Journal of Membrane Science 662 (2022) 121022

Contents lists available at ScienceDirect

Journal of
Membrane
Science

e o

Journal of Membrane Science

FI. SEVIER

journal homepage: www.elsevier.com/locate/memsci

Check for

Controlled biomolecules separation by CO,-responsive block o
copolymer membranes

Xiangyue Ye, Jiemei Zhou , Chenxu Zhang, Yong Wang

State Key Laboratory of Materials-Oriented Chemical Engineering, College of Chemical Engineering, Nanjing Tech University, Nanjing, 211816, Jiangsu, PR China

ARTICLE INFO ABSTRACT

Keywords:

Block copolymer
Responsive membrane
CO, response

Selective swelling
Biomolecule separation

The intelligent responsive membranes have aroused much attention due to their distinctive capability to
reversibly change separation performances under the stimulation of ambient environment. Especially, the
responsive membranes derived from block copolymers, which have regular nanoporous structures, display great
potential in high-precision controllable separation. Herein, we use CO gas as the non-toxic, mild stimulus, and
develop the responsive membranes from a block copolymer of poly(2-diethylaminoethyl methacrylate)-block-
polystyrene (PDEAEMA-b-PS) by the selective swelling method. The membranes exhibit a bi-continuous nano-
porous structure and the surfaces and pore walls are rich with CO,-responsive PDEAEMA chains. Based on the
reversible conformation transition of PDEAEMA chains between the collapsed state and extended state upon
CO2/Njy stimulation, the membranes achieve the controllable regulation on the water permeances from ~100 to
~2100 L-hL.m 2bar}, also realize the blocking/passing switch for varied proteins. More importantly, the
extended PDEAEMA chains shrink the effective pore size down to less than 5 nm, moving the separation scope
from ultrafiltration to tight-ultrafiltration. Thus, the membranes are capable to separate macromolecular proteins
with small molecule polypeptide and vitamin with high separation efficiencies, demonstrating their application
prospect in precise separation and fractionation of biomolecules.

1. Introduction

The responsive membranes are a new generation of smart mem-
branes developed based on bionic materials [1]. They are mainly
composed of porous base membranes and exterior functional polymers
that can sense external stimulus. The chemical structure, property or
conformation of exterior polymers can be changed with the physical
and/or chemical factors in the external environment (such as tempera-
ture [2,3], pH [4,5], magnetic field [6], electric field [7] and light [8],
etc.), resulting in changes of the effective pore size and permeability of
membranes [9,10]. Due to the intelligent feature, the responsive mem-
branes become a hot topic in the field of membrane research and show
great potential applications in control release [11], biological separation
[12], chemical sensors [13], water treatment [14,15] and many other
fields [16,17].

Generally, the approaches to prepare responsive membranes usually
can be divided into two types [18]. The first is to modify the existing
membranes with stimuli-responsive polymers by grafting [19], adsorp-
tion [20] or filling [21]. It can be used to transform the commercial
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membranes into the smart membranes. However, this approach is
difficult to guarantee the full coverage and evenness of the modification
on the interior walls of membranes, and the smaller the membrane pores
are, the more difficult the modification is. Thus this approach is more
effective for the modification of microporous membranes, but resulted
membranes are not suitable for the separation of nano-scale substances.
The other is to use stimuli-responsive polymers as raw materials in
membrane formation. For example, Kobayshi et al. [22] synthesized a
copolymer by random copolymerization of acrylic acid, methacylic acid
and acrylonitrile, and use it to prepare the pH-responsive poly-
acrylonitrile ultrafiltration membranes by phase inversion. Grafting
modification on traditional polymer materials, such as polyvinylidene
fluoride (PVDF) [23] and polyethersulfone (PES) [24], so as to introduce
responsive polymers into the side chains has also been commonly used
for the preparation of various smart membranes. This approach usually
guarantees the uniform modification of the whole membranes, however
the regularity of pore structures is still an issue in need of improvement,
which restricts their applications in controlled precise separation.
Block copolymers (BCPs) recently show great advantages as the
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candidate to prepare the intelligent responsive membranes. Profited
from the specific property of microphase separation, BCPs can form the
membranes with high regularity in structure and pore sizes, in which the
majority blocks constitute the porous matrix and the minority blocks are
evenly enriched on the surfaces and pore walls. Using the minority block
containing responsive groups can consequently give the stimuli-
responsive membranes. Our group prepared the pH-responsive mem-
branes from poly(2-vinylpyridine) (P2VP) based block copolymers by
selective swelling and investigated their regulation on water fluxes with
the variation of pH [25]. Qiu et al. [26] reported the membrane with
uniform pore sizes prepared by combining the self-assembly of the block
copolymer polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) with
nonsolvent-induced phase separation. By changing the charge proper-
ties of the membrane through adjusting the external pH, separation of
two similar-sized proteins can be realized. The nanostructure, narrow
pore size distribution and perfect coverage of the responsive polymer
layer on interior walls of BCP-derived membranes make them extremely
fit for the applications in the fields of responsive release and exquisite
fractionation of biomolecules, whereas the relevant researches about
them are rare so far.

