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The Basic Consideration of Sensing Method Using a Metallic Mesh in the Terahertz Range
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We report on a novel sensing method in the terahertz region using metallic mesh. Conventionally, the band-pass filter property

of a metallic mesh can be adjusted by changing the mesh geometrical parameters. However, the band-pass filter parameters also

depend on the refractive index of the medium in the vicinity of the mesh openings. To inspect this effect as a potential

measurement principle, we calculated the electric field distribution around the metallic mesh and analyzed the frequency

characteristics due to a sample attached to the metallic mesh using the Finite Difference Time Domain method. For bio-molecular

sensing, the Electrospray Deposition method was applied in order to spray a uniform layer of protein over a metallic mesh. We

observed a correlation between the quantity of protein and the transmission characteristics of the metallic mesh.
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Fig. 3. Calculated spectra of the metallic mesh and the

dependence of the coated sample thickness.
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Table | Geometric parameters of the metallic meshes.
Mesh No. | Line / inch g 2a t
#1 500 50.8 17.8 6
#2 400 63.5 18.5 6
#3 333 76.3 18.3 6
=ed 250 102 21.6 6
#5 150 169 34.0 22
#6 100 254. 54.0 39
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Fig. 4. Measured transmission spectra of the 6 types of

metallic meshes.
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Table 2. Parameter of the ESD samples

Sample No. Substrate Density of Avidin
#sl Polyethylene membrane 200 ng/mm’
sputtered with platinum (3.3 pmol )
#s2 Metallic mesh 200 ng/mm”
#s3 Metallic mesh 1200 ng/mm”
( 19.8 pmol )

(<500)

Without sample Avidin 200 ng/mm?  Avidin 1200 ng/mm?

(~10000)

M6 TEYLEBMLI-ERA Y 20 SEM &
Fig. 6. SEM images of the metallic mesh with and without

avidin.
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Fig. 7 Measured transmission spectra of the samples using
the ESD method. (a) #s1 and the same substrate of #s1 without
avidin. (b) #s2, #s3 and the same metallic mesh without

avidin,
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A label-free biological sensor, which is based on the resonant transmission phenomenon of a thin
metallic mesh, is proposed in the terahertz wave region. By using this sensor, we demonstrate the
highly sensitive detection of small amounts of protein horseradish peroxidase. For quantitative
investigation of the sensitivity of our sensor, horseradish peroxidase was printed on the metallic
mesh surface by using a commercial available printer. A distinct shift of the transmission dip
frequency is observed for 500 pg/mm? (11 fmol) of horseradish peroxidase printed on the metallic
mesh, indicating the significantly high sensitivity of our sensor. © 2007 American Institute of

Physics. [DOL: 10.1063/1.2825411]

In the past two decades, terahertz waves, located in the
frequency region between the microwaves and the infrared,
have found an increasing number of applications in various
fields of research.' Especially, terahertz technology has a
broad applicability in the biomedical context because the
collective vibration modes of many protein and DNA mol-
ecules are predicted to occur in the terahertz range.J"S The
refractive index and absorption coefficients of single-
stranded DNA and double-stranded DNA are different from
each other in the terahertz region, indicating distinguishable
characteristics.’ Reports have also been published on the
avidin-biotin complex’ and the imaging of artificial RNA."
These studies have revealed the potential applications of
label-free sensings for many biomedical molecules by using
the terahertz waves. In biomedicine, label substrates, which
might involve fluorescence, an enzyme reaction, or a radio-
isotope are used for the detection of proteins. However, these
procedures are complex and take a lot of time. The label-free
detection with terahertz waves is a convenient technique in
biomedicine, which enables us to realize easier and faster
medical and food inspections than other techniques.

In this paper, we propose a label-free sensing method
using a thin metallic mesh in the terahertz region. The trans-
mission characteristics of thin metallic meshes, investigated
since the 1960s,”'" are those of a band-pass filter in the
far-infrared region. This is due to the resonant transmission
caused by an excitation of surface plasmon polarilons”
(SPPs). The transmission properties of a thin metallic mesh
are determined mainly by its geometric parameters, but,
when a material is placed near the mesh openings, are also

“Electronic mail: yoshida_h@bios.tohoku.ac.jp. Tel /JFAX: +81-22-717-
8946.

0003-6951/2007/91(25)/253901/3/$23.00

91, 2539011

affected by the refractive index of that material, in the sense
that a shift of the resonant transmission frequency
occurs.'”"* Our sensing method is based on the change of the
transmittance of terahertz radiation through a thin metallic
mesh accompanied by the resonant frequency shift when a
sample substance is applied on the mesh openings. The trans-
mittance of the thin metallic mesh does not change due to the
absorption, but dominantly due to the variation of the refrac-
tive index of the sample substances near the openings.”’
Using this thin metallic mesh sensor, we detected the protein
horseradish peroxidase, which is an oxidation/reduction en-
zyme existing in many organisms and is typically used as an
indicator in biochemical reactions. The horseradish peroxi-
dase is one of the most widespread label substrates in bio-
medicine.

