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Abstract In this work, we have demonstrated an effi-
cient optical immunoassay technique for the detection
of a food-borne pathogen, Listeria monocytogenes, using
a Mach-Zehnder Interferometer (MZI) configuration. We
have investigated ten different MZI configurations with
angular and Sbend Y-junction geometries. An efficient
Hydrofluoric acid (HF) based technique was used for rapid
and specific binding of L. monocytogenes to the sensor
arm of the MZI biosensor. The MZI biosensor was able
to detect L. monocytogenes at concentrations of the order
of 105 CFU/ml, which is lower than the infection dose
for healthy human beings. SEM analysis and light inten-
sity measurements showed the biosensor is highly selective
to L. monocytogenes over other microbial species (such as
Escherichia coli). Finally, a novel calibration scheme of the
MZI biosensor was developed from experimental data that
can be used for determining unknown concentrations of L.
monocytogenes.
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1 Introduction

Listeria monocytogenes is a pathogen found in soil, water,
and vegetation that can grow in refrigeration temperatures
and can pose a threat to human health. L. monocytogenes
is a gram-positive, rod-shaped food-borne pathogen that
causes listeriosis, which can have a high mortality rate (25–
30 %) in immune-compromised populations (Aureli et al.
2000; Frye et al. 2002) and pregnant women (Donnelly
2001; MacDonald et al. 2001). Previously, L. monocyto-
genes outbreaks were mainly reported in seafoods (Embarek
1994) but the recent outbreaks in ready-to-eat (RTE) meat
products (Donnelly 2001; Schlech and Acheson 2000) have
increased the need for more rapid, sensitive, and selective
methods for detection of this bacterium in RTE products. In
this paper, we demonstrate an efficient optical immunoassay
technique for the detection of L. monocytogenes.

Traditionally, the detection of Listeria is conducted by
culture-based methods, which are time consuming and often
labor intensive. Typically, four sequential steps are required
for culture-based methods of detection—pre-enrichment,
selective enrichment, selective plating, and biochemical
screening (Chin et al. 2007). The incubation periods can
range from several weeks to months, a time frame over
which the contaminated RTE meat products would have
left the processing plant and already been available to
consumers in grocery stores.

Currently, the detection methods for L. monocytogenes
that are commercially available are assay based, which
include enzyme-linked immunosorbent assay (ELISA)
(Mattingly et al. 1987), enzyme-linked immunofloures-
cence assay (ELFA) (Ueda and Kuwabara 2010; Sewell
et al. 2003), fluorescence in-situ hybridization (FISH)
(Fuchizawa et al. 2009; Almeida et al. 2011; Moreno et al.
2011), and polymerase chain reaction (PCR) (Omiccioli
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et al. 2009; Kim and Cho 2010; Traunšek et al. 2011;
Pochop et al. 2012; Kotzekidou 2013; Shu et al. 2013). Most
of these methods need selective enrichment for up to 48 h.
These techniques are laboratory based and are not applica-
ble for real-time identification of L. monocytogenes in the
field. They also require the use of large quantities of expen-
sive samples and reagents, and trained personnel. Hence,
there is a real need to develop a technology that will allow
rapid, sensitive and cost-effective identification of Listeria
monocytogenes in food samples.

The use of biosensors for detection of biomolecules has
seen rapid progress in the last two decades. Integration of
sensors with microelectronics and wireless communication
provides high sensitivity, rapid analysis and allows real-time
monitoring. Their compatibility with Integrated Circuit (IC)
fabrication technologies allows for low-cost large scale fab-
rication, thus indicating a promising future of biosensors
for rapid detection platform. Biosensors use various tech-
niques for the detection of analytes (Griffiths and Hall 1993;
Ivnitski et al. 1999; Leonard et al. 2003; Su et al. 2011),
of which label-free optical biosensing technique is widely
used due to its simplicity in fabrication, portability, small
footprint, low-cost, real-time detection, and high sensitivity
(Marazuela and Moreno-Bondi 2002; Fan et al. 2008).

