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bstract

Mass-sensitive, magnetoelastic resonance sensors have a characteristic resonant frequency that can be determined by monitoring the magnetic
ux emitted by the sensor in response to an applied, time varying, magnetic field. This magnetostrictive platform has a unique advantage over
onventional sensor platforms in that measurement is wireless and remote. A biosensor for the detection of Salmonella typhimurium was con-
tructed by immobilizing a polyclonal antibody (the bio-molecular recognition element) onto the surface of a magnetostrictive platform. The
iosensor was then exposed to solutions containing S. typhimurium bacteria. Binding between the antibody and antigen (bacteria) occurred and the
dditional mass of the bound bacteria caused a shift in the sensor’s resonant frequency. Sensors with different physical dimensions were exposed
o different concentrations of S. typhimurium ranging from 102 to 109 CFU/ml. Detection limits of 5 × 103 CFU/ml, 105 CFU/ml and 107 CFU/ml

ere obtained for sensors with the size of 2 mm × 0.4 mm × 15 �m, 5 mm × 1 mm × 15 �m and 25 mm × 5 mm × 15 �m, respectively. Good

greement between the measured number of bound bacterial cells (as measured by scanning electron microscopy (SEM)) and frequency shifts was
btained.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Foodborne pathogens have been found to cause food con-
amination at every stage of food production, processing, and
istribution. Salmonella typhimurium is a gram-negative food
athogen that affects the abdomen causing infection, diar-
hea and pain (CNIE, 2005). One of the common sources of
almonella is contaminated poultry products (Gay, 1999). It is
esirable to investigate rapid, sensitive, selective and real-time
etection technologies for the identification of contaminated

ood products.

Various monitoring techniques have been developed to
etect foodborne pathogens (Rogers, 2006). Conventional detec-
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ion methods, such as enzyme-linked immunosorbent assay
ELISA), have been developed to detect pathogens in food prod-
cts but require time-consuming pre-enrichment steps (Beckers
t al., 1998; Hayes et al., 1991). The polymerase chain reac-
ion (PCR) technology has become the gold standard for the
etection of pathogens in food (Karpiskova et al., 2000; Luk,
994; Oliveira et al., 2002). However dot-blot hybridizations
hich are used to prove the presence of specifically ampli-
ed products require multi-step processing and thus add con-
iderable time and expense to the detection (Oberst et al.,
998).

Existing biosensor technologies such as surface acoustic
ave (SAW) devices (Howe and Harding, 2000), quartz crystal

icrobalance (QCM) based immunosensors (Olsen et al., 2003;
lsen et al., 2006; Su and Li, 2005; Bandey et al., 2004 and
ailey, 2003) and optical fiber devices (Tims and Lim, 2004;
o and Grant, 2006) offer very good performance in terms of
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ensitivity. However, the need for direct physical contacts (elec-
rical wiring) places a constraint on the use of these sensors in
eal time applications such as detection in conducting liquids or
ealed and opaque containers, and biological experiments such
s the monitoring of bloodstream chemistry. The goal of our
esearch is to develop a biosensor that can be used for remote
nd real-time sensing of pathogens in food products.

Magnetostrictive materials are made of amorphous ferro-
agnetic alloys composed of iron, nickel, molybdenum and

oron. Due to the magnetoelastic nature of the amorphous mag-
etostrictive alloy, it exhibits a physical resonance when it is
xposed to a time-varying magnetic field. This resonance can
e monitored by using a pickup coil without the use of direct
hysical connections. Because of this unique advantage, numer-
us magnetostrictive materials applications have been proposed,
ncluding the detection of pH, humidity, temperature, viscosity,
nd stress etc. (Grimes et al., 2000; Cai et al., 2001; Jain et al.,
000; Kouzoudis and Grimes, 2000; Plamen et al., 2000; and
ng et al., 2001).
This paper presents the results of an investigation into a

iosensor consisting of a magnetostrictive platform immobilized
ith a polyclonal antibody (the bio-molecular recognition ele-
ent) for the detection of S. typhimurium.

. Materials and methods

.1. Sensor platform

METGLAS® 2826 MB alloy (Conway, SC) obtained from
oneywell International was used as the sensor platform. The

omposition is Fe40Ni38Mo4B18 and its theoretical value of the
aturation magnetostriction is 12 ppm. To increase the mass sen-
itivity, sensors were mechanically polished using fine grit paper
o reduce the thickness from 30 to 15 �m to decrease the initial

ass. Magnetostrictive strips were made using an auto con-
rolled, micro dicing saw. The diced sensors were ultrasonically
leaned in methanol solution to remove grease and debris left
y the dicing process. To improve the environmental stability as
ell as bioactivity of the biosensors, thin layers of chromium

nd gold were coated onto the surfaces of the magnetostrictive
articles using a DentonTM (Moorestown, NJ) high vacuum RF
puttering system.

