
Metal Mesh Device Sensor Immobilized with a Trimethoxysilane-
Containing Glycopolymer for Label-Free Detection of Proteins and
Bacteria
Hirokazu Seto,† Seiji Kamba,‡ Takashi Kondo,‡ Makoto Hasegawa,§ Shigeki Nashima,⊥

Yoshinobu Ehara,⊥ Yuichi Ogawa,# Yu Hoshino,† and Yoshiko Miura*,†

†Graduate School of Engineering, Kyushu University, 744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan
‡Murata Manufacturing Company, 1-10-1 Higashikotari, Nagaokakyo, Kyoto 617-8555, Japan
§Graduate School of Bioscience, Nagahama Institute of Bio-Science and Technology, 1266 Tamura, Nagahama, Shiga 526-0829, Japan
⊥Graduate School of Engineering, Osaka City University, 3-3-138 Sugimoto, Sumiyoshi-ku, Osaka, 558-8585, Japan
#Graduate School of Agriculture, Kyoto University, Kitashirakawaoiwake-cho, Sakyo-ku, Kyoto, 606-8502, Japan

*S Supporting Information

ABSTRACT: Biosensors for the detection of proteins and bacteria have been
developed using glycopolymer-immobilized metal mesh devices. The trimethox-
ysilane-containing glycopolymer was immobilized onto a metal mesh device using the
silane coupling reaction. The surface shape and transmittance properties of the
original metal mesh device were maintained following the immobilization of the
glycopolymer. The mannose-binding protein (concanavalin A) could be detected at
concentrations in the range of 10−9 to 10−6 mol L−1 using the glycopolymer-
immobilized metal mesh device sensor, whereas another protein (bovine serum
albumin) was not detected. A detection limit of 1 ng mm−2 was achieved for the
amount of adsorbed concanavalin A. The glycopolymer-immobilized metal mesh
device sensor could also detect bacteria as well as protein. The mannose-binding
strain of Escherichia coli was specifically detected by the glycopolymer-immobilized
metal mesh device sensor. The glycopolymer-immobilized metal mesh device could therefore be used as a label-free biosensor
showing high levels of selectivity and sensitivity toward proteins and bacteria.
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1. INTRODUCTION

Metal mesh devices (MMDs) have attracted considerable
attention in the terms of application as label-free biosensors.1−6

The surfaces of MMDs are generally composed of well-
regulated square holes and indicate the anomalous transmission
characteristics. MMDs with grid intervals in the range of tens to
hundreds of micrometers can transmit a specific terahertz
(THz) wave, and dipped structures can be observed in their IR
spectra. The dipped frequency is controlled by the size
properties of the MMD, especially their grid interval.7 The
sensing mechanisms of MMDs have been attributed to the
localization of an electromagnetic field around their surfaces.
The attachment of an analyte to the MMD surface lead to a
shift of transmittance spectrum. The thickness of the localized
electromagnetic field depends on the dipped frequency of the
MMD. For example, 1 THz- and 10 THz-operated MMDs have
the 1/e decay distances (L1/e) of dozens and several
micrometers, respectively.8 The L1/e of the 100 THz-operated
MMD corresponds to hundreds of nanometers. When MMD
periodic size and light source frequency are chosen so as to fit
into the target size, the MMD sensors can be aimed at
biomolecules with a wide range of different sizes (from

nanosized proteins to microsized cells) based on an identical
principle. This is a special characteristic and the biggest
advantage as the biosensor. The MMD sensor has a low
detection limit (>500 pg mm−2), which is not so different from
quartz crystal microbalance (QCM) and surface plasmon
resonance (SPR). The MMDs can be manufactured from a
wide variety of different metals, because the metal species used
in these devices has a low impact on their transmittance
properties. Furthermore, given that the FT-IR measurement
used in MMD sensing can be conducted in a high-throughput
manner and has broad utility, MMDs represent a rapid and
facile analytical technique compared with QCM and SPR.
In previous studies of MMD sensors, protein analytes have

