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ABSTRACT: A copolymer with α-D-mannose (Man) and trimethoxysilane (TMS) units was synthesized for immobilization on
siliceous matrices such as a sensor cell and membrane. Immobilization of the trimethoxysilane-containing copolymer on the
matrices was readily performed by incubation at high heat. The recognition of lectin by poly(Man-r-TMS) was evaluated by
measurement with a quartz crystal microbalance (QCM) and adsorption on an affinity membrane, QCM results showed that the
mannose-binding protein, concanavalin A, was specifically bound on a poly(Man-r-TMS)-immobilized cell with a higher binding
constant than bovine serum albumin. The amount of concanavalin A adsorbed during permeation through a poly(Man-r-TMS)-
immobilized membrane was higher than that through an unmodified membrane. Moreover, the concanavalin A adsorbed onto
the poly(Man-r-TMS)-immobilized membrane was recoverable by permeation of a mannose derivative at high concentration.
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1. INTRODUCTION
It is known that saccharides on cell surfaces are involved in
various biological phenomena, such as protein binding, cell
adhesion, and pathogen infection.1 Conjugation of saccharides
with materials enables molecular recognition and the develop-
ment of artificial materials on which biological phenomena can
be carried out in vitro. Although the molecular recognition
ability of monovalent saccharides is relatively weak for use as
biomaterials, the saccharide−protein interaction can be
amplified by multivalency, known as the glyco-cluster effect.2,3

We have described various glycopolymers with high affinities
for proteins and pathogens.4−18

One of the aims of glycopolymer applications is the
fabrication of biological devices using the molecular recognition
ability of saccharides. Because saccharides have affinities as
ligands for various pathogens, including toxic proteins,19

viruses,20 and bacteria,21 glycopolymers are applicable in
bioadhesive or separation devices. Pathogen removal devices
are often designed on the basis of the size exclusion mechanism
with fine porous materials. The sizes of bacteria are of the order
of micrometers; however, those of toxic proteins and viruses are
of the order of nanometers. Bacteria are removed by
microporous materials, whereas the toxic proteins and viruses

can be removed by ultrafine nanoporous materials. However,
ultrafiltration suffers from problems of high pressure loss during
permeation of biomolecule solutions and cake layer formation
(fouling by filtration residues). Some proteins specifically or
group-specifically interact with various ligands, including
antigen−antibody, enzyme−substrate, lectin−saccharide,
amino acid−protein, dye−protein, and metal chelate−protein
combinations. Therefore, affinity adsorption is an effective
method for bioseparation compared with size exclusion.22−28

When a membrane structure with through-pores is used, the
target biomolecule is quickly driven by convectional flow to the
vicinity of the immobilized saccharide. Additionally, pressure
loss during permeation of the target solution is decreased
because of the microscale pores. These advantages are expected
to be applicable in devices used for water purification and
hemodialysis.
Immobilization of glycopolymers on materials is necessary

for the fabrication of bioseparation devices. Various methods of
surface modification have been reported, such as self-assembled
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monolayer formation via Au−S and chemical reactions on
substrates,14,17,18,29,30 though reactions are limited because few
functional groups are available. Silica is a useful matrix for
bioseparation devices because of its geometric versatility, and
glyco-modification of silica has been intensively investigated.
Copper-catalyzed cycloaddition between an alkyne and azide
groups (click chemistry) has been applied for the preparation of
saccharide-immobilized surfaces.31−34 Formation of isourea
bonding is also an effective technique for immobilization of
saccharides.35 Silane coupling reagents have both organic
functional groups and hydrolyzable trimethoxysilane groups
(TMS). Through the characteristic structure of silane coupling
reagents, the TMS moiety is able to form covalent bonds with
hydroxyl groups on various matrix surfaces, such as silica
glass,36−43 and also metal oxides44−48 and cellulose.39,49−52

Therefore, the silane coupling reagent plays an effective role as
a linker between organic compounds and matrices. When a
polymerizable silane coupling reagent with a vinyl group, e.g., 3-
(trimethoxysilyl) propyl methacrylate (TMSMA), is partially
incorporated into a polymer chain together with saccharide
units, the surface of the matrix can be directly modified by
immobilization of saccharide-containing polymers via TMS
moieties in the silane coupling unit.
In this study, a copolymer with α-D-mannose (Man) and

