an
adsorption even for the membrane with the smallest pores M17
was observed, but the value of adsorption is still much lower
than for the other membranes.

10256 | RSC Adv., 2014, 4, 10252-10260
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For the commercial track-etched membrane PC30 the
adsorption was tested as well. Here it was not possible to
detect any adsorption with our method. The supplier specifies
avery low adsorption for these types of membranes which is in
accordance with our measurements. Compared to PS-b-P4VP
membranes, track-etched membranes do not have a spongy
substructure and differ considerably in the chemical structure.
On the one hand, their decreased adsorption could be due to
the smaller overall surface of the polymer just as the smaller
thickness of PC30 compared to our membranes. On the other
hand, we assume that their functional surface groups allow
less attractive interactions between the membrane and the
proteins.

Diffusion experiments

In order to investigate the separation performance of our
membranes, diffusion experiments with proteins were carried
out. Therefore we will provide a closer look on the effect of the
pore size.

Besides the characteristics of the membrane, the protein and
their interaction, the diffusion of proteins is affected by various
measuring parameters. Some of them will be discussed as
follows.

First, the ionic strength significantly affects the electrostatic
double layer thickness (Debye length) of proteins and
membrane surface areas. Previous studies carried out that an
ionic strength of 10 mM allows combining high separation
selectivity and high flux using PS-b-PAVP membranes and
proteins with a hydrodynamic diameter of about 6.8 nm. These
conditions lead to a Debye length of about 3.3 nm still having a
significant impact especially when small protein and pore sizes
are considered.*

In the following the influence of the stirring speed and the
initial concentration in the donor chamber will be examined. In
these studies Myo was used as a model protein, since it does not
show any adsorption to PS-b-PAVP membranes. Size selective
separation by diffusion of different proteins will be discussed
for M17, M23, M34, M53 including the influence of pH and pore
sizes. Furthermore the results are compared with the perfor-
mance of the commercial membrane PC30.

Influence of stirring speed

The mass transport by diffusion through membranes is
hindered by a developing laminar boundary layer influencing
the diffusion coefficient D.g The additional resistance on the
surface of the membranes and further concentration gradients
in the receptor chamber can be minimized due to a sufficient
mixing. The influence of the stirring speed on the mass trans-
port was determined. Therefore the stirring speed in diffusion
experiments using M53 and 1 mg mL ™" Myo was varied between
100 rpm, 200 rpm, and 300 rpm. Further parameters were kept
constant. The results depicted in Table 3 show, that the diffu-
sion coefficient is slightly increasing with rising stirring speed.
This effect can be attributed to the reduction of the laminar
boundary layer on the surface of the membrane. For each
speed step itself the difference is within the range of error. As

This journal is © The Royal Society of Chemistry 2014
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Table 3 Permeability coefficients P and diffusion coefficients Degs of Myo in PBS (pH 7.4) through M53 using different stirring speeds or initial

donor protein concentrations at 37 °C

Stirring speed [rpm] P[10 % cem s '] Des [107° em® s7']

Conc. Myo [mg mL ] P10 °cm s Degr [107° ecm® 571

100 67.4 296.7
200 74.7 328.7
300 82.0 360.7

expected, the diffusion profiles provided in the ESI Fig. S37
show that the diffusion rate increases. For our purpose we
assumed a stirring speed of 100 rpm to be sufficient since above
100 rpm the stirrers in our measuring device became more and
more unstable increasing the risk of membrane damage.

Influence of initial protein concentration

The concentration of the protein in the receptor chamber can
significantly influence the mass transport. Since Myo is several
times smaller than the pore size of M53 concentration depen-
dent Fickian diffusion is expected. The influence of the initial
protein concentration on the diffusion profile of Myo through
M53 is presented in the ESI Fig. S4.1 The concentration of Myo
was varied between 0.5 mg L™*, 1.0 mg L', and 2.0 mg L. The
curves show that the cumulative amount of diffusant is directly
proportional to the initial concentration of the protein. Thus,
the diffusion coefficient D for all concentrations is nearly the
same (Table 3). For further experiments we chose an initial
concentration of 1 mg mL ™" protein in the donor compartment.

Size selective separation by diffusion

The diffusion of five model proteins, namely Lys, Myo, Hem,
Cat, and Fer through PS-b-PAVP membranes with different pore
sizes was investigated. These proteins have been chosen to
determine the size selective separation performance of our
membranes using proteins with mainly globular shape. The
proteins are further characterized e.g. by different isoelectric
points (IEP), functional groups, and hydrophilic-to-hydro-
phobic ratio leading to a variety of possible interactions
between the membrane surface area and each protein.

