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Abstract: Two types of molecularly imprinted nanofiber membrane were fabricated from chitosan, adopting D-
phenylalanine (D-Phe) or L-phenylalanine (L-Phe) as a print molecule. Molecularly imprinted nanofiber membranes were
fabricated by applying a co-axial, two capillary spinneret so that molecular recognition sites could be localized on the
surface of formed nanofiber. Though the effect was not so prominent, the amount of molecular recognition site for
nanofibers with localized molecular recognition site (core-shell molecularly imprinted nanofiber membranes) was higher
than that with delocalized one (usual molecularly imprinted nanofiber membranes). Those membranes showed
permselectivity. The enantiomer preferentially incorporated into membrane was selectively transported.
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INTRODUCTION

Membrane transport phenomena can be explained
by a couple of processes, such as incorporation of
permeant into membrane and diffusion of it within
membrane [1-3]. Diffusivity is mainly determined by
dimension and/or shape of permeant [4]. From above,
the range of diffusivity is intrinsically limited. Contrary to
diffusivity, selectivity of incorporation of permeant into
membrane, such as solubility selectivity for a
nonporous membrane and partition selectivity for a
porous one, is determined by a nature of permeant and
combination between permeant and membrane. From
this, selectivity of incorporation of permeant into
membrane is theoretically ranging from nil to infinity.

From this, introduction of molecular recognition site
into membrane is indispensable so that membrane
performance can be improved. To this end, alternative
molecular imprinting [5-10] and conventional molecular
imprinting [7, 9, 11-13] have been applied to membrane
preparation to enhance permselectivity. However, a
trade-off relationship is often observed in membrane
separation. In other words, an enhancement of flux
leads to a concurrent reduction in permselectivity and
vice versa. Nanofiber fabric has been reported to be a
suitable one to enhance a flux without a concurrent
reduction in permselectivity [14]. In the case of
molecularly imprinted nanofiber membranes, their
fluxes were one to two orders of magnitude higher than
the corresponding usual molecularly imprinted
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membrane without a concurrent reduction in
permselectivity [14-19]. Nanofiber membranes from
polysulfone showed two to three orders of magnitude
higher flux than the usual cast membranes [20]; those
nanofiber membranes gave slightly enhanced
permselectivity, while the corresponding cast
membranes hardly showed permselectivity.

Figure 1 summarizes four types of membrane with
molecular recognition site. In a usual cast membrane,
as shown in Figure 1a, molecular recognition sites are
delocalized within a membrane; that is, molecular
recognition sites are dispersed in a membrane.
Localization of molecular recognition sites on a surface
of a flat membrane might leads to increase in a rate for
incorporation of a target molecule into the membrane,
which is shown in Figure 1b. The enhancement of
amount of molecular recognition site, which
theoretically leads to enhancement of concentration of
incorporated permeant into membrane. This can be
attained by molecularly imprinted nanofiber membrane,
which is shown in Figure 1¢, since a surface area of
nanofiber membrane is a few hundred magnitudes
larger than that of usual cast membrane [10]. Even
though a total concentration of molecular recognition
site for molecularly imprinted nanofiber membrane is
high, the molecular recognition sites, located in the
central area of the nanofiber, are difficult to be
accessed by permeant. From this, molecular
recognition sites should be localized on the surface of
nanofiber or vicinity of nanofiber surface. As a result,
nanofiber membrane, of which molecular recognition
sites are localized as shown in Figure 1d, is the most
suitable membrane form as a molecular recognition
membrane. Such molecularly imprinted nanofiber
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Figure 1: Four types of membrane with molecular recognition site.

membranes can be fabricated by applying a co-axial,
two capillary spinneret during an electrospray
deposition process [21-27].

In the present paper, molecularly imprinted chitosan
nanofiber membranes were fabricated by applying a
usual single spinneret and a co-axial, two capillary
spinneret, and their performance was studied.

ERXPERIMENTAL

Materials

Chitosan (CS) from crab shell with degree of
acetylation of 0.11 was purchased from Nacalai
Tesque, Inc. (Kyoto, Japan) and used as received.
1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), D-
phenylalanine (D-Phe), L-phenylalanine (L-Phe) and
sodium azide were also obtained from Nacalai Tesque,
Inc. (Kyoto, Japan) and wused without further
purification. Water purified with an ultrapure water
system (Simpli Lab, Millipores S. A., Molsheim, France)
was used.