TMS as side chains, poly(Man-r-TMS), was synthesized for
surface modification of a sensor cell and membrane, as shown
in Figure 1. The Man and TMS units in poly(Man-r-TMS) act
as biomolecular-recognition and matrix-binding sites, respec-
tively. Man is an important and major component of the
glycochain on the cellular surface, and specifically interacts with
various lectins.53 Lectin recognition by poly(Man-r-TMS)
immobilized on the surface was investigated using quartz
crystal microbalance (QCM). Subsequently, a poly(Man-r-
TMS)-immobilized membrane device was used for selective
separation of lectin; this is applicable to separation of pathogens
such as viruses and toxin proteins.

2. EXPERIMENTAL SECTION
2.1. Reagents and Substrates. The following reagents were used

as received: D-Mannose (Man) (Tokyo Chemical Industry Co. Ltd.,
Tokyo, Japan), 3-(trimethoxysilyl) propyl methacrylate (TMSMA),
and albumin from bovine serum (BSA) (Sigma Co., St. Louis, MO,
USA), 2,2′-azobis isobutyronitrile (AIBN) (Wako Pure Chemical
Industries Ltd., Osaka, Japan), and concanavalin A (ConA) (J-Oil
Mills Inc., Tokyo, Japan). FITC-I (DOJINDO LABORATORIES,
Kumamoto, Japan) and dansyl chloride (Towa Chemical Industry Co.
Ltd., Tokyo, Japan) were used for preparation of fluorescent-labeled
proteins. A Shirasu porous glass membrane (SPG membrane: Lot No.,
PEN10J25; effective length, 1.2 cm; average pore diameter, 2100 nm;
specific surface area, 1.1 m2/g) made of silica and alumina was
purchased from SPG Technology Co., Ltd., Miyazaki, Japan.

2.2. Synthesis of Poly(AcMan-r-TMS). p-Acrylamidophenyl
2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (AcMan monomer) was
synthesized by a method previously described in the Supporting
Information of ref 14. AcMan monomer (255 μmol) and polymerizing
inhibitor-free TMSMA (36 μmol) were dissolved in N,N-dimethyl-
formamide (DMF, 3 mL) anhydride. Polymerization of poly(AcMan-r-
TMS) was performed in a Schlenk flask. The mixture was degassed
using nitrogen gas. The polymeric reaction was initiated by addition of
AIBN (6.0 μmol) at 70 °C. After 20 h, the mixture solution was
aerated to stop polymerization and the mixture solution was then
concentrated by evaporation. Composition and molecular size were
determined by hydrogen nuclear magnetic resonance (1H NMR, JNM-
ECP400, JEOL Ltd., Tokyo, Japan) and dynamic light scattering
(DLS, Zetasizer Nano ZS, Malvern Instruments Ltd., Worcestershire,
UK), respectively. The calibration curve for estimation of the
hydrodynamic diameter was prepared using polystyrene standards in
the molecular weight range 1200−1 280 000 (Showa Denko K. K.,
Tokyo, Japan, Lot No. 91201).

2.3. Preparation of Poly(Man-r-TMS)-Immobilized Sensor
Cell and Membrane. To activate the surface of the matrix, we added
piranha solution consisting of sulfuric acid and hydrogen peroxide
(3:1) dropwise onto a commercially available silica-deposited sensor
cell (effective area, 4.9 mm2) washed with sodium dodecyl sulfate
solution, and then rinsed the sensor cell with Milli-Q water (Millipore
Corporation, Billerica, MA, USA). This procedure was repeated three
times. Poly(AcMan-r-TMS) solution in DMF (10 g/L, 1 μL) was
added dropwise onto the activated surface and the cell was incubated
at 38 and 110 °C for 5 h and 5 min, respectively. Deacetylation of
poly(AcMan-r-TMS) was carried out by stirring in MeONa (solvent,

