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1. Introduction

Along with the drastic development of biotech-
nology, rapid and large scale production of proteins
is highly demanding for pharmaceutical usage in-
cluding antibody drug, identification of biological
function of recombinant, key constituent of biode-
vices, and so on. Protein expression in Escherichia
coli (E. coli) is most convenient and frequently
used method due to its capability of high-level ex-
pression and versatility for most proteins including
protease. In the expression within E. coli, protein is
usually yielded in the form of inclusion body,
which is insoluble, inactive aggregate. In order to
recover biological activity of resultant protein, so-
lubilization and renaturation processes are inevita-
bly required, and the latter to reconstruct protein
three dimensional exact structure is most proble-
matic in most cases.

To increase renaturation efficiency and to reduce
expensive reagent in the renaturation process, han-
dlings of dilution, dialysis, chromatography, and
solid phase have been investigated [1,2]. At the
same time, a number of additive helper agents to
enhance protein folding has been extensively ex-
plored. However, most of the previously-proposed
methods are batch process and only very few study
including continuous fed batch system [3] can be
found as continuous renaturation process. Devel-
opment of versatile continuous renaturation ap-
proach can offer opportunity for further mass pro-
duction and facile approach to useful protein.

Although it has never been thoroughly explored,
membrane process is one of the candidates of such
promising continuous renaturation operation due to
lower energetic expense and higher throughput
capability, if proper membrane that can facilitate
protein folding within itself can be fabricated. In
order to fulfill the requirement, a renaturation hel-
per agent should be immobilized on the membrane
in a controlled way. The membrane will be also
feasible as a key unit of persistent bioreactor that
retains protein functionality by continuously re-
folding deactivated protein.

Non-detergent sulfobetaine (NDSB) is one of
the candidates that have been proven to work as
the folding facilitating helper for several proteins
[4,5]. NDSB is a zwitterion having both of positive
and negative charges, hydrophobic groups within
the molecule, and was shown to prevent protein
aggregation by stabilizing protein molten globule
state: early folding intermediate [6]. As schemati-
cally shown in Figure 1, immobilization of such
NDSBs in the form of linear polymer for fully re-

taining mobility of the helper and accessibility to
protein is favorable as renaturation facilitating

- membrane. In the present study, NDSB having

vinyl group was first synthesized, and then, was
immobilized onto pore surface of porous substrate
using plasma graft polymerization technique in
order to envision the idea.

2. Experimental
2.1.Materials

Porous polyethylene (PE) film was used as the
porous substrate. The PE substrate with a thickness
of 90 pm, a pore diameter of 200 nm, and porosity
of 50% was kindly supplied by Asahi Chemical Co.
Ltd., Japan. N-(3-dimethyl aminopropyl) methacryl
amide (DMAPMA) was purchased from TCI,
Tokyo, Japan, and 1,3-propanesultone was pur-
chased from Aldrich Japan, Tokyo, Japan. All of
other materials were purchased from Wako Pure
Chemicals, Osaka, Japan, and were used without
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Figure 1. Schematic illustration of protein renaturation
facilitating membrane: immobilized renaturation facili-
tating linear polymer help unfolded protein to recover
folded structure.
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any further purification if not otherwise noted.

2.2. Synthesis of NDSB monomer, N N-dimethyl
(methacrylamidopropyl) ammonium propanesul-
fonate (DMMAAPS)



CH, —
)\n,ﬁv\, ’Iq\ + E(}s::g

0 DMAPMA  1,3-Propanesultone

CH; 4 | -
— JIN\/\,'}‘*\/\/SO:,-
DMMAAPS

Scheme 1. Synthesis scheme of non-detergent sulfobe-
taine monomer, N,N-dimethyl (methacrylamidopropyl)
ammonium propanesulfonate (DMMAAPS).

DMMAAPS, non-detergent sulfobetaine having
vinyl group, was synthesized along with Scheme 1
based on the previous study [7]. N-(3-dimethyl
aminopropyl) methacrylamide (DMAPMA) was
purified by distillation under reduced pressure.
1,3-Propanesultone (3.66 g) dissolved in acetoni-
trile (3 g) was added dropwise into above-distilled
DMAPMA (5.11 g) and hydroquinone (0.06 g) in
acetonitrile (10 g) at 70 °C with agitation. The so-
lution was stirred at 70 °C for 7 hours, then at 30
°C for 48 hours. Filtered solid of the solution was
washed with acetone several times, and was va-
cuum dried for -12 hours. The resultant solid was
8.33 g (yield was 95.0%) and successful synthesis
of DMMAAPS was confirmed by 'H-NMR.

2.3. Preparation of NDSB immobilized membrane
using plasma graft polymerization

Acrylamide (AAm) was purified by recrystaliza-
tion from ethyl acetate. An aqueous solution of
DMMAAPS and AAm emulsified with sodium
dodecyl sulfate (SDS) was used as monomer solu-
tion for plasma graft polymerization. Both the total
monomer concentration and SDS in solution were
fixed at 5.0 and 5.0 wt%, respectively. The mole
fraction of DMMAAPS in the monomers was 100
or 10 mol%. Porous PE substrate was treated with
an argon plasma with the pressure of 10 Pa and
then was exposed to air for 60 s to generate perox-
ide groups on its pore surface [8,9]. The substrate
confaining peroxide groups was immersed into
extensively degassed (freeze-thawed) monomer
solution. By holding the solution at 80 °C, the pe-
roxide groups were broken to give active radical
sites, and graft polymerization reaction started
from the initiator radicals. Reaction time was set at
1 hour. Resulting membrane was extensively
washed with water and ethanol several times, and
analyzed by weight increase and FT-IR after dry-
ing.

3. Results and Discussion
Filling ratio of the fabricated membrane is de-
fined as following equation.

Volume of grafted polymer

Filling ratio =
Pore volume of porous substrate

Density of vinyl polymer does not vary so much,
thus in the present study, it is regarded as 1.0 [10].
In porous PE substrate, outer surface area is neg-
ligible compared with surface area of pore surface,
thus contribution of outer surface area was ignored.
When DMMAAPS was used as the sole monomer,
filling ratio after one hour reaction was as low as
1.6%, although the immobilization of sulfonyl
group of DMMAAPS was confirmed by FT-IR
around 1050 and 1200 cm™ shown in Figure 2(b).
Even one week reaction yielded 2.5% filling ratio
and the ratio was not improved by the elongated
reaction time. This should be due to the low reac-
tivity of the NDSB monomer for the plasma graft
polymerization. In order to enhance the grafting
amount, AAm was graft-copolymerized with the
NDSB monomer; AAm can also increase hydro-
philicity of the graft polymer, which works advan-
tageous for prevention of non-specific protein ad-
sorption. One hour reaction using 10 mol%
DMMAAPS and 90 mol% AAm as monomer
mixture improved filling ratio towards 7.2%,
which is less than 9% having small quantity of
long graft chain inside the membrane prepared by
the same technique [11]. This means pores of the
fabricated membrane are possibly in open state and
it is the aimed structure indicated in Figure 1. Fur-
thermore, in the case of plasma graft polymeriza-
tion, chain density was calculated to be about 0.01
nm’”, which is in semidilute region [11]: it allows
protein to access inside the linear polymer brush
with the renaturation assistant moiety. FT-IR cha-
racterized as Figure 2(c) confirms successful im-
mobilization of DMMAAPS and AAm characte-
rized by above-observed sulfonyl peaks and
stronger peak of amide I around 1650 cm™.
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Figure 2. IR spectra of (a) porous PE substrate, (b)
polyDMMAAPS grafted membrane (1.6%), and (c)
poly(DMMAAPS-co-AAm) grafted membrane (7.2%).