In term of constructing a responsive membrane system, the intro-
duction of external stimulus is necessary. Among the multitudinous
stimulus, CO3 gas has attracted special attentions due to its advantages
of low price, abundance, non-toxicity, mild response conditions and no
salt accumulation in the system [27]. CO. stimulation response only
needs to bubble COy or Ny/Ar gas into the system to achieve the
reversible regulation on the membrane performances. It would not
change the chemical structure, conformation or cause deactivation of
proteins, especially suitable for the biomolecules system. The potential
applications of COy-responsive membranes in protein separation can be
considered from two aspects. First, in circumstances where CO5 are
involved, for example, fermentation, the responsive membranes may be
used to separate specific proteins smartly regulated by the concentration
of CO,, intrinsically present and dynamically changed in the separation
systems. Second, CO» can be purposely introduced into the separation
systems to tune the effective pore sizes and surface properties of the
responsive membranes in accordance to the real-time characteristics of
the separation systems, thus maximizing the separation performances.
Zhang et al. [28] immobilized CO,-responsive microgels in commercial
microfiltration membranes by adsorption to prepare COp-responsive
membranes. The shrinkage and expansion of microgels under alternate
bubbling of N»/CO; realized the change in water fluxes. Zhao et al. [10]
grafted poly(2-diethylaminoethyl methacrylate) (PDEAEMA) on the
surface and pore walls of polyvinylidene fluoride (PVDF) membranes,
which endowed the latter with CO; responsiveness. The mean pore size
of prepared membranes was gas-tuneable between 162 and 60 nm,
achieving the controllable rejection for gold nanoparticles. These studies
have demonstrated the efficiency of COy stimulation response to
reversibly regulate the membrane performances. However, less effort
has been made to develop the CO5 stimuli-responsive separation mem-
branes with satisfying pore size range for protein separations and their
applications in biomolecules system. Therefore, in this work we syn-
thesized a BCP of poly(2-diethylaminoethyl methacrylate)-block- poly-
styrene (PDEAEMA-b-PS) by reversible addition-fragmentation chain
transfer (RAFT) polymerization, and used it as the raw material to
fabricate the COs-responsive ultrafiltration membranes by the process of
selective swelling-induced pore generation, then applied the membranes
to biomolecules separation. The PDEAEMA chains are inherently hy-
drophobic and exhibit a collapsed chain conformation, while upon
exposure to CO; in water, the tertiary amine groups of PDEAEMA chains
can react with CO; to form the protonated state, which makes PDEAEMA
hydrophilic and presents an extended chain conformation. The
PDEAEMA chains act as the gates of the membranes pores, the CO2/N»
treatment regulates the on-off switch, thus realizing the intelligent
control on the protein-passing channels. Compared with our previous
reported COy-responsive membranes [29], the PDEAEMA-b-PS

Journal of Membrane Science 662 (2022) 121022

membranes realize the regulation on surface
hydrophilicity-hydrophobicity transition and have the wider adjusting
range in pore size and permeance. Upon the presence of COj, the
extended PDEAEMA chains could shrink the pore size down to less than
5 nm, moving the membrane from ultrafiltration to tight-ultrafiltration,
which is hard to be achieved for BCP membranes without the aid of
post-modification or additives [30,31]. With a small pore size of 4.2 nm
and corresponding molecular weight cut-off (MWCO) of 8380 Da, the
membranes can be utilized to effectively separate mixed biomolecules,
such as bacitracin/lysozyme with a high separation efficiency of 97%.