In this work, a Mach-Zehnder Interferometer (MZI)
monomode waveguide based on total internal reflection
(TIR) has been used for label-free optical detection of Lis-
teria monocytogenes. The use of MZIs as optical biosensors
is rapidly progressing (Esinenco et al. 2005; Müller et al.
2005; Sepulveda et al. 2006; Zinoviev et al. 2008; Bruck
et al. 2011) since its first inception by Heideman et al.
(1993). In the MZI device, a light beam propagating within
the monomodal waveguide is divided into two identical
arms (refer Fig. 1), the sensor and the reference arms, by
means of a Y-junction. After traveling a certain distance
(L), the light beam converges, by means of another Y-
junction, creating an interference signal. In the sensor arm, a
specific area (sensor area) is etched where an electromag-
netic field of the propagating light waves, called the evanes-
cent field, can interact with analytes (Brosinger et al. 1997;
Parriaux and Veldhuis 1998; Rohrbach 2000; Marazuela and
Moreno-Bondi 2002). This interaction causes a change in
the effective refractive index of the sensor arm, which will
induce a phase difference between the light beams traveling
in both arms. This phase difference will depend on the dif-
ference of the effective refractive indices of the sensor and
the reference arms and on the interaction length (Sl as in
Fig. 1) of the sensor area.

In a recent work reported by Sarkar et al. (2013), they
have demonstrated a systematic approach for the design and
fabrication of MZI biosensors with minimum power loss.
In their work, they have performed a detailed theoretical
and numerical analysis of light field propagation in an MZI

waveguide and have quantified the dimensional constraints
required for low-loss MZI designs. They have successfully
fabricated and tested these low-loss MZI chips showing
excellent match between experimental and simulated power
losses. The work presented here involves using the fabri-
cated MZI chips reported in (Sarkar et al. 2013) with the
entire chip size as small as 1.5 mm by 30 mm; biofunc-
tionalization of L. monocytogenes on the sensor area using
a covalent immobilization technique; detection of phase
change in the sensor and reference arms through power mea-
surements; determination of limit of detection (LOD) and
range of detection (ROD) of the biosensor, and selectiv-
ity with respect to other species of bacteria. The novelty
of this work is as follows: a biosensor, highly selective to
Listeria, has been developed and successfully tested; a new
immobilization technique used here has shown highly spe-
cific binding of Listeria to the sensor area and reduction of
the biosensing time; capillary force has been used instead
of pumps as a means to transport the biomolecules into
the sensor area making the entire system independent of an
external power source; and for the first time, an MZI biosen-
sor has been calibrated, using phase change data, which can
be used to determine unknown concentrations of bacterial
solutions.

2 Materials and methods

2.1 Chemicals and materials

Four inch prime grade polished Silicon wafers were pur-
chased from NanoFab at the University of Alberta, Edmon-
ton, AB. 48 % aqueous Hydrofluoric acid (HF) and Sodium
bicarbonate (NaHCO3) were obtained from the Chem-
istry Department at the University of Alberta. Glutaralde-
hyde (50 % aqueous solution), phosphate buffer solution
(PBS), 2-aminoethanol or ethanolamine (≥99.5 %), iso-
propanol and ethanol were purchased from Sigma Aldrich,
Canada. Freeze-dried L. monocytogenes (ATCC strain
43251), unconjugated and FITC tagged rabbit anti-L. mono-
cytogenes were provided by Cedarlane�, Burlington, ON,
Canada. All solvents used were reagent grade and deionized
water (DI-H2O) was used throughout.

2.2 Techniques used

Fabrication of the MZI chips was performed in the NanoFab
facility at the University of Alberta, Canada. Characteriza-
tion of the fabricated chips was carried out using atomic
force microscopy (AFM) and ellipsometry. AFM (MFP-3D,
Asylum Research, Santa Barbara, CA, USA) was used to
measure the dimensions of the fabricated MZI chip. Ellipso-
metric measurements were used to determine the thickness
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Fig. 1 Schematic representation
of biofunctionalization on MZI.
Here, Sl is the length of the
sensor area, L is the length of
the sensor arm, d is the distance
between the sensor and reference
arms and θ is the opening angle
of the Y-divisor for angular
Y-junctions, whereas R is the
radius of curvature of the
Y-divisor for Sbend Y-junctions

and refractive index of each layer of the chip using a Sopra
GES5E Spectroscopic Ellipsometer (France).

