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Abstract. The advent of microoptoelectromechanical systems
�MOEMS� and its integration with other technologies such as microf-
luidics, microthermal, immunoproteomics, etc. has led to the concept
of an integrated micro-total-analysis systems ��TAS� or Lab-on-a-Chip
for chemical and biological applications. Recently, research and de-
velopment of �TAS have attained a significant growth rate over sev-
eral biodetection sciences, in situ medical diagnoses, and point-of-
care testing applications. However, it is essential to develop suitable
biophysical label-free detection methods for the success, reliability,
and ease of use of the �TAS. We proposed an infrared �IR�-based
evanescence wave detection system on the silicon-on-insulator plat-
form for biodetection with �TAS. The system operates on the prin-
ciple of bio-optical interaction that occurs due to the evanescence of
light from the waveguide device. The feasibility of biodetection has
been experimentally investigated by the detection of horse radish per-
oxidase upon its reaction with hydrogen peroxide. © 2009 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3210766�

Keywords: micro-total-analysis systems; infrared; absorption; evanescence;
silicon-on-insulator; waveguides; horseradish peroxidase; hydrogen peroxide.
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Introduction

arget recognition for any analyte such as a chemical, biologi-
al or gas sample, is the key aspect for the success of micro-
otal-analysis systems1–5 ��TAS� and Lab-on-a-Chip �LOC�
evices. Apparently, the limiting factor in scaling down the
imensions of a �TAS is primarily set by the analyte detector
r the sensing system,6 which adds to the importance of a
uitable detection system being well integrated with its micro-
uidic counterpart. Thus, the key to the success of biodetec-

ion with �TAS lies in the sensing unit.
The mechanical resonant type is one of the earliest sensing

nits studied for Microsystems-based biodetections by virtue
f the vibrational property changes in the structure on the
nteractions with enzyme and antibody molecules. Electro-
hemical methods of detection reported in the literature7 in-
lude potentiometric, conductimetric �measuring the ion con-
uctivity�, and amperometry �based on the oxidation or
eduction currents of analytes at a working electrode�. Enzy-
atic field effect transistors �EnFETs� and ion sensitive field

ffect transistors �ISFETs� are also incorporated into the sens-
ng systems,8 and impedance sensing methods have also been
xplored for �TAS. In all the just mentioned methods of
iodetection, the most common feature observed is that a
umber of sensitive physical parameters are involved that

ddress all correspondence to: Arvind Chandrasekaran, Department of Me-
hanical Engineering, Optical-Bio Microsystems Laboratory, Concordia Univer-
ity, 1515 St. Catherine Ouest, Montreal, QC H3G 2W1, Canada. Tel: �514�
482424 x7098; Fax: �514� 8483175; E-mail: achandra@alcor.concordia.ca
ournal of Biomedical Optics 054050-
would result in the variation of the biodetection with physical
parameters. In electrochemical methods, the electrical charac-
teristics of solutions are believed to play an important role in
physiologic functions that involve protein-protein and charged
ligand interactions.9 This leads to drawbacks such as depen-
dence on geometry of the cells being studied, which can be
overcome through the development of suitable optical detec-
tion methods.

Integration of optics into the realm of biology10 has found
several important applications for the detection and quantifi-
cation of chemical and biological specimens. Recently, a great
deal of attention has been focused toward the development of
microoptoelectromechanical systems �MOEMS�-based
biosensors.11–13 These MOEMS devices have been integrated
with other complimentary functional modules such as microf-
luidics, microthermal, micromechanical, etc., to form inte-
grated ��TAS�, which have principal advantages of efficient
and rapid biosensing, owing to their characteristics such as
miniaturization, portability, enhanced SNR, high sensitivity,
selectivity, reliability, etc.14

Several optical detection methods have been employed for
biodetection within integrated �TAS. Absorbance study15–18

is one of the earliest used biodetection techniques for �TAS;
however, the method is not applicable to all species, because
not all biomolecules contain the chromophores that can ex-
hibit optical absorption. Fluorescence spectroscopy19–22 is an-
other common and convenient method of detection compat-

1083-3668/2009/14�5�/054050/11/$25.00 © 2009 SPIE
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ble with several �TAS applications and fluid actuation
ystems. To carry out fluorescence detection, however, it is
mportant to tag the biomolecule with suitable fluorophore,
hich brings about the involvement of an additional process-

ng step. Therefore, it is important to identify a suitable label
ree biodetection technique which can be employed for �TAS
pplications.
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ig. 1 Schematic illustration of evanescence wave detection using SO
sing evanescence.
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Fig. 2 �a� Schematic and �b� test setup of the o
ournal of Biomedical Optics 054050-
This paper proposes an infrared �IR� compatible detection
technique on silicon and silicon-on-insulator �SOI� platforms
for the sensing of chemical and biological specimen within
�TAS.