Preparation of Membranes

The compositions of polymer solution for
electrospray deposition are summarized in Table 1. In
the present study, a molecular imprinting ratio, the ratio

of the mol number of print molecule to that of
constitutional repeating unit of chitosan, was fixed to be
2.0. Esprayer ES-2000 (Fuence Co. Ltd., Wako, Japan)
was adopted as the electrospray deposition device.
Polymer solutions were electrosprayed at 26 °C using
applied voltage of 30.0 kV. The inner diameter for the
single spinneret was 0.51 mm. As for the co-axial, two
capillary spinneret, the inner spinneret for core solution
with inner diameter of 0.51 mm (the outer diameter of
0.81 mm) was placed in the outer spinneret with inner
diameter of 1.19 mm. The feeding rate for control and
usual molecularly imprinred nanofiber membranes was
fixed to be 30.0 mm® min™. As for the core-shell
nanofiber membranes, both feeding rates for core and
shell solution were fixed to be 25.0 mm® min™". A
grounded aluminum foil used as a counter electrode
was placed 10.0 cm from the top of the capillary.
Nanofiber membranes thus obtained were dried in
vacuo at ambient temperature for 2 days.

The print molecule was removed from the resultant
nanofiber membranes by a 50 vol.% aqueous ethanol
solution until the print molecule could be hardly
detected in the aqueous ethanol one by UV analysis.

The morphology, diameter and thickness of the
electrosprayed nanofiber membranes were determined
with Hitachi S-3000 scanning electron microscope
(SEM). A small section of the nanofiber membrane was
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Table 1: Fabrication of Nanofiber Membranes
. Diameter | Membrane
Membrane | solution | oo D-Phe L-Phe HFIP (Phe)/(CS)" offiber | thickness
g (mol)? g (mol) g (mol) cm’® nm Mm
0.274 - _
Control (1.65x107) 0 0 10.0 - 187475 | 295.5+13.4
0.282 0.563 -
D-Phe-CS (1.70x1 0.3) (1.70x1 0.3) “) 10.0 2.0 163+40 213.8+26.8
0.278 - 0.555
L-Phe-CS (1.68x1 0.3) “) (3.36x1 0.3) 10.0 2.0 155433 251.7456.4
(Phe)/(CS)sna” | (Phe)/(CS)>*
0.442 - -
core . 15.0 -
core-shell (2.67x107) ) )
2.0 163+40 392.0+11.7
D-Phe-CS el 0.106 1.10 - 150 i
she (6.22x10%) | (6.66x10%) ) : :
0.441 - -
core . 15.0 -
core-shell (2.66x107) ) )
2.0 169+49 225.0+£21.5
L-Phe-cs hell 0.109 - 1.10 15.0 10.1
she (6.59x10™) ) (6.66x10™%) : :

“mole number of constitutional repeating unit of chitosan.
"molecular imprinting ratio.
(Phe){(CS)went(CS)core}-

placed on the SEM sample holder. The fiber diameter
of nanofiber membrane was determined using Image J
software program by measuring at least 30 fibers from
each SEM images. As examples, two of SEM images,
L-Phe-CS and core-shell L-Phe-CS, which were
imprinted by the L-enantiomer of Phe, are shown in
Figure 2.

Adsorption Selectivity

The membrane samples were immersed in a 50
vol.% aqueous ethanol solution of racemic Phe with a
concentration of 2.0 x 10 mol dm™ and the membrane

allowed to equilibrate at 40 °C. Sodium azide (0.02
wt.%) was added as fungicide. Aliquots of the initial
stage and after equilibrium had been reached were
used for quantitative determination by liquid
chromatography (LC) [JASCO PU2080, equipped with
a UV detector (JASCO UV-2075)] employing a
CHIRALPAK MA(+) column [50 mm x 4.6 mm (i.d.)]
(Daicel Co., Osaka, Japan). An aqueous copper
sulfate/acetonitrile mixed solution was used as a
mobile phase.

The adsorption selectivity Sa; is defined as

(b)

5um

Figure 2: SEM images of surface of L-Phe-CS (a) and core-shell L-Phe-CS (b) molecularly imprinted nanofiber membranes.
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Saip = ((-Phe)/(j-Phe)) / ([i-Phe]/[i-Phe]) (1)

where (i-Phe) and (-Phe) denote the amount of Phe
adsorbed in the membrane, and [i-Phe] and [-Phe] are
the concentration of Phe in the solution after
equilibrium had been reached (i=D,j=Lori=L,j=D),
respectively. Hereafter, subscripts of D and L mean the
D- and the L-enantiomer of Phe, respectively.