In the literature, optimal concentration for
renaturation of various NDSBs was reported to be
0.4 to 2.0 mol/L [4], which amounts to as high as
0.1 to 0.4 g/ml. NDSB content of the membrane
fabricated in the present study can be calculated to
be 0.02 to 0.03 g/ml and this value might not be
sufficient for the membrane facilitated protein
renaturation. In order to attain higher NDSB
content in the membrane, longer reaction time,
optimal ratio between NDSB monomer and
hydrophilic comonomer, development of easy
polymerizable monomer, would be required.
Alternatively, an optimal NDSB content of
membrane may be different from that of small
molecular helper due to immobilization and/or
cooperative effect. In order to investigate the
potential effects and the performance of the
fabricated membrane, renaturation experiment
using permeation apparatus must be executed and
the trial is now under way.

4. Conclusion

For the fabrication of protein renaturation
facilitating membrane, DMMAAPS, one of the
non-detergent sulfobetaines, which function as an
effective renaturation assistance, was immobilized
onto porous PE substrate for the first time, via us-
ing plasma graft polymerization technique.
DMMAAPS alone was found to be difficult to
immobilize using the technique probably due to its
low reactivity, however plasma graft copolymeri-
zation of DMMAAPS with AAm can adequately
enhance the filling ratio to 7.2%, whose pores can
be in open state accessible by proteins. Further in-
vestigation on the performance of the membrane
will open the probability of continuous protein re-
naturation process, which is promising for facile
protein production.
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We have attained the thermal-responsive gating membrane with a drastic permeability change by several
hundredfold; N-isopropylacrylamide {(NIPAM) polymers were grafted on the pore surface by the plasma-
induced graft polymerization. In this study, we fabricated the gating membrane using a polycarbonate
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1. Introduction

Stimuli-responsive gating membranes have received much
attention in recent years owing to their unique function. They have
a functional gate that is responsive to environmental and molec-
ular signals, such as temperature [1-10], pH [11-15], light [16],
reduction-oxidation state [17], glucose concentration [18,19], and
specific ions [20-22]. Many gating membranes are fabricated by
grafting stimuli-responsive polymers onto the porous substrate,
as shown in Fig. 1. The swelling-shrinking change in stimuli-
responsive grafted polymers on the pore occurs in response to
environmental stimuli; thus, pore gating (open/closed) can be con-
trolled. The drastic change in the pore size in response to an
environmental signal is a necessary function for the gating mem-
brane. That s, the pores are openin the shrunken state of the grafted
polymer—nearly equal to the pore size of the nongrafted porous
substrate—and are fully closed in the swollen state of the grafted

! Corresponding author at: 4259 Midori-ku, Yokohama, Kanagawa 226-8503,
Japan, Tel.: +81 45 924 5254; fax: +81 45 924 5253.
E-mail address: yamag@res.titech.acjp (T. Yamaguchi).

0376-7388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2010.01.052

polymer. The potential applications of these gating membranes,
which are responsive to various signals, include flow control, size-
selective filtration, chemical and bioseparation, controlled release
of chemical substances and drugs, and chemical and biosensors.
To graft a stimuli-responsive polymer onto a porous sub-
strate, radiation-, photo-, and plasma-induced graft polymerization
techniques are employed [1-6,13-17,19-24]. Recently, a graft-
ing technique using atom transfer radical polymerization has
also been developed [9,10,25]. Among these techniques, plasma-
induced graft polymerization has characteristics as described
below [23,26-32]. The vacuum ultraviolet rays contained in the
plasma play an important role in plasma-induced graft polymer-
ization; they mainly provide radicals on the pore surface without
the degradation of a substrate matrix, resulting in the surface graft-
ing. Moreover, radicals are formed inside a porous substrate by
plasma treatment, and the grafted polymer is immobilized on the
pore surface inside a substrate. Therefore, several studies reported
gating membranes using plasma-induced graft polymerization and
membrane performances such as permeation flux or solute dif-
fusivity. The stimuli-responsive gating membrane fabricated by
plasma-induced graft polymerization successfully exhibited a dras-
tic change in permeation flux in response to an environmental
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Fig. 1. Schematic illustration of a stimuli-responsive gating membrane caused by
grafting a stimuli-responsive polymer onto the pore surface of a porous membrane.

signal. However, there has been no research discussing the rela-
tionship between the properties of a grafted polymer and the pore
gating in the gating membrane; thus, the underlying mechanism of
the abovementioned gate function is unknown. This is because it
is difficult to evaluate the properties of a grafted polymer, which s
chemically immobilized on a substrate, and thus, little has been
reported about the properties of a grafted polymer in a grafted
membrane.

In this study, we clarify the relationship between the properties
of a grafted polymer in the membrane pore and the permeation
behavior of a thermal-responsive gating membrane. Here, we
fabricate the thermal-responsive gating membrane using plasma-
induced graft polymerization. Poly(N-isopropylacrylamide)
(NIPAM) is used as the thermal-responsive polymer [33], and a
polycarbonate track-etched membrane with straight cylindrical
pores is used as the porous substrate. Straight cylindrical pore
is suitable for evaluating the permeation behavior. Moreover,
a grafted polymer chemically immobilized on the pore surface
can be evaluated using a polycarbonate porous membrane. A
few previous studies have reported that the grafted polymer
was isolated from a substrate by degrading only the substrate
composed of cellulose acetate or silica glass {34,35]. Similarly, only
the polycarbonate membrane can be degraded by the hydrolysis
of the polycarbonate ester bond; thus, the grafted polymer on
the pore surface is isolated from the porous substrate and the
properties of the grafted polymer are evaluated. Finally, based
on the obtained results, we discuss the relationship between the
properties of the grafted polymer and the permeation behavior
of a thermal-responsive gating membrane for the first time. The
clarification of the microscopic phenomena in the membrane pore

2. Experimental
2.1. Materials

Cyclopore®, a polycarbonate (PC) track-etched membrane hav-
ing straight cylindrical pores and uniform pore size and distribution
(pore size 0.2 p.m, thickness 11 p.m, porosity 17%), was purchased
from the SPI Supplies Division of Structure Probe, Inc., and used as
the porous substrate. NIPAM was supplied by Kohjin Co., Ltd., and
was used after purification by recrystallization in hexane and ace-
tone. All other reagents and solvents were purchased from Wako
Pure Chemical Industries, Ltd., and used without further purifica-
tion.

2.2. Fabrication of the thermal-responsive gating membrane

Thermal-responsive gating membranes (PC(NIPAM) mem-
branes) were fabricated by grafting poly(NIPAM) onto the pore
surface of the PC porous substrate by plasma-induced graft poly-
merization, as reported in our previous studies [20,27]). A schematic
of plasma-induced graft polymerization is shownin Scheme 1. First,
the PC substrate was treated with argon plasma at a pressure of
10 Pa. During plasma treatment, the substrate was placed in a glass
ampoule. The plasma treatment power and time were 30W and
1 min, respectively. The treated membrane was exposed to air for
60s to generate a peroxide group on its pore surface. Then, the
substrate containing the peroxide group was immersed in an exten-
sively degassed (frozen and thawed) aqueous solution of 5wt¥%
NIPAM monomer, with SDBS as a surfactant. The active radical sites
onits pore surface were formed by thermal cleavage of the peroxide
group in the solution at 80°C, and a graft polymerization reaction
started from the initiator radical. The reaction time was varied from
20 to 90min to control the filling ratio. After the polymerization,
any remaining monomers and surfactants were removed byrinsing
the membrane with a 50% aqueous ethanol solution and hexane.
The fabricated PC(NIPAM) membranes were evaluated by weight
change, FT-IR (FT/IR 6200; JASCO, Japan), and SEM (5-5200, Hitachi,
Japan). By calculating the properties of this PC substrate, the area
ratio of the inner surface (the pore surface) and the outer surface is
96% and 4%, respectively. With the assumption of the homogeneous
grafting on the membrane surface (the inner and outer surface) by
our previous study [30], the outer surface is very small, thus we
consider the pore surface as the membrane surface in this study.
The filling ratio ¢ of PC(NIPAM) membrane is defined as
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Scheme 1. Scheme of peroxide plasma graft polymerization: (a-1) pore surface of polycarbonate substrate before plasma graft polymerization; (a-2) radical activation
induced by Ar plasma; (a-3) formation of peroxide group on exposure to air; (a-4) polymer propagation in monomer solution; and (b) chemical structure of grafted NIPAM

polymer on polycarbonate substrate.
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where Wy, (g) and W, (g) represent the dry weight of the
PC(NIPAM) membrane and the PC substrate, respectively. pyoiym
(g/cm3) is the density of the NIPAM polymer, and is assumed to be
1.0g/em3. Vpore (cm3) is the pore volume of the substrate.