Figure 1. Preparation of poly(Man-r-TMS)-immobilized materials.
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MeOH; pH ∼10; 500 μL) for 30 min. Because TMS cross-links with
hydroxyl groups of mannose, deacetylation after the immobilization of
the copolymer is recommended. The amount of poly(Man-r-TMS)
immobilized on the sensor cell was estimated from frequency changes
measured by QCM (AFFINIXQ4, Initium Inc., Tokyo, Japan) with a
fundamental resonance frequency (F0) of 27 MHz before and after
immobilization treatments. The existence of poly(AcMan-r-TMS) on
surface was confirmed by X-ray photoelectron spectroscopy (XPS,
AXIS-ultra, Shimadzu/Kratos, Kyoto, Japan) using a silicon wafer as
the matrix. The contact angles of the poly(AcMan-r-TMS)-
immobilized silicon wafer before and after deacetylation were
measured by the sessile drop method (DropMaster 300, Kyowa
Interface Science, Saitama, Japan). The measurements were performed
at five spots.
To impregnate poly(AcMan-r-TMS) on the SPG membrane, we

immersed the membrane in a poly(AcMan-r-TMS) solution (THF, 10
g/L, 1.5 mL) at room temperature and 60 °C for 1 and 5 h,
respectively. Subsequently, covalent bonding between silanols on the
membrane surface and the TMS moiety in the copolymer was formed
by heat treatment at 110 °C for 1 h. The amount of poly(AcMan-r-
TMS) immobilized was estimated from the change in membrane
weight. Poly(AcMan-r-TMS) immobilized on the membrane was
deacetylated using the same method as for the sensor cell. The surface
properties of the membrane immobilized with poly(AcMan-r-TMS)
were evaluated by XPS and scanning electron microscopy (SEM,
JSM6701F, JEOL Ltd., Tokyo, Japan).
2.4. Detection of Proteins Using Poly(Man-r-TMS)-Immobi-

lized Sensor Cell. The recognition ability of poly(Man-r-TMS) on
the surface was evaluated by QCM measurements. BSA and Con A
were used as protein probes. The poly(Man-r-TMS)-immobilized
sensor cell was suffused with Ca2+ and Mg2+-containing phosphate
buffer solution until the frequency reached a steady state. Each protein,
at various concentrations, was injected into the sensor cell, and the
frequency changes (ΔF) were recorded.
The apparent binding constant (Ka) between poly(Man-r-TMS)

and Con A and the maximum capacity of the poly(Man-r-TMS)-
immobilized sensor cell against Con A were estimated from
Langmuir’s equation as follows:

Δ =
Δ

+
F

F
K

[lectin]
1/ [lectin]

max

a (1)

The relationship of ΔF to the mass change of protein adsorbed on the surface
(Δm) is defined by the Sauerbrey equation54

Δ = −
ρμ

ΔF
NF m

A
2 0

2
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where N, F0, ρ, μ, and A are the harmonic overtone, the fundamental resonance
frequency, the crystal density, the elastic modulus of the crystal, and the surface area,
respectively.
For confirmation of the specificity of the poly(Man-r-TMS)-

immobilized sensor cell, we added Man with various equivalence molar
ratios to Con A solution, and incubated the mixture solutions to
prepare Man-pretreated Con A. The solution of Man-pretreated Con
A was injected into the sensor cell, and ΔF was recorded to estimate
ΔFmax against Man-pretreated Con A.
2.5. Adsorption of Proteins with Poly(Man-r-TMS)-Immobi-

lized Membrane. The recognition ability of poly(Man-r-TMS) on
the membrane surface was also evaluated by adsorption during
permeation of a protein solution. Each protein solution (10 mg/L)
feed was passed through the poly(Man-r-TMS)-immobilized mem-
brane at 10 mL/h. The effluent was continuously collected and the
concentration of protein in the effluent was determined colorimetri-
cally using Bradford reagent.55 The amount of protein adsorbed on the
membrane (q) was calculated from the following equation

∫=
−

q
C C

A
v(nmol/m ) d

v2
0

f e
(3)

where Cf and Ce are the concentration of protein in the feed and effluent
solutions, respectively.

