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Abstract

The C-reactive protein (CRP) is a very important in-
flammation biomarker and a major predictor of car-
diovascular disease (CVD) in human. We demonstrat-
ed here on a new approach to determine the binding
of label free CRP to monoclonal anti-CRP using the
Mach-Zehnder interferometer based on silicon oxides
with the detection limit of 1 ng/mL or even less at the
operating wavelength of 1,550 nm. The building blo-
ck, single-mode waveguide of total internal reflection,
was precisely designed using a finite element meth-
od (FEM) and so we suggested the guideline of micro-
fabrication to achieve it. We also firstly introduced
the calixcrown self-assembled monolayers (SAMs),
which guaranteed the activity of capture proteins
and the correct orientation, to immobilize the mono-
clonal anti-CRP on PECVD silicon oxides into the bio-
sensors based on the interaction of the evanescent
field of the guided light with the surrounding environ-
ment.

Keywords: C-reactive protein, Mach-Zehnder interferome-
ter, Biosensor, Finite element method, Silicon oxide

Introduction

For the last decade, immunosensors have been devel-
oped to transform efficiently a biological reaction
into a measurable signal for biological process, health-
care, drug discovery, medical diagnostics, environmen-
tal monitoring, food industry and military defense1-4.
Among several transduction methods, optical trans-
ducers offer more attractive characteristics including

high sensitivity and immunity to electromagnetic inter-
ference. In the optical transducers, biological reaction
produces a change in the vicinity of a light path and
then this variation induces a change in the propaga-
tion properties of light. Initiated by the pioneering
work of Tiefenthaler and Lukosz5, an integrated optics
has been an impetus to develop compact sensing de-
vices with high sensitivity, fast response time and
real-time monitoring. The integrated optic biosensor
utilizes the evanescent field to detect biological events
at the waveguide surface and it has opened the possi-
bility of miniaturization, robustness and mass produc-
tion6-9. Importantly, a Mach-Zehnder interferometer
(MZI) sensor has been a promising candidate because
of extremely high sensitivity and an internal reference
for compensating thermal drifts and non-specific ad-
sorptions. Recently, we successfully demonstrated the
MZI biosensor based on silicon oxides to directly
detect the binding between biotin and streptavidin at
the operating wavelength of 1,550 nm, the major tele-
com wavelength9. Silicon oxides have excellent opti-
cal properties, such as low absorption losses in visible
and near infrared regions and easy fiber coupling, and
their refractive index can be adjusted over a wide range
between 1.45 (SiO2) and 1.90 (SiO) in the plasma en-
hanced chemical vapor deposition (PECVD) by chang-
ing reactant gases and relative flow rates. 

C-reactive protein (CRP) is an important inflam-
mation biomarker found in both vertebrates and inver-
tebrates and a member of the pentraxin family of pro-
teins. CRP is a homopentamer, which consists of five
identical and non-covalently bound subunits assem-
bled as a cyclic pentamer around a central pore10. CRP
is produced by a liver and is normally present as a
trace constituent of serum or plasma. The CRP bio-
marker is classified as an acute phase reactant in hu-
man and a significant marker of inflammation. Recent
studies have proved the prognostic indicator in acute
coronary syndromes and they also demonstrated the
association between inflammation and cardiovascular
disease (CVD)11-14. Inflammation is a major mecha-
nism in the process of atherogenesis and in triggering
of clinical CVD events. An elevated level of CRP
represents a major risk factor in developing various
forms of CVD like atherosclerosis, peripheral artery
disease, myocardial infarction and strokes. High sensi-
tivity CRP (hsCRP) based on enzyme linked immuno-
sorbent assay (ELISA) is commonly used to determine
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CRP in blood serum or plasma with a detection limit
down to 0.2 μg/mL15,16. However, a false positive rate
due to non-specific bindings and a principle of pho-
tometric detection may restrict the efficacy of the
hsCRP ELISA. Moreover, matrices including saliva
and lachrymal have been interested in the initial diag-
nostics of CRP levels, which requires more sensitivity
and faster determination. 