This technique can also be integrated with the silica and
polymer platforms. Herein, the biodetection was carried out
through the bio-optical interaction brought about by the eva-
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guide in �TAS: �a� phenomenon of evanescence and �b� biodetection
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bsorption experiment at near UV wavelength.
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escence of light that is guided through a waveguide system.
igure 1 schematically illustrates the principle of �TAS. In a
aveguide system, the optical field that is being guided

hrough the waveguide depends on the optical properties of
he cladding region and its geometry. Biological interactions
hat occur over the cladding region interact optically and in-
uence the propagation of light through evanescent field. The

nduced loss due to this evanescence caused by the bio-optical
nteractions is studied in this paper.

Here, the evanescent tail that is emitted from the wave-
uide interacts with the biological specimen, which is immo-
ilized on the surface of the waveguides, as shown in Fig.
�b�. This causes a perturbation of the guided wave, and by
easuring this perturbation, one could decipher the nature of

he bio-optical interaction and hence the characteristics of the
iological specimen immobilized on the waveguide surface.
he phenomenon of evanescence has been reported in

iterature23 in the past, but surprisingly, this biodetection prin-
iple has not been much investigated on �TAS.23

To demonstrate the feasibility of biodetection using infra-
ed photonics, in this work, horse radish peroxidase was cho-
en as the biomolecule and the enzyme was reacted with hy-
rogen peroxide, its antibody. Horse radish peroxidase �HRP�
s a redox enzyme �biochemical catalyst� with an approximate

olecular weight of 40 kDa �1 Da=1.660540�10−27 kg�. It
tructurally resembles glycoprotein with one mole of proto-
aemin. These enzymes exhibit different isotropic forms and
re generally isolated from the roots of horseradish.24 When
RP comes into contact with selected substrate H2O2, it ba-

Fig. 3 Plot of time-varying absorbance at 47
ournal of Biomedical Optics 054050-
sically reduces the substrate. This reaction is spontaneous,
within around25 200 �s. When the antibody is added to the
enzyme, it produces superoxide or the ROS �reactive oxygen
species� due to the reduction of hydrogen peroxide. In this
process, H2O2 clings on to HRP and forms like a “cotton
structure.”26 The main advantage of using HRP for testing is
that its optical activity can be easily monitored and the activ-
ity is fairly stable in organic or inorganic solvents.27

The following sections of the paper give a detailed analysis
of the characterization of the optical activity of the specimen,
experimental investigation of the enzyme behavior through
evanescence, and a summary of the results.

2 Characterization of the Optical Activity of
Biomolecules

To understand the optical behavior of the HRP and H2O2,
optical absorption measurements at different wavelengths
were carried out. Essentially, the light was passed through a
sample containing the enzyme and the antibody, and the op-
tical behavior was monitored with respect to time. The time
study of the bioreaction is important to analyze the develop-
ments and variations in the bioreaction characteristics. Here,
three different optical spectrums at different wavelengths
were used: blue light at 470 nm of the near-UV wavelength,
red light at 635 nm for the visible wavelength, and IR light at
1550 nm.

The HRP used in these experiments is a commercial grade
9003-99-0 bought from Sigma, St. Louis, Missour, and the

!"#$% "&
'()*'+,+

or different volumetric ratios of HRP-H O .
0 nm f
 2 2
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ydrogen peroxide is the standard grade bought from Sigma.
he concentration of HRP used in all the experiments was
0 mg per 1 ml of 0.1-M phosphate buffer solution �PBS� at
H 6.0. The substrate H2O2 used was 30% by weight solu-
ion.

