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Molecularly Imprinted Membranes for Separation
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Abstract: Among various studies on molecular imprinting, the application of molecular imprinting to membrane
separation is still a novel study though the first application was reported in 1962. Molecular recognition sites introduced
into polymeric membranes by applying molecular imprinting leads to enhancement of permselectivity. In membrane
separation, not only permselectivity but also flux (throughput) is important factors. In membrane separation, it is hard to
simultaneously enhance both factors. From this, it was revealed that nanofiber or molecularly imprinted nanofiber
membranes had potential to enhance both key factors. In the present short review, the application of molecular

imprinting to membrane separation will be briefly surveyed.
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1. INTRODUCTION

Membrane separation has been gathering many
attentions in these days, since separation with
membrane is perceived to be an ecological,
environmentally benign and economical separation
technology [1-3]. Membrane transport phenomena
consist of a couple of processes, such as incorporation
of substrate into a membrane and diffusion of substrate
within the membrane. Incorporation of substrate into a
dense membrane is called solubility and that into a
porous membrane partition. In other words, solubility
and partition mean a kind of affinity between a given
membrane and substrate. The latter is often called
diffusivity. It is greatly dependent on the dimension
and/or shape of substrate [4]. From this, the range of
diffusivity is thought to be intrinsically limited. Contrary
to diffusivity, affinity between the membrane and the
substrate, which is so-called molecular recognition, is
theoretically ranging from naught to infinity.

From above, introduction of molecular recognition
sites into a membrane is a facile way to enhance
permselectivity. In the present short review, the author
described the potential of molecularly imprinted
membranes in membrane separation.

2. MOLECULAR IMPRINTING

Molecular imprinting is one of facile ways to
introduce molecular recognition sites into membranes
with ease. Especially, adopting an alternative molecular
imprinting, polymeric materials are directly converted
into materials with molecular recognition sites,
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such as membranes, adsorbents, sensor chips and so
forth. The origin of alternative molecular imprinting can
be traced back to the pioneering study reported by
Michaels and his colleagues in 1962 [5]. Bio-imprinting
[6,7], in which the original recognition site in enzyme
was modified by a print molecule, can be categorized
as an extension of Michaels’s study [5]. The scheme of
alternative molecular imprinting is shown in Figure 1.
Contrary to conventional molecular imprinting proposed
by Wulff and Sarhan in 1972 [8], as described
previously, polymeric material is used instead of
functional and cross-linkable monomers. From Figure
1, materials with molecular recognition sites can be
obtained without any laborious laboratory work by
applying an alternative molecular imprinting. Anyone,
who have never experienced chemical laboratory work,
can prepare molecularly imprinted materials from
polymers and print molecules. Applying an alternative
molecular imprinting, various polymeric materials, such
as synthetic polymers [9-11], oligopeptide derivatives
[12-22], derivatives of natural polymer [23] and natural
polymers [24] were directly converted into molecular
recognition materials or membranes.

3. APPLICATION OF MOLECULAR IMPRINTING TO
MEMBRANE SEPARATION

As mentioned above, the application of molecular
imprinting to membrane separation was first reported
by Michaels and his colleagues in 1962 [5]. Following
their paper, they were stimulated by Dickey’s study
[25]. Pervaporation of xylene isomers was studied by
polyethylene membranes conditioned by p-xylene. The
membrane transported p-xylene over o- or m-xylene.
Their study is the first application of molecular
imprinting to membrane separation. In addition, their
study is the first paper on alternative molecular
imprinting. From above, Michaels’ paper [5] is a
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Alternative Molecular Imprinting
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Step 2
Removal of print molecule

.
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Step 3
Formation of recognition
site and permeation path

Figure 1: Schematic representation of alternative molecular imprinting.
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commemorable paper not only in molecular imprinting
but also in membrane separation.

