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Detection of bacteria in suspension by using a
superconducting quantum interference device
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We demonstrate a technique for detecting magnetically labeled
Listeria monocytogenes and for measuring the binding rate be-
tween antibody-linked magnetic particles and bacteria. This sen-
sitive assay quantifies specific bacteria in a sample without the
need to immobilize them or wash away unbound magnetic parti-
cles. In the measurement, we add 50-nm-diameter superparamag-
netic magnetite particles, coated with antibodies, to an aqueous
sample containing L. monocytogenes. We apply a pulsed magnetic
field to align the magnetic dipole moments and use a high-
transition temperature superconducting quantum interference de-
vice, an extremely sensitive detector of magnetic flux, to measure
the magnetic relaxation signal when the field is turned off. Un-
bound particles randomize direction by Brownian rotation too
quickly to be detected. In contrast, particles bound to L. monocy-
togenes are effectively immobilized and relax in about 1 s by
rotation of the internal dipole moment. This Néel relaxation
process is detected by the superconducting quantum interference
device. The measurements indicate a detection limit of (5.6 = 1.1) x
106 L. monocytogenes in our sample volume of 20 ul. If the sample
volume were reduced to 1 nl, we estimate that the detection limit
could be improved to 230 = 40 L. monocytogenes cells. Time-
resolved measurements yield the binding rate between the parti-
cles and bacteria.

Antibodies are widely used as biological probes to identify
specific microorganisms or molecules (1, 2). The antibodies
are linked to a label and introduced into the sample, where they
bind to the targets of interest and provide a means of detection.
Common labels include enzymes, fluorescent dyes, radioiso-
topes, or magnetic particles. This general technique has various
applications. In an immunoassay, the goal is to detect and
quantify specific targets. Tagged antibodies can also be used to
separate target antigens selectively or to measure the affinity
between antibody and antigen. In this article, we present a
sensitive method for detecting magnetically labeled bacteria by
using a superconducting quantum interference device (SQUID),
a highly sensitive detector of magnetic flux. This assay can be
used to monitor bacteria in a liquid sample and to determine the
rate of binding between antibody-linked particles and bacteria.

Magnetic particles have several advantages as labels. They are
stable and nontoxic and can be manipulated with a magnetic
field, making it possible to separate target antigens magnetically
(3). Methods have been developed to detect small numbers of
such particles by using Hall probes (4), giant magnetoresistance
arrays (5), atomic force microscopy (6), force-amplified biolog-
ical sensors (7), and SQUIDs (8-10).

Weitschies, Kotitz, and colleagues pioneered the use of
SQUIDs for magnetic immunoassays (8, 11-16). They developed
a magnetic relaxation immunoassay in which magnetic particles
bound to targets are distinguished from unbound particles by
their different relaxation times. By using a low-critical-
temperature (7.) SQUID, the group implemented a solid-phase
magnetic relaxation immunoassay for detecting human IgG.
Enpuku et al. (17) used a high-T. SQUID to detect human
IFN-B. They immobilized target antigens on a surface, labeled
them with magnetic particles, applied a magnetic field to mag-
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netize the particles, and measured the change in magnetic flux
as the sample was passed under the SQUID.

In a previous communication (10), we described the use of a
high-T, SQUID microscope to detect immobilized targets, con-
sisting of liposomes carrying the FLAG epitope, which were
labeled with magnetic particles. Here, we demonstrate a new
method for detecting targets that are not immobilized but rather
are in suspension (Fig. 1). We couple 50-nm-diameter y-Fe,03
particles to polyclonal antibodies raised against the bacterial
pathogen Listeria monocytogenes and add them to a suspension
of that organism. After allowing time for the particles to bind to
the targets, we place the sample 130 wm above a high-7. SQUID
and apply a pulsed magnetic field to align the magnetic dipole
moments. Each time the field is turned off, the SQUID detects
the magnetic relaxation signal. Unbound particles relax in ~50
ws by Brownian rotation; this time is too short for the SQUID
system to measure. Conversely, particles bound to the relatively
large bacteria are able to rotate only slowly. These particles
undergo Néel relaxation, in which their internal dipole moments
relax to the lowest energy state. The resulting magnetic decay,
which occurs in ~1 s, is detected by the SQUID. Because the
measured magnetic relaxation is due only to the bound particles,
changes in the magnetic relaxation amplitude over time indicate
the rate at which particles bind to bacteria.