In this article, we demonstrated for the MZI biosen-
sor to determine the binding of CRP to monoclonal
anti-CRP. Its building block, a single-mode waveguide
for total internal reflection, was designed by a finite
element method (FEM) and then we suggested the
guideline of microfabrication to achieve the single-
mode waveguide. In addition, we introduced calix-
crown self-assembled monolayers to guarantee an
activity of capture proteins and to obtain a correct
orientation of a monoclonal anti-CRP on the silicon
oxides. 

Results and Discussion

Basic Principle
A main sensing principle is an integrated optic (IO)

sensor effect in an optical waveguide, which was dis-
covered by Lukosz and Tienfenthaler5. The optical
waveguide defines as a material medium that confines
and guides propagating electromagnetic waves. The
IO sensor effect in the optical waveguide can be ex-
plained in terms of an effective refractive index (N)
of the guided modes that are transverse electric (TEm)
and transverse magnetic (TMm) modes. The effective
refractive index of each mode (N) depends on polari-
zation (TE or TM), mode number m and wavelength
λ, on the refractive index ncore and the dimensions of
waveguide film and on the refractive indices of sub-
strate and cover medium, ns and nc, respectively. If a
material is surrounded by other materials with lower
refractive indices, an incident light is confined and
guided along the waveguide. However, a part of the
guided wave called as an evanescent field penetrates a
small distance Δzc into a surrounding medium. The
evanescent field decays exponentially proportional to

z
exp·-mmm‚ with distance z from the waveguide sur-Δzc

face. The penetration depth can be expressed as

λΔzc==·mmm‚ [N2-nc
2]1/2 (1)

2π

Thus, the IO sensor effect results from the interaction
of the evanescent field with the surrounding environ-
ment. That is to say, the evanescent field is sensitive
to the change in the refractive index distribution near

the waveguide surface. This induces the change in the
effective refractive indices of the guided modes (ΔN). 

In immunosensor applications, the effective refrac-
tive index can be changed by two different effects.
One is the formation of a functional layer due to the
specific binding of antigen to antibody. This layer can
be modeled as a homogenous layer F of thickness dF

and refractive index nF. The other is the change in the
refractive index of the homogeneous medium cover-
ing the waveguide surface. If both effects are simulta-
neously present, the change in the effective refractive
index can be expressed as

∂N ∂N ∂NΔN==·mmm‚dF++·mmm‚nF++·mmm‚nc (2)∂dF ∂nF ∂nc

Interferometric detections are commonly used to con-
vert a phase shift into an intensity variation that is
directly measurable. We have chosen a Mach-Zehnder
interferometer because of higher sensitivity and an
internal reference for compensation of thermal drifts
and non-specific adsorptions. In this configuration,
an optical waveguide is split into two arms and after
a certain distance L they recombine again. The wave-
guide is completely covered with a cladding layer
and the only sensing zone is exposed to the outer
medium in a certain area for the specific binding of
antigen to antibody. The guided light in the sensing
arm will experience a phase shift compared with that
in the reference arm. Therefore, the interference of
lights traveling through two arms causes the intensity
modulation at the sensor output, which shows a sinu-
soidal variation related to effects described in Eq. (2).
The oscillating relationship between the in-coupled
intensity Iin and the out-coupled intensity Iout can be
expressed as7,9,19

Ioutmm∝ [1++Vcos(ΔΦ++ΔΦo)] (3)
Iin

where V, the visibility factor, ΔΦ, the phase shift bet-
ween guided modes in the reference and sensor arm,
and ΔΦo, an arbitrary relative phase due to possible
inequalities of the optical path lengths of the two
arms. The visibility factor V implies the contrast of
the interference signal, the difference between maxi-
mum and minimum intensities. It also depends on the
splitting ratios of the input and output Y-coupler and
on the propagation losses of the guided mode in the
interferometer arms. The phase shift ΔΦ can be given
by7,9,19

2πΦ==(ΦR-ΦS)==mmLΔN (4)λ

where L, the length of the sensor area, λ, the wave-
length, and ΔN, the change in the effective refractive
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index produced by the variation in the properties of
the outer medium.