To elute the Con A adsorbed by poly(Man-r-TMS) immobilized on
the membrane, Milli-Q water and a saturated aqueous solution of p-
nitrophenyl-α-D-mannoside (pNP-Man),14 which is the intermediate
of the AcMan monomer, were permeated through the membrane at 10
mL/h. The effluent was continuously recovered and the concentration
of eluted Con A determined using Bradford reagent.

Adsorption of Con A on the poly(Man-r-TMS)-immobilized
membrane was measured in coexistence with BSA. Con A and BSA
was labeled with different fluorescence of FITC-I and dansyl chloride,
respectively. The mixture solution of dansyl-Con A (5 mg/L) and
FITC-BSA (5 mg/L) was passed through the poly(Man-r-TMS)-
immobilized membrane at 10 mL/h. The effluent was continuously
collected and the concentrations of fluorescent-labeled protein in the
effluent were determined using a spectrofluorometer (FP-6500,
JASCO Corporation, Tokyo, Japan). The excitation/emission wave-
lengths of dansyl-Con A and FITC-BSA were 325/515 and 488/520
nm, respectively.

3. RESULTS AND DISCUSSION
3.1. Composition and Molecular Size of Poly(AcMan-

r-TMS). Poly(AcMan-r-TMS) was obtained by free-radical
polymerization. The 1H NMR spectrum (see Figure S1 in the
Supporting Information) showed that almost all of the
monomers disappeared because of no peak corresponded to
the vinyl group (δ: 6.2−6.5 ppm). The ratio of AcMan to TMS
in the copolymer was estimated to be 85:15 from the integral
ratio between the peaks for phenyl group in AcMan (δ: 7.0
ppm, 2H per unit) and the peak for the methoxide group in
TMS (δ: 3.5 ppm, 9H per unit). When the amount of TMSMA
in the feed monomer increased (AcMan monomer:TMSMA =
50.0:50.0 and 12.5:87.5), peaks corresponding to the vinyl
group (δ: 6.2−6.5 ppm) were observed in the 1H NMR spectra
(see Figure S2 in the Supporting Information). It is estimated
that the feeds with high ratio of TMSMA were not converted,
as a result of condensation of silane coupling reagent and
termination by fragments cleaved between C and Si in
TMSMA.56

The molecular sizes of poly(AcMan-r-TMS) were estimated
by DLS. The size distributions of the AcMan monomer and
poly(AcMan-r-TMS) in DMF are shown in Figure 2. The

major molecular size of poly(AcMan-r-TMS) was 2.7 nm. A

small amount of copolymer with 9.7 nm was also detected,

indicating that the copolymer aggregated by condensation

between TMS units. The larger size of the copolymers

Figure 2. Size distributions of (a) AcMan monomer and (b) poly
(AcMan-r-TMS) at a concentration of 1 g/L in DMF. The
scattergraph in the figure is the calibration curve prepared using
polystyrene solutions.
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compared with the monomers also suggested the progress of
the polymerization reaction. From a calibration curve prepared
using polystyrene standards, the molecular weight of poly-
(AcMan-r-TMS) was found to be 6200.
3.2. Evaluation of Protein Recognition of Poly(Man-r-

TMS) Using QCM. The obtained poly(AcMan-r-TMS) was
immobilized on a silica-deposited cell for QCM detection. The
frequency changes indicated that the amount of poly(AcMan-r-
TMS) immobilized was 16.4 ± 8.4 mg/m2. Immobilization of
poly(AcMan-r-TMS) using the silicon substrate was confirmed
by XPS (Figure 3). Comparing the C(1s) spectra of

unmodified and poly(AcMan-r-TMS)-immobilized silicon, the
peak at 282.2 eV was predominantly detected after immobiliza-
tion of the copolymer. This peak is related to C−Si bonding of
the TMS moiety. Overall, the intensities in Si(2p) of
poly(AcMan-r-TMS)-immobilized silicon, corresponding to
silica and silicon, were weaker than that of unmodified silicon,
because the copolymer interfered with X-ray irradiation onto
the silicon surface. Therefore, saccharides are immobilizable on
a silicon surface via the silane coupling reaction.
The immobilized poly(AcMan-r-TMS) was deacetylated