This straightforward assay format does not require immobi-
lization of the targets or washing away of the unbound particles.
It has the potential for improved accuracy over conventional
immunoassays because no materials are lost. We demonstrate
that this technique can successfully differentiate between bound
and unbound particles and present results from titration exper-
iments in which the concentration of either bacteria or particles
is varied. We show how the relaxation signal depends on the
applied magnetic field and present time-resolved data illustrat-
ing that this technique can measure binding reaction rates.
Finally, we discuss improvements to the technique and potential
applications.

Theory

We differentiate between bound and unbound particles by the
different mechanisms by which they relax after the removal of a
magnetic field. Brownian relaxation (18) is a physical rotation of
the particles, with a relaxation time for a sphere

™ = 377VH/kBTr [1]

where 7 is the viscosity of the medium, V' is the hydrodynamic
volume, kg is Boltzmann’s constant, and 7 is the temperature.
Taking T = 293 K and n = 1073 kg'm~!s~!, we find 7 is ~50
ws for particles with a hydrodynamic diameter of 50 nm.

Abbreviations: SQUID, superconducting quantum interference device; T, critical
temperature.

ITo whom correspondence should be addressed at: Department of Physics, 366 LeConte
Hall, No. 7300, University of California, Berkeley, CA 94720-7300. E-mail: jclarke@
socrates.berkeley.edu.

© 2003 by The National Academy of Sciences of the USA

PNAS | January 6,2004 | vol. 101 | no.1 | 129-134

(7]
=
v
>
-5
o
=
)




z
/|
~ |

¥ magnetic particle

antibody

target bacterium

ek

iy

Fig. 1. Measurement procedure. A suspension of superparamagnetic parti-
cles, coupled to antibodies, is added to the liquid sample. (A) A magnetic field
is applied to align the magnetic moments of the particles. (B) At time t ~ 75
after the field is turned off, unbound particles have randomized direction by
Brownian rotation, whereas particles bound to bacteria are still aligned. The
magnetic moments of the bound particles reorient slowly by means of Néel
relaxation.

Néel relaxation (19) originates from the anisotropy of the
crystalline lattice. Many magnetic materials have an easy axis of
magnetization; when the crystal is magnetized along that axis,
the energy is minimized. If an external field rotates the magne-
tization away from the easy axis, the magnetization eventually
returns to its preferred direction on removal of the field. The
Néel relaxation time for a single domain particle is

™ = 7 exp(KVm/kgT), [2]

where 79 is ~107% s, K is the magnetic anisotropy constant, and
Vm is the magnetic core volume. We note that 7y and K depend
on the shape of the particle, and values of 7 vary by up to four
orders of magnitude (20). The particles used here were com-
posed of y-Fe,Os, for which the bulk anisotropy constant is K ~
2.5 X 10* J-m 3. The magnetic core of each particle consisted of
a cluster of ~10-nm nanoparticles. Whereas Eq. 2 predicts 7y ~
25 ns for an individual 10-nm nanoparticle at 7 = 293 K,
magnetic interactions between the nanoparticles within each
core slow down the overall relaxation rate. Hence, the Néel
relaxation time of these particles fell within the 1-ms to 1-s
measurement window of our SQUID system.

Methods

SQUID Microscope. The measurement configuration is shown in
Fig. 2. A dc SQUID is a superconducting loop interrupted by two
Josephson junctions (21). The voltage across the current-biased
SQUID oscillates quasisinusoidally as a function of the magnetic
flux ® threading the loop with a period of the magnetic flux
quantum, ®y = h/2e ~ 2 X 10~ T:-m~2. To linearize the
flux-to-voltage conversion, we operate the SQUID in a flux-
locked loop that maintains the flux through it at a constant value;
the output voltage of this feedback circuit is proportional to ®.
The SQUID was made from a 200-nm-thick film of the high-7.
superconductor YBa;CuzO7.5 (YBCO) laser deposited onto a
(100) SrTiOs3 bicrystal substrate and patterned by photolithog-
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Fig. 2. Top portion of the SQUID microscope. The SQUID, inside a vacuum
enclosure, is mounted on a sapphire rod thermally connected to a liquid
nitrogen reservoir (not shown). A 75-um-thick sapphire window separates the
vacuum chamber from atmosphere. The sample is contained in a Lucite holder,
with a 3-um-thick Mylar base, aligned against a positioning element.