Since the membranes are supported by a nonwoven, the
impact of the support on the diffusion rate of each model
protein was carried out. Diffusion profiles and selectivities of
the non-woven are provided in the ESI Fig. S5 and Table S1.}
This study proved that the nonwoven itself does not have a
significant selectivity towards the proteins. Furthermore the
mass transport is very irregular based on the huge mesh sizes of
the support and its inhomogeneity. Nevertheless the nonwoven
acts as an additional barrier limiting the free diffusion of
proteins due to its thickness.

Influence of pH of the release medium

The pH of the release medium is one parameter significantly
effecting the interaction and the size of the nanopore and the
protein. In order to gain a first insight in the effect of pH, the
diffusion through M53 was measured under physiological

This journal is © The Royal Society of Chemistry 2014

0.5 73.4 322.8
1.0 67.4 296.7
2.0 71.6 315.0

conditions (pH 7.4) and at pH ~ IEP of the protein. As depicted
in Fig. 5, Lys and Myo show the highest diffusion rate through
the membrane M53 attributed to their small hydrodynamic
radii. Their mass transport is quite similar at pH 7.4. In general
bigger-sized proteins provide a significantly slower diffusion
through the membrane. Fer, as the biggest protein, has the
lowest diffusion rate. However, under this conditions, Cat
diffuses faster through the membrane than Hem. We assume
this to be based on the higher hydrophilicity of Cat compared to
Hem. Since the pore walls of our membranes are hydrophilic
(P4VP), Cat meets less resistance leading to an increased
diffusion compared to Hem.

The isoelectric point of Myo, Hem, and Fer is almost present
under physiological conditions. Therefore the results of the
measurement at pH 7.4 can be used. Contrary the IEP of Lys and
Cat is found at 11.4 or 5.4, respectively. The diffusion
measurements performed at the IEP of these proteins show a
decrease in the diffusion rate for both of them (Fig. 6).

This can be attributed to an increased adsorption of the
proteins on the membrane, which was carried out in the
adsorption studies. This adsorption can induce a lag time in
diffusion, as we found for Lys (see ESI Fig S6t). Using a pre-
adsorbed membrane, a membrane after adsorption testing,
leads to the absence of the lag time. Here the diffusion is nearly
comparable to the results at pH 7.4 over the first 8 h of the
measurement. However, afterwards the diffusion slows down.
Previous studies showed that the diffusion of Lys is slower near
to its IEP compared to low pH conditions.” This is assumed to
be based on the missing repulsion of the Lys molecules due to
their nearly absent charge at their IEP. Lys exists as monomers or
dimers at low pH. On the contrary the protein can assemble to
oligomers at a pH close to its IEP.*® Therefore the effective size of
the protein is bigger leading to slower diffusion. M53 has a very
big pore size compared to the size of Lys of 3.8 nm. Therefore we
presume, that the adsorption does not affect the pore size in the
initial steps of the measurement of M53 to an extend that an
additional resistance for the diffusion of Lys arises.

However, Cat shows a slower diffusion throughout the
measurement. We suggest that the high adsorption of Cat at its
IEP leads to the reduction of the effective pore size of the
membrane and pore blocking. This is supported by SEM analysis
of the membrane structure after adsorption testing (Fig. S27).

Influence of pore size

The diffusion profiles of the five model proteins at physiological
pH using the membranes M17, M23, and M34 are depicted in
the ESI Fig. S71 and their diffusion coefficients and separation
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Table 4 Permeability coefficients P and diffusion coefficients D¢ of the model proteins (initial concentration in the donor chamber: 1 mg mL™Y) for PC30, M17, M23, M34, and M53 found in 10

mM PBS at pH 7.4, 37 °C, and 100 rpm
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Fig. 5 Diffusion profiles showing the cumulative amount of diffusant
in the receptor chamber over time of the five proteins Lys, Myo, Hem,
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Cat, and Fer (1 mg mL™Y) through M53 at pH ~ IEP, 37 °C and 100 rpm.

selectivities are listed in Tables 4 and 5. Based on these results
we figure out the influence of pore size on the diffusion rate of
the proteins and the separation selectivity.

The order of the model protein mass transports through
M17, M23, and M34 is similar to those of M53.

While a reduction of the pore size from M53 to M34 is in
accordance with a decrease of the diffusion constant D¢ for the
big-sized proteins Cat and Fer, the diffusion of Lys, Myo, and

Table 5 Separation selectivities of PS-b-P4VP membranes calculated
by dividing the diffusion coefficients Degr a/Degs b of the proteins
determined in single diffusion experiments

Separation selectivity S

Protein a/protein b M17 M23 M34 M53 PC30
Lys Myo 0.8 1.0 1.1 1.0
Hem 3.7 4.3 3.2 3.0
Cat 2.8 2.9 2.6 2.0
Fer 8.7 27.3 11.5 8.3
Myo Hem 4.7 4.3 2.8 2.9
Cat 3.6 2.9 2.4 2.0 1.9
Fer 11.0 27.4 10.3 8.1 6.8
Hem Cat 0.8 0.7 0.8 2.8
Fer 2.3 6.4 3.6 2.8
Cat Fer 3.1 9.3 4.4 4.2 3.6