using MeONa. The contact angles of water droplet on
poly(AcMan-r-TMS)-immobilized and deacetylated silicon
were measured (see Figure S3 in the Supporting Information),
and were 58.1 and 47.7°, respectively. The immobilization of
poly(AcMan-r-TMS) resulted in an increase in the contact
angle, compared with that on the unmodified surface (<30.0°).
The deacetylated silicon had a slightly lower contact angle than
the poly(AcMan-r-TMS)-immobilized silicon because of hydro-
philicity. Deacetylation was also confirmed using a soluble
AcMan homopolymer. In 1H NMR spectra of an AcMan
homopolymer deacetylated under the same conditions as the
immobilized copolymer (see Figure S4 in the Supporting
Information), the completion of deacetylation reaction was
demonstrated by the disappearance of peaks at 1.8−2.2 ppm,
corresponding to acetyl groups. This indicated that acetyl
groups in the copolymer immobilized on the surface were
cleaved.
The specific interaction of poly(Man-r-TMS) with Con A

was evaluated by QCM using a deacetylated sensor cell. When
a protein solution was injected into the sensor cell, a negative
ΔF was promptly observed, which eventually reached a steady
state. The changes in frequency at steady state as a function of
protein concentration are shown in Figure 4. The ΔF of Con A
bound on the poly(Man-r-TMS)-immobilized cell reached
around 2000 Hz, whereas that on the unmodified cell was
around 1000 Hz. In contrast, the ΔF of BSA on the poly(Man-
r-TMS)-immobilized cell was not detectable, whereas that on

the unmodified substrate reached around 700 Hz. Thus the
amount of Con A bound on the poly(Man-r-TMS) was almost
double that on the unmodified cell, and the amount of BSA
bound on the poly(Man-r-TMS) was markedly reduced
compared with that on the unmodified cell. The results suggest
specific and strong adsorption of Con A on poly(Man-r-TMS).
The Ka between poly(Man-r-TMS) and Con A and the

ΔFmax of the poly(Man-r-TMS)-immobilized sensor cell against
Con A, estimated from ΔF using eqs [1] and [2], were 2.5 ±
0.7 × 106 M−1 and 2110 ± 90 Hz, respectively. The Ka of
poly(Man-r-TMS) was higher than that of methyl-Man, known
to be an inhibitor,57 with an order of 103−104 M−1 in solution.58

The higher Ka value of poly(Man-r-TMS) shows that Man units
on the surface interacted multivalently with Con A. In other
words, the glyco-cluster effect of the poly(Man-TMS) against
Con A was evident. Comparing the amount of BSA
immobilized on the poly(Man-r-TMS)-immobilized and
unmodified cells, nonspecific binding between poly(Man-r-
TMS) and BSA was not detected. It is suggested that this
inertness toward nonspecific binding of protein was attributable
to hydrophilization of the surface by saccharide. Typically,
saccharide-immobilized surfaces have been hydrophilized,
resulting in prevention of nonspecific interactions between
proteins and surfaces.17,59−61 The surface immobilized with
poly(Man-r-TMS) showed specific recognition for Con A as a
result of both the inhibition of nonspecific interactions and the
glyco-cluster effect.
The amount of Con A adsorbed (approximately 0.13 μmol/

m2) was small relative to the amount of Man units immobilized
(approximately 36 μmol/m2, estimated from the copolymer
composition). It is predicted that the copolymer is accumulated
via condensation between TMS units in the copolymer. Jon et
al. reported that aggregation of TMS-containing copolymer
with a height of 5 nm was observed, depending on surface
conditions.41 In our research, Man units lying on the superficial
layer should be predominant as the binding site with Con A.
To confirm the specificity of the poly(Man-r-TMS)-

immobilized sensor cell to Con A, Con A was associated
with Man before injection into the sensor cell. The relative
ΔFmax of Man-pretreated Con A is shown in Figure 5. In the
range to an equivalence of 103, the relative ΔFmax decreased
with increasing equivalence molar ratio of Man. At an
equivalence of 104, an increment of the relative ΔFmax,

Figure 3. XPS spectra of the silicon surface before and after
immobilization of poly (AcMan-r-TMS). Above, unmodified silicon;
below, poly(AcMan-r-TMS)-immobilized silicon.