raphy and argon ion milling. A bicrystal contains an in-plane
misorientation of the crystallographic axis; an epitaxially grown
film mimics the misorientation, forming a grain boundary that
supports only a weak supercurrent. To form Josephson junctions,
2-pm-wide microbridges were patterned in the film across the
grain boundary. The SQUID, shown in Fig. 3 Inset, had an
effective flux capture area of 0.016 mm? and a peak-to-peak
modulation amplitude of 11 wV. Operated with bias reversal (22)
to reduce low-frequency noise, it exhibited a white noise of 22
udy Hz~ 12 at frequencies down to ~1 Hz.

The SQUID microscope (23) (Fig. 2) brings a biological
sample at room temperature and atmospheric pressure very
close to the SQUID, which is maintained at 77 K in a vacuum.
Because the magnetic field from a collection of dipoles decreases
with distance, it is important to minimize the separation between
the sample and the SQUID. The SQUID was mounted on a
sapphire rod thermally linked to a liquid-nitrogen reservoir;
these components were enclosed in a fiberglass vacuum cham-
ber. Above the SQUID, a 75-um-thick sapphire window sepa-
rated the vacuum chamber from the atmosphere. The gap
between the SQUID and the window was 55 = 10 pwm, resulting
in a total SQUID-sample distance of 130 = 10 um. The entire
apparatus was enclosed in a triple-layer u-metal shield to
attenuate the earth’s magnetic field.

For each measurement, a sample holder was positioned on the
window between two coils, which provided a magnetizing field
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Fig. 3. Example of magnetic decay signals. For the traces shown, the

concentration of bacteria was 108 per ml, and the concentration of particles
was 0.13 relative to the stock suspension. A 0.4-mT field was pulsed on for 1s
and off for 1, and data were recorded each time the field was turned off; 100
averages were taken. Because the particle-antibody complexes show little
cross-reactivity to E. coli, the “E. coli" and “particles alone’ curves overlay each
other. (Inset) Configuration of the YBCO SQUID. The slit is 4 um wide.
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parallel to the plane of the SQUID. The sample holders con-
sisted of 11-mm-wide and 3.2-mm-thick Lucite squares. A 3.2-
mm-diameter hole was drilled through each square, and a
3-um-thick Mylar film, attached to the Lucite with wax, sealed
the bottom of the hole. The sample was offset laterally from the
SQUID by 1.6 mm, one-half the sample diameter, to maximize
the field from the sample coupled to the SQUID.

Bacteria. The target bacteria were the DP-L.2161 strain (24) of L.
monocytogenes, which has a deletion in the Aly gene encoding
listeriolysin O and is thus 10° times less virulent than the
wild-type strain (25). The L. monocytogenes were grown over-
night in 3 ml of brain—heart broth in an incubator-shaker (37°C,
250 rpm). Before the assay, the bacteria were washed three times
by centrifugation and resuspended in PBS. We counted the
bacteria by measuring their optical density at 600-nm wavelength
and multiplying it by 6 X 108 L. monocytogenes per ml to convert
to concentration (D. A. Portnoy, personal communication).
Because the conversion factor depends on the phase to which
the bacteria are grown, we estimate a counting error of +20%.
The K1 strain of Escherichia coli (26) was used as a control. The
bacteria were grown overnight in 3 ml of Luria broth (Miller’s LB
broth) in an incubator-shaker (37°C, 250 rpm), and washed and
counted in the same manner as the L. monocytogenes. In this
case, the optical density was multiplied by 1 X 10° E. coli per ml
to convert to concentration (27).

The purpose of transferring the bacteria to a buffer solution
was to improve the counting accuracy and to create a reproduc-
ible environment for antibody/particle binding. However,
antibody-coated magnetic particles are used to separate cells in
a variety of solutions, so we do not anticipate binding problems
in other media.