In our experiment, the thin metallic mesh was made
from electroformed nickel, allowing the fabrication of a
smooth surface and precise periodicity of the grating. The
two dimensional square metallic mesh was 6 pm thick with
a grating period of 76.3 um and a metallic linewidth of
18.3 um, in both dimensions. This metallic mesh behaves as
a high-pass filter and the peak transmission is approximately
95% at 3.37 THz. We measured the transmission spectra of a
thin metallic mesh using a Fourier transform infrared spec-
trometer (FARIS-1S; JASCO, Japan), in which the terahertz
beam was focused into an area of about 7 mm in diameter on
the thin metallic mesh (Fig. 1). We used the protein horse-
radish peroxidase (Nacalai Tesque) as a sample, by dissolv-
ing it in sterilized pure water at the concentrations of 1.0,
0.5, 0.25, and 0.125 mg/ml. These enzyme solutions were
spread on the thin metallic mesh. For a quantitative investi-
gation of the sensitivity of the metallic mesh sensor, the ac-
curate spreading of sample substances on the sensor is criti-
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FIG. 1. Measured transmission spectrum of a thin metallic mesh with a
grating period of 76.3 um and a metallic linewidth of 18.3 um.

cally important. We printed horseradish peroxidase on the
metallic meshes using a commercial inkjet printer (Pixus
860i; Canon, Tokyo, Japan), the same that was previously
used to fix DNA on a '::hip.!“i The amount of the sample was
controlled using an image processing software. By using the
inkjet printer, a considerably small amount of sample can be
spread on various materials more readily than with other
printing systems.

Figure 1 shows the transmission spectrum of the thin
metallic mesh. The broad transmission peak is observed at
3.37 THz and the peak transmittance exceeds the fraction of
a mesh opening. This resonant transmission phenomenon is
derived from the resonant excitation of SPPs. The resonant
frequency of the SPP is expressed as
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where k;, is the in-plane wave-vector of the incident tera-
hertz wave, G is the reciprocal lattice vector of the periodic
structure, and &,, and &, are the dielectric constants of the
metal and the interface medium. The discrepancy between
the observed peak frequency (3.37 THz) and the resonant
frequency of SPPs (3.93 THz) expected from the Eq. (1) is
attributed to the Fano-like interference effect between the
terahertz waves transmitted directly through metal openings
and reemitted from the SPPs excited on the metal
surface.'®"” In Fano’s original study, he investigated the situ-
ation of the interference between two contributions, a non-
resonant continuum state and a resonant discrete one. For the
problem of transmission of terahertz wave through metal
mesh, the former corresponds to the directly transmitted tera-
hertz wave and later corresponds to the reemitted terahertz
wave from SPPs. This Fano-like interference leads to the
asymmetric spectral shape around the resonant frequency
and, consequently, the redshift of the transmission peak with
respect to the SPP resonant frequency.

When we used collimated incident terahertz waves, this
transmission dip is not observed at normal incidence while it
is observed at oblique incidences (not shown). In addition,
the transmission dip frequency shows the incident angle de-
pendence. From these results, the observed transmission dip
arises as a result of the transmission peak splitting for ob-
lique incidence. For the square lattice structured surface, the
first order SPP mode splits into two modes analogous to
photonic band modes in photonic crysta]s.m'“" In this case,

the spectral dip is possibly observed between transmission
Downloaded 1
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FIG. 2. (Color online) (a) Measured transmission spectra of a thin metallic
mesh with various concentrations of horseradish peroxidase. (b) The trans-
mission dip frequency as a function of the horseradish peroxidase
concentration,

peaks of these two modes. For the focused incident beam,
like our experiment, the component of oblique incident tera-
hertz wave involved and, thus, the transmission dip appears
as the integral of the contributions from several oblique com-
ponents. Since the resonant frequencies of the transmission
peak and dip strongly depend on the refractive index in the
vicinity of the metallic mesh openings, the extremely small
amount of the sample substances can be detected by moni-
toring the position of the transmission peak and/or dip.
Figure 2(a) shows the measured transmission spectra of
the thin metallic mesh with various amounts of peroxidase
printed on it. We present the transmission spectra only in the
frequency range around the transmission dip observed in Fig.
2. The transmission dip frequency shows a tendency to de-
crease with increasing the amount of sprayed peroxidase.
The transmission dip frequency, which is estimated from the
fitting of the measured spectrum with a Lorentz function, is
plotted in Fig. 2(b) as a function of the amount of peroxi-
dase. A clear frequency shift of the transmission dip is ob-
served for 500-2100 pg/mm?® horseradish peroxidase with
respect to that of the bare metallic mesh (0 pg/mm?). This
result indicates that the sensing with thin metallic meshes is
extremely sensitive for the detection of very small amounts
of biomolecules, equal to the sensitivity of the conventional
method using an antibody labeled horseradish peroxidase.
Nagle et al. reported the detection of the femtomole order of
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DNA by using a coplanar waveguide with a resonant
structure”® and at functionalized electrodes via hybridization
in the terahertz region.”’ Our thin metallic mesh sensing can
detect proteins in the order of femtomole, which should al-
low the application of our sensor to protein detection in bio-
medicine.