.1 Absorption Characteristics at 470 nm
igure 2 shows the experimental setup for this optical testing.
t consisted of blue light emitted through a fiber optic bundle
rom a pulsed xenon lamp source at 470 nm. The light was
oupled onto a spectrometer. The enzyme was taken in a mi-
ropipette and added to the substrate on a glass slide, and the
lide was introduced in the slot available with the light source.

The absorbance measured by the spectrometer is given by
he formula

A� = − log10� S� − D�

R� − D�
� , �1�

here
� � wavelength of light used

A� � absorbance
S� � intensity of light passing through the sample
D� � dark intensity
R� � intensity of light passing through a reference

medium
Here, the glass slides were taken as the reference, and

hen the light was passed through plain glass samples, the
eference intensity was noted. Dark intensity was measured
hen there is no light sensed by the spectrometer. However,

o nullify the effects of the ambient conditions, the dark in-
ensity was taken in the situation where the light source was
witched off but the ambient light still was sensed by the
pectrometer. Figure 3 is the plot of absorbance variation with
ime for different volumetric ratios of enzyme reactions. The
ariation in absorbance was also qualitatively studied and the
orresponding images at different stages of optical absorbance
ue to the enzyme activities is indicated in the Fig. 3.

We can see that the absorbance is maximum when the
nzyme is reacted with the antibody in the same volumetric
oncentration. When taken alone, the enzyme HRP exhibits a

!"#

-+"44 4+*054

%".0@*;950 5.,1(5 ".0 ".-*$)01
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Fig. 4 �a� Schematic diagram and �b� test se
ournal of Biomedical Optics 054050-
slightly higher absorption than the antibody for the same vol-
ume of 1 �l. As the volumetric concentration of any one of
the specimens is increased during reaction, the absorption be-
haves similarly. Any further increase in concentration of ei-
ther of the specimen moves the absorbance value closer to the
value of HRP or H2O2 taken alone.

2.2 Absorption Characteristics at 635 nm
Figure 4�a� shows the schematic of the experimental setup
with the red light of 635 nm wavelength. Figure 4�b� shows
the test setup for this experiment. Since the spectrometer sen-
sitivity was high for the visible light spectrum, a photodetec-
tor was used in this experiment. Pulsed light at 270 kHz was
used and the output from the photodetector was studied using
a standard oscilloscope �Agilent Technologies�. A laser diode
source �OZ Optics, Ontario� was used as the input of light
through a fiber optic cable �Thor labs�.

The procedure adopted for absorption measurement was as
follows. The fiber from the laser source was initially aligned
with respect to the photodetector. A glass slide was placed on
top of the photodetector and was coated with antibody H2O2.
Enzyme HRP was then added to the antibody and another
glass slide was used to cover the assembly.

The output is obtained in terms of voltage given by the
formula

V0 = PpdR�RL, �2�

where
V0 � measured output voltage

Ppd � power of input light in watts
R� � resistivity of the photodetector measured in

amperes per watt.
RL � load resistance in the photodetector.

To convert the photocurrent into voltage, a load resistance
of 50 � was added and the voltage reading was measured on
the oscilloscope. The optical propagation loss with time for
different enzyme ratios is as given in Fig. 5. We can see that
equal volumetric ratio of HRP-H2O2 reaction produced the
maximum absorption loss. However, H2O2 independently
produced a slightly higher absorbance than the enzyme HRP

!$#
39)-)05-5;-)?

absorption detection with light at 635 nm.
tup for
September/October 2009 � Vol. 14�5�4
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t this wavelength range, and thus, the reaction between the
wo species produced more absorbance if the volumetric ratio
f the antibody was higher.

.3 Absorbance Measurements at 1550 nm IR
Wavelength

standard SMF28 fiber �Thorlabs, USA� was used as the
nput fiber for the IR light at 1550 nm �Photonetics Tunics BT
xternal cavity laser� and a graded-index �GRIN�-lens-ended
ber was used as the collector fiber. An optical spectrum ana-

yzer �OSA� �Agilent Technologies� was used to detect the
ight signals from the GRIN lens ended fiber. The input fiber
nd the output fiber were fixed vertically on a clamping arm
hat was mounted on two independent xyz micropositioners.
his setup not only enabled placing the glass slide directly on

op of the clamping arm holding the GRIN lens, but also the
ddition of the bio samples directly on top of the glass slide to
easure instantaneous output readings. The experimental

etup for the absorption measurement using infrared source is
s shown in Fig. 6�b�, the schematic for which is shown in
ig. 6�a�.