.2. Antibodies and Salmonella typhimurium cultures

Rabbit polyclonal antibody (1 mg/ml) to S. typhimurium was
urchased from Abcam Inc (Cambridge, MA) and immobilized
nto magnetostrictive biosensors using the Langmuir–Blodgett
LB) film technique. The functional performance of the biosen-
ors was evaluated with bacterial suspensions. S. typhimurium
ATCC 13311) obtained from the American Type Culture Col-
ection (Rockville, MD) was confirmed for identity and prop-
gated in the Department of Biological Sciences at Auburn

niversity. The suspension was serially diluted with water to
repare bacterial suspensions ranging from 102 to 109 CFU/ml.
ll test solutions were prepared the same day as biosensor test-

ng and maintained at 4 ◦C.
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.3. Monolayer deposition

The Langmuir Blodgett (LB) technique was used to immo-
ilize the antibody onto the magnetoelastic resonance sensors.
ntibody monolayers were deposited onto the sensor surface
sing a LB film balance KSV 2200 LB (KSV Chemicals, Fin-
and). This system consists of a Wilhelmy-type surface balance
Sensitivity range 0–100 mN/m), a teflon trough of dimensions
5 cm × 15 cm, and a teflon barrier (0–200 mm/min) driven by a
ariable speed motor, all of which are encased in a laminar flow
ood. To minimize variations that may arise due to vibrations,
he trough is mounted on a marble table and aided by interposing
ubber shock absorbers. The subphase temperature (20 ± 0.1 ◦C)
ontrol is achieved by circulating water through a quartz tube
oil at the bottom of the trough. The magnetoelastic resonance
ensors were submerged into the deionized water (DD H2O) in
he LB trough. A monolayer from the antibody suspension was
ormed by allowing 100 �l of antibody solution (1 mg/ml) to run
own a wetted glass rod that was partially submerged into the
ubphase (deionized water). When the antibody solution reaches
he air–water interface, it splits into a monolayer due to surface
orces (Pathirana et al., 2000). After spreading, the monolayer
as allowed to equilibrate and stabilize for 10 min at 19 ◦C.
Monolayers were then compressed using a computer con-

rolled compression barrier at a rate of 30 mm/min, until the
ressure reached 22 mN/m. After reaching 22 mN/m pressure,
he pressure was held constant and vertical antibody film deposi-
ion was carried out at a rate of 4.5 mm/min. Multiple monolay-
rs of antibody were obtained by successive dipping the sensors
hrough the monomolecular film deposited at a water–sair inter-
ace. Seven monolayers containing antibodies were transferred
nto the magnetostrictive sensor surface. Only one surface of
he magnetostrictive sensor was coated with antibody.

.4. Principle of detection

A schematic drawing illustrating the wireless nature of the
agnetoelastic resonance biosensor and the basic principle for

etecting bacterial cells is shown in Fig. 1.
As Fig. 1 denotes, the frequency spectrum of the sensor can be

btained by sweeping an AC magnetic interrogation field over a
re-determined frequency range while monitoring the response
f the sensor using a pickup coil. At the resonance frequency
f the sensor, the conversion of the magnetic energy into elastic
nergy is maximal and the sensor undergoes a magnetoelastic
esonance. For a thin, ribbon-shaped sensor of length L vibrating
n its basal plane the fundamental resonant frequency of the
ongitudinal vibrations is given by Plamen et al., 2000:

=
√

E

ρ(1 − σ2)

1

2L
(1)

here E denotes Young’s modulus of elasticity, σ is the Poisson

atio, ρ is the density of the sensor material, and L is the long
imension of the sensor. Due to the shape demagnetizing factors
f the ribbon-like sensor, the magnetic permeability is greatest
long its length. Hence an incident magnetic field will generate
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ig. 1. Schematic drawing illustrating the wireless nature of the magnetoela
undamental resonant frequency of the biosensor is f0 without antigen binding,
he sensor surface.

ongitudinal vibrations in the sensor from almost any orientation
xcept normal to the basal plane of the sensor.

When testing temperature, humidity and other environmental
arameters are invariable, a shift in resonance frequency of the
agnetostrictive sensor depends only on the mass change (�m)

n its surface. If the mass increase is small compared to the
nitial mass of the sensor the shift in the resonant frequency is
iven by (Cai et al., 2001)

f = −f
�m

2M
(2)

here f is the initial resonance frequency, M is the initial mass,
m is the mass change, and �f is the shift in the resonant fre-

uency of the sensor.
Eq. (2) shows that the resonance frequency shifts linearly

ecreasing with increasing mass on the sensor surface. Hence
inding of the target organism onto the biosensor surface causes
mass increase with a corresponding decrease in fundamental

esonance frequency.