The peak frequency basically shifts to the lower fre-
quency side with increasing the volume of the horseradish
peroxidase in the range from 300 to 2100 pg/mm?. The peak
frequency for 2100 pg/mm?, however, returns slightly to the
higher frequency with respect to that for 1100 pg/mm?. This
result is due to the inhomogeneous spreading of the horse-
radish peroxides on the metallic mesh in our printing system.
More precise spreading can help to avoid this ambiguity in
the detection of the frequency shift.

The transmittance at the dip frequency changes only
slightly with the volume of the horseradish peroxides. This
indicates that the absorption of the terahertz wave by the
sample substances plays a minor role for the variation of the
transmission spectrum. Such a small variation of the trans-
mittance makes it difficult to detect the sample substances by
monitoring the transmission intensity at a single frequency.

In conclusion, we demonstrated the highly sensitive de-
tection of protein molecules in amounts in the femtomole
order by using a thin metallic mesh sensor. For spreading the
extremely small amount of sample substances on the metallic
mesh sensor, we used a commercially available printer with
which horseradish peroxidase could be printed. For the me-
tallic mesh sensor printed with 500 pg/mm? (11 fmol)
horseradish peroxidase, a redshift of the transmission dip fre-
quency is observed clearly, which is based on the variation of
the refractive index in the vicinity of the metallic mesh open-
ings. This result exceeds the detection limit of conventional
terahertz spectroscopy for protein molecules. As a next chal-
lenge, we aim to achieve a label-free selective detection of
proteins by using an antigen/antibody reaction.
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THz sensing method based on metallic
mesh and application to high-resolution
sensing and imaging

E. Kato, S. Yoshida, H. Yoshida, A. Hayashi, S. Hayashi, Y. Ogawa, C. Otani and K. Kawase

Abstract— We report on a sensing method in the terahertz
range using metallic mesh (MM). Conventionally, the filter
property of an MM can be changed by the geometrical
parameters of the MM. Considering that this property is also
changed when the medium in the vicinity of the mesh openings has
a different permittivity, we were able to measure small amounts of
absorbing materials and thin plastic films on the metallic mesh.
We observed change of both the transmission characteristics and
the images.

Index Terms—imaging, metallic mesh, sensing, surface wave

[. INTRODUCTION

Meta]lic meshes (MMs), metallic membranes with a
two-dimensional array of sub-wavelength holes, have
been used as quasi-optical components such as mirrors, beam
splitters, filters, and Fabry-Perot interference filters in the
spectral region from microwave to far infrared [1]. The
transmission characteristics of MMs can be determined by the
shape and the arrangement of the apertures [2], [3]. The
phenomenon of resonance enhanced transmission peaks
observed for MMs is attributed not only to the waveguide mode
but also to the resonant excitation of surface waves at the
metal-air (or dielectric) boundaries of MMs [4]. Since the
resonant frequency and transmittance are strongly affected by
changes in the dielectric constant of the medium near the mesh
openings, we can infer that small amounts of samples, attached
on the metal surface, can be detected with high sensitivity [5].
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[I. EXPERIMENTS

A. Transmission properties of MM

We measured the basic transmission property of bare MM.
Fig. 1 shows the transmission spectrum of the bare MM
produced by the electroforming method with a focused beam
under normal incidence using a standard THz-TDS system. The
schematic of the MM is shown in the inset of Fig. 1. The grid
constant of the MM is g = 254 um, wire strip width 2a = 74 um
and thickness ¢+ = 60 pm. The enhanced transmission peak is
observed at frequencies around 1 THz. The maximum
transmittance at 1.03 THz is two times higher than that
expected from the porosity of the mesh holes, and there exists
one sharp dip at 0.99 THz. This sharp dip is attributed to
anomalous diffraction when the THz wave incidents to the MM
obliquely, similar to Wood’s anomaly [6].

B. THz sensing of small amount of samples using MM

To investigate the quantitative responsiveness of the MM as
a sensor, we used a commercial ink-jet printer (Pixus BJ F900,
Canon, Tokyo, Japan) for quantitative ink sample (n ~ 2.1, k ~
0.2) spread. The amount of ink sample was controlled using
image processing software. We prepared two types of
substrates for comparison: the MM and a 0.1 mm thick PET
film. The printed ink density on the PET film substrates was 40,
45 and 50 ng/mm’, respectively. Given that the porosity of the
MM holes is about 50%, the estimated density of the ink printed
on the MM is one-half that of the PET film substrate. For this
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Fig. 1 Transmission spectrum of the metallic mesh used in
the experiment.
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Fig. 2 Transmission spectra of printed ink samples. (a)
without MM, (b) with MM. Unit of ink density is ng/mm”.

experiment, we set up a spectroscopic and imaging system
using a backward wave oscillator (BWO) as a THz wave source
(0.85 ~ 1.10 THz) and a deuterated L-alanine triglycine
sulphate (DLATGS) detector [7]. THz waves radiating from
the BWO are collimated by an off-axis parabolic mirror and
focused onto the sample by another mirror. For image
acquisition, the sample is x-y scanned using a linear motor
stage that moves it through the focused beam. Fig. 2(a) shows
the transmission spectra of the PET film substrate with the
aforementioned densities of ink. There is no significant change
even at higher ink densities. Fig. 2(b) shows the transmission
spectra of the MM substrates with some ink densities and
without ink. The lower shift of dip frequencies with increasing
ink density is clearly observed relative to the bare MM, and a
difference of 2.5 ng/mm’ ink density could be detected; such a
difference is difficult to detect using conventional THz
spectroscopy. These shifts are believed to be caused by changes
in the dielectric constant in the vicinity of the MM surface
when small amounts of ink are printed on the MM.