The initial calibration of the OSA was carried out with
eference to the laser source. The biological samples were
dded on the glass slide individually and the behavior of the
amples was observed. Thereafter, the peroxide as added on

ig. 5 Plot of absorbance variation with time measured with a photod
atios at 635 nm wavelength.
ournal of Biomedical Optics 054050-
top of the glass slide and after the addition of HRP, the slide
was closed with another glass slide and the readings were
recorded. Figure 7 gives the plot of optical loss with time for
the individual species. Here, the absorbance is defined as A�

=−log �Pt / P0�, where Pt is the power of light transmitted
through the glass slides and P0 is the power of input light.
The reference value of optical power was taken as the amount
of light passing through glass slides without enzymes. We can
observe that the loss is maximum when the enzyme and the
substrate are added in the same volumetric concentration.
Here, with the IR light, the HRP exhibits more absorption
than H2O2. At around 40 s, the absorption can be seen to be
increasing, and then after some time, the absorption decreases
again. This sudden increase in absorption could be because of
the formation of intermediate compounds during the reaction,
as reported by Baek and Van Wart.28 After �150 s of the
reaction, the absorption trend irrespective of the concentration
tends to be similar, which suggests the end of the reaction.
This reaction time between the specimens is the same as pre-
dicted by the authors with a microfluidic microreactor setup.29

2.4 Calculation of Absorption Coefficients

The absorption coefficient was computed for the optical loss
due to the enzyme reaction at each of the wavelength. From

Conc. of
HRP: H2O2

for the reaction between HRP and H2O2 taken in different volumetric
etector
September/October 2009 � Vol. 14�5�5
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he maximum optical loss measured in decibels, the absorp-
ion coefficient was calculated as follows.

The expression for absorbance loss is given as

ig. 6 �a� Schematic of the experimental setup for absorption mea-
urement at 1550 nm and �b� experimental setup.

Fig. 7 Optical propagation loss with time at 1550 nm for
ournal of Biomedical Optics 054050-
ln�Poutput/Pinput� = − �abLab, �3�

where �ab is the absorbance coefficient, and Lab is the absor-
bance length, which is the gap between the glass slides with
the enzyme-antibody, measured to be �10 �m. The ratio
Poutput / Pinput is calculated from the loss in decibels, �ab, ob-
tained from the experimental results by the expression given
as

�ab = − 10 log�Poutput/Pinput� . �4�

Therefore, the expression relating the absorption coefficient
and the propagation loss is given as

�ab = �− 10���ablab��log�e�� . �5�

From the absorption experiments for different wavelengths of
light, the absorption coefficient was computed for the maxi-
mum optical loss. The values are tabulated in Table 1. The
results obtained from the absorbance measurements obtained
from the experiments were compared with the previously pub-
lished results.28,30 In the published results, the concentration

Conc. of
HRP: H2O2

nt volumetric ratios of enzyme HRP and antibody H O .

Table 1 Absorption coefficients for the HRP-H2O2 reaction at differ-
ent wavelengths of light.

Wavelength
of Light

�nm�
Maximum Absorbance for
HRP-H2O2 �1:1� Reaction

Loss
�dB�

Absorption
Coefficient

�cm−1�

470 0.06 0.6 138.155

635 0.09 0.9 207.37

1550 0.3 3 690.77
differe
 2 2
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f the enzyme-antibody was not the same as the ones used in
he present experiments. For example, Baek and Van Wart28

sed 1 �M HRP with 1 mM H2O2 in 50% methanol and
btained an absorbance value of �0.03, which is close to the
alue of 0.035 obtained for absorbance measurements with
2O2 alone, as seen from Fig. 3. Similarly, the absorbance

alue of �0.02, as reported by Akita et al.,30 is the nearly the
ame value obtained when absorbance measurement experi-
ents were carried out for H2O2 taken independently at a
35-nm wavelength. Therefore, it is evident that absorbance
s maximum when specimens are taken in 1:1 volumetric ratio
or the given molar concentrations of the specimen.