Fluorescent microscopy and scanning electron
microscopy (SEM) were used for qualitative study of L.
monocytogenes functionalization on the chip surface. An
inverted fluorescent microscope (Leica DMI6000, Leica
Microsystems Inc., ON, Canada) was used to determine the
presence of bacteria only on a certain area of the chip (sen-
sor area). SEM (LEO 1430, ZEISS, Germany) was used for
imaging the MZI chips to confirm the selectivity of the chip
for a given species of the bacteria (L. monocytogenes).

Contact angle measurements were performed using a
Krüss Drop Shape Analysis System DSA100 (Germany).
All measurements were done at room temperature and the
values reported are the averages of four separate drops on a
given surface.

3 Experimental procedure

3.1 Fabrication of MZI chips

The MZI chips were fabricated using nine major steps.
The details of the fabrication procedure is already reported
elsewhere (Sarkar et al. 2013). A brief summary of the
entire procedure is presented here. The general structure, as
shown in Fig. 1, consists of a silicon substrate < 100 >, a
1.5 μm thick layer of thermally grown SiO2 acting as the
lower cladding whereas a 2 μm thick layer of chemically
deposited (plasma enhanced chemical vapour deposition or
PECVD) SiO2 forms the upper cladding layer. These two
layers sandwich a 250 nm Si3N4 core layer deposited by

low pressure chemical vapour deposition (LPCVD). The
core and cladding layers have a refractive index of 2 and
1.46, respectively, which is ideally suited for total inter-
nal reflection (TIR) in a monomode waveguide (Heideman
and Lambeck 1999; Pal, 1992). The MZI configuration was
printed on the core layer in the form of a 4 μm × 4 nm
ridge structure by a standard photolithographic and reac-
tive ion etching (RIE) technique. Finally, a sensor area was
formed by etching through the upper cladding SiO2 layer
(2 μm deep, 100 μm wide and a varying length, Sl) over
a certain area on one of the MZI arms (also called the sen-
sor arm), as shown in Fig. 1. The entire length and width of
the chip is 30 mm and 1.5 mm, respectively. Figure 2 shows
the SEM image of the 2 μm deep and 100 μm wide cavity,
which represents the sensor area. The SEM image provides

Fig. 2 SEM image of cross-section of sensing area of the fabricated
MZI chip
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the cross-sectional area of the MZI chip over which the bio-
functionalization will take place. The entire procedure of
fabricating the MZI chip is summarized in Fig. 3.

Based on the theoretical analysis of the design of MZI
structures (Sarkar et al. 2013), ten different MZI config-
urations were fabricated. These ten different chips can be
classified into two broad categories: Angular and Sbend,
depending on the shape of the Y-junction divisors of the
MZI. The angular MZI is formed with Y-junctions having
an opening angle denoted by θ , whereas the Sbend MZI is
formed with Y-junctions having circular bends with radii
denoted by R. The column 1 of Table 1 represents the two
different configurations, where A represents the angular Y-
junctions and S represents the Sbend Y-junctions. Column 2
represents the opening angle (θ ) for angular Y-junctions and
radius of curvature (R) for Sbend Y-junctions. The columns
3 and 4 represent the distance between the two arms (d)
and length of the arms (L), respectively. The θ values are
kept below a certain critical angle (<2.5◦) and the R val-
ues kept above a certain critical radius (>15 mm) to ensure
that the optical losses incurred in the waveguide are with
acceptable limits (Sarkar et al. 2013). The columns 5 and 6
represent the length (Sl) and surface area (As) of the sensor
area, respectively. The last column gives the optical losses
for each type of chip, in terms of dB/cm when light from
a laser source propagates through them, as measured by a
photodiode. For the same sensing length Sl , losses incurred
in the Sbend Y-junction designs were much lower than

their angular Y-junction counterparts. This can be attributed
to the more gradual wave guiding approach of the Sbend
design.