C. THz imaging of thin materials using MM

For highly sensitive sensing by imaging, we used thin
free-standing Teflon foils (Nilaco Co., Tokyo, Japan) of 5, 12,
20 and 25 pum thickness as samples. We attached the samples on
both 0.1 mm thick paper and the MM, and imaged them using
the aforementioned experimental setup. Fig. 3(b) of the THz
transmission image of the samples attached on the MM at 0.96
THz shows that the thickness of the samples could be
determined based on the transmitted power, and a difference of
5 um thickness could be distinguished. However, such a
difference could not be determined for the paper since there is
no detectable contrast even for increased sample thickness (Fig.
3(a)).

1-4244-1439-3/07/$25.00 ©2007 IEEE
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Fig. 3 Transmission image of the thin Teflon films. (a)
without MM. (b) with MM.

[II. CONCLUSION

We demonstrated highly sensitive sensing using MM, based
on changes in the transmission characteristics produced by a
variation of the dielectric constant near the mesh openings.
Small amounts of absorbing substances printed on the MM can
thus be detected, and a film sample much thinner than the THz
wave can also be distinguished by imaging. This result suggests
the possibility of label-free sensing of biological affinities, such
as in the case of DNA hybridization or protein interactions, and
a method for producing a simple, inexpensive sensor chip using
a printing technology. We plan to investigate the MM sensor
mechanism in further detail and will attempt to enhance its
present sensitivity.
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Abstract:

We propose a new label-free sensor of protein using a metallic mesh in Terahertz (THz) region. Our
sensing method relies on a change in the transmittance of THz radiation passed through the metallic mesh
on which a sample substance is contacted. Label-free detection using THz radiation is a new technique in
biomedicine, which enable us to take easier and faster medical and food inspections.

By using this technique, we demonstrated the highly sensitive detection the protein horseradish peroxi-
dase, which is an oxidation/reduction enzyme that exists in many organisms. For quantitative investiga-
tion of the sensitivity of our sensor, the enzyme was printed on surface of the metallic mesh by a com-
mercial prmter A distinct shift in the transmittance spectrum toward lower frequency was observed for
500 pg/mm’ (11 fmol) enzyme printed on the metallic mesh. Next we demonstrated to detect a strepta-
vidin-biotin interaction on a PVDF membrane which is generally used fixation of protein and DNA. The
streptavidin-biotin interaction can be detected by using 650 pg/mm? (2.5 pmol) biotin. These results indi-
cate that our sensing system has high sensitivity and we have successfully demonstrated a convenient

sensing system by using a metallic mesh and a PVDF membrane.

Keywords: label-free immunoassay, metallic mesh, Terahertz radiation, membrane

1. INTRODUCTION

Immunoassay is one of the most popular methods in
biomedicine, which is based on antigen/antibody reaction
using specific antibody. This method generally needs la-
bel materials, which might involve fluorescence, an en-
Zyme reaction, or radioisotope, for highly sensitive detec-
tion. However the procedure is complex and takes a lot of
time. On the other hand, Terahertz (THz) technology has
broad applicability in a biomedical context and facilitates
various applications because the collective vibration
modes of many protein and DNA molecules are predicted
to occur in the THz range.

In this paper, we propose a label-free sensing method
using a thin metallic mesh in the THz region. The trans-
mission characteristics of thin metallic meshes, investi-
gated since the 1960s [1,2], are those of a band-pass filter
in the far-infrared region. This is due to the resonant
transmission caused by an excitation of surface plasmon
polaritons (SPPs) [3]. The transmission properties of a
thin metallic mesh are determined mainly by its geomet-
ric parameters, but, when a material is placed near the
mesh openings, are also affected by the refractive index
of that material, in the sense that a shift of the resonant
transmission frequency occurs. [4,5] Our sensing method
is based on the change of the transmittance of THz radia-
tion through a thin metallic mesh accompanied by the
resonant frequency shift when a sample substance is ap-
plied on the mesh openings. The transmittance of the thin
metallic mesh does not change due to the absorption, but

dominantly due to the variation of the refractive index of
the sample substances near the openings [6]. Using this
thin metallic mesh sensor, we detected the protein horse-
radish peroxidase, which is an oxidation/reduction en-
zyme existing in many organisms and is typically used as
an indicator in biochemical reactions. Horseradish per-
oxidase is one of the most widespread label substrates in
biomedicine. Next by using PVDF membrane and a thin
metallic mesh, we have demonstrated to detect strepta-
vidin (240 kDa)-biotin complex.