been trapped on the surfaces of the MMDs through a process
of effectively infiltrating the membranes placed on the surfaces
of the MMDs1,3 or physical coating.2,4,5 It is generally accepted,
however, that these methods only provide low levels of
selectivity for the detection of biomolecule analytes. Therefore,
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modifications to the MMD surface are required to achieve
higher levels of selectivity. Because the thickness of the
electromagnetic field is inversely proportional to the opera-
tional frequency, the MMDs are operated at as high frequency
as possible so that they are suitable for the detection of small
biomolecules. We recently developed a biotin-containing MMD
sensor, where the MMD possessed a grid interval of several
micrometers and was operated in the middle-infrared frequency
range.6 The binding property of the biotin−streptavidin
determined using the MMD sensor was consistent with that
determined using the QCM. The MMD measurement was
more rapid than the QCM measurement. MMD sensors using
bioaffinity can achieve high levels of selective detection for
biomolecules.
Saccharides are responsible for molecular recognitions in a

wide range of biological phenomena, such as protein binding,
cell adhesion, and pathogen infection.9 The molecular
recognition abilities of monovalent saccharides are weak, and
saccharides instead have a tendency to prevent the nonspecific
adsorption of biomolecules. The interactions of saccharides can
be improved by conjugation, which is known as the glyco-
cluster effect.10−12 In fact, saccharides on cell surfaces exist as
glycoconjugates, which form the raft- and caveolae-structural
systems. Glycopolymers are synthetic polymers, which mimic
the functions of saccharides. They also possess large valencies
of saccharide, which can effectively lead to the development of
the glyco-cluster effect.13 Various glycosurfaces including the
glycopolymer-immobilized surfaces have been widely used as
the recognition elements for biosensor and bioanalysis.14−27

We have also investigated glycopolymer interfaces possessing
biomolecular recognition properties28 and reported the use of
glycopolymer-grafted surfaces as biodevices in biosensing,29−31

bioseparation,32,33 and microarray34 applications. The silane
coupling reagent-containing glycopolymer has contributed to
the simple preparation of biomaterial.34 The glycopolymer had
mannoside (Man) and trimethoxysilane (TMS) on its side
chain and was named as poly(Man-r-TMS). Trimethoxysilyl
groups can form covalent bonds to hydroxyl groups on surfaces
of the variety of different matrices, and the silane coupling
reaction is useful for the fabrication of biomaterials for use in
biosensing, bioseparation, bioreactor, and micropatterning
applications.34−42 A porous membrane immobilized with
poly(Man-r-TMS) was prepared using the silane coupling
reaction and used to achieve the selective separation of a
protein.
In this study, a glycopolymer-immobilized MMD was

prepared, and its application as a biosensor for the detection
of proteins and bacteria was evaluated in the middle-infrared
frequency range. Poly(Man-r-TMS) was immobilized on the
MMD using the silane coupling reaction. The Man and TMS
moieties in the poly(Man-r-TMS) were found to play critical
roles as the biomolecular-recognition and surface-binding sites,
respectively. The selective detection of lectin was investigated
using the poly(Man-r-TMS)-immobilized MMD sensor. The
detectability of Escherichia coli (E. coli) ORN178 using the
poly(Man-r-TMS)-immobilized MMD was compared with the
mutant E. coli ORN208, which does not contains a mannose
receptor.

2. EXPERIMENTAL SECTION
2.1. Materials. D-Mannose (Towa Chemical Industry Co. Ltd.,

Tokyo, Japan), 3-(trimethoxysilyl) propyl methacrylate (TMSMA,
Sigma Co., St. Louis, MO, USA), and 2,2′-azobis isobutyronitrile

(AIBN, Wako Pure Chemical Industries Ltd., Osaka, Japan) were used
for the polymerization process. Albumin from bovine serum (BSA,
Sigma Co.) and concanavalin A (Con A, J-Oil Mills Inc., Tokyo,
Japan) were used as the protein analytes. Nickel meshes (effective
surface area: 67 mm2) were manufactured by the electroforming
method and were used as the MMD, which was operated in the
middle-infrared frequency range (Figure S1, Supporting Information).
The MMD had an opening length of 1.8 μm, a grid interval of 2.6 μm,
and a thickness of ca.1 μm.6 After UV/O3 treatment, the MMDs were
immersed in an ammonia-hydrogen peroxide mixture (APM) at 60 °C
for 20 min, to allow for the formation of an oxidized layer. Nickel-
deposited glass slides (nickel thickness: ca. 600 nm) were used for
measurement of contact angle and ellipsometry. The transmittance
spectra, electromagnetic field distributions, and frequency shift
behaviors of the MMD were simulated using the transition line
modeling (TLM) and the finite difference time domain (FDTD)
methods (see the Supporting Information).