2. Experimental section
2.1. Materials

2-Diethylaminoethyl methacrylate (DEAEMA, 99%) and styrene
(>99%) were purchased from Aladdin and Energy, respectively. Prior to
use, we removed inhibitors by passing them through basic alumina
columns, then stored in the refrigerator (—20 °C). 2, 2'-Azobis (iso-
butyronitrile) (AIBN, 98%) was purchased from Aladdin and further
purified by recrystallization from ethanol. 2-Cyano-2-propyl benzodi-
thioate (CPBD, >97%) and tetrahydrofuran (THF, >99.9%) were pur-
chased from Aladdin and wused without further purification.
Macroporous polyvinylidene fluoride (PVDF) membranes (25 mm in
diameter, 0.22 pm in average pore size) were ordered from Millipore and
served as substrates to prepare ultrafiltration composite membranes.
Bovine serum albumin (BSA) and bovine hemoglobin (BHb) were
sourced from MP Biomedicals Co., Ltd and Shanghai Yuanye Bio-
Technology Co., Ltd, respectively. Lysozyme and myoglobin were pur-
chased from Sigma-Aldrich. Bacitracin and vitamin B12 (VB-12) were
purchased from Macklin. COy (>99.9%) and N3 (>99.999%) were
purchased from Nanjing Shangyuan Industrial Gas Factory. All other
chemical reagents being of analytical grade such as acetonitrile, ethanol,
chloroform, etc. were provided by Sinopharm and Aladdin. Silicon wa-
fers were thoroughly washed several times with ethanol under ultra-
sonication before use. Deionized water used in all experiments was lab-

made with the conductivity of 8-20 ps-cm™L.

2.2. Synthesis of PDEAEMA-b-PS

Scheme S1 shows the synthetic route of PDEAEMA-b-PS. Typically, a
50 mL polymerization tube with a magnetic bar was used as the reaction
vessel. DEAEMA (12.4875 g, 45 mmol), CPDB (99.45 mg, 0.3 mmol),
AIBN (14.76 mg, 0.06 mmol) and THF (12 g) were mixed and placed into
the tube. After being degassed through three freeze-pump-thaw cycles,
the tube was sealed and placed into an oil bath of 70 °C. After 24 h, the
reaction was stopped by cooling the tube to room temperature and
exposing the polymer solution to air. The polymer solution was
precipitated into excess acetonitrile three times to remove unreacted
monomers. Finally, the solid polymer was collected and placed in a
vacuum oven at room temperature for drying.

The obtained polymer of PDEAEMA was used as the macro-chain
transfer agent (macro-CTA) for the subsequent BCP synthesis, and the
procedure is as follows: PDEAEMA (400 mg, 0.02 mmol), styrene (4.16
g, 40 mmol) and AIBN (0.524 mg, 0.0032 mmol) was dissolved in
methanol (2.4 g), then the solution was added into a 20 mL polymeri-
zation tube with a magnetic bar. Similar to the previous step, the tube
was degassed and sealed, then put into a preheated oil bath at 80 °C for
48 h polymerization. Finally, the polymer solution was precipitated into
excess acetonitrile three times for purification, followed by drying
completely at 45 °C under vacuum to obtain the product.

2.3. Preparation of nanoporous PDEAEMA-b-PS thin films/membranes

PDEAEMA-b-PS was ultrasonically dissolved in chloroform with a
concentration of 2 wt%, and the polymer solution was filtrated through
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a polytetrafluoroethylene (PTFE) filter (0.22 pm in average pore size)
three times to remove any impurities thoroughly. The solution was spin-
coated on clean silicon substrates at 2000 rpm for 30 s to prepare
PDEAEMA-b-PS thin films. Subsequently, the films were soaked in
ethanol at 65 °C to conduct selective swelling process. After desired
durations, the films were withdrawn from ethanol and dried naturally.

PDEAEMA-b-PS composite membranes were then prepared using
PVDF membranes as the substrates. Specifically, the PVDF membranes
were first soaked in deionized water for 20 min to fill the pores in order
to prevent downward percolation of the polymer solution during the
subsequent spin coating process. The PVDF membranes filled with water
were placed on clean glass slides, using papers to absorb excess water on
the surface. Then, the above-prepared polymer solution was spin-coated
on PVDF membranes at 2000 rpm for 30 s to form thin BCP layers.
Subsequently, the membranes were placed in an oven at 60 °C for 15 min
to make the water and solvent evaporate completely. Finally, the
membranes were immersed in ethanol at 65 °C to produce nanoporous
structures in BCP layers.