Figure 4. Frequency changes in QCM as a function of the
concentration of proteins in unmodified and poly(Man-r-TMS)-
immobilized cells.
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presumably arising from nonspecific interaction between
saccharides, was detected. The decreasing behavior of the
relative ΔFmax with the molar ratio of Man indicated specific
interaction between Con A and the Man residues in poly(Man-
r-TMS).
3.3. Affinity Separation of Protein Using Poly(Man-r-

TMS)-Immobilized Membrane. The obtained poly(AcMan-
r-TMS) was immobilized on an inorganic porous membrane.
The amount of poly(AcMan-r-TMS) immobilized was
estimated to be 2.2 ± 1.0 mg/m2 from the membrane weight
before and after incubation in copolymer solution. The amount
of AcMan residue contained in the copolymer immobilized on
the membrane was 4.8 μmol/m2. Immobilization of the
poly(AcMan-r-TMS) on the membrane was confirmed by
XPS, as shown in Figure 6. In the C(1s) spectrum of the

poly(AcMan-r-TMS)-immobilized membrane, peaks were
observed at 283.9 and 287.0 eV, which correspond to C−C
and CO bonds, respectively. The C(1s) peak of the
unmodified surface was weaker than that of the copolymer-
modified surface. The peak corresponding to Si−O bonding
(100.2 eV) was not present in the Si(2p) spectrum of the
poly(AcMan-r-TMS)-immobilized membrane. These results
suggest that the surface was mostly covered by the copolymer.
The SPG membrane has a large number of penetrating pores.62

The surfaces of the poly(AcMan-r-TMS)-immobilized mem-
brane were examined by SEM (Figure 7). Pores in the range
1000−2000 nm were observed, with a wide distribution in the
surfaces grafted with poly(AcMan-r-TMS), and the SEM
images indicate that the porous structure of the membrane
was maintained after immobilization of the copolymer. Use of a
membrane with micrometer-order pores prevented protein size
exclusion. The poly(Man-r-TMS)-immobilized membrane is

expected to be an effective device for continuous bioseparation
of pathogens.
The breakthrough curves and amounts of protein adsorbed

during permeation of protein solutions through the unmodified
or poly(Man-r-TMS)-immobilized membranes are shown in
Figure 8. The adsorption behaviors agreed closely with the
QCM results, showing that poly(Man-r-TMS) was barely
bound to BSA but strongly adsorbed Con A. The breakthrough
point of Con A through the poly(Man-r-TMS)-immobilized
membrane was determined to be about 15 mL; otherwise,
breakthroughs took place just after the start of permeation. The
amount of Con A adsorbed on the poly(Man-r-TMS)-
immobilized membrane was 34 nmol/m2 and that on the
SPG membrane was 0.33 nmol/m2. On the other hand, the
amounts of BSA adsorbed on both SPG membrane and
poly(Man-r-TMS)-immobilized membrane were around 4.2
nmol/m2. The amount of Con A adsorbed on the poly(Man-r-
TMS)-immobilized membrane was less than that on the
poly(Man-r-TMS)-immobilized cell; this was attributed to the
diffusion-limited access of Con A continuously permeated in
the membrane pores.
When Con A and BSA solutions were permeated through the

unmodified membrane, most of the proteins passed into the
effluent solution. Because the surface of the SPG membrane
consists of multiple silanol groups, the innate hydrophilic
surface prevented nonspecific interactions with proteins. After
immobilizing poly(Man-r-TMS) on the membrane, the amount
of Con A adsorbed was increased through the affinity of Man
against Con A. In contrast, BSA was not adsorbed on the
surface of the poly(Man-r-TMS)-immobilized membrane due
to the inertness of the surface toward protein adhesion. SEM
images of the poly(Man-r-TMS)-immobilized membrane and
the passage of most of the BSA through the poly(Man-r-TMS)-
immobilized membrane show that the mechanism for Con A
removal is not by size exclusion, but by affinity adsorption. The
affinity adsorption of Con A and the prevention of nonspecific
adhesion on the poly(Man-r-TMS)-immobilized surface
enabled selective bioseparation.
To elute the adsorbed Con A, we permeated Milli-Q water