2.2. Immobilization of Poly(Man-r-TMS) onto the MMD
Surface. Poly(AcMan-r-TMS) was obtained using a previously
described polymerization method.32 The nickel meshes were
immersed in a poly(AcMan-r-TMS) solution (DMF, 5 g L−1, 0.5
mL) at 60 °C for 20 h. To form covalent bonds, the nickel meshes
were then heated at 110 °C for 30 min. The immobilized
poly(AcMan-r-TMS) was deacetylated by immersion in NaOMe
solution (MeOH, pH: ca. 10, 1.0 mL) for 30 min. The material was
washed with MeOH and dried, to give the poly(Man-r-TMS)-
immobilized MMD. The successful immobilization of poly(Man-r-
TMS) on the MMD was confirmed by X-ray photoelectron
spectroscopy (XPS, Quantum2000, Physical Electronics, Inc.,
Chanhassen, MN, USA). The irradiating spot of the X-ray was the
frame of the MMD. The XPS spectra were calibrated using the peak
corresponding to C−C at 284.6 eV and were peak-divided using the
Peak Fit software (v4.12, Systat Software Inc., San Jose, CA, USA).
The amount of immobilized poly(Man-r-TMS) was estimated from
the change in the weight of the MMD. The surface morphology of the
poly(Man-r-TMS)-immobilized MMD was observed by atomic force
microscopy (AFM, Dimension Icon AFM, Bruker AXS, Karlsruhe,
Germany) using tapping mode with an antimony-doped Si probe
(spring constant: 20−80 N m−1, NCHV-10, Bruker AXS K.K.,
Yokohama, Japan) under dry conditions. The root mean-square
roughness (Rq) and ten-point average roughness (Rz) values were
analyzed using NanoScope Analysis software (Bruker AXS). The
transmittance IR spectra of the MMDs were determined using an IR
spectrometer (Spectrum 100 FTIR Spectrometer, PerkinElmer Inc.,
Waltham, MA, USA) under dry conditions. The wavenumber
resolution, accumulation number, and determining diameter values
were 2 cm−1, 8 measurements, and 6 mm ϕ, respectively. The
thickness of the polymer on the Ni surface was determined by an
ellipsometric measurement (NL-MIE, Nippon Laser & Electronics
Lab., Nagoya, Japan) under dry conditions. The reflective index of
poly(Man-r-TMS) was replaced by that of poly(N-phenylacrylamide).

2.3. Adsorption of Protein onto the Poly(Man-r-TMS)-
Immobilized MMD. The protein analytes, Con A and BSA, were
detected using the poly(Man-r-TMS)-immobilized MMD. The
poly(Man-r-TMS)-immobilized MMDs were added to phosphate-
buffered saline solutions (pH 7.4) of protein at a variety of different
concentrations and then incubated for 3 h. The MMDs were
subsequently washed with a sufficient quantity of water and dried.
The transmittance IR spectra of the MMDs were determined under
dry conditions before and after the protein adsorption process. The
frequency shift (−Δf) and the transmittance changes (−ΔT) were
calculated from the differences in the dipped structures before and
after the protein adsorption process and were corrected according to
those observed for the MMD incubated in the buffer.