The preceding optical absorption experiments were useful
n characterizing the activity of the biomolecules at different
avelengths and predicting the time taken for the reaction to
e complete. As the molecular chains form during the reac-
ion, the absorbance of light in the sample of enzyme-
ntibody increases. The absorbance reaches a certain peak af-
er �100 s when the reaction tends toward completion. After

150 s, the ensuing absorption is due to the remnants of the
amples. When the experiment is continued for a longer time,
t can be observed that the absorption slowly starts decreasing.
his phenomenon is due to the evaporation of the specimen.
he results obtained with the optical absorption measure-
ents at all wavelengths are consistent with the values pre-

icted for the reaction time between HRP and H2O2.
It is also evident from the experiments that the biological

air exhibit maximum optical activity at a 1550-nm IR wave-
ength. The high sensitivity of the biomolecules to the IR

Fig. 8 Geometry of the square and the trap

Fig. 9 Biophotonic testing setup develop
ournal of Biomedical Optics 054050-
wavelength provides confidence to employ the biological
specimen for further examination using the IR light.

3 Evanescence Testing with SOI Waveguides
Two types of SOI waveguides were fabricated, namely, square
waveguides and anisotropic trapezoidal waveguides. The rib
SOI waveguides fabricated with the MicraGEM process
technology31 and the anisotropic waveguides were microma-
chined on SOI wafers with tetra methyl ammonium hydroxide
�TMAH� using standard lithography. The main idea of fabri-
cating two different types of waveguides was to study the
feasibility of evanescence; while the inclined sidewalls of the
waveguides offer more surface area for the immobilization on
biomolecules, and hence greater possibility of evanescence,
the square rib waveguides would exhibit evanescence only
from the top surface of the waveguide. Thus, one could con-
trol the amount of evanescence by controlling the sidewall
angle of the waveguide. The cross-sectional geometry of the
square waveguide and the anisotropic waveguides is as shown
in Fig. 8. The evanescence also depends on waveguide geom-
etry and field distribution.

Figure 9 shows the biophotonic testing setup for evanes-
cence measurement. The input light at 1550 nm was guided
through a fiber from a laser source �Photonetics, Tunics BT�.
A tapered lens ended fiber �OZ optics, Ontario, Canada�,
which gives a spot size of 5 �m at a distance of 26 �m, was
used as the input fiber. One end of the fiber was a fixed con-
nection patch cord �FC-PC� connector and the other end was

l waveguides used for evanescence testing.

!"A5=8*05 05A*;5
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he Optical-Bio Microsystems laboratory.
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he tapered lens through which light is emitted into the wave-
uide. Both the tapered lens fiber and the waveguide device
ere mounted on individual xyz micropositioners so as to

nable separate alignment of each module. The light coming
ut of the waveguide was collected using the GRIN lens
ounted on an adjustable positioner. The GRIN-lens-ended
ber was connected to the OSA for the quantification of the
ower output. The alignment of the waveguide with respect to
he fiber was carried out by observation under the microscope.

Initially, the position of the input fiber with respect to the
RIN lens was adjusted and the power output from the OSA
as measured. Since a series of waveguides were fabricated
n the single chip, when the position of the chip was altered
aterally, it was easier to detect whether the light was being
uided through the waveguide or being dispersed in free
pace, i.e., in the gap between the adjacent waveguides. Once
he lateral alignment was perfectly carried out, the the vertical
lignment was carried out.

The biomolecules were added using a precision volume
ipette �Gilson�. After testing, the waveguide was cleaned us-
ng isopropyl alcohol �IPA�. The surface was again cleaned
ith deionized �DI� water and introduced in a flux of pure

(a)

ig. 10 Plot of the evanescence loss with time for HRP-H2O2 and the e
rials of evanescence study: �a� test 1 and �b� test 2.
ournal of Biomedical Optics 054050-
nitrogen gas to dry out the water and prepare the waveguide
surface for evanescence testing again.

3.1 Results
The experiments were repeated for a sufficient number of
times without the effect of absorbance, and the results showed
the optical loss purely due to evanescence. On SOI rectangu-
lar rib waveguides, two successful experiments were con-
ducted isolating the effect of complete absorption of the light
by the enzymes, for the rectangular waveguides. The results
of optical evanescence are plotted in Fig. 10 along with the
corresponding images of the reaction. H2O2 was passively
immobilized on the surface of the waveguide and HRP was
subsequently added to start the instantaneous reaction.