Using the same method, plasma-induced graft polymerization
of five sheets of the porous PC substrate was performed. Five sheets
of the PC substrate were laid on top of each other, and the edges
of the substrates were bound together by heat. The substrate com-
posed of five sheets of the PC substrate is called sandwiched PC
substrate hereafter. After the polymerization, the five porous mem-
branes were peeled apart and each sheet was washed by a 50%
aqueous ethanol solution and hexane, The sheets were numbered
from one to five. The first sheet was closest to the plasma and the
fifth sheetrested against the glass wall. The amount of grafted poly-
mer in each sheet was estimated by FT-IR analysis. The peak ratio
of P1 (Amide 1 at 1650 cm~! derived from NIPAM) per P2 (Carbonyl
stretching vibration at 1770cm~" derived from the PC substrate)
adopted the maximum value in each sheet, which was suitable for
discussing plasma-induced graft polymerization.

2.3. Measurement of water permeability through the
thermal-responsive gating membrane

Water permeation flux through the fabricated PC(NIPAM) mem-
brane was measured using the filtration apparatus described in a
previous paper [20]. Pure water was passed through afeed chamber
and an appropriate pressure (0.2-1.0 kg f/cm?) was applied across
the membrane. The permeability coefficient was calculated from
the amount of permeated water. Here, to eliminate the effect of
the applied pressure and media viscosity on the permeation flux
J [m3/(scm~2)], the permeability coefficient L, [m(kgfscm-2)"1]
was used to evaluate the membrane permeability. L, is defined in
Eq.(2):
L4

P7 AP (1120 «c/ 1)

where AP (kg f/m?) is the pressure applied across the membrane,
and [ty9+c (Pas) and se7 (Pas) represent the media viscosity at 20°C
and the measurement temperature, respectively. In this series of
measurements, the measurement temperature was varied from 20
to 50°C, and the filling ratio was varied from 0 to 65%.

(2)

2.4. Isolation and analysis of a grafted NIPAM polymer on a
polycarbonate substrate

The grafted NIPAM polymer chemically immobilized on the pore
surface was isolated from the PC porous substrate by the proto-
col shown in Scheme 2. The fabricated PC(NIPAM) membrane was
immersed in 5M NaOH aqueous solution and then the mixture
was shaken at 80°C for 3 days. The ester bond of polycarbonate
was hydrolyzed in a strong-alkaline, high-temperature solution;
thus, only a PC substrate was degraded. After the degradation of the
PC substrate and cooling to room temperature, the grafted NIPAM
polymer was precipitated in a 5M NaOH aqueous solution by
salting-out, and then the grafted NIPAM polymer was obtained by
filtering and washing in 5M NaCl aqueous solution. Subsequently,
the filtered solution was neutralized by HCl and then evaporated.
The obtained white solid was washed in acetone and removed by
filtering. Then, the filtered solution was evaporated and the PC sub-
strate residue was obtained. The obtained grafted NIPAM polymer
and PC substrate residue were analyzed by 'H NMR (Lambda-
300; JEOL, Japan) analysis and gel permeation chromatography
(GPC, L-7100 Hitachi Ltd., Shodex Oven A0-30 Showa Denko KK,
Shodex RI-71 Showa Denko K.K., Shodex Asahipak GF-7M HQ and
KD-806M columns Showa Denko K.K.) measurement. Dimethylfor-
mamide solution containing 0.03 M LiBr was used as the eluent
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on the pore surface of PC substrate
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Scheme 2. Scheme to isolate the grafted NIPAM polymer from the PC(NIPAM ) mem-
brane.

at a flow rate of 0.5 mL/min. A standard curve was made using a
polystyrene standard solution (TSK, Tosoh Corp.). The weight and
the number average molecular weight (Mw and Mn) were cal-
culated by the standard curve. The chain density ¢ (chains/nm?)
of the grafted polymer on the pore surface is defined by
Eq. (3):

oo 2N DM N 3)
Spore Mn - Spore

where > M;N; (g/mol) and " N; represent the total mass and the
number of the grafted polymer on the pore surface, respectively.
Spore (nm?) is the area of the pore surface. In this analysis, the filling
ratio of the fabricated PC(NIPAM) membranes was varied from 0 to
60%.

3. Results and discussion
3.1. Fabrication of the thermal-responsive gating membrane

Grafting of the NIPAM polymer onto the PC substrate was con-
firmed by the weight difference measured before and after graft
polymerization, and also by FT-IR spectra and SEM images. In
Fig. 2, the FT-IR spectra of the fabricated PC(NIPAM) membrarnes
are shown along with the peaks of Amide I (1650 cm™!) and Amide
H (1550 cm™!) derived from NIPAM increased as the filling ratio of
the fabricated membrane increased. The filling ratio of the fabri-
cated membranes was also confirmed to correlate with the peak
ratio of P1 (Amide I at 1650cm™"! derived from NIPAM) per P2
(Carbonyl stretching vibration at 1770 cm~! derived from the PC
substrate). The SEM images in the dry state of the PC(NIPAM) mem-
branes with various filling ratios are shown in Fig. 3. It can be seen
that the pore size of the membrane becomes smaller as the fill-
ing ratio increases. With a filling ratio of 65%, the pores, even in
their dry state, were almost completely filled with grafted NIPAM
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Fig. 2. FT-IR spectrum of PC(NIPAM) membrane with filling ratios: (a) PC substrate,
(b) 9%, (c) 29%, and (d) 65%; the right arrow indicates the peak of Amide I and the
left arrow indicates Amide 1l derived from NIPAM, respectively.

polymers. These results showed the grafting of the NIPAM polymer
onto the pore surface of the PC substrate by plasma-induced graft
polymerization.

3.2. Measurement of the water permeability through the
thermal-responsive gating membrane

Fig. 4i shows the results of the permeability coefficient for pure
water using a thermal-responsive gating membrane in a tempera-
ture range from 20 to 50°C. Gating membranes with a filling ratio
of 9%, 25%, 34%, and 65% were used.

At the filling ratios of 9%, 25%, and 34%, a lower critical solution
temperature (LCST) was clearly observed, and the water perme-
ation flux drastically changed because of the swelling—shrinking
behavior of the grafted NIPAM polymer in the membrane pores at
the LCST. In particular, the change at the LCST was several hundred-
fold at the filling ratio of 25%. Subsequently, it was also observed

that the permeability below the LCSTwas almost same as that above
the LCST at a filling ratio of 65%.

Moreover, the characteristic dependence of the permeation flux
on the filling ratio can also be seen in Fig. 4ii. The figure also shows
the maximum permeability above the LCST and the minimum
below the LCST for various filling ratios. Initially, the permeability
above the LCST at filling ratios from 0% (nongrafted porous sub-
strate) to ca. 20% was nearly unchanged; it decreased at filling
ratios above 20%. This result indicates that the pores were open
nearly equal to the pore size of the nongrafted porous substrate,
in spite of the grafting of the NIPAM polymer onto the pore sur-
face. Next, the permeability below the LCST decreased dramatically
for filling ratios up to ca. 10% and decreased gradually for filling
ratios above 10%; indicating that the pores were almost closed at
a filling ratio of ca. 10%. This means that although the pores were
fully opened above the LCST at a filling ratio of ca. 10% because
of a small amount of grafted NIPAM polymer on the pore surface,
the pores were almost closed below the LCST by a small amount of
swollen NIPAM polymer. Surprisingly, both of these characteristics
were simultaneously accomplished at the filling ratio of ca. 10%;
thus, the change in the permeability at the LCST increased drasti-
cally by a hundredfold. However, the reason for the characteristic
dependence of the permeation flux on the filling ratio has not been
clarified. This is because this characteristic dependence must be
attributed largely to the properties of the grafted polymer. There-
fore, it is essential to clarify the permeation behavior in order to
evaluate the properties of the grafted polymer on the pore surface.