The amounts of Con A adsorbed (q) were determined following the
elution from the MMDs. Two sheets of the MMDs, which had been
subjected to the adsorption process with Con A, were immersed in the
eluent at 98 °C for 5 min. The resulting solutions were spotted onto
the poly(acrylamide) gel, which was then fractionated by electro-
phoresis for 1 h. The Con A on the gel was visualized using a staining
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reagent, and the gel was then scanned using a fluorescent scanner. The
values of q were estimated from the total gray values of the
electrophoretic bands, which were obtained using the ImageJ software
(National Institutes of Health, Bethesda, MD, USA).
2.4. Detection of Protein Using Poly(Man-r-TMS)-Immobi-

lized QCM and SPR Sensors. The surface of the Au oscillator in the
QCM cell (Initium Inc., Tokyo, Japan) was cleaned with a drop of
piranha solution (i.e., 3:1 v/v mixture of sulfuric acid and hydrogen
peroxide). (CAUTION: “Piranha” solution reacts violently with
organic materials; it must be handled with extreme care.) The QCM
cells were suffused with a solution of (3-mercaptopropyl)-
trimethoxysilane (Tokyo Chemical Industry Co. Ltd., Tokyo, Japan)
in ethanol (10 g L−1, 0.5 mL) and then were incubated at 60 °C for 3
h. The resulting cells were treated with 100 mmol L−1 HCl. A solution
of poly(AcMan-r-TMS) in DMF (5 g L−1, 10 μL) was added dropwise
to the surface of oscillator, and the cells were heated at 60 °C for 17 h
and at 110 °C for 30 min. The poly(AcMan-r-TMS) material was
deacetylated by the addition of a solution of NaOMe in MeOH (pH:
∼10, 0.5 mL), followed by 30 min of stirring at ambient temperature.
The poly(Man-r-TMS)-immobilized surface for SPR measurements
was prepared according to the method described above using the SIA
kit Au chip (GE Healthcare UK Ltd., Little Chalfont, UK).
The adsorption behaviors of different proteins on the poly(Man-r-

TMS)-immobilized surface were evaluated using QCM (AFFINIX Q4,
Initium Inc.) and SPR (Biacore X100 system, GE Healthcare UK Ltd.)
measurements at 25 °C. For the QCM measurements, the cell was
suffused with phosphate-buffered saline solution (pH: 7.4) and
subsequently held at room temperature until the frequency reached
equilibrium. The concentrations of Con A and BSA in the QCM cell
were enhanced by the sequential injection of protein solutions, and
frequency changes (−ΔF) were recorded. For the SPR measurements,
HBS-EP+ buffer (10 mmol L−1 HEPES, pH 7.4, 3 mmol L−1

ethylenediamine tetraacetic acid, 150 mmol L−1 NaCl, 0.05% Tween
20) was used as the running buffer. A variety of different
concentrations of Con A and BSA was injected at a continuous flow
rate of 30 μL min−1, and the SPR responses were recorded. The
surface of sensor chip was regenerated by the injection of a 10 mmol
L−1 HCl.
2.5. Adhesion of Bacteria onto the Poly(Man-r-TMS)-

Immobilized MMD. Two strains of E. coli (ORN178 and
ORN208) were used as a bacterial analyte and the corresponding

negative control, respectively. The ORN178 strain possesses the wild-
type FimH domain, which behaves as a mannose receptor on the pili.43

In contrast, the ORN208 strain is a mutant strain, which does not
contain the FimH domain, and it cannot bind to mannose. The
ORN178 and ORN208 strains were grown in LB media (20 mL) at 37
°C, until the optical densities of the cultures at 600 nm (OD600)
reached 0.8. The culture media were subsequently removed by
centrifugation at 3500 rpm for 7 min, and the E. coli were dispersed in
phosphate-buffered solution (pH: 7.4). This procedure was repeated
three times to give the corresponding E. coli suspensions.

The ORN178 and ORN208 strains were detected using the
poly(Man-r-TMS)-immobilized MMD. The poly(Man-r-TMS)-immo-
bilized MMDs were added to the E. coli suspensions at a variety of
different concentrations and incubated for 3 h. The MMDs were then
washed with a sufficient quantity of water and dried. The transmittance
IR spectra of the MMDs were determined under dry conditions before
and after the E. coli adhesion process, to obtain −Δf and −ΔT.