The trend for evanescence is similar for tests 1 and 2.
However, the evanescent field length is different for both
these cases, as seen from the images taken during the reaction,
which is believed to have caused the difference in evanes-
cence loss measured. In case of test 1, H2O2 was added ini-
tially and then HRP was added to the antibody. However, in
test 2, H O was added subsequently after HRP was added

(b)

reaction on the waveguide as seen under the microscope for different
nzyme
2 2

September/October 2009 � Vol. 14�5�8
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nitially, to check the evanescence due to HRP alone initially
nd then due to the reaction.

In the next series of experiments, anisotropic trapezoidal
aveguides were used to demonstrate the evanescence.
aveguides with sidewalls inclined at 35.26 deg were used

or the experiments. The testing setup was the same one as
sed with the rectangular waveguide devices. The antibody
as immobilized on to the surface of the waveguide and HRP
as added subsequently. The results of the evanescence study

re plotted in Fig. 11 along with the respective photographs of
he device during testing.

Given the irregularities in the microfabrication along with
he multimode nature of the waveguide, the loss of light
ropagating through the waveguide was considerable. How-
ver, the evanescence trend for the enzyme reaction is seen in
ll the tests and the variation in evanescent loss is mainly due

Table 2 Evanescent coefficient for the different tests carried o

Experiment with
Rectangular
Waveguides

Maximum
Evanescent

Loss
�dB�

Average
Evanescent

Loss
�dB�

Test 1 2.108 1.519

Test 2 3.656 2.75

(a)

ig. 11 Plot of evanescence loss with time for the reaction between H
n �a� test 3, �b� test 4, and �c� test 5.
ournal of Biomedical Optics 054050-
to the roughness scattering. The time taken for the reaction,
�150 s, as observed from the evanescence measurements
corroborates well with the reaction time predicted by the op-
tical absorption measurements reported in Sec. 2.4.

3.2 Calculation of Evanescence Coefficient
From the loss observed in the waveguides due to the enzyme
reaction, the evanescence coefficient of the HRP-H2O2 reac-
tion was calculated to standardize the evanescence measured
by the rectangular and the anisotropic SOI waveguides. The
following procedure was adopted in calculating the evanes-
cence loss for the calculation of evanescence coefficient.

From the results of the experiments that were carried out
by adding HRP and H2O2 individually and measuring the
power loss, the evanescent loss coefficient was computed for

he rectangular rib waveguides for the HRP-H2O2 reaction.

Length of the
Waveguide

Evanescent Field
��m�

Evanescent
Loss

�dB/cm�

Evanescent
Coefficient for the
Enzyme Reaction

�cm−1�

720 12.655 2.91

1200 22.01 5.067

(c)

d H2O2 on anisotropic silicon waveguide with taper angle 35.26 deg
ut on t
(b)

RP an
September/October 2009 � Vol. 14�5�9
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ach of the specimen. The length of the waveguide was mea-
ured to be 1320 �m. The individual evanescent field lengths
f the enzymes were measured from the corresponding im-
ges taken under the microscope. If the evanescent length of
he waveguide covered by the specimen, in micrometers, be
enoted by Lev, and the optical power loss in decibels mea-
ured after the addition of the specimen due to evanescence be
Pev, the evanescence loss in decibels per centimeter is given
y the relation

�ev�dB/cm� = ��Pev/Lev� � 104. �6�

or the computation of the evanescence coefficient, it is as-
umed that evanescent field length over which the reaction
ccurs is the length of the waveguide over which the antibody
as immobilized initially. Accordingly, the total loss due to

vanescence was computed by the following relations.

Total evanescent loss �ev�dB/cm� = �rnLrn. �7�

ere �rn is taken as the evanescence due to enzyme reaction.
he length covered by the reacting enzymes, Lrn, is assumed

o be the same length of the waveguide covered by the anti-
ody added initially. From Eqs. �6� and �7�, the evanescent
oefficient was calculated as

�ev = �10���ev��log10�e��, � �ev = �ev/��10��log10�e��	 .