Adsorption Isotherms

The membrane samples were immersed in various
concentrations of pure D- or L-Phe solution and allowed
to equilibrate at 40 °C. The quantitative analyses were
done as described above. The concentration of Phe in
the membrane [D-Phe],, or [L-Phe], was determined
adopting the amount of Phe adsorbed in the membrane
and the volume of membrane phase, including that of
membrane and that of the solution in the membrane.

Enantioselective Membrane Transport

Membrane with an area of 3.0 cm’ was tightly
secured with Parafim between two chambers of a
permeation cell. The volume of each chamber was 40.0
cm’. A 50 vol.% aqueous ethanol solution of recemic
mixture of Phe was placed in the left-hand side
chamber and a 50 vol.% aqueous ethanol solution in
the right-hand side chamber. Each concentration of
racemic Phe was 2.0 x 10” mol dm™. Membrane
transport experiments were carried out at 40 °C with
stirring. An aliquot was drawn from the permeate side
at each sampling time. The amounts of D- and L-Phe
transported through the membrane were determined by
LC as described above.

The flux, J (mol cm cm™ h™), is defined as

J = {(d[i-Phelg / dt) (Vx / 1000) & / A (2)

where [i-Phelg (mol dm'3) is the concentration of i-
enantiomer in the right-hand side chamber (permeate
side), t is the time (h), Vi (cm3) denotes the volume of
the right-hand side chamber, § (cm) is membrane
thickness, and A (sz) represents membrane area,
respectively.

The permselectivity toward i-enantiomer, o, is
defined as the flux ratio, J; / J, divided by the
concentration ratio [i-Phe] / [j-Phe]:

o = (i 1 J) 1 ([i-Phe] / [i-Phe]) (3)
RESULTS AND DUSCUSSION

Adsorption of Racemic Phe

Adsorption phenomena for those five types of
nanofiber membrane, such as control, usual nanofiber
and core-shell nanofiber membranes, are summarized
in Table 2. The control membrane slightly showed
adsorption selectivity toward L-Phe. This might be due
to the fact that chitosan is chiral.

Molecularly imprinted nanofiber membranes, both
usual and core-shell nanofiber membranes, showed
adsorotion selectivity. Applying an alternative molecular
imprinting during an electrospray deposition process
led to enhancement of adsorption selectivity. Though
chitosan is chiral, both print molecules, such as D-Phe
and L-Phe, equally worked well as print molecules.
That is, the D-enantiomer recognition sites were
constructed in the nanofiber membranes imprinted by
adopting D-Phe as a print molecule and vice versa. The
adsorption selectivity for each membrane gave a quite
similar value. However, against expectation mentioned
in Introduction, core-shell molecularly imprinted
nanofiber membranes did not show higher adsorption
selectivity. A strict optimization of nanofiber fabrication,
such as voltage, distance between collector (counter

Table 2: Adsorption Selectivity of Various Chitosan Membranes

D-Phe L-Phe b .
Membrane Saoi) Sawn)
(D-Phe)/g-mem. (D-Phe)/CRU? (L-Phe)/g-mem. (L-Phe)/CRU®
control 1.19x10° 1.98x10™ 1.22x10° 2.03x10™ 0.98 1.03
D-Phe-CS 1.56x10° 2.58x10™ 1.20x10° 1.99x10™ 1.30 0.77
L-Phe-CS 1.30x10° 2.15x10™ 1.70x10° 2.82x10™ 0.76 1.31
core-shell D-Phe-CS 2.79x10°® 4.62x10™ 2.27x10°® 3.76x10™ 1.23 0.81
core-shell L-Phe-CS 3.43x10°® 5.68x10™ 4.18x10° 6.91x10™ 0.82 1.22

“mole number of constitutional repeating unit (CRU) of chitosan.
°Saoin) = ((D-Phe)/(L-Phe))/([D-Phe]/[L-Phe]).
°Sawn) = ((L-Phe)/(D-Phe))/([L-Phe)/[D-Phe]).
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Figure 3: Adsorption isotherms of D-Phe and L-Phe for L-Phe-CS membrane (a) and core-shell L-Phe-CS membrane (b).

electrode) and tip, diameter of capillary, feeding rate,
temperature, humidity, type of atmosphere, pressure,
concentration of feed solution, molecular weight of
candidate material and so forth, is required to attain
higher adsorption selectivity of core-shell molecularly
imprinted nanofiber membrane.