3.3. Isolation and analysis of the grafted NIPAM polymer on a
polycarbonate substrate

3.3.1. Isolation of the grafted NIPAM polymer on a polycarbonate
substrate

The total amount of grafted NIPAM polymer on the PC substrate,
measured in Section 3.1, includes information on the molecular
weight, its distribution, and the chain density of the grafted poly-
mer. Thus, the grafted polymer was isolated from the PC substrate
to evaluate the grafted polymer's properties, as shownin Scheme 2.
Fig. 5 shows photographs of nontreated PC substrate (left) and
PC(NIPAM) (right) for various degradation times. The filling ratio

Fig. 3. SEM image of the surface of PC(NIPAM) membrane with filling ratios: (a) PC substrate, (b) 9%, (c) 29%, and (d) 65%; bar scale=1 p.m.
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of the PC(NIPAM) was 58%. It was observed that the PC substrate
degraded with time, due to the hydrolysis of the ester bond of poly-
carbonate in a strong-alkaline and high-temperature solution. We
also found that the degradation of the PC(NIPAM) was slower than
that of the nontreated PC substrate. A possible reason was. that
the alkaline solution penetrated more slowly inside the PC(NIPAM)
membrane because of the coating of NIPAM polymer on the mem-
brane surface. After degrading for 3 days, the PC substrates were
degraded and the PC substrate residues were dissolved, in the case
of both the nontreated PC substrate and the PC(NIPAM). However,
as shown in Fig. 5iv, the insoluble solid was observed only in the
case of the PC(NIPAM). The "H NMR spectrum of the solid obtained
after washing is shown in Fig. 6. From the NMR spectrum in Fig. 6,
the solid was: identified as'a'NIPAM polymer. {1H NMR character-
istics of grafted NIPAM polymer (in Dimethyl Sulfoxide-d6) are as
follows: § (ppm): {(a) 0.8-1.2 (6H, CH3 of isopropy! group), (b and
¢) 1:2-2.2 (3H, CH3-CH of polymer backbone), (d) 3.7-4.0 (1H, CH
of isopropyl group); and (e)-7.0-7.8 (1H, NH of amide group)). The
grafted NIPAM polymer was precipitated due to the salting-out in
a strong-alkaline solution. Moreover, no peak derived from a poly-
carbonate substrate was observed in the 'HNMR spectrum of Fig. 6;

thus, we found that the obtained grafted NIPAM polymer included
hardly any PC substrate residue.

Subsequently, the PC substrate residue was recovered from the
filtered solution, according to Scheme 2. Fig. 7 shows the 'H NMR
spectrum .of the obtained PC substrate residue. The NMR spec-
trum of the obtained PC substrate residue was the same as that of
bisphenol A; which is'a monomer unit of polycarbonate. ('"H NMR
characteristics of PC substrate residue (in Dimethyl Sulfoxide-d6)
are as follows: § (ppm): (a) 1.46=1.60 (6H, CH; of methyl group),
(b) 6.61-6.69 and 6.94-7.02 (6H, CH of aromatic group), and (c)
9.15-9.20 (1H, OH of hydroxy group)). Thus, the PC substrate was
almost completely degraded to monomer units. Moreover, the PC
substrates before and after degradation were evaluated by GPC
measurement; using two_series. of Shodex Asahipak GF-7M HQ
columns. The peak of the PC substrate before degradation was
observed from 20 to:35 min of retention time in the GPC chromato-
graphin Fig. 8. The molecular weight at the peak-top (Mp) of the PC
substrate, calculated by a standard curve, was ca. 5.4 x 104 g/mol.
On the other hand, the Mp of the PC substrate residue at 36 min of
retention time was several hundred. The molecular weight of the
monomer unit (bisphenol A) of polycarbonate is 228 g/mol. Thus,
it was confirmed that the PC substrate had degraded to one or a
few monomer units by the hydrolysis of the ester bond. We con-
sidered that the PC substrate chemically bonded to the root of the
grafted NIPAM polymer was almost completely degraded; thus, the
PC substrate residue in the root of the grafted polymer could not
affect the properties of the grafted polymer.

3.3.2. Analysis of a grafted NIPAM polymer on a polycarbonate
substrate

The above results confirmed that the grafted NIPAM polymer
was isolated from the PC substrate using the evaluation method
shown in Scheme 2..Then, the PC(NIPAM) membranes were used
at filling ratios of 9%, 21%, and 58%, near the filling ratio used in
the permeation test to clarify the permeation behavior in Section
3.2. Grafted NIPAM polymers were isolated according to Scheme 2,
and evaluated by GPC measurement using two coupled columns
(Shodex Asahipak GF-7M HQ and KD-806M) for the analysis of the
higher molecular weight polymer.

Fig. 9i shows the results of the GPC chromatograph of a grafted
NIPAM polymer isolated from various PC(NIPAM) membranes. In
the chromatographs of Fig. 9i, the grafted NIPAM polymer peaked at
the retention time of 22-36 min. The molecular number of grafted
polymers per one pore was calculated by the results of Fig. 9i;
its relationship to the molecular weight is shown in Fig. 9ii. The
properties of grafted NIPAM polymers are summarized in Table 1.
These results revealed several interesting points about the prop-
erties of grafted NIPAM polymers on the pore surface. First, it was
found that the grafted polymer has polydispersity in all PC(NIPAM)
membranes. The next point is that the peak distribution changed
as the filling: ratio varied. Fig. 9ii clearly shows that there was a
small amount of grafted polymer with a high molecular weight
of a few million; the ratio of the high molecular weight polymer
was relatively low with a low filling ratio. In addition, the polymer
chain density was low in the filling ratio, judging by the results of
Table 1. On the other hand, as the filling ratio increased, the amount
of high molecular weight polymers increased. In addition, the dis-
persion of the grafted polymer became narrow with theincrease in
the filling ratio; as shown in Table 1. This can be attributed that the
high molecular weight polymer might slowly grow due to the steric
hindrance of shrunk NIPAM polymer in the graft polymerization
occurred in the small pore. Therefore, although the low molecu-
lar weight polymer in the pore grew as the graft polymerization
proceeded, the high molecular weight polymer would not grow so
much. Moreover, it was confirmed from the results of Table 1 that
the polymer chain density increased about twice as the filling ratio
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Fig. 5. Photographs of nontreated PC substrate (left} and PC(NIPAM) membrane (right) at various degradation times; the circles in (iii) and (iv) indicate the insoluble solid
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Fig. 6.: NMR spectrum of a grafted NIPAM polymer at a filling ratio of 58% isolated
from the PC substrate.

increased. Theseresults indicated that there wasa little space in the
membrane pore with a high filling ratio, because of the existerice
of alarge number of high molecular weight polymers. As described
above, we succeeded in evaluating the properties of the grafted
polymer, chemically immobilized on the pore surface.

Table 1
The properties of grafted NIPAM polymer on PC{NIPAM) membranes.

('H; ;
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Fig. 7. NMR spectrum of the sample after degradation of the PC substrate.