Design and FEM Simulation
A fundamental building block of the MZI immuno-

sensor is an optical waveguide of total internal reflec-
tion (TIR), which implies the confinement of light in
the material surrounded by other materials with lower
refractive indices. A single-mode waveguide enables
to develop the MZI sensor with performance and repro-
ducibility. If the incident light with several modes is
propagated via the waveguide, the optical intensity is
divided among the modes and each mode will interact
with the variations on the waveguide surface exposed
to the outer medium. Because the conveyed informa-
tion is liable to mutual interference and the fraction of
power transferred from the light source to each mode
is changed by the incident angle on the waveguide,
the multi-mode waveguide is not suitable for robust
biosensors. The rib waveguide is also considered to
achieve a lateral confinement of light comparable to

the size of a single-mode optical fiber. We used the
single-mode waveguide with a core thickness of a few
micrometers at the operating wavelength of 1,550 nm,
whilst other researchers have focused on the single-
mode waveguide with a core thickness of hundreds of
nanometers at the operating wavelength of 633 nm,
which was achieved by the large difference between
the refractive index of the core and cladding7,8,20,21.
The different approach is related to the trade-off bet-
ween surface sensitivity and insertion loss. In theory,
the very thin core waveguide gives high surface sensi-
tivity. However, the reduction of core dimensions for
single mode behavior introduces disadvantages of
mass production and large insertion losses when light
is coupled with an optical fiber. Moreover, if the lossy
substrate (e.g., Si and GaAs) is used for the MZI bio-
sensor, thick cladding layers are required to reduce
propagation losses. This can result in the longer fabri-
cation process and the stress in a multilayered struc-
ture. 

A numerical simulator based on a finite element
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Figure 1. FEM simulation as a function of design parameters: (a) overall height (H), (b) rib width (W), (c) etching depth (t) and
(d) operating wavength.



method was used to find the boundary between cut-
off, single-mode and multi-mode regions. The single-
mode behavior depends on the operating wavelength,
the core thickness, the width and depth and the refrac-
tive index contrast between the core and the cladding
layers. The simulation was set up using the waveguide
structure illustrated in Figure 1, which a rib waveguide
of silicon oxide (ncore) on silica (ns==1.458) and has an
upper cladding that is PECVD SiOx (nc==1.461). The
simulations of mode analysis were repeated with
different values of the core thickness (H), the width
(W) and depth of the rib structure to find the bound-
aries, and the operating wavelength (λ) for TM polar-
ization. The criteria in mode analysis are expressed as

ncore¤Nm¤ns, nc (m==1, 2, 3,…) (5)

where Nm is the effective refractive index of the guid-
ed mode m. Figure 1 shows the modal behavior of the
rib waveguides as design parameters. Both the refrac-
tive index of core and the permitted window for sin-
gle-mode propagation increased as the decrease in the
overall height, the decrease in width and the increase
in the etching depth. The overall height had more sig-
nificant effect on the refractive index of core and the
permitted window than the width and the etching
depth. The cut-off region below the broken line im-
plies that TM waves cannot be guided and propagated
via the rib waveguide. The effect of the operating
wavelength on the refractive index of core is also illus-
trated in Figure 1. The refractive index of core and
window for single-mode increased as the increase in
the operating wavelength. It indicates that the longer
waveguide is of great advantage in the viewpoint of
the microfabrication. Furthermore, total attenuation
in fused silica including Rayleigh scattering, impurity
absorption and intrinsic absorption is minimized at
λ==1,550 nm, which is commonly used for broadband
communications (telecom and datacom)22. It means
that the operating wavelength of 1,550 nm provides
electronic data with high quality and low loss in a
format that is readily analyzed and shared. 