Adsorption isotherms of two types of nanofiber
membranes imprinted by the L-Phe are given in Figure
3. Adsorption isotherms of L-Phe for both membranes
show those of dual adsorption, which consists of
specific adsorption on the L-Phe recognition site and
non-specific adsorption, while bD-Phe show non-specific
adsorption. The adsorption isotherm of L-Phe can be
represented by the following equation [28]:

[L-Phe]m = ka[L-Phe]
+ Ks[Site]o[L-Phe] / (1 + Ks[L-Phe]) (4)

where [L-Phe], means the concentration of L-Phe
adsorbed in the membrane, ks denotes non-specific
adsorption constant, Ks is affinity constant between L-
Phe and L-Phe molecular recognition site, [Site]o
denotes concentration of molecular recognition site in
the membrane. Though molecular recognition sites in
those two types of membrane were -constructed
adopting L-Phe as a print molecule, the formed
molecular recognition sites might specifically recognize
not only L-Phe but also other amino acids with L-
configuration like molecularly imprinted oligopeptide
derivatives [29].

As can be seen, D-Phe was non-specifically
incorporated into those two types of L-Phe molecularly
imprinted nanofiber membrane. The adsorption
isotherm of D-Phe can be represented by the following
equation:

[D-Phe], = ka[D-Phe] (5)

The adsorption constant of non-specific adsorption
for D-Phe should be same as that for L-Phe. Since,
non-specific adsorption of each enantiomer of Phe,
which was an adsorption without any specific
interaction, was occurred without the interference of
non-specific adsorption of antipode.

The D-enantiomer molecularly imprinted nanofiber
membrane is expected to show opposite adsorption
isotherms [28]. That is, the adsorption isotherm of D-
Phe will show a dual adsorption one, while L-Phe will
be non-specifically adsorbed.

The parameters in those adsorption equations (egs.
(4) and (5)), which were determined to fit each
adsorption isotherm in Figure 3 best, are summarized
in Table 3. As expected, the concentration of molecular
recognition site for core-shell nanofiber membrane was
higher than that for usual nanofiber membrane, though
the enhancement of concentration was not prominent
against expectation. The adsorption constant for core-
shell nanofiber membrane was increased over 3 times
than that for usual nanofiber membrane. This can be
speculated as follows: print molecules, which did not
work well, played as just porogens to increase surface
area of nanofiber membranes. At the moment, there is
no suitable method to investigate the surface of those
nanofiber membranes precisely. However, from the
affinity constant between L-Phe and molecular
recognition site, as envisaged from the authors’
previous study [30], that for core-shell nanofiber
membrane was lower than that of usual one. The
increase in amount of print molecule leads to decrease
in number of functional moieties in the candidate
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Table 3: Parameters for Adsorption Isotherms

Membrane Ka Ks/mol™ dm’® [Site]o/mol dm™
L-Phe-CS 1.05x10 5.79x10° 5.24x10°®
core-shell L-Phe-CS 3.37x10° 3.11x10° 9.14x10°®

polymer, which interacted with the print molecule; as a
result, the affinity constant was decreased.

A print molecule, which interacts with a candidate
polymer via non-covalent interaction [31] to memorize
molecular memory, is solely sprayed accompanying no
polymer molecule. This led to the present results,
which were against expectation. Adoption of a covalent
molecular imprinting technique [32] will lead to fruitful
results, though this requires experience of organic
synthesis and great effort and time.

Enantioselective Transport of Racemic Phe

As examples, time-transport curves of racemic Phe
through  L-Phe-CS and core-shell L-Phe-CS

w
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membrane

R

—
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membranes are shown in Figure 4. The results for
various  chitosan  nanofiber = membranes are
summarized in Table 4. Optical resolution membranes
often showed permselectivity, which was opposite to
adsorption selectivity due to a relatively strong
interaction  between  preferentially  incorporated
enantiomer and membrane [28,33-40]. Against this,
permselectivities for those membranes reflected the
corresponding adsorption selectivities; in other words,
the membrane preferentially incorporated D-Phe
transported D-Phe over L-Phe and vice versa.