In 1990, molecularly imprinted membrane prepared
by conventional molecular imprinting was reported [26].
In this study, non-covalent molecular imprinting was
adopted as a conventional molecular imprinting. Non-
covalent molecular imprinting, which is simpler than
covalent molecular imprinting among conventional
molecular imprinting, has been often adopted by many
molecular imprinters since Arshady and Mosbach
reported [27]. In their study, molecularly imprinted
membranes were prepared by 2-(N,N-diethyl)-
aminoethly methacrylate (DMAEMA) and ethylene-
glycole dimethacrylate (EGDMA) in the presence of
adenosine monophosphate (AMP) as a print molecule.

substrate

AMP was selectively transported over guanosine
monophosphate (GMP) by applying a potential
difference as a driving force for membrane transport,
since those substrates are charged ones.

In membrane separation, the substrate less
incorporated into membrane is often transported faster
than the preferably incorporated one. Such membrane
transport phenomena have been often observed. The
interaction between membrane and permeant
preferably incorporated into membrane is stronger than
that between membrane and the less preferable one;
as a result, the diffusivity of preferably incorporated
substrate was retarded. This led to selective transport
of less incorporated substrate. Especially, such
membrane transport phenomena have been often
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Print molecule: </
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Scheme 2:

observed in chiral separation with molecularly imprinted
membranes. The permselectivity reflecting its
difference in affinity was realized by electrodialysis,
which will be described later [16,17,20].

Competitive membrane transport was studied using
the membrane prepared from methacrylic acid (MA)
and EGDMA in the presence of 9-ethyladenine (9-EA)
as a print molecule [28]. In this study, fortunately
adenosine (As), which was preferably incorporated into
the membrane, was selectively transported over
guanosine (Gs) and the permselectivity of 3.4 was
observed.

Membrane transports of bio-related substrates have
been studied with molecularly imprinted membranes
prepared by conventional molecular imprinting [29-31].
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Oligopeptide
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L-amino acids
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As described in the previous chapter, application of
molecularly imprinted membranes prepared by an
alternative molecular imprinting has been started with
Michaels’ study [5].

As an application of alternative molecular imprinting
to membrane separation, optical resolution has been
intensively studied since 1994 [12,13]. Chiral
separation ability of molecularly imprinted membranes
from oligopeptide derivatives was dependent on the
absolute configuration of the print molecule and that of
constituent amino acid residue (Figure 2). In other
words, the membrane consisting of oligopeptide
residue from D-amino acid and imprinted by D-amino
acid derivative recognized the D-enantiomer over the
corresponding L-enantiomer and vice versa [20]. The
results suggested that chiral recognition sites were
constructed by racemic print molecule not by optically

Formation of D-isomer
recognition site

Formation of L-isomer
recognition site

Figure 2: Summary of alternative molecularly imprinted membranes having oligopeptide as a chiral recognition site.
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pure one, which was confirmed in this paper [20].
Among racemic print molecules, the print molecule with
same absolute configuration of the consisting amino
acid residue worked well as a print molecule, while
antipode just worked as a porogen. The molecularly
imprinted oligopeptide membranes recognized not only
the print molecule analogue but also other a-amino
acids, having same absolute configuration as that of
print molecule [14,15].

Adopting concentration gradient as a driving force
for membrane transport, the permselectivity was
opposite to adsorption selectivity, which was due to a
relatively strong interaction between membrane and
substrate, of which absolute configuration was same as
that of print molecule [14,16,17,20]. It was revealed
that electrodialysis was one way to selectively transport
enantiomer preferentially incorporated into the
membrane [14,16,17,20].

A simultaneous transport of both enantiomers from
a racemic mixture is an interesting and effective way to
resolve racemates. Using both D- and L-enantiomer
recognition membranes, “dual direction electrodialysis”
was attained. In Figure 3, dual direction electrodialysis
of racemic mixture of Glu through two types of cellulose
acetate membranes is shown [23]. Dual direction
electrodialysis was also studied with carboxylated
polysulfone [9] and oligopeptide derivative [20].
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Figure 3: Chiral separation of racemic mixture of Glu through
two types of molecularly imprinted cellulose acetate
membrane by dual direction electrodialysis.