There are two deciding factors when it comes to selecting
an MZI design for biosensing, namely (i) the optical losses
and (ii) the area of sensing. From Table 1, it can be clearly
seen that S1 (R = 180 mm) is the best design in terms of
lowest optical losses. However, the area of sensing is quite
low compared to other designs (1 mm2). For high sensitiv-
ity biosensing experiments, an optimal design is required
which would have a larger sensing area with low optical
losses. Hence, for the experiments performed in the present
work, the S3 design of the Sbend configuration was chosen.
It has a large sensing area (50 % greater than S1) yet has an
acceptable level of optical losses (0.4 dB/cm).

3.2 Immobilization of L. monocytogenes on the sensor area

An immobilization protocol was developed in our labora-
tory (Micro & Nano-scale Transport Laboratory, University
of Alberta) to selectively bind the bacterial cells to the sen-
sor area of the MZI chip only. Silicon dioxide covers almost
97 % area of the chip surface with only 3 % being the silicon
nitride sensor area. Therefore, a procedure was required to
create more affinity of L. monocytogenes towards the silicon
nitride surface (open sensor area) as compared to the silicon
dioxide surface (rest of the chip area). This was achieved by
the following steps, outlined here.

Fig. 3 Schematic of the
fabrication procedure at
cross-section of the chip. It
involves a bare silicon wafer, b
thermal oxidation of silicon
dioxide on the silicon wafer
forming the lower cladding, c
LPCVD of silicon nitride core
layer, d photoresist (HPR504)
spinning on the silicon nitride
layer, e photolithography
defining the MZI configuration,
f RIE of 4nm depth printing the
MZI configuration, g resist
stripped revealing the sensor and
reference arms, h PECVD of
silicon dioxide forming the
upper cladding, i HPR504
photoresist spinning on the
silicon dioxide layer, j
photolithography defining the
sensor area, k RIE of upper
cladding creating the sensing
area and l resist stripped
revealing the entire MZI
biosensor chip
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Table 1 Different configurations of the fabricated MZI chips

Y-junction θ(deg) for angular/ Distance Length of arm Length of sensor Surface area of Propagation

design R(mm) for Sbend d (μm) L(μm) area Sl(mm) sensor area As(mm2) losses (db/cm)

Angular

A1 0.9 80 16 12 1.2 0.40

A2 1 100 14 10 1.0 0.50

A3 2 100 20 15 1.5 0.72

A4 2 80 21 15 1.5 0.72

A5 2.5 80 22 16 1.6 0.88

Sbend

S1 180 100 14 10 1.0 0.28

S2 150 80 16 12 1.2 0.36

S3 56 80 20 15 1.5 0.40

S4 25 80 22 16 1.6 0.62

S5 20 100 22 16 1.6 0.69

3.2.1 HF treatment

The fabricated MZI chips were cleaned in a piranha solution
(3 parts H2SO4 and 1 part H2O2) for 15 mins to remove all
the organic impurities from the surface. Following that, the
chips were rinsed in DI-H2O and blow-dried with a nitrogen
gun. Then, the chips were dipped in a 1 % HF solution for
3 minutes and rinsed thoroughly with DI-H2O. The piranha
cleaning creates a native oxide layer on the silicon nitride
surface (Menon and Donovan, 1993) which is removed by
the HF treatment (Williams and Muller 1996; Bañuls et al.
2010).

3.2.2 Modification of surface with glutaraldehyde

The HF treatment performed in the previous step also
enhances the concentration of amine (N-H) groups on the
Si3N4 surface (Cattaruzza et al. 2004; Karymov et al.
1995). The freshly treated chips were then immediately
immersed in a 5 % glutaraldehyde solution for 90 mins
in a nitrogen atmosphere at room temperature. During
this step, glutaraldehyde reacts with the amine groups
(present only on the silicon nitride surface) generating
aldehyde groups. The chips are then washed thoroughly
in DI-H2O and PBS before drying them with a nitrogen
gun.