From these constructed maps related to design para-
meters, we are able to find the appropriate fabrication
conditions for our purpose. However, a structure close
to the transition condition of a mode has relatively
high N and then the evanescent field penetrates into
the sensing medium deeply. It is more sensitive to the
change in the distribution of refractive index and so
the better surface sensitivity can be achieved due to
the higher index contrast. For the immunosensors
with high sensitivity and performance, the operating
wavelength and design parameters must be optimized
in such a way that a large fraction of the guided mode
travels through the sensing medium. Therefore, we

have finally chosen the following rib structure at the
operating wavelength of 1,550 nm for TM polarization:
a silica substrate (ns==1.458); a non-stoichiometric sili-
con oxide with the overall height of 4 μm; its refrac-
tive index between 1.4674 and 1.4762; the rib struc-
ture with the width of 5 μm and the etching depth of 1
μm; a PECVD SiOx with the thickness of 1.5 μm (nc

==1.461). Because fabrication parameters like overall
height (H), width (W) and etching depth (D) depend
entirely on the capabilities of our facilities. 

The Efficacy of PECVD Silicon Oxides 
The silicon oxides for the MZI biosensor are grown

by plasma-enhanced chemical vapor deposition
(PECVD), which is a special chemical vapor deposi-
tion process facilitated by a rf plasma, and it enables
oxides to be deposited at relatively low temperature.
The growth reaction of silicon oxides in PECVD is
given by

SiH4(g)++2N2O(g)→ SiO2(s)++2N2(g)++2H2(g) (6)

The refractive index of silicon oxides grown by PECVD
can be varied with growth parameters including flow
ratio R==[N2O]/[SiH4], deposition temperature and rf
power, and thus the flow ratio was changed to modu-
late the refractive index while both deposition tem-
perature and RF power were kept constant. The incor-
poration of hydrogen and nitrogen into a matrix en-
ables the film to have the refractive index ranging from
1.45 to 1.97. More recently, we reported that the nitro-
gen incorporation would affect surface heterogeneities
including surface potential and polar component of
surface energy23. Figure 2 shows the variation of the
refractive index in SiOx films deposited at different
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flow ratios with mapping of achievable propagation
modes. The refractive index decreased from a value
about 1.53 down to 1.46 and then was saturated with
the increase in the flow ratio. The high refractive index
is due to silicon rich films. Therefore, we easily sel-
ected out the flow ratio of 0.34 for the PECVD depo-
sition condition of the core silicon oxides and its re-
fractive index was around 1.475 suitable for the single-
mode propagation of our rib structure.

We also investigated an effect of a waveguide mate-
rial on the immobilization of capture anti-CRP using
fluorescence scanning analysis. Figure 3a shows the

rainbow color display and fluorescence intensity of
the selected silicon oxide and thermally grown oxide
as a function of the concentration of CRP, respectively.
The fluorescence intensity increased with the increase
in the concentration of CRP and was saturated at the
concentration of 100 ng/mL. The relative intensity of
PECVD oxide was larger than that of thermal oxide.
Clearly, when we decreased PMT gain at the satura-
tion condition of 100 ng/mL, we could confirm the
difference between PECVD and thermal oxides for
the immobilization (Figure 3b). The increase in PMT
gain improves sensitivity but also increases background
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noise and so it causes the saturation of fluorescence
intensity. The fluorescence intensity decreased with
the decrease in PMT gain. Importantly, the fluores-
cence intensity of PECVD oxide was larger than that
of thermal oxide. We think that, even if the same pro-
tocol was used for the immobilization of capture anti-
CRP, the selected PECVD oxide would be more effec-
tive on the protein immobilization than thermally
grown oxide. The PECVD oxide may allow more activ-
ity of proteins captured on solid surface due to the
correct orientation with high density and/or less con-
formational changes in the proteins. 