The factors affecting molecular recognition abilities,
such as sequence and the amino acid residue content

[18], number of amino acid derivative residue [21,22],
and polarity of solution [19], where molecular
recognition took place, were also investigated.

The effectiveness of alternative molecular imprinting
has been confirmed by membranologists, such as
Kobayashi et al. [32,33], Drioli and his colleagues
[34,35], Ramamoorthy and Ulbricht [36], Cristallini and
his coworkers [37], Jiang et al. [38], and Ul-Haq and
Park [39].

4. MOLECULARLY
MEMBRANES

IMPRINTED NANOFIBER

As mentioned so far, enhancement of
permeselectivity in membrane separation is easily
attained by introduction of molecular recognition sites
by applying molecular imprinting, such as conventional
molecular imprinting or alternative molecular imprinting.
In  membrane separation, permselectivity and
throughput (flux) are a couple of key factors. In a
sense, enhancement of flux is more important than that
of permselectivity. The enhancement of flux is
indispensable so that molecularly imprinted
membranes can be applicable in various industries.

A membrane form of nanofiber fabric was revealed
to be a suitable to enhance throughput without a
concurrent reduction in permselectivity [40-44], since
permselectivity and throughput in  membrane
separation often show a trade-off relationship. The
results revealed that flux values were one to two orders
of magnitude enhanced without a concurrent reduction
in permselectivity.

In addition to this, it was also revealed that the
membrane form of nanofiber fabric itself is a suitable to
attain better membrane performance [44].

At last, some references are listed [45-50] for the
readers, who would like to deeply study molecular
imprinting and/or application of molecular imprinting to
membrane separation.

5. PERSPECTIVE

Molecular imprinting is the most applicable ways to
obtain polymeric materials with molecular recognition
sites. Among molecular imprinting, alternative
molecular imprinting is a promising method to obtain
separation membrane with molecular recognition site,
since any polymeric materials are directly converted
into molecularly imprinted membranes by applying the
alternative molecular imprinting.
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Membrane performances, such as permselectivity

and flux, should be enhanced simultaneously so that
membranes can be applicable in various industries.

Even

though simultaneous enhancement of both

factors could not be attained, flux should be enhanced
without a concurrent reduction in permselectivity by
adopting nanofiber or molecularly imprinted nanofiber
membranes.

REFERENCES

(1

(2

(3]

4

(5]

(6l

[

(8]

&l

[10]

(1]

(2]

[13]

[14]

(18]

Ho WSW, Sirkar KK. Membrane Handbook, Chapman & Hall:
New York 1992.
http://dx.doi.org/10.1007/978-1-4615-3548-5

Mulder M. Basic principles of membrane technology, 2nd ed.
Kluwer Academic Publishers: Dordrecht 1996.

Baker RW. Membrane technology and applications, 2nd ed.
John Wiley & Sons: West Sussex 2004.

Bitter JGA. Transpoprt mechanism in membrane separation
processes, Plenum Press: New York 1991.

Michaels AS, Baddour RF, Bixler HJ, Choo CY. Conditioned
polyethylene as a permselective membrane. Ind Eng Chem
Process Des Dev 1962; 1: 14-25.
http://dx.doi.org/10.1021/i2600012003

Braco L, Dabulis K. Klibanov AM. Production of abiotic
receptors by molecular imprinting of proteins. Proc Natl Acad
Sci USA 1990; 87(1): 274-277.
http://dx.doi.org/10.1073/pnas.87.1.274

Stahl M, Mansson M-O, Mosbach K. The synthesis of a D-
amino acid ester in an organic media with o-chymotrypsin
modified by a bio-imprinting procedure. Biotechnol Lett 1990;
12(3): 161-166.

http://dx.doi.org/10.1007/BF01026792

Wulff G, Sarhan A. The use of polymers with enzyme-
analogous structures for the resolution of racemates. Angew
Chem Int Ed 1972; 4(11): 341 (Angew Chem 1972; 84(8):
364).