However, we have not yet clarified how the polydispersed
grafted polymers are distributed on the pore surface. To discuss
this point, the plasma-induced graft polymerization was executed
using the sandwiched PC substrate. The sandwiched PC substrate
can be easily used to evaluate the polymer distribution in the cross-
sectional direction by peeling apart each sheet. After grafting the
sandwiched PC substrate, the peak (Amide I at 1650 cm~!) derived

Sample Grafting ratio® (%) Mw? (x10% gmiol ") Mn® (x104 g miol~1) Mw/Mn Polymer chain density? (chains nm~?)
PC(NIPAM)-1 g 120 27 43 0.010
PC(NIPAM)-2 21 170 51 33 0.012
PC(NIPAM)-3 58 210 82 25 0.020

2 Calculated by Eq. (1)
b Weight average molecular weight (Mw) calculated by GPC chromatograph in Fig, 9i.
© Number average molecular weight (Mn) calculated by GPC chromatograph in Fig. 9i.
d4:Calculated by Eq: (3):
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Fig. 8. GPC chromatograph of samples before (solid line} and after (dotted line)
degradation of the PC substrate.

from NIPAM was observed in each sheet by FT-IR analysis. There-
fore, it was found that the radicals were formed inside the sheets
by the plasma treatment and the NIPAM polymer was grafted into
each sheet. Fig. 10i shows the relationship between the substrate
location inthe sandwiched PC substrate and the filling ratio of each
sheet, calculated by the peak ratio of P1/P2 in the FT-IR spectra.
On the other hand, Fig. 10ii shows the calculated polymer distri-
bution in the cross-sectional direction of a single membrane, with
the assumption that the polydispersity in the GPC chromatograph
of PC(NIPAM)-2 is due to an orderly arrangement; from higher to
lower molecular weight, of the grafted polymer from the outside
surface. With this assumption, the NIPAM polymer can almost be
grafted onto the outside surface, as shown in Fig. 10ii. Here, the dis-
tribution in'Fig.: 10i was obviously different from that in Fig. 10ii.
Therefore, the polydispersity of the grafted polymier indicated in
the GPC chromatograph: is almost independent of the polymer
distribution in the' cross-sectional direction. In other words, the
polydispersed grafted polymer was almost homogeneously dis-
tributed on the. pore surface, irrespective of the cross-sectional
direction: This result also indicates that the amount of the grafted
polymer on the outer surface was very small and the assumption
at Session 2.2 was reasonable.

From the above, the grafted NIPAM polymer in the membrane
pore, immobilized by the plasma-induced graft polymerization
technique, was: schematically summarized in Fig. 11. With a low
filling ratio, there were small amounts of high molecular weight
polymier of a few million and the polymer chain density was low. In
addition, the grafting of the NIPAM polymer with a broad molecular
weight distribution (from several ten thousands to a few million)
can be homogeneously distributed on the pore surface as shownin
Fig. 11i. As the filling ratio increased; the amount of high molecu-
lar weight polymers becamie larger; and the polymer chain density
approximately doubled: Thus, there was little space in the mem-
brane pore with a high filling ratio, as shown in Fig: 11ii.

3.4 Clarification of the relationship between the properties of the
grafted polymer and the permeation behavior of the
thermal-responsive gating membrane

As mentioned in Section 3.2, the characteristic dependence of
the permeation flux of the thermal-responsive gating membrane
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Fig. 9. GPCmeasurement of samples of grafted NIPAM polymer using various filling
ratios: (a)9%,(b)21%,and (c)58%; (i) GPC chromatograph, and (ii) molecular number
of grafted NIPAM polymers per one pore.

on the filling ratio was observed. The relationship between this per-
meation behavior and the properties of the grafted NIPAM polymer
is discussed below.

First, the permeability above the LCST, where the NIPAM poly-
mer is in a shrunken state, with a filling ratio from 0% (nongrafted
poroussubstrate) to ca. 20%, was nearly unchanged, and decreased
with the filling ratio above 20%. This result indicates that the pores
at'this filling ratio range are open nearly equal to the pore size of the
nongrafted porous substrate, in spite of the grafting of the NIPAM
polymer on the pore surface. Therefore, the grafted NIPAM poly-
mer with a filling ratio below ca. 20% must be fully shrunken on
the pore surface when above the LCST. In other words, there can
be enough space around the pore surface for shrinking the grafted
polymer when above the LCST. This space around the pore surface
can be formed because of the properties of the grafted polymer.
Although the grafted polymer, with a filling ratio from 0% to ca.
20%, includes some amount of high molecular weight polymers, the
polymer chain density is low. Therefore, with afilling ratio below ca.
20%, the grafted NIPAM polymier above the LCST was fully shrunken
on the pore surface; thus the permeability was almost the same as
that of a nongrafted porous substrate. As the filling ratio increased
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_ (i) Low filling ratio below 10%

__ (D) Low filling ratio

Grafted NIPAM polymer

. {ii) High filling ratio

: Crafted NIPAM polymer

Fig. 11. Schematic illustration of grafted polymers on the pore surface of a PC ‘sub~
strate; (i) the low filling ratio, and (ii) the high filling ratio.

above 20%, the number of high molecular weight polymers and the
polymer chain density became larger; thus there was not enough
space around the pore surface for shrinking the grafted polymer
when above the LCST, and the pores could not be fully opened.
Next, below the LCST, where the NIPAM polymer is in a swollen
state, the permeability decreased drastically up to the filling ratio of
ca. 10% and decreased gradually with a filling ratio above 10%. With

" the filling ratio below 10%, the grafted polymer with a broad molec-

ular weight can be homogeneously distributed on the pore, and
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Fig: 12. Schematic illustration of the pore gating of a thermal-responsive gating membrane; (i) the low filling ratio below 10%, (ii) the adequate filling ratio of 10-20%, and

(iii) the high filling ratio around 60%:
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the number of high molecular weight polymers was low, from the
results of Fig. 9ii. In addition, the chain density of the grafted NIPAM
polymer was ca. 0.01 chains nm~2, thus this polymer chain would
belong to a semi-dilute polymer brush in which it and its neighbor-
ing grafted polymer could affect each other to some extent. It was
previously reported [36] that the value of L./L., where L. is the equi-
librium thickness of the swollen brush and L. is the full length of
the graft chain in the all-trans conformation, is ca. 0.2 in the case of
the polymer brush density of 0.01 chains nm~2 with a narrow poly-
mer distribution (Mw/Mn ~ 1). Assuming the value of Lo/L=0.2 in
the grafted NIPAM polymer in the membrane pore, the pore with a
diameter of 200 nm would be closed by a swollen NIPAM polymer
above 2 x 105 molecular weight (g mol~1). At the filling ratio of ca.
10%, the number of polymers with a molecular weight higher than
2 x 10° gmol~! was low. In spite of this, the water permeability
was low below the LCST, as shown in Fig. 4ii, thus the pores were
almost closed by the swollen NIPAM polymer. Therefore, it can be
suggested that the pores were sufficiently closed by a small amount
of swollen NIPAM polymer with a high molecular weight (from sev-
eral hundred thousand to a few million). In addition, the grafted
polymers with a high molecular weight can entangle each other in
the membrane pore. These results mean that there can be enough
grafted NIPAM polymers with a high molecular weight to close the
pores with a filling ratio of ca. 10%. Furthermore, the permeability
_decreased gradually at a filling ratio above 10% because the excess
NIPAM polymers with a high molecular weight increased gradually.

From the above discussions, the significant factors for the drastic
pore gating in a thermal-responsive gating membrane were sug-
gested. First, for the pores to fully open nearly equal to the pore size
of the nongrafted porous substrate, there must be enough space
around the pore surface for a grafted NIPAM polymer to shrink.
Next, the pores must be sufficiently closed below the LCST by a
small amount of swollen NIPAM polymers with a high molecular
weight in the membrane pore. Surprisingly, at an adequate filling
ratio of 10-20%, both of these characteristics were simultaneously
accomplished, owing to the properties of a grafted polymer immo-
bilized by plasma-induced graft polymerization. At an adequate
filling ratio of 10-20%, as shown in Fig. 12ii, the grafted polymer
includes some quantity of low molecular weight polymers and its
chain density is low. Therefore, there can be enough space around
the pore surface for the grafted polymer to shrink and the pores are
fully open above the LCST. On the other hand, the pores could be
closed below the LCST by the entanglement of swollen NIPAM poly-
mers, with a certain amount of high molecular weight (from several
hundred thousand to a few million) in the membrane pore. There-
fore, we can accomplish the drastic change in water permeability
at the LCST by several hundredfold.