Magnetic Particles. Superparamagnetic particles conjugated to
monoclonal mouse anti-biotin antibodies were obtained from
Miltenyi Biotec (Auburn, CA). The particles, composed of
55-59% +v-Fe,0s, 35-39% dextran, and 2-10% antibody by
weight, were suspended in a buffer containing 0.05% sodium
azide. Their hydrodynamic diameters ranged from 20 to 100 nm,
with an average of 50 nm. The iron oxide core of each particle
consisted of a cluster of ~10-nm nanoparticles.

Antibodies. The particles were coupled to polyclonal goat anti-
Listeria 1gG antibodies supplied by OEM Concepts (Toms River,
NJ). The antibodies, raised against all serogroups of Listeria
species known to cause food-borne illness, were purified by the
vendor on an antigen-affinity column with the Listeria bacteria
immunogen preparation as antigen. The antibodies were biotin-
ylated by using the FluoReporter MiniBiotin-XX Protein La-
beling Kit from Molecular Probes, which uses a 14-atom spacer.
The protocol provided by Molecular Probes was modified to
achieve ~1-3 biotin molecules per antibody.

Coupling of Antibodies to Particles. To couple the antibodies to the
particles, we mixed the solution of biotinylated antibodies with
the undiluted particle suspension, incubated the mixture over-
night at 4°C, and filtered it through a 0.22-um centrifugal filter
with a low binding Durapore poly(vinylidene difluoride) micro-
porous membrane (Millipore) to eliminate particle aggregates.
Ideally, we would have washed away the unbound antibodies, but
we were unable to do this without a concomitant loss of particles.
Instead, we varied the volume ratio of antibodies to particles to
maximize the binding of the particles to L. monocytogenes. The
binding signal increased progressively up to a ratio of 1.3:5, and
thereafter remained constant up to 5.3:5. To ensure saturation
of binding, a volume ratio of 4:5 was used for all subsequent
particle preparations.
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Results

Titration Experiments. To determine the sensitivity and specificity
of the technique, we carried out a series of bacterial and particle
titrations. The particle—antibody complexes and bacteria were
prepared as described above and mixed together in various
concentrations; the samples contained ~0.015% sodium azide.
We incubated the samples a minimum of 4 h 45 min to ensure
that at least 75% of the binding reaction would be complete at
the time of the measurement. (The time required was deter-
mined from data discussed in Binding Rate Measurements.) After
the incubation period, each sample was agitated with a pipet to
resuspend any material that had settled, and a sample holder
containing 20 ul was placed on the microscope. We pulsed the
0.4-mT magnetic field on for 1 s and off for 1 s and recorded the
magnetic decay each time the field was turned off. The data from
100 pulses were averaged. Observation of the samples under
a phase-contrast microscope indicated that the bacteria
were nonmotile, and thus possibly dead, at the time of the
measurement.

Fig. 3 shows typical time traces for an L. monocytogenes sample
and associated controls. These data were fit to a sum of
logarithmic and exponential functions. The logarithmic decay is
characteristic of Néel relaxation for particles with a wide distri-
bution of sizes, and therefore of relaxation times (28). We believe
the exponential decay comes from particle aggregates, formed
after the filtration step, which are large enough to relax via
Brownian rotation on a measurable timescale without being
bound to targets. The fitting function is

D(1) = Pogpeer + Py In(1 + Tiag/t) + Pexp eXP(—1/ Texp)-
[3]

Here, ®ofpser is an offset caused by the fact that the SQUID
measures relative, rather than absolute, magnetic flux; @, the
logarithmic decay amplitude, is proportional to the number of
bound particles; Tmae = 1 s is the magnetization time; ®cxp, the
exponential decay amplitude, depends on the number of un-
bound particle aggregates; and 7.y, is the exponential decay time
constant. By fitting Eq. 3 to measurements of particles alone, we
found 7exp ~ 15 ms, corresponding to a hydrodynamic diameter
of ~340 nm for a sphere. Fixing 7ex, = 15 ms in later experiments
improved the reproducibility of &, and allowed us to use a
simpler fit algorithm.

The logarithmic decay amplitudes for the samples measured in
the titration experiments are plotted in Fig. 4. For the bacterial
titration, the concentration of L. monocytogenes or E. coli was
varied, whereas the particle concentration was fixed at 0.05
relative to the stock suspension. For the particle titration, the
particle concentration was varied, whereas the density of bac-
teria was fixed at 108 per ml L. monocytogenes or E. coli.