This journal is © The Royal Society of Chemistry 2014
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Hem is not affected. The diffusion of proteins in narrow
nanopores is effected by a variety of parameters and differs
markedly from their free diffusion. A nanopore size of 34 nm to
53 nm is large in scale compared to protein sizes of 3 nm to
7 nm of Lys, Myo, and Hem. As a result the hydrodynamic
hindrance for small proteins is not increasing due to interac-
tions between the protein and the pore. This correlates well with
our assumption of the mass transport of Lys through M53 at
different pH. When pore size and protein size converge, their
interaction and electrostatic repulsion increase leading to a
decreasing diffusion speed. In the range of pore size this
behaviour is found for proteins with outer diameter of 10 nm to
12 nm. These proteins experience a retaining force although
the pore size is more than twice as large as the hydrodynamic
diameter being in accordance with previous work.’*** On the
one hand the adsorption of proteins reduces the effective pore
size as discussed in the analysis of the adsorption measure-
ments. On the other hand electrostatic repulsion, protein
structure and process parameters influence the effective size of
the protein, the nanopore and their interactions. For M23 a
reduction of the diffusion coefficient of all model proteins is
found. This effect continues when using M17. In these cases the
mass transport is also strongly reduced for small proteins.
On the one hand the size of nanopore and small proteins
become close leading to increasing interactions and their
diffusion slows down. Our results and the restriction of the
diffusion of the proteins can be directly linked to the
adsorption of the proteins discussed before. On the other hand
the surface porosity of the membranes is decreasing from M53
to M17. Therefore the effective diffusion area for the proteins
decreases as well, leading to lower mass transport rates.

Table 5 shows the separation selectivities S of the investi-
gated membranes, that are mainly increasing with decreasing
pore size of the PS-b-PAVP membrane until it reaches a
maximum of 27 for the separation of Myo or Lys and Fer at a
pore size of 23 nm. In addition good selectivities for the sepa-
ration of Hem/Fer and Cat/Fer could be found.

Comparison with commercial track-etched membrane PC30

The performance of our membranes is compared to PC30. The
membrane was tested in diffusion experiments using Myo, Cat,
and Fer.

In comparison PS-h-PAVP membranes with similar pore
sizes, M23 and M34, provide significantly higher separation
selectivities between Myo/Fer and Cat/Fer. However, their
permeability coefficients are lower compared to PC30. This can
be attributed to an at least six times larger thickness of PS-b-
P4VP membranes compared to PC30. Furthermore an addi-
tional resistance arises due to the thickness of the nonwoven
support, resulting in a loss of permeability, as already dis-
cussed. However, taking into account the thickness of the block
copolymer membrane layer the diffusion coefficient Deg of
small proteins through PS-b-P4VP membranes is considerably
higher than for PC30. This applies to the entire range of pore
sizes and can be attributed to the high porosity of our
membranes.

This journal is © The Royal Society of Chemistry 2014
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Conclusions

In this work we investigated the protein separation performance
of self-assembled amphiphilic diblock copolymer membranes.
Four PS-b-P4VP membranes varying in pore size from 17 nm to
53 nm were studied concerning clean water fluxes, adsorption
and passive diffusion of five proteins. The results were
compared with one commercially available polycarbonate track-
etched membrane.

The water fluxes increase with the pore sizes of the PS-b-P4VP
membranes while the flux decline increases as well presumable
caused by a higher fouling.

The adsorption of proteins on PS-5-PAVP membranes was
influenced by pore size, pH of the media and type of protein. Our
results confirm the impact of the interaction of proteins and
membranes regarding effective pore sizes and performance. The
study provided a detailed basis for both our diffusion experi-
ments and further examination of the membrane characteristics.

For diffusion experiments initial process parameters like
stirring speed and the donor concentration were set. Size
selective separation by single diffusion of different proteins
show that the diffusion coefficient and selectivities for our
membranes are significantly higher compared to the poly-
carbonate membrane. Overall the PS-b-PAVP membrane with
pore diameter of 23 nm shows the best theoretical selectivity
between myoglobin and ferritin. The difference in diffusion
rates indicates a possible effective separation of proteins with
only 2 nm difference in size.

Further improvement of the protein separation and
membrane flux could be obtained using post-modified PS-b-
P4VP membranes. This can be attributed to selective protein
pore interactions or decreasing protein adsorption leading to
antifouling behaviour. Dual stimuli responsive isoporous
membranes as described before*” could enable temperature
switchable diffusion of biomolecules and therefore bear a high
potential in medical application. The performance of PS-b-PAVP
membranes could be improved by reduction of the membrane
thickness or increase of the porosity of the substructure.

When it comes to application mixed protein solutions
should be studied regarding their adsorption and diffusion
behaviour as well.
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