Furthermore, we can explain the permeation behavior of the
thermal-responsive gating membrane at various filling ratios by the
properties of the grafted polymer. At a low filling ratio below 10%,
the number of high molecular weight polymers was lower, com-
pared with an adequate filling ratio; thus the pores were not fully
closed below the LCST and they were open above the LCST, as shown
in Fig. 12i. Conversely, at a filling ratio above 20%, the number of
high molecular weight polymers and the polymer chain density
becoming larger compared with an adequate filling ratio, there
cannot be enough space around the pore surface for the grafted
polymer to shrink above the LCST. Eventually, at a high filling ratio
around 60%, there can be little space in the membrane pore for
changing the volume of grafted NIPAM polymers at the LCST. There-
fore, the membrane pores were almost closed whether the grafted
NIPAM polymer was swollen or not, as shown in Fig. 12iii. In our
previous report, the water content (the solubility to a grafted poly-
mer)in a pore-filling membrane (the pores are completely filled at
near 100%) can largely influence a membrane permeability [27]. We
considered that the water permeability at a filling ratio around 60%

can be attributed to both of the pore gating and the water content.
Therefore, at the filling ratio of 65%, the change of the permeability
around the LCST (30-35~C) as shown in Fig. 4i was obtained.

4. Conclusions

In this study, we successfully clarified the relationship between
the properties of a grafted NIPAM polymer in the membrane pore
and the permeation behavior of thermal-responsive gating mem-
branes, as described in details below.

Thermal-responsive gating membranes were fabricated by
grafting a NIPAM polymer onto a straight cylindrical pore of a
polycarbonate porous substrate by plasma-induced graft polymer-
ization. In this gating membrane, we obtained a drastic change in
water permeability at the LCST. Moreover, the characteristic depen-
dence of the permeation flux on the filling ratio was also observed.
The permeability above the LCST with a filling ratio from 0% (non-
grafted porous substrate) to ca. 20% was nearly unchanged, and
later, it decreased with a filling ratio above 20%. Next, the perme-
ability below the LCST decreased dramatically with a filling ratio up
to ca. 10%, and decreased gradually with a filling ratio above 10%.
To clarify this permeation behavior, the properties of the grafted
polymer are evaluated.

By the hydrolysis of the ester bond of polycarbonate in a strong-
alkaline, high-temperature solution, the grafted NIPAM polymer
was isolated from a polycarbonate substrate, and its properties
were evaluated. These evaluations revealed unique characteristics
of the grafted NIPAM polymer. First, the NIPAM polymer with a
broad molecular weight distribution (from several ten thousands
to a few million) was almost homogeneously grafted on the pore
surface and the polymer chain density was low. Next, the amount of
high molecular weight polymers becomes larger, and the polymer
chain density increases as the filling ratio increases.

From these results, we clarified the relationship between the
properties of the grafted polymer in the membrane pore and the
permeation behavior of the thermal-responsive gating membrane
for the first time, First, in the case of above the LCST, the pores were
fully open at afilling ratio below 20%, nearly equal to the pore size of
the nongrafted porous substrate, by the existence of enough space
around the pore surface for the grafted NIPAM polymer to shrink.
At a filling ratio below 20%, the grafted polymer includes some low
molecular weight polymers and its chain density is low; thus, there
can be enough space around the pore surface to shrink the grafted
polymer. Therefore, the pores were fully open above the LCST, and
the permeability at a filling ratio from 0% to ca. 20%, was nearly
unchanged. In addition, when the filling ratio was above 20%, the
number of high molecular weight polymers and the polymer chain
density increased; thus, the space around the pore surface was not
enough for the grafted polymer to shrink above the LCST. Next, in
the case of below the LCST, the pores were sufficiently closed at a
filling ratio of ca. 10% by the entanglement of swollen NIPAM poly-
mers with a small amount of high molecular weight polymers in the
membrane pore. In addition, the permeability decreased gradually
with a filling ratio above 10% because excess NIPAM polymers with
a high molecular weight increased gradually. Therefore, at an ade-
quate filling ratio of 10-20%, we can accomplish a drastic change in
the water permeability at the LCST, owing to the abovementioned
characteristics of the grafted polymer.

From the above, we suggest that the permeation behavior in
the gating membrane is strongly related to the properties of the
grafted polymer. The knowledge obtained in this study can pro-
vide useful information for designing the gating function in a
stimuli-responsive gating membrane. We also believe that the
methodology proposed in this study can be applied to other grafting
techniques and prove useful in clarifying their microscopic phe-
nomena.
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ABSTRACT

The response behavior of a molecular recognition ion gating membrane to an ion signal was investigated
in an aqueous ethanol solution. The linear poly-N-isopropylacrylamide (NIPAM)-co-benzof 18]-crown-6-
acrylamide (BCAm) copolymer showed phase separation inresponse to variation in ethanol mole fraction
in the mixed solvent of water and ethanol, which is called a reentrant coil-to-giobule-to-coil transition.
The phase diagram of poly-NIPAM-co-BCAm changed in response to the concentration of a specific ion
signal. Based on this reentrant phase transition behavior of the copolymer, the gating membrane, which
was prepared by grafting the copolymer of NIPAM and BCAm onto the surface of a porous polyethylene
film, opened and closed its pores by the swelling and shrinking of the grafted copolymer in an aqueous
ethanol solution. In addition, the complex formation constant of BCAm increased with increasing ethanol
mole fraction, which enhanced the response sensitivity and selectivity to ion species; thus, the sensitivity

N-isopropylacrylamide

to BaCl, was 10 times higher in 19.6 mol% aqueous ethanol solution than it was in pure water.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Biomembranes are highly functional but too unstable for engi-
neering use. On the other hand, synthetic membranes are stable,
but do not have high functionality such as responsiveness to envi-
ronmental conditions. Inspired by the functions of ion channels
embedded in a biomembrane, we have developed a molecular
recognition ion gating membrane in which the copolymer of
poly-NIPAM-co-BCAm was grafted onto the surface of a porous
polyethylene film. The phase transition of the grafted copolymer
repeatedly occurs in the pores in response to an ion signal; hence,
the gating membrane spontaneously controlled pressure-driven
flow [1], solute rejection [1], and osmotic pressure [2] by chang-
ing the diameter of the nanosized pores in response to a specific
ion signal such as K* and Ba?* in water, like the ion channels of
biomembranes (Fig. 1). We recently reported that this membrane
triggered nonlinear oscillation with switching between osmotic
flow and hydrostatic pressure-driven flow without any external
stimuli, like an excitation of neurons consisting of many ion chan-
nels [3]. In addition, other groups have reported various types of

* Corresponding author at: Chemical Resources Laboratory, Tokyo Institute of
Technology, R1-17, 4259 Nagatsuta, Midori-ku, Yokohama 226-8503, Japan.
Tel.: +81 45 924 5254; fax: +81 35 841 5262,
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0376-7388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi: 10.1016/j.memsci.2009.11.028

gating membrane in response to environmental conditions such as
pH and temperature [4-14].

Compared with ion channels of biomembranes consisting of
proteins, our gating membrane can be extremely stable because
both substrate porous film and grafted copolymer are synthetic
polymers that are extremely stable in organic solvents such as alco-
hols. Therefore, its stable and reversible reaction can be expected
even in organic solvents and/or mixtures of organic solvent and
water. In fact, such a membrane is important and needed in vari-
ous processes such as ethanol production by fermentation. Thus, we
reported the function of poly-NIPAM-grafted membrane to respond
to ethanol concentration [36]. The concentration of various ions
varies during fermentation; hence, the concentration needs to be
monitored. The concentration of many materials should also be
controlled in the formation process in response to an external ion
concentration. For these purposes, it is important to investigate the
response behavior of the gating membrane in a mixed solvent of
ethanol and water. However, even the phase separation behavior
of poly-NIPAM-co-BCAm has not been reported.