.5. Bacteria binding measurements

After preparation of the biosensors, they were immersed
n 1 ml solution of bacterial cultures for 30 min to bind bac-
erial cells and air-dried at room temperature. The resonance
requency of the sensors was measured using a HP network ana-
yzer 8751A with S-parameter test set at 87511A before and
fter binding of bacterial cells to the immobilized antibody on
he sensor. Each data point in all figures represents the mean
f values obtained from six independent sensors, subjected to
tudy under identical experimental conditions.

.6. Microscopic analysis of sensors
Confirmation of antibody–bacteria binding at the sensor sur-
ace was conducted by scanning electron microscopy (SEM).
reviously assayed biosensors were exposed to osmium tetra
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sonance biosensor and the basic principle for detecting bacterial cells. The
shifts (decreases) to f1 due to antigen binding to the antibody immobilized on

xide (OsO4) vapor for one hour to fix the bacterial cell wall to
acilitate SEM observations. Then sensors were mounted onto
luminum stubs with carbon adhesive tape followed by gold
Au) sputtering (60 nm thickness) at 0.02 mbar argon (Ar) gas
ressure to obtain a conductive surface for SEM imaging. The
ensors were examined using a JSM-840 SEM, operating at
0 kV. The physical distribution and density of the bacterial cells
ttached to the sensor surface were examined.

. Results and discussion

.1. Response curves

The resonance frequency of the antibody immobilized mag-
etoelastic resonance sensors before and after binding S.
yphimurium bacterium cells were measured. Fig. 2 shows the
requency spectrum obtained from a 2 mm × 0.4 mm × 15 �m
iosensor before and after exposure to a solution containing
. typhimurium at a concentration of 1 × 109 CFU/ml. In this
lot, the y-axis is the ratio of output voltage to input volt-
ge, i.e. voltage amplitude. As can be seen that the voltage
mplitude increases to a maximum at the resonance frequency
nd then decreases when passing the resonance frequency. The
esponse obtained clearly shows that the resonance frequency
ecreases due to the binding of analyte (S. typhimurium) to the
ensor surface. For these testing conditions a shift of 691 Hz was
btained.

.2. Dose response

In order to investigate the role of the sensor size on the sen-
itivity of detection, sensors with different dimensions were

repared and used to detect solutions containing S. typhimurium
ith different known concentrations. Fig. 3 shows the res-
nant frequency shift for three different size sensors after
xposure to solutions containing S. typhimurium bacteria with
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Fig. 2. Frequency spectrum of the antibody immobilized biosensor with the size of 2 mm × 0.4 mm × 15 �m. The y-axis is the ratio of output voltage to input voltage
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hich shows the relative output signal strength: (1) before exposure to S. typhim
olution containing S. typhimurium with a concentration of 1 × 109 CFU/ml, th
ue to the binding of analyte (S. typhimurium) to the sensor surface: �f = f0 − f

ifferent concentrations ranging from 102 to 109 CFU/ml.
ig. 3 also shows that the smaller the sensor size, the lower

he detection limit, and the smaller the size, the bigger the
esonant frequency shift for the same concentration. These
bservations are in good agreement with theory (Eq. (2)).
rom the responses obtained, it can be seen that the detec-

3 5 7
ion limit is 5 × 10 CFU/ml, 10 CFU/ml and 10 CFU/ml
or the sensors with the size of 2 mm × 0.4 mm × 15 �m,
mm × 1 mm × 15 �m and 25 mm × 5 mm × 15 �m, respec-

ively.

ig. 3. The resonant frequency shift upon exposure to solutions containing
. typhimurium bacteria with different concentrations ranging from 102 to
09 CFU/ml for the 15 �m thick sensors with the size: (1) 2 mm × 0.4 mm, (2)
mm × 1 mm and (3) 25 mm × 5 mm. The detection limit is 5 × 103 CFU/ml,
05 CFU/ml and 107 CFU/ml for the sensors with the size of 2 mm × 0.4 mm,
mm × 1 mm and 25 mm × 5 mm, respectively.
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m solution the resonant frequency f0 was 1,069,724 Hz; (2) after exposure to a
nant frequency f1 decreased to 1,069,033 Hz. The resonant frequency shift �f
69,724 − 1,069,033 Hz = 691 Hz.