2. EXPERIMENT
2.1 Properties of a thin metallic mesh

In our experiment, the thin metallic mesh was made
from electroformed nickel, allowing the fabrication of a
smooth surface and precise periodicity of the grating. The
two dimensional square metallic mesh was 6 pm thick
with a grating period of 76.3 um and a metallic line width
of 18.3 pm, in both dimensions. This metallic mesh be-
haves as a high-pass filter and the peak transmission is
approximately 95 % at 2.8 THz. We measured the trans-
mission spectra of a thin metallic mesh using a Fourier
Transform Infrared (FT-IR) spectrometer (FARIS-1S;
JASCO, Japan), in which the THz beam was focused into
an area of about 5 mm in diameter on the thin metallic
mesh.

Figure 1 shows the transmission spectrum of thin me-
tallic mesh as a function of the wavelength 1 normalized
by the grating period g. The transmittance at the peak
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wavelength observed at 4 / g = 1.23, which is slightly
longer than 4 /g = 1, is 1.65 times as high as the opening
fraction of the metallic mesh (57.8 %). This resonant
transmission phenomenon is based on the interference
effect between the THz waves transmitted directly
through metal openings and reemitted from the surface
plasmon polaritons excited on the metal surface [7,8]. In
addition, a sharp transmission dip is observed at wave-
length of 4/ g = 1.5. This transmission dip appears as the
result of the splitting of the surface plasmon polariton
modes for the oblique incidence [9] derived by the fo-
cused THz radiation beam in our experimental setup.
Since the resonant frequencies of the transmission peak
and dip strongly depend on the refractive index in the vi-
cinity of the metallic mesh openings, the extremely small
amount of the sample substances can be detected by
monitoring the position of the transmission peak and/or
dip.

2.2 Highly sensitive detection of a protein horseradish
peroxidase

We used the protein horseradish peroxidase (Nacalai
Tesque) as a sample, by dissolving it in sterilized pure
water at the concentrations of 1.0, 0.5, 0.25, and 0.125
mg/ml. These enzyme solutions were spread on the thin
metallic mesh. For a quantitative investigation of the sen-
sitivity of the metallic mesh sensor, the accurate spread-
ing of sample substances on the sensor is critically im-
portant. We printed horseradish peroxidase on the metal-
lic meshes using a commercial inkjet printer (Pixus 860i;
Canon, Tokyo, Japan), the same that was previously used
to fix DNA on a chip [10]. The amount of the sample was
controlled using an image processing software. By using
the inkjet printer, a considerably small amount of sample
can be spread on various materials more readily than with
other printing systems.

Figure 2(a) shows the measured transmission spectra of
the thin metallic mesh with various amounts of peroxi-
dase printed on it. We present the transmission spectra
only in the wavelength range around the transmission dip
observed in Fig. 2. The transmission dip frequency shows
a tendency to decrease with increasing the amount of
sprayed peroxidase. The transmission dip frequency,
which is estimated from the fitting of the measured spec-
trum with a Lorentz function, is plotted in Fig. 2(b) as a
function of the amount of peroxidase. A clear frequency
shift of the transmission dip is observed for 500 — 2100
pg/mm?” horseradish peroxidase with respect to that of the
bare metallic mesh (0 pg/mm?). This result indicates that
the sensing with thin metallic meshes is extremely sensi-
tive for the detection of very small amounts of bio-
molecules, equal to the sensitivity of the conventional
method using an antibody labeled horseradish peroxidase.
The peak frequency basically shifts to the lower fre-
quency side with increasing the volume of the horserad-
ish peroxidase in the range from 300 to 2100 pg/mm’.
The peak frequency for 2100 pg/mm’, however, returns
slightly to the higher frequency with respect to that for
1100 pg}mmz. This result is due to the inhomogeneous
spreading of the horseradish peroxides on the metallic
mesh in our printing system. More precise spreading can
help to avoid this ambiguity in the detection of the fre-
quency shift.
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Fig.1. Measured transmission spectrum of a thin metal-
lic mesh with grating period of 76.3 um and a metallic
line width of 18.3 pm.
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Fig. 2. (a) Measured transmission spectra of a thin me-
tallic mesh with various concentrations of horseradish
peroxidase. (b) The transmission dip frequency as a
function of the horseradish peroxidase.

The transmittance at the dip frequency changes only
slightly with the volume of the horseradish peroxides.
This indicates that the absorption of the THz wave by the
sample substances plays a minor role for the variation of
the transmission spectrum. Such a small variation of the
transmittance makes it difficult to detect the sample sub-
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stances by monitoring the transmission intensity at a sin-
gle frequency. However, owing to the shift of the reso-
nant frequency depending on the refractive index in the
vicinity of the metallic openings, a sensitive detection of
the sample substances becomes possible with the single
frequency source in the THz regime. In our experiments,
a variation of more than 18 % in the transmission is ob-
served at 2.9 THz for 1100 pg/mm’ with respect to the
bare metallic mesh. If we assume that the uncertainty of
the transmittance in our experimental setup is less than
1 %, it follow s that we can detect the horseradish perox-
ides of at least 60 pg/mm® (a few fmol), which is never
detected by conventional THz spectroscopy.