It is known that the immobilization of capture Ab on
the solid surface by Calixcrown-5 derivatives brings
about the formation of a capture Ab monolayer in high
density and the correct orientation to capture analyte
proteins more efficiently than conventional immobili-
zation processes, which allow random binding orien-
tations17. ProLinkerTM A, a calixcrown-5 derivative
containing aldehyde groups, is the novel bi-functional
molecular linker for efficient protein immobilization
on the aminated surface. A coupling mechanism of
proteins to ProLinkerTM was proposed to be mediated
by the ionized amine group of the capture proteins,
which binds to the crown moiety of the linker mole-
cule in a host-guest interaction. Hydrophobic interac-
tions between hydrophobic residues of a protein and
methoxy groups of the linker molecule are also involv-
ed in the protein immobilization. Therefore, we ex-
pected that the improved surface for the immobiliza-
tion of capture proteins, to preserve their activity and
maintain a correct orientation, would be very useful
for the development of immunosensors with high
sensitivity. We also observed that the PECVD oxide
was more effective on the immobilization of capture
anti-CRP than thermal oxide. According to the infrar-
ed absorption spectra of PECVD oxides9,23, PECVD
oxides showed vibrations due to adsorbed water, Si-H
stretching, N-H stretching, N-H…N stretching and
SiO-H stretching, which were not observed in thermal-
ly grown oxide. We guess that these would affect the
formation of calixcrown SAMs and/or the immobiliza-
tion of capture anti-CRP. However, the verification of
their effects takes us beyond the scope of this article.
Moreover, the methods used for the immobilization
of biological recognition species onto the surface of
silicon oxides have been established well compared to
other waveguide materials with high refractive index
including Si3N4, TiO2, Ta2O5 and LiNbO3. We are fur-
ther exploring the efficacy of nitrogen-incorporated
PECVD oxide on the protein immobilization.

Label Free Detection of C-reactive Protein
C-reactive protein (CRP) is an important inflamma-

tion biomarker found in both vertebrates and inverte-
brates and a member of the pentraxin family of pro-
teins. It comprises five identical and non-covalently
bound subunits assembled as a cyclic pentamer10. CRP
is synthesized in the liver and is normally present as a
trace constituent of serum or plasma. The CRP bio-
marker is classified as an acute phase reactant in
human and a marker of inflammation with a half-life
of ~19 h. Recent studies have demonstrated the asso-
ciation between inflammation and cardiovascular
disease (CVD)11-14. An elevated level of CRP repre-
sents a major risk factor in developing various forms
of CVD like atherosclerosis, peripheral artery dis-
ease, myocardial infarction and strokes. Nowadays,
an enzyme-linked immunosorbent assay (ELISA) is
the most common immunosensor which involves in
optical detection. This is well established and shows
sufficient sensitivity and reproducibility for CRP in
serum or plasma. However, the conventional ELISA
shows a relatively high false positive rate due to non-
specific bindings and it is also influenced by the color
of the medium and its composition because of the
photometric detection principle. In addition, the typi-
cal ELISA needs the incubation time of approximately
5 hours and the matrices, such as saliva and lachrymal,
has been much interested in the initial stage of deter-
mining CRP levels. We believe that a new immuno-
sensor with high sensitivity and quick speed for mea-
surement and analysis is strongly on demand for the
diagnostic, clinical and epidemiological applications.

Our MZI immunosensors with an interaction length
of 500 μm was tested to evaluate the feasility of the
label free detection of CRP with high sensitivity. The
capture anti-CRP (50 μg/mL) was immobilized onto
the sensor surface to bind the CRPs by the formation
of calixcrown SAMs. Figure 4 shows normalized out-
put signals for the binding of CRP to monoclonal anti-
CRP as a fuction of CRP concentration. The normal-
ized output signal increased with the increase in the
CRP concentration. Our MZI immunosensor based on
PECVD silicon oxides retained the ability to detect
CRP even at a low concentration of 1 ng/mL. We ex-
pect that the detection limit would be less than the
concentration of 1 ng CRP per mL. The refractive
index of protein solutions measured by an Abbe refrac-
tometer and the effective refractive index obtained by
the MZI sensor with various concentrations are listed
in Table 1. We emphasize that the binding of antigen
to antibody would cause the change in the refractive
index and thickness of functional layers at the sensing
zone because the refractive index of outer medium
was not changed much to affect the effective index of
the guided light. Among evanescent wave techniques,
a surface plasmon resonance (SPR) biosensor has been
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applied to recognize and detect the binding of CRP to
anti-CRP. For instance, Hu et al.24 reported that the
detection limit of the SPR bioassay for pCRP nto Mab
C8 could reach 1 μg/mL or even less. Meyer et al.25