.3. SEM observation

In order to confirm that the frequency shifts were mainly
aused by the binding of S. typhimurium to the sensor’s surface,
EM images were taken for the all sensors after exposure to
acterial solutions. Fig. 4(a)–(e) shows the typical SEM images
f the biosensors with the size of 5 mm × 1 mm after expo-
ure to different concentrations of S. typhimurium from 109 to
05 CFU/ml. The photos clearly show that exposure to decreas-
ng concentrations of S. typhimurium led to a lower density of
ound bacteria on the biosensor’s surface and thus produced
smaller frequency shifts. The control sensor (Fig. 4(f)), with
o antibody immobilized on its surface, when subjected to the
ighest concentration of 109 CFU/ml, had almost no binding
f S. typhimurium cells. This confirms that the S. typhimurium
ells bind specifically to the immobilized antibody, and that the
ntibody is immobilized on the sensor surface using the LB
echnique.

.4. Correlation between SEM image and frequency shifts

Two different methods can be used to calculate the number
f bacteria that have been captured on the surface of the mag-
etoelastic resonance biosensor. The first method is to calculate
he area density of bacteria that attach to the sensor surface (bac-
eria attached per unit area) based upon the measured frequency

hift of the biosensor. The second method is to directly count the
umber of bacteria attached to the sensor surface using SEM and
tatistically convert this to an area density of bacteria attached
o the sensor surface. This section compares the results obtained
sing these two different methods.
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Fig. 4. (a)–(e) Typical SEM images of S. typhimurium bound to an antibody immobilized magnetoelastic resonance biosensor surface. Representative images of
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ontrol sensor (devoid of antibody and exposed to 109 CFU/ml of bacterial solu

.4.1. Calculation of bound bacteria density using
easured frequency shift
During the testing process, the temperature, humidity and

ther related parameters are kept constant; therefore the resonant
requency shift is the result of an increase in mass due to the
nalyte (S. typhimurium) bound to the sensor surface. Since the
ncreased mass is very small compared to the initial mass of
he sensor, according to the measured resonant frequency shift,

f, the additional mass, �m, due to bacteria binding can be

etermined from the following Eq. (3) derived from Eq. (2).

m = −2�f
M

f
(3)

a
f

�

FU/ml, (b) 10 CFU/ml, (c) 10 CFU/ml, (d) 10 CFU/ml, (e) 10 CFU/ml. (f)
.

In our work, for the sensor with the dimensions of
mm × 1 mm × 15 �m, the fundamental resonance frequency
an be determined according to Eq. (1). Using a Young’s mod-
lus value, E, of 110 GPa for the magnetostrictive material, a
oisson’s ratio, σ, of approximately 0.3, and a magnetostrictive
lloy density, ρ, of 7.9 g/cm3 (Magnetic Alloy 2826 Technical
ulletin, 2004) the calculated fundamental resonance frequency
f the biosensor is 428 kHz. The sensor’s natural mass (no bacte-
ia attachment) was calculated to be 5.925 × 10−4 gm. Thus, the

dditional mass �m due to bacteria binding can be calculated
rom Eq. (3) and is

m = −2769�f (4)
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Fig. 5. Comparison of density of captured correlation of distribution of bacterial
cells and the theoretically expected values for antibody immobilized sensors
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ith the size of 5 mm × 1 mm × 15 �m. (1) The actual density of bacterial cells
btained from SEM images; (2) the theoretically expected density calculated
rom Eq. (5) according to the measured frequency shift.

here �f is the frequency shift in Hz, �m is the additional mass
n pg.

Since the mass of each S. typhimurium cell is about 2 pg
Bailey, 2003), therefore, according to the calculated additional
ass �m, the number of S. typhimurium cells “n” bound to the

ensor’s surface can be theoretically determined as,

= �m

2
(5)

The density of S. typhimurium cells on the biosensor surface
an then be calculated by dividing by the surface area of the
ensor.

.4.2. Calculation of bound bacteria using SEM images
Ten different regions of each sensor surface were examined

nd photographed using SEM. The number of cells bound to the
ensor surface was then measured and this number divided by
he area of the surface examined. Fig. 5 compares the density
f bacterial cells calculated based upon sensor frequency shift
nd the density of bacterial cells obtained from SEM images.
ood agreement between the different calculation methods was
btained.

. Conclusions
Polyclonal antibody immobilized magnetoelastic resonance
iosensors were fabricated and their response to different con-
entrations of S. typhimurium bacteria was evaluated. The mass
ensitivity of the biosensor increases with a decrease in the
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ensor’s physical size. Detection limits of 5 × 103 CFU/ml,
05 CFU/ml and 107 CFU/ml were obtained for 15 �m thick
ensors with size of 2 mm × 0.4 mm, 5 mm × 1 mm and
5 mm × 5 mm, respectively. SEM images provided visual ver-
fication that the measured frequency shifts were due to the
ttachment of bacteria to the sensor surface. Good agreement
etween the numbers of bound bacterial cells from SEM images
nd frequency shifts was obtained.
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