2.4. Characterization

The chemical structures of polymers were characterized on a nuclear
magnetic resonance spectrometer (NMR, AV400, Bruker) using CDCl3 or
Dy0 as the solvent, tetramethylsilane (TMS) as internal standard. The
thicknesses and refractive indices of BCP thin films on silicon wafers
were recorded via a spectroscopic ellipsometer (Complete EASE M-
2000U, J. A. Woollam). The porosities can be calculated based on the
refractive index values using the following Eq. (1):

I’llzr = n(Z) (1 - (pp{)n}) + ”3ir‘ﬂ/mre (1)

where ng; represents the refractive index of air with a value of 1, ny and
n, are the refractive indices of the dense and porous films, respectively.
@pore Tepresents the porosity of the thin film.

A field-emission scanning electron microscopy (FESEM Hitachi
S$4800) was used to observe the surface and cross-sectional morphol-
ogies of BCP films and composite membranes at an operation voltage of
3 kV. Cross-sectional observation should immerse samples in liquid ni-
trogen for 10 s and quickly fracture them to expose the cross sections. All
samples were sputter-coated with a thin layer of Au to enhance con-
ductivity for achieving clear images. Surface hydrophilicity was evalu-
ated by analyzing under oil water contact angle (UOWCA) [32] utilizing
a contact angle measurement device (Dropmeter A100, Maist). We
injected n-heptane into the sample cell and placed the film face down
below the liquid surface of n-heptane, then injected 5 pL of water with
the injection probe to test the water contact angle of the membrane
surface in n-heptane. Gel permeation chromatography (GPC) analysis
was performed with a Waters 1515 chromatograph system to evaluate
the MWCO of membranes. The zeta potential of the membrane surface
was analyzed via an electrokinetic analyzer (SurPASS, Anton Paar,
Austria) using 1 mmol/L potassium chloride (KCl) aqueous solution as
an electrolyte environment.

2.5. Filtration experiments

We used a homemade dead-end filtration device (Fig. S2) with an
actual filtration area of 3.14 cm? to evaluate the separation perfor-
mances of BCP composite membranes under gentle CO2/N5 stimulation.
Prior to the experiment, the membrane was pressurized at 0.5 bar for 10
min to ensure a steady filtration state. Then we bubbled CO, into the
feed solution for 3 min or bubbled N5 for 10 min to conduct the stim-
ulation. In order to better control the gas flow rate, we installed a needle
tube at the gas inlet, and controlled the gas valve switch to ensure that
the gas slowly entered into the feed solution. All tests were executed by
using three-parallel membranes to obtain reliable data. The water vol-
ume passing through the membrane was recorded, and the pure water
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permeance (Perm) was calculated by Eq. (2):

(2

Perm =
erm Ardp

where V (L) is the water volume, A (mz) represents the effective area of
the test membrane, t (h) is the permeating time and Ap (bar) represents
the operation pressure.

Dextrans with diverse molecular weights of 10, 40, 70 and 500 kDa
were mixed and dissolved in deionized water with the concentration for
each component of 2.5, 1, 1 and 2 g/L, respectively. The mixed dextran
solution was utilized to measure the MWCO of membranes by filtration.
The dextran concentrations in feed and filtrate were determined by GPC
analysis, and the effective pore size of membranes can be calculated by
Eq. (3):

r=0.33M02% 3)

wherer (10\) is the effective pore radius of membranes and M,, (Da) is the
MWCO of dextran.

The rejection tests were conducted with the same filtration device
under gentle CO2/Nj stimulation. The aqueous solutions of BSA, BHb,
myoglobin, lysozyme, bacitracin and VB-12 with a concentration of 0.5
g/L were used as the feed solutions. After filtration by membranes, by
using the UV-vis absorption spectrometer (NanoDrop 2000C, Thermo
Fisher), the concentrations of BHb, myoglobin, bacitracin, and VB-12 in
feed and filtrate were analyzed at 406 nm, 409 nm, 229 nm, and 520 nm,
respectively. The concentrations of BSA and lysozyme were obtained at
280 nm in the “protein A280” model of the UV-vis absorption spec-
trometer. The rejection ratio (R) can be calculated by Eq. (4):

Cf_cp
f

R= x 100% 4

where Cr and C, represent the concentrations (g/L) in feed and filtrate,
respectively.

The mixtures of two substances with different sizes (myoglobin and
VB-12, myoglobin and bacitracin, lysozyme and VB-12, lysozyme and
bacitracin, 0.5 g/L for each one) were used to evaluate the size screening
capability of membranes under CO, stimulation. The selective separa-
tion efficiency (SE) can be determined by Eq. (5) [33]:

Cymnli molecule

SE=———— x 100% 5)

Cpmlein + meall molecule

where Cprorein and Csnan molecule represent the protein concentration
and small molecule concentration in filtrate, respectively.