found a linear detection range of 2-5 μg CRP per mL
on biotinylated antiCRP C6 using SPR. On the other
hand, a dual polarization interferometric biosensor has
been used to study the interaction kinetics between a
monoclonal anti-CRP IgG and homopentameric CRP26.
Except optical transduction mechanisms, a few resear-
chers have been interested in the label-free CRP detec-
tion using other sensing mechanism. Aizawa et al.27

constructed an immunosensor system to combine a
quartz crystal microbalance with the agglutination
reaction of immunized latex beads for CRP detection
in serum. Micromachined cantilevers based on the res-
onant frequency shift and the piezoresistive response
were introduced to detect CRP without any labeling
and optical measurement28,29. The piezoresistive self-
sensing microcantilever on monoclonal anti-CRP
immobilized using calixcrown (ProLinkerTM B, Proteo-
gen, Korea) SAMs on Au surface has detected the
CRP at the concentration of 100 ng/mL. Recently,
Meyer et al.30 reported a new technique (called fre-
quency mixing) for detecting CRP levels in various
matrices. They used a two-frequency magnetic field

excitation and detected the magnetic response at a
third frequency which was a linear combination of the
applied frequencies. They showed that the linear de-
tection window was ranging from 25.0 ng/mL to 2.5
μg/mL. 

Conclusions

To monitor and diagnose diseases, the quantitative
detection of biomarker proteins, which is directly rel-
evant to various diseases, is required and so it allows
us to precisely diagnose given disease by the detec-
tion of appropriate protein. In this article, we have
developed the Mach-Zehnder interferometer (MZI)
sensor based on PECVD silicon oxides for the label-
free detection of C-reactive protein (CRP), and the
refractive index of the waveguide core was accurately
controlled by changing the flow ratio [N2O]/[SiH4] to
achieve the single-mode behavior of large core wave-
guides combined with a finite element method. We
has used the binding of CRP to monoclonal anti-CRP
as a model binding reaction and successfully demon-
strated that our MZI sensor had the detection limit of
1 ng/mL or even less at the operating wavelength of
1,550 nm. Although more systematic biological studies
are necessary to verify the efficacy of our MZI im-
munosensor, we believe that the MZI immunosensor
is a very promising candidate of biomarker detections
with no labeling, high sensitivity, quick speed and
free choice of sample matrix and origin. Besides the
immunosensor applications, this MZI configuration
can be adopted for academic researchers to explore
and understand the affinity and kinetics of a biologi-
cal reaction and the structureal changes taking place
in biomolecules as environmental factors like pH, salt,
temperature, solvents and buffers. On the cutting edge
of drug discovery, high throughput screening (HTS)
has been required to identify pharmacologically active
compounds and optimize the biological activity of a
lead compound rapidly. It may also be a promising
candidate to accelerate the developments of HTS tech-
niques and to utilize efficiently combinatorial chem-
istry techniques. Moreover, it has attractive features
for lab-on-a-chip devices functioning as portable or
hand held personal laboratories, a potential of point-
use detection of clinical or environmental parameters
without any labeling. However, a light source, a detec-
tor and related optical components should be mono-
lithically integrated with microfluidic platforms for
developing high throughput analytical nano/micro-
systems. Other than monolithic solutions to integration
like external mounting, hybrid integration and com-
plicate packaging, require high precision alignment
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Table 1. Refractive indices of antigen PBS solutions and
effective refractive indices as a function of CRP concentration.

CRP concentration (ng/mL) 1 10 100

Refractive index 1.3331 1.3330 1.3328
Effective refractive index 1.46963 1.47088 1.47267



and become impractical and costly. If monolithic inte-
gration technology with optical self-alignment features
is available, lab-on-a-chip and high throughput system
concepts can materialize to fully exploit the advan-
tages of integrated optics in an inexpensive way. Equal-
ly, the nano/microfluidic platforms will give various
advantages including a reduced mixing time, a fast
response, small volumes and compact sensing system.