Yoshikawa M, Izumi J, Ooi T, Kitao T, Guiver MD, Robertson
GP. Carboxylated polysulfone membranes having a chiral
recognition iste induced by an a,ternative molecular
imprinting technique. Polym Bull 1998; 40(4-5): 517-524.
http://dx.doi.org/10.1007/s002890050285

Kondo Y, Yoshikawa M, Okushita H. Molecularly imprinted
polyamide membranes for chiral recognition. Polym Bull
2000; 44(5-6): 517-524.
http://dx.doi.org/10.1007/s002890070073

Hatanaka M, Nishioka Y, Yoshikawa M. Polyurea with L-
lysinyl residues as components: Application to membrane
separation of enantiomers. Macromol Chem Phys 2011;
212(13): 1351-1359.
http://dx.doi.org/10.1002/macp.201100054

Yoshikawa M, lzumi J, Kitao T, Koya S, Sakamoto S.
Membranes for enantio selective separation: Synthesis and
charecterrization. Preprints for the 16th annual meeting of
the membrane society of Japan. 1994; A-1-1-1.

Yoshikawa M, lzumi J, Kitao T, Koya S, Sakamoto S.
Molecularly imprinted polymeric membranes for optical
resolution. J Membr Sci 1995; 108(1-2): 171-175.
http://dx.doi.org/10.1016/0376-7388(95)00160-8

Yoshikawa M, Izumi J, Kitao T, Sakamoto S. Molecularly
imprinted polymeric membranes containing DIDE derivatives
for optical resolution of amino acids. Macromolecules 1996;
29(25): 8197-8203.

http://dx.doi.org/10.1021/ma9517 16v

Yoshikawa M, Ilzumi J, Kitao T. Enantioselective
electrodialysis of amino acids with charged polar chains

[16]

(7]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

through molecularly imprinted polymeric membranes
containing DIDE derivatives. Polym J 1997; 29(3): 205-210.
http://dx.doi.org/10.1295/polym;j.29.205

Yoshikawa M, Fujisawa T, lzumi J. Molecularly imprinted
polymeric membranes having EFF derivatives as a chiral
recognition site. Macromol Chem Phys 1999; 200(6): 1458-
1465.

http://dx.doi.org/10.1002/(SIC1)1521-
3935(19990601)200:6<1458::AID-MACP1458>3.0.C0O;2-D

Yoshikawa M, Izumi J, Kitao T. Alternative molecular
imprinting, a facile way to introduce chiral recognition sites.
Reactive Functional Polym 1999; 42(1): 93-102.
http://dx.doi.org/10.1016/S1381-5148(98)00063-7

Yoshikawa M, Shimada A, Izumi J. Novel polymeric
membranes having chiral recognition sites converted from
tripeptide derivatives. Analyst 2001; 126(6): 775-780.
http://dx.doi.org/10.1039/b009315¢g

Kondo Y, Yoshikawa M. Effect of solvent domposition on
chiral recognition ability of molecularly imprinted DIDE
derivatives. Analyst 2001; 126(6): 781-783.
http://dx.doi.org/10.1039/b009314i

Yoshikawa M, Izumi J. Chiral recognition sites converted
from tetrapeptide derivatives adoptiong racemates as print
molecules. Macromol Biosci 2003; 3(9): 487-498.
http://dx.doi.org/10.1002/mabi.200350016

Kondo Y, Morita Y, Fujimoto A, Tounai M, Kimura S,
Yoshikawa M. Effect of constituting aminio acid residue
numbers on molecularly imprinted chiral recognition sites.
Chirality 2003; 15(6): 498-503.
http://dx.doi.org/10.1002/chir.10232

Yoshikawa M, Nagai Y, Moriguchi K, Hiraoka S. Chiral
recognition ability of oligopeptide derivatives consisting of
glutamyl residues. J Appl Polym Sci 2005; 95(6): 1302-1309.
http://dx.doi.org/10.1002/app.21307