3. Results and discussion
3.1. Synthesis of PDEAEMA-b-PS

The PDEAEMA homopolymer was synthesized via RAFT polymeri-
zation, then used as the macro-CTA for the synthesis of PDEAEMA-b-PS.
1H NMR characterizations were used to verify the chemical structures of
obtained polymers. As shown in Fig. S3, all characteristic peaks of
PDEAEMA and PDEAEMA-b-PS are marked out in the spectra, con-
firming the successful synthesis of target products. Based on the signals
of phenyl protons in the CPBD group at 7.35-7.90 ppm and the signals of
ester methylene protons in DEAEMA units at 4.01 ppm, the degree of
polymerization (DP) of PDEAEMA was calculated to be 130. According
to the signals of phenyl protons in styrene units appearing at 6.20-7.24
ppm and the signal at 4.01 ppm, the DP of PS was determined to be 590.
Therefore, it was obtained that the molecular weight of PDEAEMA was
24.1 kDa, and the molecular weight of PS was 61.4 kDa, so the mass
fractions of PDEAEMA and PS blocks were 28.2% and 71.8%, respec-
tively. The BCP with this block weight ratio can theoretically form a bi-
continuous porous structure according to previous studies [34].
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3.2. Nanoporous PDEAEMA-b-PS films prepared by selective swelling

Selective swelling is a powerful method to produce nanoporous
structures in BCPs [35]. In order to use this method to prepare mem-
branes, we first explored the swelling behaviors of PDEAEMA-b-PS
which hasn’t been studied before. Ethanol can dissolve the PDEAEMA
homopolymer very well in experiment while is a poor solvent for the PS
homopolymer, that is, it is a selective solvent for the PDEAEMA block in
PDEAEMA-b-PS. Therefore, we used ethanol as the swelling agent and
the selective swelling process was conducted as shown in Fig. 1.

The PDEAEMA-b-PS thin films were prepared by spin coating and
then were immersed in ethanol at 65 °C for different durations. The
surface and cross section of the original film were dense and non-porous,
as displayed in Figs. S4a-b. After swelling, the films all exhibited
nanoporous structures, but different morphologies can be observed
under different durations (Figs. 2 and S4). For the film subjected to 1 h
swelling, some round and elongated pores appeared on the surface
(Fig. 2a), but most area was still dense. When the swelling duration was
prolonged to 2 h, more pores were formed, thus the dense area became
less (Fig. S4c). When the swelling duration was 5 h, the bi-continuous
porous structure was basically formed (Fig. 2b). Then further lasting
the swelling durations to 10 h and 20 h, the films kept similar mor-
phologies, but the pore sizes were enlarged (Figs. S4e and 2c¢). The cross-
sectional view of films manifested the formed pores penetrated the
whole film thickness whatever the swelling durations.

Ellipsometry tests recorded the thickness change of films during
swelling (Fig. 3a). The thicknesses of films were increased sharply from
initial 280 nm-425 nm in the first 1 h, then slowly increased to 450 nm,
465 nm, 480 nm, 510 nm at 2 h, 5 h, 10 h and 20 h, respectively. In
addition to the thickness change, the refractive indices of films were
apparently dropped because of the formation of large amounts of pores.
The porosities were determined according to Eq. (1), which were 42%,
47.3%, 48.3%, 50.3%, and 52.9%, respectively, as presented in Fig. 3b.
Besides, we calculated the surface pore sizes of films from SEM images
(Figs. 2 and S4) using Nano Measurer software. With the increase of
swelling durations from 1 h to 20 h, the pore sizes were determined to be
38 nm, 42 nm, 44 nm, 45 nm, 52 nm, respectively.

According to our previous study about selective swelling [35], the
swelling process of PDEAEMA-b-PS films can be described as follows:
ethanol preferentially enters the PDEAEMA phase because of the strong
affinity between ethanol and PDEAEMA chains, causing the PDEAEMA
domains to expand their volumes, and at the same time PS phases are
squeezed to undergo plastic deformation. When films are taken out from
the swelling agent, the solvent volatilizes and the PDEAEMA chains

PS-b-

Substrate

-
. v

Spin coating

Substrate

Selective swelling
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collapse and attach on the film surface and pore walls, at the same time,
nanopores are formed [36-38]. The swelling duration effects the
swelling degree of PDEAEMA domains, consequently the pore size.
Therefore, the longer swelling duration generally give rise to the larger
pore size, as we observed above.