Materials and Methods

Microfabrication Procedures
Figure 5 illustrates the microfabrication process of a

Mach-Zehnder interferometer based on silicon oxides.
The silica wafer (Ewafer Co., Korea) was cleaned to
remove organic residues with piranha solution (H2SO4

: H2O2==3 : 1) for 10 min. It was then rinsed in deion-
ized (DI) water and dried with hot nitrogen gas using
a spin rinse dryer. Also, it was baked to dehydrate at
200�C for 10 min on a hot plate. The non-stoichiomet-
ric silicon oxide as a waveguide core was deposited
on the substrate at 250�C in a parallel-plate type Plas-
ma Thermo 790 PECVD reactor. The refractive index
of the core layer could be modulated with the ratio of
oxygen to silicon. The flow ratio of nitrous oxide (N2O)
gas to silane (2% SiH4/H2) gas was varied to adjust
the refractive index for single-mode waveguide. Rib

waveguides for optical confinement were defined using
a photolithographic technique. The wafer was coated
with the AZ P4620 photoresist (Clariant, Muttenz,
Switzerland using a spin coater at 3,000 rpm for 40
sec, and then it was baked on a hot plate at 95�C for 2
min. The i-line (365 nm) exposure was used for photo-
lithography using a mask aligner (Karl Suss MA6,
SUSS MicroTech, Germany) with an expose dose of
17 mW/cm2. The photoresist was developed by im-
mersing the exposed substrate in a developing solution
(AZ300MIF, Clariant, Muttenz, Switzerland). The
resulting patterns were then hard-baked to harden the
unexposed PR at 110�C for 2 min on a hot plate. The
patterns were transferred into the core layer using
reactive ion etching (RIE). The upper cladding of sili-
con oxide was deposited on the patterned core layer
using the same PECVD reactor. A sensing zone was
opened in one of the interferometer arms using RIE.
Finally, the wafer was cut into an individual chip using
an automatic dicing system and then the sides for input
and output were mechanically polished for end-fire
coupling.

Optical Characterization
The optical characterization was performed with

transverse magnetic (TM) wave from a stabilized laser
diode. The operating wavelength was the major telecom
wavelength of 1,550 nm. The light was coupled into
the waveguide through a single-mode fiber (SMF) with
a mode-field diameter of 9 μm. The optical fiber was
placed in straight line to preserve the input TM-polar-
ization, and the end of SMF was placed in front of the
waveguide core to couple light into the MZI (end-fire
coupling). Light was collected by a multi-mode fiber
connected to an optical powermeter (ML9001A, An-
ritsu Co., Japan). The intensity of output light was
monitored by homemade software and data acquisi-
tion hardware (USB-6009, National Instruments Co.,
USA). Precise translation stages were used for the ac-
curate alignment of all the components with a zoom
stereo microscope and accessories (SZ-51 series, Olym-
pus Co., Japan). Alternatively, a microscope objective
(40×) and an IR vidicon camera were used to record
the near-field pattern at the end of the MZI that show-
ed the modal behavior of the fabricated waveguide. 

The refractive index of non-stoichiometric silicon
oxides was measured by a prism coupler (Model 2010,
Metricon Co., USA). The prism coupler treats the film
to be measured as an optical waveguide and so the ob-
served mode angles enable us to calculate film thick-
ness and refractive index. It is superior to the ellipso-
meter for measuring typical thick films of non-stoi-
chiometric dielectric materials, photoresists or poly-
meric films. The films are contact with the base of a
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Figure 5. Microfabrication procedures of Mach-Zehnder
immunosensors.
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prism, which is operating pneumatically, while creat-
ing a small air gap between the film and the prism. A
laser beam strikes the base of the prism and is normal-
ly reflected onto a photodetector. However, at certain
discrete values of the incident angle, the light enters
into the films and so this causes a sharp drop in the
intensity of light. From the intensity of reflected light
versus the angle of incidence, both refractive index
and film thickness can be calculated with the assis-
tance of the Model 2010 data analysis software.