2.3 Detection of streptavidin-biotin interaction on
PVDF membrane

Streptavidin (240 kDa) is a protein which binds biotin.
Streptavidin-biotin complex has a low dissociation con-
stant of about 10"° M. Bovine serum albumin (BSA)
(Alubumin bovine serum, powder ;SIGMA) was labeled
biotin (EZ-Link Sulfo-NHS-Biotinylation Kit: Pierce
Biotechnology, Inc.) and applied on PVDF mem-
brane(Immun-Blot™ PVDF Membrane; Bio-Rad) which
generally used for fixation protein and DNA. These
membrane which put in biotinylated-BSA, were into
0.1 % BSA solution (0.1 % BSA 20mM Tris, 500 mM
NaCl, 0.05 % Tween-20, pH 7.5) for a prevention that
other protein were attached these membrane. Sterepta-
vidin-biotin interaction was occurred in TTBS buffer (20
mM Tris, 500 mM NacCl, 0.05 % Tween-20, pH 7.5), after
the process these membrane were washed TTBS buffer
and pure water.

A thin metallic mesh (6 pm thick with a grating period
of 76.3 um and a metallic line width of 18.3 pm,) was
fixed a circular holder and adhered with these membrane
using a suction pump. We measured the transmission
spectra of a thin metallic mesh with membrane using a
Fourier Transform Infrared (FT-IR) spectrometer.

The transmission dip frequency, which is estimated
from the fitting of the measured spectrum with a Lorentz
function, is plotted in Fig. 3 as streptavidin-biotin inter-
action. When PVDF membrane was set on the metallic
mesh, the peak frequency shiftt to the lower frequency
side. This phenomenon based on a refractive index of
PVDF membrane. In a case of biotinylated-BSA were
applied on PVDF membrane, the peak frequency further

_ 0140
g 0.138 | @ Biotin 650 pg/mm’
= 0.136[| ® Biotin 3.3 ng/mm’ i
£ 0134}
72]
S 0132}
8 0.130}
2 0128}
g 0.126
0.124}
<
oa2f ° . )
PVDF biotin streptavidin
Fig. 3. The transmission dip frequency as strepta-

vidin-biotin interaction.

shift to the lower frequency side. Finally streptavidin
bind to biotinylated-BSA, amount of a dip shift was larg-
est in the reaction. The refractive index of strepta-
vidin-biotin complex was larger than biotinylated-BSA.
Amount of dip shift increased on a concentration of biotin.
The measurement of a transmittance without the metallic
mesh could not detect streptavidin-biotin interaction. In
our label-free sensing using the metallic mesh, 650
pg/mm® (2.5 pmol) biotin could be detected by the shift.

3. CONCLUSION

In conclusion, we demonstrated the highly sensitive
detection of protein molecules in amounts in the fmol or-
der by using a thin metallic mesh sensor. For spreading
the extremely small amount of sample substances on the
metallic mesh sensor, we used a commercially available
printer. For the metallic mesh sensor printed with 500
pg/mm? (11 fmol) horseradish peroxidase, a red-shift of
the the transmission dip frequency is observed clearly,
which is based on the variation of the refractive index in
the vicinity of the metallic mesh openings. This result
exceeds the detection limit of conventional THz spec-
troscopy for protein molecules. Next we have success-
fully demonstrated a label-free detection of strepta-
vidin-biotin interaction on a PVDF membrane. The
streptavidin-biotin interaction can be detected by using
650 pg/mm’ (2.5 pmol) biotin. These results indicates
that our sensing system has high sensitivity and we have
successfully demonstrated a convenient system by using a
metallic mesh and PVDF membrane. As a next challenge,
we aim to achieve a label-free selective detection of pro-
teins by using an antigen/antibody reaction.
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Abstract— We are studying some novel steps toward real-life applications of terahertz wave.
In this paper, we introduce two THz sensing methods for ensuring the safety and security of the
lives of people, such as, i) Nondestructive detection of illicit drugs using spectral fingerprints, ii)
Label-free detections of protein-protein interactions for allergy test.

1. INTRODUCTION

Terahertz (THz) waves, at the gap between microwaves and the far infrared, have long been un-
explored field, mainly because of the lack of sources and detectors. However, recent remarkable
developments in THz technology allow THz radiation to be applied in solving real-world problems,
such as in material science, atmospheric research, biology, solid state physics, chemistry and gas
tracing {1,2]. Among the most prominent advantages that the THz radiation offers we mention
its ability to penetrate a wide range of materials which are opaque to visible and near infrared
light or produce only low-constant X-ray images. As the THz photon energy is roughly six orders
of magnitude smaller than that of an X-ray photon, its interaction with matter, particularly with
biological tissues, is considered to cause no detectable damage, at least not by ionization processes.
A comparison with the other side of the electromagnetic spectrum, the microwave range, highlights
again the advantage of THz waves: With their shorter wavelength they provide a considerably bet-
ter imaging resolution that is sufficient in many applications. The existence of chemically-specific
absorption spectra in the THz range, reflecting molecular transitions and intermolecular bonds,
facilitates fingerprinting and brings about a whole area of spectroscopic detection, testing, and
analysis techniques. On the other hand, the technologies for ensuring the safety and security have
been becoming the important in an increasingly internationalized world. The THz technology has
been expected to solve such problems. We have been studying a few THz sensing methods for
ensuring the safety and security of the lives of people, such as, i) Nondestructive detection of illicit
drugs using spectral fingerprints, ii) Label-free detections of protein-protein interactions for allergy
test.