The tertiary amine groups in PDEAEMA chains of PDEAEMA-b-PS
films can react with CO, in water to form ammonium bicarbonate,
making the chains protonated, thus changing the chain conformation in
water [39,40]. In regard to the PDEAEMA-b-PS films, the conformation
transformation of PDEAEMA chains attached on the film surface may
lead to the change in film thickness (Fig. 4a). Therefore, we utilized the
liquid cell function of ellipsometer to monitor the film thickness value in
situ upon CO, bubbling, as Fig. 4b shows. The PDEAEMA-b-PS film
prepared by 5 h swelling was selected as the sample. The film in the dry
state had a thickness of 459 nm. When the film was locked in the liquid
cell and deionized water was injected, the film thickness had a slight
increase and stabilized at 463 nm ultimately. This is because the film
was swelled due to water absorption, also a very small part of CO5 gas
dissolved in deionized water made PDEAEMA protonated. Then
COq-saturated water was injected in the liquid cell, and the film thick-
ness was rapidly increased to 511 nm in half an hour. The whole test
process lasted for 2 h, and the film thickness maintained at about 515 nm
at the end, increased by 52 nm in contrast with the one before the CO4
stimulation. The phenomenon of the thickness increase evidenced the
conformation transformation of PDEAEMA chains from the collapsed
state to the stretched state, also suggested that the conformation trans-
formation was mainly caused by the CO, stimulation, rather than water
swelling.

In addition to chain conformation, the hydrophilicity of PDEAEMA
can also be changed by the CO, stimulation. We dissolved the PDEAEMA
polymer in water, but only got a cloudy solution (Fig. S5a), indicating
PDEAEMA is inherently hydrophobic. The solution turned into a clear
one after bubbling CO2 in it (Fig. S5b), this showed that the PDEAEMA
chains became hydrophilic due to the protonation by CO2. The
hydrophilicity-hydrophobicity transition of PDEAEMA chains under
CO, stimulation would surely affect the surface property of the
PDEAEMA-b-PS film. Therefore, we evaluated the surface hydrophilicity
change of the film in response to CO2/N; by the UOWCA performance,
as presented in Fig. 4c. The WCA on the surface of the original film
basically stabilized at about 139°. After CO, stimulation, the WCA was
decreased to 88°, owing to the protonation of PDEAEMA chains on the
film surface. Subsequently, N, was introduced into the system to make
CO4, gas escape, and the quaternary amine groups in PDEAEMA under-
went deprotonation reversibly going back to tertiary amines, as a result,

Substrate

Drying

Fig. 1. Schematic of the selective swelling process.
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Fig. 2. (a—c) The surface and (d-f) cross-sectional SEM images of PDEAEMA-b-PS films immersed in ethanol at 65 °C for different durations: (a, d) 1 h, (b, e) 5h, (c, )
20 h. All images have the same magnification, and the scale bar corresponding to 500 nm is shown in (f).
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Fig. 3. (a) The thicknesses and refractive indices of films for different swelling durations. (b) The porosities and pore sizes of films corresponding to

swelling durations.

the WCA returned to about 130°. CO2/N stimulation displayed the
regulation on Apparently, the surface hydrophilicity of the film can be
effectively regulated by manipulating the CO2/N; treatment.

3.3. Separation performances of PDEAEMA-b-PS membranes

As the CO;, responsiveness of PDEAEMA-b-PS thin films was proved
above, we prepared the PDEAEMA-b-PS composite membranes by
coating the PDEAEMA-b-PS layer on the macroporous substrate. The
PDEAEMA-b-PS layer with a nanoporous structure (Fig. 5a-b) plays the
role of sieving and determines the responsibility. The swelling durations
were changed from 1 h, 2 h, 5 h, 10 h, to 20 h to tune the pore size of
PDEAEMA-b-PS layers, and the pure water permeances were evaluated
upon CO2/Ny bubbling. As shown in Fig. 5c, the permeances gradually
rose with the increase of swelling durations under N, bubbling because
of the enlarged pore sizes. The water permeance of the composite
membrane swollen for 1 h was about 1194 L-m2h.bar!l. For the
swelling durations of 2 h and 5 h, the permeances were increased to
1607 and 1924 L-m2h™-bar?, respectively. Further prolonging the
swelling durations to 10 h and 20 h, the permeance showed a slight
decrease, stabilizing at about 1800 L-m~2h '.bar!, although the
porosity and pore size should be increased. This may be because the
porous structure with a high porosity was relatively loose, it occurred a
certain degree of compaction under test pressure. When the water