Contact angle measurements, performed on silicon
nitride surface, showed an increase in water contact angle
from 30 ± 2◦ to 48 ± 4◦ (refer Fig. 4a) after being treated
with glutaraldehyde whereas silicon dioxide surface treated
with glutaraldehyde following a similar protocol showed
an unaltered value for the contact angle (18 ± 1◦) (refer
Fig. 4b). This indicates that the glutaraldehyde crosslinkers
are anchored exclusively to the amine groups of the silicon
nitride (sensor area) portion of the chip.

3.2.3 Immobilization of L. monocytogenes

Unconjugated rabbit anti-L. monocytogenes antibody
(0.1 mg/ml) was added to the glutaraldehyde treated chips
and incubated for 30 mins at room temperature. During this
period, the aldehyde groups covalently bond with the pri-
mary amine of the antibodies. After this period, to prevent
any unspecific binding, the unbound aldehyde groups were
blocked with 0.1 M ethanolamine for 15 mins at room tem-
perature. The MZI chips were then incubated for 30 mins
with increasing concentrations of L. monocytogenes in brain
heart infusion (BHI) broth solutions (2.8 × 103 CFU/ml to
2.8×1013 CFU/ml). Finally, the chips were rinsed with PBS
and DI water and blown dry with nitrogen. The schematic
representation of surface modification and immobilization
is shown in Fig. 5.

The initial concentration has been estimated based on the
sensor area and approximate antibody dimension to create
an antibody monolayer. We used the initial concentration
as 0.1 mg/ml, which is more than the sufficient concentra-
tion to create the monolayer of antibody on sensor area.
The present study uses S3 configured MZI chips (optimized
design) to demonstrate the detection of listeria. The sen-
sor surface area of S3 configured MZI chip is 1.5 mm2. By
considering approximate dimension of listeria antibody as
7.5 nm diameter, the surface area required for each antibody
is calculated as 44.18 nm2. From this approx. area of anti-
body, the number of antibodies required to cover the sensor
surface area is determined and it is found that 3.4 × 1010

antibodies are required to cover the sensor area. The molec-
ular weight of listeria antibody is 59 kDa (obtained from
MSDS sheet), which is equal to 9.797 × 10−20 g. The con-
centration used in the present work is 0.1 mg/ml, which
in turn contains 1.02 × 1015 antibodies. This number of
antibodies (1.02 × 1015) in initial concentration is more
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Fig. 4 a Contact angle
measurements of silicon nitride
surface (i) bare and (ii) treated
with glutaraldehyde; b Contact
angle measurements of silicon
dioxide surface (i) bare and (ii)
treated with glutaraldehyde

Fig. 5 Schematic representation
of immunoassay procedure on
silicon nitride sensing area. a
Amine groups activated by HF
on silicon nitride surface, b 5 %
glutaraldehyde treatment, c
covalent bonding of antibodies
with the aldehyde groups of
glutaraldehyde and d Listeria
monocytogenes captured by the
antibodies
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than sufficient required for sensor area (3.4× 1010). Hence,
the concentration used in the present work is sufficient to
produce a monolayer of antibodies on sensor surface.

To confirm the specificity of the immobilization proce-
dure, FITC tagged rabbit anti-L. monocytogenes antibodies
(0.1 mg/ml) was added after the last step. After rinsing the
surfaces with PBS and blow drying, they were observed
under an inverted fluorescence microscope. Figure 6a shows
the fluorescent image of the silicon nitride surface whereas
Fig. 6b shows the fluorescent image of the silicon dioxide
surface. The presence of bacteria only on the silicon nitride
surface is clearly visible from these microscopy images,
which again confirms the specific binding of Listeria to the
sensor area.