The absence of non-destructive inspection technique for illicit drugs hidden in mail envelopes has
resulted in such drugs being not only smuggled across international borders but also transported
from one jurisdiction to another within a country with surprising ease. The situation must also
be attributed to the inconvenience of having to obtain a search warrant to examine the contents
every time the need arises. A majority of the legal systems in the world prohibit private letters,
whether they are suspected or otherwise, from being examined without a search warrant. There
exist several inspection techniques such as passing the mail through an X-ray scanner, having it
sniffed by a trained dog, or swiping its outside with a trace detection system. However, the ability
of X-ray scanners is limited to identifying.the shape of a vinyl plastic bag or a tablet, and not the
type of the drug, providing insufficient grounds for opening the envelope for examination. Trace
detection and canine detection, on the other hand, can only be effective if there are detectable
signs outside the envelope, such as a scent or trace amounts of the concealed drug. In contrast, the
THz-wave is suitable for drug detection purposes, being able to screen the contents of envelopes
and our measurement results having proven the existence of fingerprint spectra peculiar to illicit
drugs in the THz region. In this paper, we will report a demonstration to detect illicit drugs in
envelope using a THz spectroscopic imaging system.

In recent years, Japanese consumers have become increasingly aware of food safety issues (e.g.,
residual agricultural chemicals in food, mislabeled beef and tampered food). In particular, a detec-
tion of an allergic substance in food materials is very important, because a substance that triggers
allergies causes serious allergic reaction. We think the label-free biosensing is a good way to detect
them. However, it is necessary to detect a very small amount of allergen in food. To obtain high
sensitivity, we demonstrated a sensing application using thin metallic mesh — a two-dimensional
array of sub-wavelength holes.
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2. NONDESTRUCTIVE DETECTION OF ILLICIT DRUGS USING SPECTRAL
FINGERPRINTS [3]

We have developed a basic technology for terahertz imaging. which allows detection and iden-
tification of drugs concealed in envelopes, by introducing the component spatial pattern analy-
sis [4]. As samples we chose for this experiment three drugs that were: methamphetamine (d-
methamphetamine hydrochloride, more than 98% purity), currently the most widely consumed
drug of abuse in Japan, MDMA (dl-3. 4-methylenedioxymethamphetamine hydrochloride. 67% pu-
rity), another drug of abuse becoming widespread on a global scale, and aspirin (100% purity) as
a reference. As shown in Fig. 1, ~20mg of each substance were placed in a small 10 x 10 mm
polyethylene bag. The three bags were then placed inside a usual airmail-type envelope. THz
images of the rectangular area indicated by the white line in Fig. 1 were captured.

Figure 1: View of the samples. The small polyethylene bags contain from left to right: MDMA, aspirin,
and methamphetamine. The bags were placed inside the envelope during imaging. The area indicated by
the white line represents the imaging target, 20 x 38 mm in size. Since methamphetamine and aspirin are
similar in appearance, we used a slightly longer bag for the latter to avoid confusion.

The THz spectroscopic imaging system [5] consists of a Q-switched Nd:YAG laser, a TPO (THz-
wave parametric oscillator) [6], imaging optics, an xy scanning stage, a detector, a lock-in amplifier,
and a personal computer . By changing the frequency emitted by the TPO within the 1.3 to 2.0 THz
range, we obtained seven multispectral images as shown in Fig. 2. In Fig. 2, the scale of the image
—In(Iy/Iy) is the logarithm of the transmitted THz-wave intensity Iy divided by the intensity of
the THz-wave that was only transmitted through the envelope Iy. This means that the greater the
absorption, the brighter the shades.

The absorption spectra of the three drugs were measured with the same TP system as shown
in Fig. 3. The corresponding absorption intensity values at the seven frequencies were extracted
to obtain the information of spectra. Although the spectra of methamphetamine and MDMA are

4. (a)
_ (b)
1.32THz L 1.69THz 3 3]
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o
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Figure 2: Seven multispectral images. Figure 3:  Absorption spectra of MDMA (a),

methamphetamine (b), and aspirin (c).
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similar, the difference between them enabled us to distinguish between the two using the component
pattern analysis method.

By using the seven recorded images and the information of spectra, the spatial pattern was cal-
culated. Fig. 4 shows the result of extracting the three components, with each image corresponding
to each of the sample drugs. As it is evident from these images. the three drugs have been clearly
distinguished and the corresponding spatial patterns obtained. A ROI (region of interest) was set
in each area of the component patterns in Fig. 4 and then we took the average of tone in each ROIL
The ROI was a square with 20 x 20 pixels, which is similar to the size of a plastic bag. The averages
of MDMA. aspirin, and methamphetamine were 122, 119 and 138, respectively. The errors were
less than +10%., which is sufficient for the drug detection purposes.