SAMs Formation and Monoclonal Anti-CRP
Immobilization

After the microfabrication, the interferometer have
to be functionalized to determine the antigen (Ag)-anti-
body (Ab) interaction at its surface by a thin layer
that exposes the selected binding sites to the comple-
mentary analyte in the aqueous solution. Thus, we
introduce a novel immobilization method to capture
proteins, which uses a calixcrown derivative (ProLin-
kerTM A, Proteogen, Korea) with bi-functional cross
liking properties containing aldehyde (-CHO) groups
for the formation of a self-assembled monolayer on
aminated glass substrates and a crown moiety that
provides a molecular recognition site for protein im-
mobilization. It provides a simple process and effec-
tive high density protein immobilization without an
activity loss or incorrect orientation of the capture pro-
tein17. First of all, the surface of the MZI sensor was
functionalized using silanization procedures18 using
N-[3-(trimethoxysilyl)propyl]-ethylene diamine (Sig-
ma-Aldrich, UK) to provide free amine at the sensor
surface. The sensor chip was cleaned with acetone
and blown dry with nitrogen gas. It was immersed in
anhydrous ethanol containing 1% N-[3-(trimethoxy-
silyl)propyl]-ethylene diamine for 20 min. Then it
was rinsed with ethanol and DI water and dried. The
formation of calixcrown self-assembled monolayers
(SAMs) was accomplished by immersing the aminat-
ed MZI in CHCl3 solution containing 10 mM Calix[4]
arene-crown-5 for 5 hours. It was rinsed with CHCl3

solution and acetone, and then dried. The calixcrown
SAMs have the special properties in protein immobili-
zation that the crown moiety of the linker molecule
binds the ionized amine group of proteins and the
methoxy groups of the linker molecule interact with
the hydrophobic residues of a protein17. Monoclonal
anti-CRP (Scripps laboratories Inc., San Diego, CA,
USA) was dissolved in phosphate buffered saline (PBS,
pH 7.4) and incubated on the Calixcrown SAMs for 1
hour. Then the sensor was rinsed with PBS and dried.
Blocking was performed using bovine serum albumin
(Sigma, St. Louis, MO, USA) in order to prevent non-
specific bindings on the sensor surface for 1 hour.

Finally, the MZI was washed out with PBS and dried
with nitrogen gas for 1 min. For quantitative analysis
of the MZI sensor, one μL of CRP antigen was diluted
with PBS solution in three different concentrations (1
ng/mL, 10 ng/mL and 100 ng/mL). Figure 6 illustrates
a schematic diagram of SAMs formation and mono-
clonal anti-CRP immobilization. 

To confirm specific binding after the Ag-Ab interac-
tion and investigate an effect of a waveguide material
on a capture protein immobilization, CRP antigen-anti-
body binding experiments on PECVD silicon oxides
and thermally grown SiO2 were conducted using Cy5
(Amersham Biosciences, Piscataway, NJ, USA) fluo-
rescence labeled CRP (Scripps laboratories Inc., San
Diego, CA, USA). The immobilized surface was im-
mersed into Cy5 labeled CRP antigen solution and
then incubated at 37�C for 1 hour in a humidity cham-
ber. The MZI was washed out with PBS containing
polyoxyethylenesorbitan monolaurate (Tween 20, St.
Louis, MO, USA) and dried with nitrogen gas. Then,
the protein immobilization and Ag-Ab interaction
were investigated using a fluorescence scanner (Scan-
ArrayTM Lite, GSI Lumonics, Kanata, Ontario, Cana-
da) with a ScanArrayTM Express software. The scan-
ner was set to optimize the quality of fluorescence
images by adjusting the laser power and photomulti-
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Figure 6. Schematic diagram of monoclonal anti-CRP immo-
bilization using Calixcrown SAMs on the aminated silicon
oxides.
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plier tube (PMT) gain. The fluorescence intensity of
each sample was determined and displayed as both
colored images and relative numerical values. 
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