Poly-NIPAM and its gel show cononsolvency in water-alcohol
mixed solvents such as methanol and ethanol [ 15-25]. For instance,
poly-NIPAM is in a coil state in pure water, transitions into a glob-
ule state at a certain concentration of methanol in the mixture of
water and methanol, and goes back to a coil state at high methanol
concentration with increase in alcohol concentration at a constant
temperature. That is, water and methanol themselves are good sol-
vents for poly-NIPAM, but their mixture becomes a poor solvent
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Fig. 1. Concept of a molecular recognition ion gating membrane made of porous
PE-g-NIPAM-co-BCAm.

for poly-NIPAM. This is called cononsolvency or a reentrant coil-
to-globule-to-coil transition. The reentrant phase transition causes
a poly-NIPAM gel to undergo a reentrant volume phase transition
in an aqueous alcohol solution.

Although this reentrant phase transition of poly-NIPAM has
been well known for a long time, its mechanism is still discussed
and is an interesting topic [31-35]. Poly-NIPAM shows two types
of reentrant phase transitions, which have two lower critical solu-
tion temperatures (LCSTs) or a combination of an LCST and an
upper critical solution temperature (UCST) [20,25]. However, to
the best of our knowledge, the phase transition behavior of poly-
NIPAM-co-BCAm has been reported in pure water only [26], and
not in the mixed solvent of water and organic solvent system.
When BCAms are introduced into poly-NiPAM, complex formation
between BCAm and a signal ion may affect the behavior of water
and ethanol molecules, and vice versa. That is to say, the complex
formation phenomenon can also change the reentrant phase tran-
sition in an aqueous ethanol solution in a molecular recognition
manner.

In the present research, we report for the first time the phase
transition behavior of linear poly-NIPAM-co-BCAm in aqueous
ethanol solution in the presence or absence of ion signals. Foliow-
ing that, the response behavior of pressure-driven flow through
the molecular recognition ion gating membrane in response to sig-
nal ion species and their concentration, ethanol concentration and
temperature were investigated in an aqueous ethanol solution.

2. Experimental

2.1. Poly-NIPAM-co-BCAm preparation and its turbidity
measurement

BCAm was synthesized according to the reported proce-
dures [27,28]. Both NIPAM and BCAm were recrystallized from

benzene. Poly-NIPAM-co-BCAm was synthesized using radical
copolymerization in distilled tetrahydrofuran using 0.3 mol% azo-
bisisobutyronitrile as the initiator at 70 “C according to the method
used previously [29]. The mole ratio of NIPAM to BCAm in the
monomer solution was 95:5, which is equal to 85:15 as a weight
ratio. The concentration of the monomer solution was 25 wt%. The
synthesized copolymer was dissolved in amixture of water, ethanol
at 0.1 wt¥%, and/or ions such as BaCl; or CaCly, and its turbidity was
measured by the absorbance of visible light at 650 nm using UV-vis
spectroscopy (Hitachi U-3300). The measurement temperature was
varied from 0 to 70°C.

2.2. Membrane preparation

The membrane was prepared using the peroxide plasma graft
polymerization method, as described in our earlier publications
{1,2]. A porous polyethylene (HDPE) film (Asahi Kasei, Japan, pore
size=200nm, thickness=100.m, porosity=69%) was used as a
substrate, and the plasma treatment power and time were 30 W
and 1 min, respectively. The grafting amount of the membrane used
in this study was 1.01 mg/cm?. The copolymer composition of the
membrane of NIPAM to BCAm was 93:7, which is the same as that
of poly-NIPAM-co-BCAm [29].

2.3. Filtration experiments

The filtration experiments shown as (1)-(3) were carried out
by cross-flow filtration, as described in our earlier publication
[1]. A feed solution was flowed parallel to the membrane surface
at a flow rate of 500 g/min, the effective membrane area being
13.2 cm?. An applied pressure was maintained at between 0.3 and
0.5 kgf/cm?. Instead of the solution flux, the permeability coeffi-
cient, L, [mg/(cm? s)], was used to correct for any applied pressure
difference. Note that the temperature dependence of the solution
viscosity was ignored.

(1) Measurement of the ethanol concentration dependence of the solu-
tion flux. The mixture of water and ethanol containing no ion or
10 mM BaCl; solutions were filtered. The ethanol concentration
was varied from 0 to 25 mol%.

(2) Measurement of the temperature dependence of the solution flux.
Mixtures of water and ethanol in which the ethanol concen-
tration was 0, 19.6, or 26.1mol% and contained no ion were
filtered. Mixtures of water and ethanol in which the ethanol
concentrationwas 19.6 mol% and contained 10 mM BaCl,, SrCl,,
KCl, or CaCl, were also filtered. Mixtures of water and ethanol in
which the ethanol concentration was 19.6 mol% and contained
different concentrations of BaCl; (1, 10, 20, 30 mM) were also
filtered. The solution temperature was varied from 13 to 50 °C.

(3) Measurement of the ion concentration dependence of the solution
flux. Mixtures of water and ethanol in which the ethanol con-
centration was 0 or 19.6 mol% containing BaCl; or CaCl, were
filtered. The ion concentration was altered from 0.1 to 50 mM.
Note that the operation temperature was 39.5 “C in the case of
19.6 mol% ethanol and 27.3 “C in the case of pure water.

3. Results and discussion

3.1. Increase of LCST shift of poly-NIPAM-co-BCAm triggered by a
specific ion signal with increasing ethanol concentration

Poly-NIPAM-co-BCAm was dissolved in mixed solvents made

‘from different concentrations of ethano! and pure water. A photo-

graph of the solutions in which the ethanol concentrations were 0,
9.3, 23.5, or 100 mol% is shown in Fig. 2. The solutionsin (A), (B), (C)
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Fig. 2. Photograph of 0.1 wt% poly-NIPAM-co-BCAm showing that the solutions of varying ethanol mole ratio were different without any ion ((A)-(D)) and with 10 mM BaCl,
({E}-(G)). Ethanol concentrations were (A), (E} pure water, 0mol%, {B), (F) 9.3 mol%, (C), {G) 23.5 mol%, (D) 100 mol%. Only (B) became cloudy.

and (D) contained no ions. The aqueous solution in (A) was homo-
geneous, but at 9.3 mol% in (B) became cloudy. With increasing
ethanol mole ratio, 23.5 and 100mol% in (C) and (D), respectively,
the solution becarne homogeneous again. This is a typical reentrant
phase transition behavior in which the polymer starts swelling,
then shrinks with changing solvent composition, and finally swells
again at a constant temperature. On the other hand, the solutions
in (E), (F) and (G) contained 10 mM BaCl,. Because the solubility of
BaCl, decreased with increasing ethanol mole ratio, the equivalent
amount of 10 mM BaCl, did not dissolve in pure ethanol. At any

Ethanol concentration [mol%]

concentration of ethanol, the solutions of (E), (F) and (G) remained
dissolved, which means that reentrant phase transition behavior
disappeared because of ion addition.

The phase transition of poly-NIPAM-co-BCAm was explored in
more detail by turbidity measurements. The absorbance of poly-
NIPAM-co-BCAm solutions in which the ethanol concentration was
different and contained 10 mM BaCl, was measured as a function of
temperature, as shown in Fig. 3(A) and (B). At low ethanol concen-
tration, phase separation occurred sharply at the LCST, as shown
in Fig. 3(A), while it changed to continuous phase separation at
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Fig. 3. Temperature dependence of the turbidity of poly-NIPAM-co-BCAm in various concentrations of aqueous ethanol solution that contained 10 mM BaCl,. (A) Ethanol
concentration was varied between 0 and 9.3 mol%. (B) Ethanol concentration was varied between 11.7 and 23.5 mol%. {C) LCST was defined as the x-intercept of the tangential
line of each turbidity curve.
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BCAm in response to signal ions, Ethanol mole ratio was varied between 0 and
20mol%. The concentration of BaCl; was T and 10 mM. As a control experiment,
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high ethanol concentration, as shown in Fig. 3(B). Thus, the LCST
was defined as the intercept temperature of the tangential line of
each turbidity curve, as shown in Fig. 3(C). In addition, the LCSTs
shifted to lower temperature with increasing ethanol concentra-
tion, as shown in Fig. 3(A), and then shifted oppositely to higher
temperature above 11.7 mol% of ethanol, as shown in Fig. 3(B).