3. RESULTS AND DISCUSSION

3.1. Surficial Characteristics of the Poly(Man-r-TMS)-
Immobilized MMD. The presence of poly(Man-r-TMS) on
the MMD was confirmed by XPS. The XPS spectra of the
poly(Man-r-TMS)-immobilized MMD are shown in Figure 1.
In the C(1s) spectrum, the peaks were divided into C−C
(284.6 eV), C−N (285.3 eV), and CO (287.7 eV) bonds. In
the N(1s) spectrum, the peak corresponding to N−C bonds of
the amide groups was observed around 400 eV. Three peaks
were observed in the O(1s) spectrum, which corresponded to
the O−Si (531.9 eV), OC (531.0 eV), and metal oxide
(529.7 eV) bonds. The appearance of a peak corresponding to
the Si−C bond, which was not observed in the spectrum of the
unmodified MMD (Figure S2, Supporting Information),
indicated that the trimethoxysilane-containing glycopolymer
had been successfully immobilized on the surface. The
characterization of the Ni(2p) spectrum has been reported
previously by Grosvenor et al.,44 where the peak at 854.7 eV has
been assigned to NiO. The APM treatment led to the
formation of an oxidized layer on the Ni surface. Immobiliza-

Figure 1. Peak-divided XPS spectra of the poly(Man-r-TMS)-immobilized MMD.
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tion of the poly(AcMan-r-TMS) was associated with an
approximately 1.5-fold increase in the atomic percentage of
carbon on the MMD (Table S1, Supporting Information). The
atomic percentage of carbon on the poly(Man-r-TMS)-
immobilized MMD was slightly reduced, compared with that
on the poly(AcMan-r-TMS)-immobilized MMD, confirming
that carbon atoms had been released from the polymer as a
consequence of the deacetylation process, as expected. The
contact angle data also revealed that the deacetylated surface
was more hydrophilic than the poly(AcMan-r-TMS)-immobi-
lized surface (Figure S3, Supporting Information) and provided
further evidence that the deacetylation process had actually
occurred. We also confirmed that the soluble AcMan
homopolymer had been completely deacetylated under the
same conditions.32 The amount of poly(Man-r-TMS) immo-
bilized on the MMD was determined to be 470 μg per sheet.
Three-dimensional AFM images of the MMD are shown in

Figure 2. The surface of the unmodified MMD was flat and
smooth (Rq of the grid surface: 13 ± 3 nm) and was observed
as a lattice-shaped structure with an open length of 1.8 μm and
a grid interval of 2.6 μm. When the poly(Man-r-TMS) layer
was formed on the MMD, the grids were rounded (Rq of the
grid surface: 55 ± 4 nm). It was possible to confirm the
presence of poly(Man-r-TMS) on the MMD by visual
inspection. The AFM image of the poly(Man-r-TMS)-
immobilized MMD showed that the holes were not blocked;
i.e., the lattice-shaped structure was maintained after forming
the poly(Man-r-TMS) layer. The calculated thickness of the
polymer layer was ca. 50 nm (Figure S4, Supporting
Information).
3.2. Spectral-Transmission Characteristics of the

Poly(Man-r-TMS)-Immobilized MMD. The transmittance
IR spectra of the unmodified, poly(AcMan-r-TMS)-immobi-
lized, and poly(Man-r-TMS)-immobilized MMDs are shown in
Figure 3. In the transmittance spectra of the MMD with a two-

dimensionally periodic geometry, the dipped structure was
observed around 100 THz. The localized electromagnetic field
had an effect on the attachment of substance to the MMD.
When poly(AcMan-r-TMS) was immobilized on the MMD, a
red shift in the dipped frequency was observed, which was
attributed to changes in the refractive index. Because the
glycopolymer layer on the MMD was thin, the change in the
transmittance was not observed (−ΔT < 0.5%). Following the
deacetylation process, a slight blue shift was observed in the
dipped frequency of the transmittance spectrum. The blue shift
in the dipped frequency was attributed to a reduction in the
attached amount, based on the assumption that the poly-
(AcMan-r-TMS) had been deacetylated. The dipped structures
of the poly(AcMan-r-TMS)-immobilized and poly(Man-r-
TMS)-immobilized MMDs also suggested that the lattice-
shaped morphologies of the materials had been preserved. The
poly(Man-r-TMS)-immobilized MMD could be operated in the
middle-infrared region.
The thickness of the glycopolymer layer was determined to

be 39 ± 2 nm by ellipsometry and was very close to that

Figure 2. Three-dimensional AFM images of (a) unmodified and (b) poly(Man-r-TMS)-immobilized MMDs. The images on the right side show
two-dimensional AFM images of the grid surfaces.