and a pNP-Man aqueous solution through the poly(Man-r-
TMS)-immobilized membrane (Figure 9). In the case of water
permeation, 15% of the adsorbed Con A was eluted because of
the absence of calcium and magnesium ions. A high-
concentration pNP-Man aqueous solution enabled the recovery
of approximately half of the adsorbed Con A. The rest of the
adsorbed Con A was remained because interactions between
Con A and poly(Man-r-TMS) were not broken, as a result of
the glyco-cluster effect. This elution could be caused by the lack
of calcium and magnesium ions, affinity between Con A and
the Man, excessive amounts of pNP-Man, and hydrophobic
interactions via phenyl groups. Therefore, it is concluded that a
poly(Man-r-TMS)-immobilized membrane is effective not only
as a bioremoval material but also as a biopurification material.
Dansyl-Con A was adsorbed on the poly(Man-r-TMS)-

immobilized membrane in coexistence with FITC-BSA. The
relative concentrations of dansyl-Con A and FITC-BSA in the
effluent solution through the poly(Man-r-TMS)-immobilized
membrane are shown in Figure 10. When fluorescent-labeled
proteins were permeated through the poly(Man-r-TMS)-
immobilized membrane, 30% of FITC-BSA was captured on
the poly(Man-r-TMS)-immobilized membrane, while 70% of
dansyl-Con A was captured on the membrane. Con A is
adsorbed on the poly(Man-r-TMS)-immobilized membrane

Figure 5. Relative ΔFmax of Man-pretreated Con A on poly(Man-r-
TMS)-immobilized cell at the various equivalence molar ratios of Man.

Figure 6. XPS spectra of the SPG membrane surface before and after
immobilization of poly (AcMan-r-TMS). Above, unmodified mem-
brane; below,: poly (AcMan-r-TMS)-immobilized membrane.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am2014713 | ACS Appl. Mater. Interfaces 2012, 4, 411−417415



through three steps: (1) convective transport of Con A in the
pore, (2) diffusive transfer of Con A to the vicinity of
immobilized poly(Man-r-TMS), and (3) binding of Con A with
Man residues in poly(Man-r-TMS). The remaining dansyl-Con
A was eluted from the membrane pores as a result of
association of dansyl-Con A with FITC-BSA, increasing
diffusive transfer resistance of Con A, and hindrance of dansyl
group on the incorporation of Man residues at binding sites of
Con A, using fluorescent-labeled proteins. The breakthrough
curve indicates that dansyl-Con A was preferentially adsorbed
on the membrane, compared with FITC-BSA. It is expected
that Con A is selectively separated in the coexistent system
using the poly(Man-r-TMS)-immobilized membrane by control
of the space velocity.

4. CONCLUSION
A glycopolymer containing α-D-mannose was readily immobi-
lized on the surface of materials by introduction of a silane
coupling reagent within a copolymer. Poly(Man-r-TMS)-
containing materials exhibited a high and specific recognition
ability for lectin because of the glyco-cluster effect.
The results indicate that the glycopolymer-immobilized

porous materials have further potential for removal of small
pathogens, based on affinity purification, because various
pathogens are transmitted via interaction with saccharide on
the cell surface. We believe that this glyco-technology can be
practically applied to pathogen-removal devices in fields of
medical treatment and environmental detoxification.
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Figure 7. SEM image of the lumen and cross-sectional surface immobilized with poly (AcMan-r-TMS). Scale bars: 10 μm.

Figure 8. Breakthrough curve and amount of protein adsorbed on
unmodified or poly(Man-r-TMS)-immobilized membranes.

Figure 9. Elution curve and amount of Con A recovered from the
poly(Man-r-TMS)-immobilized membrane.

Figure 10. Relative concentration of dansyl-Con A and FITC-BSA in
effluent solution through poly (Man-r-TMS)-immobilized membrane
in the coexistent system.
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