3.2.4 Scanning electron microscopy

Selectivity of the surface modified MZI chips was analyzed
by SEM imaging. Two MZI chips were prepared with glu-
taraldehyde and antibodies, as described in the previous
subsections. One of the chips was incubated with a 109

CFU/ml L. monocytogenes solution for 30 mins while the
other was incubated with a 109 CFU/ml E. coli solution for
30 mins. After that, both the chips were rinsed with PBS
and DI-H2O but not dried. To preserve the shape of the bac-
teria for SEM images, the cells are dehydrated in a graded
series of ethanol (30 %, 50 %, 70 %, 80 %, 90 %, 96 %
and 100 %) and then dried in a critical point drier (CPD).
Bacteria contain high proportions of water in their cells and
thus, when they are placed in a high vacuum SEM cham-
ber, the water readily evaporates. During evaporation, large
surface tension forces are created which lead to the collapse
of the bacterial cells. The critical point of a liquid-gas sys-
tem represents the temperature and pressure above which
the phase boundary between the liquid and gas disappears
(Heady and Cahn 1973) and thus the devastating effects
of surface tension forces cease to exist. However, the crit-
ical point of water is quite high (374 ◦C, 229 bar) and can

destroy the bacterial cells. To overcome this problem, water
can be replaced by liquid carbon dioxide (LCO2), whose
critical point is at 31 ◦C and 74 bar and does not damage
bacterial samples. The graded ethanol series dehydration
was performed prior to the CPD step in order to replace all
the water in the bacterial cells with ethanol since LCO2 is
miscible with ethanol and not with water. Finally, during the
critical point drying step, the LCO2 is evaporated by main-
taining its critical temperature and decreasing the pressure.
The chips are then mounted on an SEM stub and sputter-
coated with gold before placing it in the SEM chamber for
imaging (Gunda et al. 2013). Figure 7a shows the SEM
image of one L. monocytogenes bacterial cell with its shape
preserved by critical point drying. Figure 7b and c show the
SEM images of the sensor area of MZI chips incubated with
E. coli and L. monocytogenes, respectively. These figures
clearly show that the MZI chips are selective only to a given
species of bacteria (L. monocytogenes).

3.3 Power measurements

The MZI chips were polished in a custom made waveguide
polisher from Ultratec Manufacturing, Inc. and were placed
on a piezo-controlled XYZ stage with a minimum resolu-
tion of 20 nm. Light from a He-Ne laser (633 nm) was
coupled into the core layer of the chip using a 40X objec-
tive lens. The light emanating from the chip was collected
by a photodiode. No optical fibers were used in this experi-
ment either to couple the laser light into the chip or collect
the light at the output end of the chip. Optical fibers are
prone to losses and hence the exclusion of such fibers can
increase the efficiency of the device. However, the exclusion
of fiber optics makes alignment of the optical components
very difficult. For this reason, two complementary metal-
oxide-semiconductor (CMOS) cameras have been used for
the alignment of the laser-chip system. An overhead cam-
era is placed directly above the chip to monitor the lateral
alignment of the laser light into the MZI structure. The

Fig. 6 Fluorescence
microscope images of a surface
treated silicon nitride surface
showing bacterial cells and b
surface treated silicon dioxide
surface devoid of bacterial cells
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Fig. 7 SEM images of a a
single rod-shaped Listeria
monocytogenes cell, b sensor
area incubated with E. coli and c
sensor area incubated with L.
monocytogenes

vertical alignment is monitored by another CMOS camera
placed at the output end of the chip parallel to the direction
of propagation of light. Once the optical system is aligned,
the horizontal camera is replaced with a photodiode giving
the corresponding power reading through a digital read-out.
Details related to the alignment procedure can be found
elsewhere (Sarkar et al. 2013).

As mentioned earlier (refer Section 1), the interaction of
the biomolecules with the evanescent field of the light waves
in the sensor arm of the MZI waveguide causes a change in
the effective refractive index of the sensor arm which leads
to a phase difference between the sensor and reference arms,
given by (Boiarski et al. 1993),

�φ = 2π

λ
Sl�Neff (1)

where, �φ is the phase change between the guided light
in the sensor and reference arms, λ is the wavelength and
�Neff is the change in the effective refractive index due
to the biointeraction. This phase change, in turn, leads to
the change in the normalized power output(ratio of output
to input power) of the MZI chip, which can be written as
(Boiarski et al. 1993),

�P = 1 + cos�φ

2
(2)

where,

�P = Pout

Pin

(3)

Here, �P is the normalized power output, Pout is the out-
put power and Pin is the input power of the MZI chip. In
this work, we have calculated the normalized power out-
put values for different concentrations of Listeria varying
from 2.8×103 to 2.8×1013 CFU/ml by performing power
measurements at the input and output end of the MZI chips.