Figure 3. FT-IR spectra of unmodified, poly(AcMan-r-TMS)-
immobilized, and poly(Man-r-TMS)-immobilized MMDs.
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calculated from the Rz difference between the unmodified and
poly(Man-r-TMS)-immobilized MMDs. To estimate the L1/e,
the electromagnetic field distribution of the unmodified MMD
was simulated using the TLM method (Figure S5, Supporting
Information). The shape and dipped frequency in the simulated
transmittance spectrum was close to those in the measured
transmittance spectrum. The relative resonance energy of the
electromagnetic field is shown in Figure 4. The energy of the

electromagnetic field decayed exponentially with moving from
the localized surface. The L1/e values were 0.3−0.8 μm. The
thickness of the poly(Man-r-TMS) layer and the length
between the MMD surface and the protein analyte fell within
the L1/e. The simulations indicated that the shift behavior in the
dipped frequency of the MMD depends on the material and the
size of analyte (Figure S6, Supporting Information).
3.3. Detection of Protein Using the Poly(Man-r-TMS)-

Immobilized MMD Sensor. The MMD sensor was measured
to evaluate its ability to quantitatively detect the adsorption of
protein on the poly(Man-r-TMS)-immobilized surface. The
values of −Δf for the Con A and BSA adsorptions are shown in
Figure 5. BSA, which was used as a reference protein, was not
adsorbed on the poly(Man-r-TMS)-immobilized MMD at any
of the concentrations tested. In bioseparation research,
poly(Man-r-TMS)-immobilized membranes have reduced the
amount of BSA adsorption owing to the hydrophilic properties

of the saccharides moieties.32 The prevention of nonspecific
adsorption processes could also be advantageous for biosensing
applications. The −Δf value for Con A adsorption increased
from 10−9 to 10−6 mol L−1, where it reached saturation. The
−ΔF values from the QCM measurements and the SPR
responses for the Con A and BSA detections are shown in
Figure 6. These results revealed that BSA was not adsorbed
onto the poly(Man-r-TMS)-immobilized surface at any of the
concentrations tested in the current study. The −ΔF values
from QCM measurement and the SPR responses for Con A
detection increased from 10−9 to 10−6 mol L−1, which was
comparable to the detection range observed for Con A using
the poly(Man-r-TMS)-immobilized MMD. In the previous
study, the detectability of the biotinylated MMD for
streptavidin was close to those of biotinylated QCM.6 These
results indicated the relevance of the MMD sensor. Poly(Man-
r-TMS) has been reported to exhibit strong and specific
binding to Con A because of the glyco-cluster effect.32 The
AFM images showed that the holes on the surface of the MMD
remained open following the adsorption of Con A (Figure S7,
Supporting Information). The −ΔT values for Con A
adsorption were less than 0.5%. Poly(Man-r-TMS)-immobi-
lized MMDs, which had been stored for more than 1 year,
retained their ability to selectively detect the adsorption of Con
A (Figure S8, Supporting Information). This result represents a
significant advantage to this synthetic polymer ligand compared
with an antibody ligand. The amount of Con A adsorbed onto
the MMD was determined by electrophoresis (Figure S9,
Supporting Information). The −Δf as a function of the amount
of Con A adsorbed (q) is shown in Figure 7 The correlation
between the −Δf and q values was relatively linear. The
detection limit of the MMD sensor for Con A was found to be
1 ng mm−2 (i.e., 10 fmol mm−2). The saccharide-immobilized
MMD, which could adsorb analytes in the vicinity of the
surface, effectively behaved as a label-free biosensor exhibiting
high levels of selectivity and sensitivity.