3. LABEL-FREE DETECTION OF PROTEIN-PROTEIN INTERACTIONS FOR
ALLERGY TEST

We have been developing a novel sensing method which uses the highsensitivity phenomenon of a
thin conductive metal mesh. The transmission characteristics of thin metallic meshes, investigated
since the 1960s (7, 8], are those of a band-pass filter in the far-infrared region. The transmission
properties of a thin metallic mesh are determined mainly by its geometric parameters, but, when
a material is placed near the mesh openings, are also affected by the refractive index of that
material, in the sense that a shift of the resonant transmission frequency occurs [9]. Our sensing
method is based on the change of the transmittance of THz radiation through a thin metallic mesh
accompanied by the resonant frequency shift when a sample substance is applied on the mesh
openings. The transmittance of the thin metallic mesh does not change due to the absorption,
but dominantly due to the variation of the refractive index of the sample substances near the
openings [10].

In our experiment, we measured the transmission spectra of a thin metallic mesh using a Fourier
Transform Infrared (FT-IR) spectrometer, in which the THz beam was focused into an area of about
7mm in diameter on the thin metallic mesh. The transmission dip frequency shows the incident
angle dependence [11]. We observed the shift of this transmission dip frequency. The thin metallic
mesh was made from electroformed nickel, allowing the fabrication of a smooth surface and precise
periodicity of the grating. The two dimensional square metallic mesh was 6 pm thick with a grating
period of 76.3 um and a metallic line width of 18.3 pm, in both dimensions. This metallic mesh
behaves as a high-pass filter and the transmission at the dip frequency is approximately 70% at
2.94THz (Fig. 5).

We demonstrate the experiment of a label-free detection of casein/anti-casein reaction which
causes allergy to milk. We used alpha-casein from bobime milk and rabbit IgG anti alpha-casein.
For quantitative blotting the antigen protein (alpha-casein) to a polyvinylidene difluoride (PVDF)

|—58/76.3
| aperture/pitch

80

40 +

Transmittance [%)]

0

05 15 25 35 45

Methamphetamine Frequency [THz]

Figure 4: Extracted spatial patterns of Figure 5: A measured transmission spectrum of the thin
MDMA, aspirin and methamphetamine, us-  metal mesh. This metal mesh behaves as a high-pass
ing the component spatial pattern analysis. filter and the peak transmission is approximately 95%
The three drugs are clearly distinguished and  at 3.37 THz. The transmittance of dip is observed at
corresponding spatial patterns obtained. 2.94 THz.
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membrane, we used a printing device (KONICA MINOLTA 1J co., Japan). The amount of the
sample was controlled using an image processing software. For viscosity control, alpha-casein was
dissolved in solution of glycerine (40%) and isopropyl alcohol (5%) in distilled water. In our case.
the solution concentration is 1.0 mg/ml. In order to make the PVDF membrane hydrophilic it was
soaked in methanol 100% for 20 seconds, then washed with distilled water for 2 x 5 minutes and
rinsed in Tris-buffered saline (TBS) (20mM Tris. 300mM NaCl., pH 7.5). Alpha-casein solution
was applied by the printing device on the membrane. The blotted membrane was immersed in the
blocking with the BSA solution (0.1% BSA in TTBS (20mM Tris, 500 mM NaCl, 0.05% Tween-
20, pH 7.5)) for 2hours at room temperature. After the washing with the TTBS solution, it
was Incubated with 20 pul monoclonal rabbit IgG anti alpha-casein (1.0 mg/ml) over night at room
temperature.

We measured samples using our FT-IR at three steps PVDF membrane which were (a) untreated,
(b) applied alpha-casein solution and blocked with the BSA solution, and (¢) incubated with rabbit
IgG anti alpha-casein. The PVDF membrane shows transmittance more than 70% under 3 THz.
Each PVDF membrane was attached to the input surface of the thin metallic mesh. We present the
transmission spectra only in the frequency range around the transmission dip observed in Fig. 6.
The transmission dip frequency, which is estimated from the fitting of the measured spectrum with
a Lorentz function, is plotted in the inset of Fig. 6 as a function of each step. The transmission
spectrum of the applied-casein solution and blocked with the BSA solution on PVDF membrane (b)
was found to shift towards lower frequencies relative to the untreated PVDF membrane (a). And
the transmission spectrum of the incubated with rabbit IgG anti alpha-casein on PVDF membrane
(c) was also found to shift towards lower frequencies relative to the non-incubated PVDF membrane
(b). In this case, the amount of rabbit IgG anti alpha-casein on PVDF membrane is estimated
8.7 x 10~ 7 M. This shift is believed to be caused by the different refractive index of antigen-antibody
combination in the vicinity of metallic mash. Such a small variation of the transmittance makes
it difficult to detect the sample substances by monitoring the transmission intensity at a single
frequency. However, owing to the shift of the dip frequency depending on the refractive index
in the vicinity of the metallic openings. a sensitive detection of the sample substances becomes
possible with the single frequency source in the THz regime.
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Figure 6: Measured transmission spectra of a thin metallic mesh with various conditions of PVDF membrane.
At the inset figure shows the sift of transmission dip frequency as a function of the each conditions of PVDF
membrane.
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