Yoshikawa M, Ooi T, lzumi J. Alternative molecularly
imprinted membranes from a derivative of natural polymer
cellulose acetate. J Appl Polym Sci 1999; 72(4): 493-499.
http://dx.doi.org/10.1002/(SIC1)1097-
4628(19990425)72:4<493::AID-APP5>3.0.CO;2-U

Yoshikawa M, Kawamura K, Ejima A, Aoki T, Sakurai S,
Hayashi K, Watanabe, K. Green polymers from Geobacillus
thermodenitrificans DSN465 — Candidates fro molecularly
imprinted materials. Maromol Biosci 2006; 6(3): 210-215.
http://dx.doi.org/10.1002/mabi.200500187

Dickey FH. Specific adsorption. J Phys Chem 1955; 59(8):
695-707.
http://dx.doi.org/10.1021/j150530a006

Piletskii SA, Dubei |Y, Fedoryak DM, Kukhar VP. Substrate-
selective polymeric membranes. Selective transfer of nucleic
acid components. Biopolim Kletka 1990; 6(5): 55-58.
http://dx.doi.org/10.7124/bc.00028D

Arshady R, Mosbach K. Synthesis of substrate-selective
polymers by host-guest polymerization. Makromol Chem
1981; 182(2): 687-692.
http://dx.doi.org/10.1002/macp.1981.021820240

Mathew-Krotz J, Shea KJ. Imprinted polymer membranes for
the selective transport of targeted neutral molecules. J Am
Chem Soc 1996; 118(34): 8154-8155.
http://dx.doi.org/10.1021/ja954066j

Hong J-M, Anderson PE, Qian J, Martin CR. Selective-
permeable ultrathin film composite membranes based on
molecularly-imprinted polymers. Chem Mater 1998; 10(4):
1029-1033.

http://dx.doi.org/10.1021/cm970608f

Dzgoev A, Haupt K. Enantioselective molecularly imprinted
polymer membranes. Chirality 1999; 11(5-6): 465-469.
http://dx.doi.org/10.1002/(SICI1)1520-
636X(1999)11:5/6<465::AID-CHIR18>3.0.CO;2-V




Molecularly Imprinted Membranes for Separation

Journal of Chemical Engineering Research Updates, 2015, Vol. 2, No. 1 35

(31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

(40]

Son S-H, Jegal J. Chiral separation of D, L-serine racemate
usijg a molecularly imprinted polymer composite membrane.
J Appl Polym Sci 2007; 104(3): 1866-1872.
http://dx.doi.org/10.1002/app.25845

Kobayashi T, Wang HY, Fujii N. Molecular imprinting of
theophylline in  acrylonitrile-acrylic  acid  copolymer
membrane. Chem Lett 1995; 24(10): 927-928.
http://dx.doi.org/10.1246/cl.1995.927

Wang HY, Kobayashi T, Fujii N. Molecular imprint
membranes prepared by the phase inversikon precipitation
technique. Langmuir 1996; 12(20): 4850-4856.
http://dx.doi.org/10.1021/1a96024 3y

Trotta F, Drioli E, Baggiani C, Lacopo D. Molecular imprinted
polymeric membrane for naringin recognition. J Membr Sci
2002; 201(1-2): 77-84.
http://dx.doi.org/10.1016/S0376-7388(01)00705-0

Trotta F, Baggiani C, Luda MP, Drioli E, Massari T. A
molecular imprinted membrane from molecular discrimination
of tetracycline hydrochloride. J Membr Sci 2005; 254(1-2):
13-19.

http://dx.doi.org/10.1016/j.memsci.2004.11.013

Ramamoorthy M, Ulbricht M. Molecular imprinting of
cellulose acetate-sulfonated polysulfone blend membranes
for Rhodamine B by phase inversion technique. J Membr Sci
2003; 217(1-2): 207-214.
http://dx.doi.org/10.1016/S0376-7388(03)00133-9