4 Results and discussion

Fabrication, surface modification, and biofunctionalization
of S3 MZI chips were carried out according to the procedure
mentioned in the previous sections. Prior to power measure-
ments with bacteria, a negative control was introduced in
order to verify that the change in signal was indeed only due
to the immobilization of bacteria on the MZI chip. The neg-
ative control implies that power measurements were taken
after the antibody binding step and before the L. monocy-
togenes biofunctionalization. This was done for every MZI
chip used in the experiments and it gave a constant reading
(refer Fig. 8). Note that, we repeated the experiments for
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Fig. 8 Variation of output
power with increase in
concentration of Listeria. The
control represents the output
power of the biosensor after the
antibody bonding step and
before the L. monocytogenes
biofunctionalization

three times for all the concentrations and for all the cases
(single and mixed dilutions of bacterial pathogens).

Figure 8 illustrates the variation in the normalized power
output of the chip with change in concentration of L. mono-
cytogenes. It can be seen that the normalized power intensity
increases with the increase in microbial concentration. In
general, a higher concentration of bacteria would result in a
better surface coverage of the sensor area.

Figure 8 also reveals that the output power has a signif-
icant intensity as compared to the control even when the
bacterial concentration is as low as 2.8×105 CFU/ml, which
is well below the infective dosage of L. monocytogenes
for healthy human beings. On decreasing the concentration
even further, no significant power intensity was detected.
Therefore, the limit of detection (LOD) for this biosensor
is in the order of 105 CFU/ml. The LOD of this device
has the potential to be of much lower value by using bet-
ter quality antibodies as it has been reported by others that
the quality of antibodies highly affects the sensitivity of
the biosensor (Tims et al. 2001). The LOD obtained in
this work is better than the LOD achieved by most of the
alternative methods. Koubov et al. (2001) demonstrated the
detection of heat-killed Listeria using a physically adsorbed
antibody crosslnked with glutaraldehyde. The LOD of their
method was 106 CFU/ml. Leonard et al. (2004) detected
the heat-killed Listeria using inhibition assay with a Bia-
core 3000 surface plasmon resonance (SPR) spectrometer.
The LOD of their method was 105 CFU/ml. Hearty et al.
(2006) produced novel monoclonal antibodies specific to
Listeria and demonstrated the detection of listeria using
Biacore 3000 SPR spectrometer. The LOD achieved with
novel antibodies was 107 CFU/ml. Rowe et al. (1999) devel-
oped a fluorescence planar waveguide to demonstrate the
sandwich immunoassay to detect Listeria in buffer solution.

They achieved a LOD of 106 CFU/ml. Geng et al. (2004)
detected Listeria up to 4.3 × 103 CFU/ml in hot dog and
bologna using Analyte 2000. In context to the level of Lis-
teria found in food samples, which is often more than 106

CFU/ml as in case of chocolate milk (Dalton et al. 1997), it
further confirms that our detection mechanism will able to
detect such occurrence of contamination in food samples.

Another important parameter that has been used to char-
acterize this biosensor is its range of detection (ROD). From
Fig. 8, it is evident that beyond 2.8×1010 CFU/ml, the nor-
malized power intensity value is invariant to the change in L.
monocytogenes concentration. This can be attributed to the
fact that at high concentrations of L. monocytogenes, com-
plete coverage of the sensor area takes place and the addition
of any further amount of analytes would not enhance the
signal. In other words, the biosensor is said to be saturated.
In this case, the MZI biosensor has reached its saturation at
1010 CFU/ml concentration of L. monocytogenes. Hence the
ROD of this device is from 105 CFU/ml to 1010 CFU/ml.