3.4. Detection of Bacterium Using a Poly(Man-r-TMS)-
Immobilized MMD Sensor. The poly(Man-r-TMS)-immo-
bilized MMD sensor was applied to quantitatively detect
bacteria, which were used as model microsized analytes. The
dipped frequency and transmittance in the spectra of the
poly(Man-r-TMS)-immobilized MMD decreased as the con-
centration of ORN178 increased, whereas those did not
decrease as the concentration of ORN208 increased (Figure
S10, Supporting Information). The −Δf value for the bacteria
was high, compared with that for the protein detection. The
−Δf values for the ORN178 and ORN208 adhesions using the
poly(Man-r-TMS)-immobilized MMD are shown in Figure 8a.
ORN178 was detected at the E. coli concentration in excess of
106 cell mL−1 by the poly(Man-r-TMS)-immobilized MMD.
The detection limit of the MMD sensor for E. coli was
comparable to that of quartz crystal microbalance using a Man-
self-assembled gold electrode.45 The −Δf value for the
ORN208 strain, which did not contain the mannose receptor,
remained unchanged at all of the concentrations tested in the
current study. These results therefore indicated that the
interaction between poly(Man-r-TMS) and the ORN178 strain
of E. coli was specific. When ORN178 was adhered at 109 cell
mL−1, the holes of the MMD were closed by E. coli (Figure S11,
Supporting Information), resulting in the disappearance of the
dipped structure in the transmittance spectra. For microsized
analytes such as E. coli, reductions in the transmittance of the
dipped structure in the spectra of the poly(Man-r-TMS)-

Figure 4. Simulated distribution of the electromagnetic field of the 100
THz-operated MMD along propagation direction of the incident wave.
The dashed line represents the value of 0.368 (1/e).

Figure 5. Changes in the dipped frequency in FT-IR spectra of the
poly(Man-r-TMS)-immobilized MMD after adsorption of protein at
different concentrations. The error bars represent the standard
deviations, which were determined from four different samples.
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immobilized MMD were noticeable, compared with nanosized
analyst such as protein. The −ΔT values for the adhesion of
ORN178 and ORN208 to the poly(Man-r-TMS)-immobilized
MMD are also shown in Figure 8b. Similarly to the −Δf values,
the −ΔT values for ORN178 increased at E. coli concentrations
greater than 106 cell mL−1, whereas the −ΔT value for
ORN208 remained unchanged for all of the concentrations
tested in the current study. The poly(Man-r-TMS)-immobi-

lized MMD sensor could therefore be used to specifically and
extensively detect bacteria as well as proteins. We recently
succeeded in the collection and detection of microparticles
from air using the MMDs.46 Given that analyte solutions could
readily permeate though the large number of holes on the
surface of an MMD, it is envisaged that the MMDs will find
numerous applications as fluidic devices for the detection of
bacteria.

4. CONCLUSIONS

A poly(Man-r-TMS)-immobilized MMD sensor has been
evaluated for its ability to detect proteins and bacteria. The
poly(Man-r-TMS) was immobilized on a nickel MMD using a
silane coupling reaction. The poly(Man-r-TMS)-immobilized
MMD sensor was used to achieve high levels of selectively and
sensitively for the detection of a protein and a bacterium.
Various pathogens, such as influenza viruses, human
immunodeficiency viruses, E. coli O157 Shiga toxins, and
cholera toxins, are recognized by saccharides on cell surfaces. It
is, therefore, expected that glycopolymer-immobilized MMD
sensors detect these pathogens. The MMD biosensor possesses
several key advantages, including having convenient surface
modification, potential for miniaturization, high throughput,
and a wide detection range and being label free and a
nondestructive test. We are currently working toward
developing practical applications for MMDs as biosensors in
the medical and health care fields.
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Figure 6. Detections of Con A and BSA on the poly(Man-r-TMS)-immobilized surface using (a) QCM and (b) SPR measurements. The error bars
in the QCM represent the standard deviations, which were determined from three different samples.

Figure 7. Changes in the dipped frequency of the FT-IR spectra of the
MMD after adsorption of Con A versus the amount of Con A
adsorbed on the poly(Man-r-TMS)-immobilized MMD. The solid line
represents the straight-line approximation (−Δf = 0.05 × q, R2 =
0.9473). The error bars represent the standard deviations, which were
determined from two different samples.

Figure 8. Changes in the (a) dipped frequency and (b) transmittance
in FT-IR spectra of the poly(Man-r-TMS)-immobilized MMD after
adhesion of E. coli ORN178 and ORN208 at different concentrations.
The error bars represent the standard deviations, which were
determined from two different samples.
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