Cristallini C, Ciardelli G, Barbani N, Glusti P. Acrylonitrile-
acrylic acid copolymer membrane imprinted with uric acid for
clinical uses. Macromol Biosci 2004; 4(1): 31-38.
http://dx.doi.org/10.1002/mabi.200300026

Jiang Z, Yu Y, Wu H. Preparation of CS/GPTMS hybrid
molecularly imprintedmembrfane for efficient chiral resolution
of phenytlalanine isomers. J Membr Sci 2006; 280(1-2): 876-
882.

http://dx.doi.org/10.1016/j.memsci.2006.03.006

Ul-Haqg N, Park JK. Chiral resolution of phenylalanine by D-
Phe imprinted membrane consisting rejection property.
Bioprocess Biosyst Eng 2010; 33(1): 79-86.
http://dx.doi.org/10.1007/s00449-009-0352-7

Yoshikawa M, Nakai K, Matsumoto H, Tanioka A, Guiver MD,
Robertson GP. Molecularly imprinted nanofiber membranes
from carboxylated polysulfone by electrospray deposition.
Macromol Rapid Commun 2007; 28(21): 2100-2105.
http://dx.doi.org/10.1002/marc.200700359

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

(49]

[50]

Sueyoshi Y, Fukushima C, Yoshikawa M. Molecularly
imprinted nanofiber membranes from cellulose acetate aimed
for chiral separation. J Membr Sci 2010; 357(1-2): 90-97.
http://dx.doi.org/10.1016/j.memsci.2010.04.005

Sueyoshi Y, Utsunomiya A, Yoshikawa M, Robertson GP,
Guiver MD. Chiral separation with molecularly imprionted
polysulfone-aldehyde derivatized nanofiber membranes. J
Membr Sci 2012; 401-402: 89-96.
http://dx.doi.org/10.1016/j.memsci.2012.01.033

Yoshikawa M, Tanioka A, Matsumoto H. Molecyularly
imprinted nanofiber membranes. Curr Opin Chem Eng 2011;
1(1): 18-26.

http://dx.doi.org/10.1016/j.coche.2011.07.003

Mizushima H, Yoshikawa M, Li NW, Robertson GP, Guiver
MD. Electrospun nanofiber membranes from polysulfones
with chiral selector aimed for optical resolution. Eur Polym J
2012; 48(10): 1717-1725.
http://dx.doi.org/10.1016/j.eurpolymj.2012.07.003

Bartsch RA, Maeda M. Molecular and ionic recognition with
imprinted polymers (ACS Symposium Series 703). ACS
1998.

Piletsky SA, Panasyuk TL, Piletskaya EV, Nicholls IA,
Ulbricht M. Receptor and transport properties of imprinted
polymer membranes — a review. J Membr Sci 1999; 157(2):
263-278.

http://dx.doi.org/10.1016/S0376-7388(99)00007-1

Sellergren B. Molecularly imprinted polymers. Man-made
mimics of antibodies and their applications in analytical
chemistry. Elsevier 2001.

Komiyama M, Takeuchi T, Mukawa T, Asanuma H. Molecular
imprinting. From fundamentals to applications. Wiley-VCH:
Weinheim 2003.

Ulbricht M. Membrane separations using molecularly
imprinted polymers. J. Chromat B 2004; 804(1): 113-125.
http://dx.doi.org/10.1016/j.jchromb.2004.02.007

Alexander C, Andersson H, Andersson LI, Ansell RJ, Kirsch
N, Nicholls 1A, O’Mahony J, Whitcombe MJ. Molecyular
imprinting science and technology: a survey of the literature
for the years up to and including 2003. J. Mol Recognit 2006;
19(2): 106-180.

http://dx.doi.org/10.1002/jmr.760

Received on 13-11-2014

DOL: http://dx.doi.org/10.15377/2409-983X.2015.02.01.4

© 2015 Masakazu Yoshikawa; Avanti Publishers.
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in

any medium, provided the work is properly cited.

Accepted on 22-11-2014

Published on 20-04-2015