By determining LCSTs of poly-NIPAM-co-BCAm solution in
which the analyte ion concentration is varied, the change of phase
diagram in response to signal ions was obtained, as shown in Fig. 4.
In the case of pure solvent or 10mM CaCl, solution, the phase
transition behavior of poly-NIPAM-co-BCAm was almost the same
as that of poly-NIPAM already reported previously {19,20]. When
BaCl, was added instead of CaCl,, the LCST shifted higher, the shift
width becoming higher with increasing ethanol concentration in
the region where ethanol concentration was below ca. 12 mol%.
This is probably because the complex formation constant of BCAm
increased with increasing ethanol concentration [30].

3.2. Change of phase diagram and reentrant phase transition of
poly-NIPAM-co-BCAm by a specific ion signal

Itisreported that poly-NIPAM has an LCST at low concentrations
of ethanol and a UCST at relatively high concentrations of ethanol
in aqueous ethanol solutions. Between the LCST (LCST;) and UCST
lines, there is a globule-state region where poly-NIPAM is always
insoluble at any temperature. Interestingly, the phase diagram of
poly-NIPAM-co-BCAm in aqueous ethanol solution was different
from that of poly-NIPAM in aqueous ethanol [20] even without
adding ions. It has LCST;, which we focused on in Fig. 4 and a second
LCST (LCST,) replaced with UCST, but there is a coil-state region of
an insoluble state at any temperature.

When 10 mM CaCl; solution was used, the phase diagram was
almost the same as that of pure solvent. On the other hand, in the
case of BaCl,, the globule-state region became smaller with increas-
ing BaCl; concentration, and then two coil-state regions finally
connected and became one region, Thus, the LCST lines became
concave. As aresult, thereentrant phase transition behavior of poly-
NIPAM at around room temperature was lost because of the Ba®*
signal in the case of poly-NIPAM-co-BCAm.
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Fig. 5. Dependence on ethano! concentration of the permeability coefficient, L;, of
aqueous ethanol solution containing no ion or 10 mM BaCl, through a molecular
recognition ion gating membrane at 24<C.

A mechanism for the reentrant phase transition of poly-NIPAM
[16,18] and volume phase transition of poly-NIPAM gel [17,19] has
been suggested in some previous research, but it is not clear even
now. We speculate that formation of a complex between the crown
ether ring of BCAm and Ba?* decreased the cooperativity of the
phase transition along the NIPAM chain. Therefore, the size of the
globule-state region became smaller and the two coil-state regions
connected to each other.

3.3. Reentrant phase transition behavior of the pressure-driven
flux through the molecular recognition ion gating membrane

Fig. 5 shows the pressure-driven flux of pure water and 10 mM
BaCl, at 24 “C when the ethanol concentration was varied between
0 and 25 mol%. In the case of pure water, the pores of the membrane
opened at around 7 mol% of ethanol, and then the flux gradually
decreased. The pores finally closed at 25 mol% of ethanol. On the
other hand, the pores of the membrane always closed at any con-
centration of ethanol at 24°C in the presence of 10mM BaCl,.
That is to say, the reentrant phase transition was lost because of
10 mM BaCls,. This behavior agrees well with that of poly-NIPAM-
co-BCAm as shown in Fig. 4, because the behavior of the membrane
is basically determined by the properties of grafted poly-NIPAM-
co-BCAm. At 12 mol% of ethanol in Fig. 4, the LCST was below 24 “C,
but the phase transition gradually occurred, as shown in Fig. 3, and
the copolymer shrank a little; thus, the pores were closed even at
this ethanol mole ratio.

3.4. LCST/LCST-type reentrant phase transition of the
pressure-driven flux through the gating membrane without the
ion signal

The operating temperature was also varied between 13 and
50°C, as shownin Fig. 6. The LCST shifted tolower temperature with
increasing ethanol mole ratio. Note that the LCSTs were defined
at the onset temperature of the permeation flux in the perme-
ation experiments of this study. At the same time, the maximum
pressure-driven flux through the membrane decreased and finally
became zero, where the pores always closed at any concentration
of ethano!l because of the swelling of the grafted poly-NIPAM-
co-BCAm, a behavior that coincided with the reentrant phase
transition of poly-NIPAM-co-BCAm.

One unique point of poly-NIPAM-co-BCAm was also clarified
from Fig. 6 during the reentrant phase transition of poly-NIPAM-
co-BCAm. As previously reported {20], poly-NIPAM showed an
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Fig. 6. Temperature dependence of the permeability coefficient of aqueous ethanol
solutions through a molecular recognition ion gating membrane, Ethanol concen-
trations were 0, 19,6 and 26.1 mol%.

LCST/UCST-type reentrant phase transition in the mixed solvent
of ethanol and water. On the other hand, poly-NIPAM-co-BCAm
showed an LCSTy /LCST,-type reentrant phase transition, because
the membrane showed an LCST at 17°C at 19.6 mol% of ethanol
(Fig. 6). Introduction of BCAm apparently affected the globule-to-
coil transition of poly-NIPAM at the UCST. In the same previous
research, methanol and acetone showed only an LCST;/LCST,-type
reentrant phase transition, while ethanol, 1-propanol, 2-propanol,
DMF and DMSO showed LCST/UCST-type reentrant phase tran-
sitions. In the LCST/UCST systems, the hydrophobic interaction
was focused at the UCST because alcohols that have a UCST are
more hydrophobic than methanol [20], and it is speculated that
alcohols interact with poly-NIPAM by hydrophobic interactions.
We speculate that the introduction of the hydrophilic crown ether
ring of BCAm may contribute to weakening this hydrophobic
interaction, and ethanol may behave like methanol in the case of
poly-NIPAM-co-BCAm.

3.5. The effect of ion species and concentration on LCST shifts of
the gating membrane

Crown ether receptors contained in the membrane recognize
different ion species, which leads to a membrane response to a
specific ion signal. Fig. 7 shows the temperature dependence of
the pressure-driven flux in the presence of various ions such as
Ba?*,Sr?*, Ca?* and K* in the mixed solvent of water and ethanol in
which the ethanol concentration was 19.6 mol%. The ‘order of the
width of LCST shift was Ba?* >Sr* =K* > Ca%* =no ion. Compared
with our previous results in aqueous solution, some points were
different. First, the shift width of the LCST in the case of Sr2* was
larger than that in the case of K* in aqueous solution [1], while
they showed almost the same value in the mixed solvent of water
and ethanol. Second, 100 mM aqueous solutions were used in the
previous study, while 10 mM solutions were used in the mixed
solvent of water and ethanol. However, the LCSTs shifted almost
by the same amount for each ion.

Fig. 8 shows the temperature dependence of the pressure-
driven flux at different concentrations of BaCl, in the mixed solvent
of water and ethanol, in which the ethanol concentration was
19.6 mol%. The LCST shifted to higher temperature with increas-
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Fig. 7. Temperature dependence of the permeability coefficient of aqueous ethanol
solutions containing different ion species through a molecular recognition ion gating
membrane. Concentrations of ethanol and ion were 19.6 mol% and 10mM in all
cases, respectively.

ing concentration of BaCl,. On the other hand, the pores always
closed because of the swelling of the grafted copolymer when the
ethanol concentration was 26.1 mol%, as shown in Fig. 9. Captured
ions by the crown ether receptors do not affect the flux.

3.6. Sensitivity enhancement of the gating membrane in an
aqueous ethanol solution

The LCST shift width in the presence of recognition ions was
different between water and aqueous ethanol solutions, as shown
in Fig. 10. In the case of an aqueous solution, the LCST shift between
pure water and 100 mM BaCl, was almost 20 °C, while the LCST shift
between pure solvent and 30mM BaCl, was greater than 30°C in
the case of an aqueous ethanol solution of 19.6 mol%.
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Fig. 8. Temperature dependence of the permeability coefficient of aqueous ethanol
solutions containing BaCl, of different concentrations through a molecular recogni-
tion ion gating membrane. Concentration of ethanol was 19.6 mol% in all cases.