�8�

ere the evanescent loss is taken as the maximum power loss
bserved during the reaction. The values of the evanescence
oefficient obtained from the different experiments are tabu-
ated in Table 2.

For the anisotropic waveguides, a similar calculation was
arried out and the evanescence coefficient was calculated as

Table 3 Evanescent coefficient for the different tests carried o

Experiment with
Anisotropic
Waveguide

Maximum
Evanescent

Loss
�dB�

Average
Evanescent

Loss
�dB�

Test 3 3.43 2.89

Test 4 5.289 2.48

Test 5 2.65 1.65

!"#

Fig. 12 SEM images of the waveguide surf
ournal of Biomedical Optics 054050-1
given in Table 3. A second degree polynomial trend line was
added through the data points obtained and the peak of the
trend line is taken as the average evanescence value.

Figure 12 shows the scanning electron microscopy �SEM�
images of the waveguide surface with the different specimen.
It is assumed that when hydrogen peroxide is passively im-
mobilized on the surface of the waveguides, an active biologi-
cal layer is formed on the surface. Subsequently, on the addi-
tion of the HRP, the active molecules react with the
immobilized hydrogen peroxide molecule present on the sur-
face of the waveguide and the redox reaction would result in
the formation of the compound as seen in Fig. 12�c�. When
the light is guided through the waveguide, the bio-optical in-
teraction of the evanescent tail of light and the biological
reactions which take place at the surface of the waveguide
causes evanescence loss, which gives the characteristics of the
reaction.

Thus, the biodetection has been demonstrated through the
method of evanescence on an SOI platform. Even though the
results do not predict the evanescence coefficients of the bio-
molecules to pinpoint accuracy, the feasibility of biodetection
using evanescence principle in infrared wavelength has been
well established. The bio-optical interaction can be precisely
controlled and the waveguide geometry can now be tuned to
achieve more accurate evanescence coefficients for specific
biological specimen, depending on their optical activity. This
technique can now be further extended to identify other bio-
logical specimen and the evanescent wave optical detection
system can be suitably integrated with other modules for the
fabrication of a fully integrated �TAS, which would be useful
in several medical applications.

e anisotropic SOI waveguides for the HRP-H2O2 reaction.

Evanescent
Field Length

��m�
Evanescent

Loss �dB/cm�

Evanescent
Coefficient of the
Enzyme Reaction

�cm−1�

988 8.79 2.02

3300 7.515 1.73

2541 6.493 1.49

!;#

th �a� H O , �b� HRP, and �c� HRP-H O .
ut on th
!$#

ace wi
 2 2 2 2
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Conclusion
label-free biophotonic detection method using the principle

f evanescence on waveguides was proposed for the detection
f active chemical and biological species. Optical activity of
he biomolecules in different wavelength ranges was charac-
erized by absorption measurements. Experiments were then
arried out on the rectangular rib waveguides and the aniso-
ropically etched SOI waveguides for biosensing through the
io-optical interaction caused due to the evanescent waves.
he main novelties of this work are the development of plat-

orm for biosensing in the near-IR wavelength using silicon,
he capability of carrying out controlled chemical and biologi-
al sensing with the proposed system depending on the bio-
ptical interaction brought about due to the activity of the
arget specimen, and the feasibility of integrating these min-
aturized waveguide-based devices onto a �TAS. Silicon car-
ies with itself certain distinct advantages and is turning out to
e a useful and cost-effective material for bulk fabrication of
n effective biosensor. Silicon waveguides can be miniatur-
zed from the order of nanometers to a few micrometers to
chieve a single-mode condition for the wave propagation.
he commercially viable advantages of using a silicon plat-

orm are cost effectiveness and ease of microfabrication
hrough different fabrication techniques such as bulk micro-

achining, surface micromachining, and deep reactive ion
tching �DRIE�. Another advantage of using the IR light is
hat the wavelength is compatible with silicon, and this opens
p the feasibility of integrating the biosystem with the tele-
ommunication technology for several applications. Thus, the
roposed evanescence-based biodetection technique on a sili-
on platform is very useful for the fabrication of fully inte-
rated �THS, which can be used for several point-of-care
esting applications and in situ biomedical diagnoses.
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