permeances were tested under CO, bubbling, the PDEAEMA chains were
transformed from hydrophobic to hydrophilic, and the PDEAEMA chains
attached on pore walls were fully stretched and filled in the pores,
consequently the permeances dropped sharply. With the swelling du-
rations of 1 h, 2 h, 5h, 10 h and 20 h, water permeances of composite
membranes were 47, 101, 104, 114, 100 L-m>h.bar™, respectively. It
can be noticed from Fig. 5c that the permeance difference of the mem-
brane swelled for 5 h upon CO5/N; bubbling was the largest, therefore
we chose this composite membrane as the best sample to do the cyclic
test. As presented in Fig. 5d, N was first introduced to the system. Then,
CO was bubbled to change the conformation of PDEAEMA chains and
narrow down the pores, and the permeance was decreased by 94%.
Subsequently bubbling N, the water permeance returned to the initial
level, confirming the reversible variation of the pore size for the
PDEAEMA-b-PS membrane. The membrane exhibited controlled
switching in water permeance between ~2100 and ~100
L-m~2h1.bar? for five test cycles of alternating bubbling of CO, and
N,, displaying great cyclic responsiveness and stability.

Based on the controllable regulation on pore size upon CO3/Njy
stimulation, we explored the application of PDEAEMA-b-PS membranes
in the separation of biological substances. The membrane prepared by 5
h swelling was used for experiments. First, four proteins with different
size and charges were selected as models, and their detailed character-
istics are summarized in Table 1. Proteins of BSA and BHb have similar
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molecular weights, which are much larger than other proteins. Upon the
presence of CO,, stretched PDEAEMA chains filled in the pores, thus the
rejections of membranes to BSA and BHb were tested to be 90% and
98%, respectively as shown in Fig. 6a. The MWCO of the membrane in
this state was measured to be 8380 Da (Fig. S6). Based on the MWCO
value and Eq. (3), the effective pore size of the membrane was deter-
mined to be 4.2 nm, which is lower than the sizes of BSA and BHb,
therefore, the high rejections to the two proteins were achieved
depending on size sieving. Especially, the rejection to BHDb is
approaching 100%, which is higher than BSA although they have similar
molecular weights. This is because BSA is a prolate ellipsoid [49] with a
three dimensional size of 14 nm x 3.8 nm x 3.8 nm, while BHb is nearly
spherical in shape [50] with a size of 6.4 nm x 5.5 nm x 5 nm. When the

ellipsoidal BSA molecules align the long axis perpendicular to the
membrane pores, they have the chances to percolate through the pores,
comparatively the BHb molecules can be intercepted regardless of the
alignment. When removing CO2 by bubbling N2, PDEAEMA chains were
switched to the collapse state and the pore size were broadened to about
44 nm based on the SEM image in Fig. 5a. The rejections to BSA and BHb
were decreased to 40% and 63%, respectively. The proteins of lysozyme
and myoglobin have medium molecular weights, while the MWCO of the
membrane under CO» stimulation is still smaller than their molecular
weights, consequently we also got high rejections to lysozyme and
myoglobin, 98% and 91%, respectively. Besides the size sieving effect,
electrostatic repulsion contributes to the rejection result of lysozyme as
well. The membrane surface is positively charged in the presence of CO;
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Table 1
Summary of properties of used biomolecules as separation models.
Separation Molecular Size Isoelectric Ref.
target weight (kDa) point
BSA 67 14 nm x 3.8 4.7 [31,
nm x 3.8 nm 39]
BHb 65 6.4 nm x 5.5 7.0 [31,41,
nm x 5 nm 42]
myoglobin 17 4.5nm x 3.5 7.1 [33,
nm x 2.5 nm 43]
lysozyme 14.3 1.9nm x 2.5 11.0 [44,
nm x 4.3 nm 45]
bacitracin 1.42 2.8nm x 1.3 8.8 [46,
nm 47]
VB-12 1.35 1.7 nm x 1.8 - [48]
nm

(Fig. S7), and lysozyme with an isoelectric point of 11.3 is also positively
charged. The repulsive interaction between the same charges results in
the nearly 100% rejection to lysozyme. By contrast, myoglobin is elec-
trically neutral and cannot form charge repulsion, so the rejection of
membrane to it is lower than lysozyme. Removing CO» to open the pores
of membrane, the rejections to lysozyme and myoglobin were decreased
to 51.4% and 30%, respectively. To investigate the reversibility of the
selectivity performance of membranes, we did the cyclic tests of re-
jections to BSA under alternating COy/N, bubbling. From the results
shown in Fig. 6b, the membrane could maintain almost the same
rejection to BSA after five cycles, demonstrating the great cyclic
responsiveness in selectivity performance.