In the present study, as described in Introduction,
membrane transport phenomena can be explained by
incorporation of permeant
within

into a membrane and
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Figure 4: Time-transport curves of racemic Phe through L-Phe-CS membrane (a) and core-shell L-Phe-CS membrane (b).

Table 4: Chiral Separation of Racemic Phe through Various Chitosan Membranes

10" Jp 10 J. . .

Membrane L Oup
mol cm cm?h™ mol cm cm?h™

control 12.4 12.8 0.97 1.03

D-Phe-CS 7.92 6.38 1.24 0.81

L-Phe-CS 2.85 3.42 0.83 1.20

core-shell D-Phe-CS 5.41 4.80 1.13 0.89

core-shell L-Phe-CS 5.24 593 0.88 1.13

201 = (Joldy) / ([D-Phel/[L-Phe]).
bop = (Julo) / ([L-Phel/[D-Phe]).
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Table 5: Result of Membrane Transports”
Membrane O Oup Sapoi) Sawo) Sp(oi) So(up)
control 0.97 1.03 0.98 1.03 1.00 1.00
D-Phe-CS 1.24 0.81 1.30 0.77 0.95 1.05
L-Phe-CS 0.83 1.20 0.76 1.31 1.09 0.92
core-shell D-Phe-CS 1.13 0.89 1.23 0.81 0.92 1.10
core-shell L-Phe-CS 0.88 1.13 0.82 1.22 1.07 0.93
*SD(i/j) = ai/j/sA(i/j)-
permselectivity observed consists of adsorption candidate polymer to form molecularly imprinted
selectivity (Sag; = Si/Sj; ratio of adsorption coefficient) nanofiber membrane was non-covalent interaction.

and diffusivity selectivity (Spgj = Di/Dj; ratio of diffusion
coefficient). Diffusivity selectivity for each membrane
was calculated by the following equation:

(6)

The diffusivity selectivities for the present
membranes are summarized in Table 5 together with
permselectivities and adsorption selectivities. In the
case of control membrane, two types of enantiomer are
transported following a simple diffusion, since they
were non-specifically incorporated into the membrane.
From this, diffusivity for the enantiomer and that for the
antipode should give same diffusion coefficients, since
they have exactly same dimension and shape [4]. As a
result, the diffusivity selectivity for the control
membrane was determined to be unity.

Soiiy = i ! Saqrp

Contrary to the diffusivity selectivity for the control
nanofiber membranes, the diffusivity selectivity for the
molecularly imprinted nanofiber membranes showed
opposite adsorption selectivity though enantioemers,
such as D-Phe and L-Phe, have same molecular
dimension and shape. This might be due to a relatively
strong interaction between membrane and the
enantiomer  preferentially incorporated into a
membrane. Such an interaction retarded the diffusion
of enantiomer within a membrane, as a result, the
antipode was transferred from feed side to the
permeate side faster than the enantiomer selectively
incorporated.

Against expectation, a drastic enhancement of
membrane performance, such as that of concentration
of molecular recognition site and permselectivity, was
not attained, even though core-shell molecularly
imprinted nanofiber membranes were tried to obtain.
This might be due to a type of molecular imprinting
method adopted in the present study. In the present
study the interaction between print molecule and

When non-covalent molecular imprinting [31] was
adopted as a molecular imprinting method, most of
print molecule was sprayed solely accompanying no
polymer molecule [16]. As a result, the amount of print
molecule worked well was drastically decreased. To
this end, covalent molecular imprinting [32] should be
applied to fabrication of core-shell molecularly
imprinted nanofiber membranes, even though the
operation might be more complicated than applying
non-covalent molecular imprinting.

CONCLUSIONS

Two types of molecularly imprinted nanofiber
membrane were fabricated from chitosan, adopting D-
Phe or L-Phe as a print molecule. Molecularly imprinted
nanofiber membranes were fabricated by applying a
co-axial, two capillary spinneret so that molecular
recognition sites could be localized on the surface of
formed nanofiber. Though the effect was not so
prominent, the amount of molecular recognition site for
nanofibers with localized molecular recognition site
(core-shell molecularly imprinted nanofiber
membranes) was higher than that with delocalized one
(usual molecularly imprinted nanofiber membranes).
Those membranes showed permselectivity. The
enantiomer preferentially incorporated into membrane
was selectively transported.
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