In order to determine the selectivity of the MZI biosen-
sor, similar power measurement tests were performed on S3
MZI chips with Escherichia coli. All surface modification
steps were kept the same except for the L. monocytogenes
immobilization step. Instead, two different batches of bacte-
rial solutions were added on separate MZI chips. One batch
of solutions contained E. coli with concentrations varying
between 105 CFU/ml and 1010 CFU/ml while the other
batch contained a mixture of L. monocytogenes and E. coli
(1:1 by volume). The latter batch is prepared by mixing a
fixed concentration of E. coli (109 CFU/ml.) with varying
concentrations of L. monocytogenes (2.8×105 CFU/ml—
2.8×109 CFU/ml) Fig. 9 illustrates the variation of normal-
ized power intensity with the change in concentration of
E. coli and the mixture of E. coli and L. monocytogenes,
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Fig. 9 Variation of output
power with increase in
concentration of analytes. The
red squares indicate only E. coli
in the analyte solution for which
the horizontal axis represents
the concentration of E. coli. The
green diamond shapes indicate
mixture of E. coli and L.
monocytogenes in 1:1 ratio for
which the horizontal axis
represents the concentration of
Listeria

respectively. It can be seen that the E. coli alone does not
produce any power signal above the control whereas the L.
monocytogenes and E. coli mixture produces a detectable
power, which exceeds the control. However, MZI chips con-
taining a mixture of L. monocytogenes and E. coli showed
lower values of �P compared to the MZI chips containing
only L.monocytogenes for the same values of concentration
of Listeria (see Figs. 8 and 9). This was due to the dilution
caused by the E. coli solution. Another probable reason may
be the interference in binding of L. monocytogenes cells due
to presence of E. coli. However, these results clearly show
that the output signal is due to L. monocytogenes alone and
that the fabricated MZI biosensor is highly selective to L.
monocytogenes.

Fig. 10 Variation of phase change, calculated from Eq. 2 for a known
value of �P , with increase in concentration of Listeria within the
range of detection (ROD)

Figure 10 represents the variation of phase change, calcu-
lated from Eq. 2 for a known value of �P , with the change
in concentration of L. monocytogenes within the range of
detection. A third order polynomial fit to the data points
(R2 = 0.9934) is done. It provides the variation of the
phase change with respect to concentration of L. monocyto-
genes. This can be used as a calibration curve for the MZI
chip and can therefore be used as a guide to estimate the
value of an unknown concentration of L. monocytogenes in
a given sample from its phase change value obtained from
experiments.

5 Conclusion

In this paper, we have demonstrated a Mach-Zehnder Inter-
ferometer with the capability to detect Listeria monocyto-
genes. Ten different MZI Y-junction designs were investi-
gated and an optimum design (S3) with a large sensor area
(1.5 mm2) and low optical losses (0.4 dB/cm) was chosen
for experiments. A specific biofunctionalization protocol
was used where, surface treatment of silicon nitride surface
with HF greatly reduced the time of antigen immobiliza-
tion as compared to other traditional methods which use
3-Aminopropyl triethoxysilane (APTES) to create amine
groups on the surface. SEM analysis of MZI chips incu-
bated with L. monocytogenes and E. coli demonstrated the
selectivity of the biosensor to L. monocytogenes. Power
measurements were performed to determine the limit of
detection (LOD) and range of detection (ROD) of the fab-
ricated MZI. The LOD of the device is in the order of
105 CFU/ml, which is lower than the infection dosage of
Listeria for healthy human beings. Experimental results
also showed that the normalized power output of the MZI
biosensors increased with the increase in concentration of
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the L. monocytogenes microbial solution, however, addition
of E. coli had no such effect confirming the high selectivity
of the device to L. monocytogenes. Finally, the MZI biosen-
sor was calibrated using phase change data, which can be
used to determine unknown concentrations of L. monocy-
togenes. With further developments, this MZI biosensor
could be utilized in real-time detection of L. monocytogenes
directly from ready-to-eat food products available in the
market.
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