Evidently, the PDEAEMA chains work like the gate of the membrane
pores, the response to CO2/N5 bubbling regulates the turn off or turn on
of the protein transport channels (Fig. 6¢). We know proteins are large
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molecules with the molecular weight range of about 6000 Da to millions.
The biological substances with the molecule weight less than 6000 Da,
such as polypeptide and vitamin, belong to small molecules. The MWCO
of the membrane under CO; stimulation approaches the demarcation
between large and small molecules. Therefore, the membrane theoreti-
cally can intercept most of the large protein molecules, but allow small
molecules to pass through, enabling the screening of biological sub-
stances. The interception of proteins has been demonstrated by four
different proteins as discussed above. We further explored the rejections
to bacitracin and VB-12. As shown in Fig. 6a, under the CO, and Ny
stimulation, the rejections to bacitracin by the composite membrane
were 21.5% and 9.9%, respectively, owing to its small size with a mo-
lecular weight of 1422 Da. Similarly, for the small molecule VB-12, the
rejections were lower than 10% under the CO, and N; stimulation.
According to the above, macromolecular proteins are rejected, while
small molecular substances can pass through the membrane pores upon
CO, stimulation. Therefore, we further used the membrane to separate
mixed substances because the mixture separation efficiency is a crucial
parameter for practical applications. We selected four mixtures of VB-
12/myoglobin, bacitracin/myoglobin, VB-12/lysozyme and bacitra-
cin/lysozyme for tests, and the UV-vis spectra before and after filtration
are shown in Fig. 7a—d. For the mixtures of VB-12/myoglobin, bacitra-
cin/myoglobin, the spectral intensities of myoglobin were significantly
decreased in filtration because of the rejection effect by the membrane,
while those of VB-12 and bacitracin still displayed high intensities. In
terms of the mixtures of VB-12/lysozyme and bacitracin/lysozyme, the
intensities of lysozyme decreased to nearly zero, while the spectra of VB-
12 and bacitracin remained almost unchanged. These results demon-
strated the effective separation of different biomolecules. Furthermore,
we calculated the selective separation efficiencies for VB-12/myoglobin,
bacitracin/myoglobin, VB-12/lysozyme and bacitracin/lysozyme
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Fig. 6. (a) Rejections to different biomolecules under CO, and N, stimulation. (b) Rejections to BSA under alternating CO5/N, stimulation. (¢) Schematic of the

regulation on separation performances of membranes by CO5/N, stimulation.
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according to Eq. (5), and the results were 93.4%, 88.7%, 95.5%, 97%,
respectively. The high separation efficiencies confirm the excellent se-
lective sieving capabilities of the membrane to separate macromolecular
proteins and small molecules upon CO; stimulation.

4. Conclusion

In summary, we fabricate the CO»-responsive membranes from a
block copolymer of PDEAEMA-b-PS by using the selective swelling
method. The swelling behaviors of PDEAEMA-b-PS are investigated,
demonstrating it is convenient to obtain nanoporous structures via se-
lective swelling and the pore sizes and porosities are adjustable simply
by changing the swelling durations. The spectroscopic ellipsometry
monitors the thickness change of PDEAEMA-b-PS films in situ, mani-
festing the conformation transformation of PDEAEMA chains from the
collapsed state to the stretched state upon CO, stimulation. Also, the
surface hydrophilicity-hydrophobicity transition of films is realized by
manipulating CO2/Ng treatment, due to the protonation/deprotonation
behaviors of PDMAEMA chains. Based on these properties, water per-
meances of PDEAEMA-b-PS membranes can be reversibly switched in
the range of about 100-2100 L-m~2h .bar ! upon cycles of COz/Ny
alternation, and exhibit great cyclic responsiveness. Rejection tests show
the membranes are capable to reject varied proteins in the presence of
CO,, while allow their transport upon Ny stimulation, displaying the
function as the proteins “on-off” gate. Furthermore, separation tests
demonstrate the membranes have high separation efficiencies for the
mixtures of VB-12/myoglobin, bacitracin/myoglobin, VB-12/lysozyme
and bacitracin/lysozyme, which are 93.4%, 88.7%, 95.5%, 97%,
respectively. Therefore, the COy-responsive membranes developed in
this work have great prospects for controllable biomolecules separation
applications.
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