Several sources of error exist. SQUID noise, particularly at
low frequencies, is the largest source of random error and was
determined by fitting the individual traces to Eq. 3 and calcu-
lating the mean and standard deviation of the fit coefficients for
100 averages. The standard deviation, oy, of the logarithmic
amplitude was typically =10 u®, We estimated other sources
of error, such as variability among biological samples and vari-
ation in sample position relative to the SQUID by measuring a
series of nominally identical samples. The standard deviation
was found to be 6.9% of the signal level. Thus, the total error
in oy is

Tiotal = 02 + (0.069 X D)2, [4]

where the value of ®; is determined separately for each sample
measurement.
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Fig. 4. (A) Bacterial titration. The concentration of L. monocytogenes or E.
coli was varied, whereas the particle concentration was fixed at 0.05 relative
to the stock suspension. (B) Particle titration. The particle concentration was
varied, whereas the bacterial concentration was fixed at 108 per ml L. mono-
cytogenes or E. coli. The magnetic relaxation signal of each sample was fit to
a combination of logarithmic and exponential functions; the logarithmic
amplitude of each sample is displayed. A two-antibody model, described in
the text, was used to fit the L. monocytogenes data.

The logarithmic decay amplitude from the particles alone is
very low (Fig. 4). It does not limit the sensitivity because when
only a few targets are present, fewer particles are needed to
saturate the binding sites. Therefore, for a dilute sample, we can
reduce the magnitude of the background decay by using fewer
particles.

The assay clearly distinguishes L. monocytogenes from E. coli
(Fig. 4). The E. coli signal is only ~15% of the L. monocytogenes
signal, assuming enough particles are present to saturate the L.
monocytogenes binding sites. If we subtract out the control
(particles alone) signal from the L. monocytogenes and E. coli
data, the E. coli signal is <8% of the L. monocytogenes signal. It
could be reduced still further by adsorbing the antibodies against
E. coli to eliminate cross-reactive groups.

The bacterial titration curve, shown in Fig. 44, appears to have
two distinct slopes, with a crossover at ~108 L. monocytogenes
per ml. This shape may result from the polyclonal nature of the
antibodies. We presume that various types of antibodies are
present, which are reactive against different epitopes and have
different binding affinities. As each type of antibody is depleted,
the slope of the curve decreases. Accordingly, we fit the data to
a model in which there are two distinct types of antibodies,
referred to as “A” and “B,” and two corresponding types of
antigenic determinants, also referred to as “A” and “B”; we
chose this model for its simplicity and for its consistency with the
empirical observation of two nonzero slopes in Fig. 44. The A
and B in the model could represent two broad-affinity classes of
antibodies or two dominant antigenic determinants. We made
the further assumption that each particle is conjugated exclu-
sively to A or B antibodies. This assumption was based on data
indicating that ~25% of the antibody-linked particles were
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reactive against this strain of L. monocytogenes.** Thus, the
number of particles with more than one type of antibody against
these bacteria should be relatively small.

The four independent parameters of the model are the
fraction of A antibodies, the fraction of A antigens, the particle
concentration required to saturate a given number of bacteria,
and the magnetic signal produced by a saturated bacterium.
Fitting simultaneously to the bacterial and particle titration
curves, we varied the four parameters until

X2 = E[(q)s,measured - (I)s,calculated)z/o- ] [5]

total
was minimized. The sum is over all data points; ®g measured 1S the
measured logarithmic decay amplitude, @ cajculatea 1S the calcu-
lated amplitude with given fit parameters, and oo is the
uncertainty in the measured amplitudes determined by Eq. 4.
The resulting fits are shown in Fig. 4. We find that the fraction
of A antibodies is 0.53 = (0.03; the fraction of A antigens is 0.99 =
0.01; (2.0 = 0.4) X 10° L. monocytogenes per ml are saturated by
the full-strength particle suspension; and each saturated List-
erium per ml produces a (3.6 = 0.7)X 107 m®, logarithmic
decay signal. The detection limit, taken as the minimum quantity
of L. monocytogenes detectable with 95% confidence, is 20total-
Because oioa1=~05 in the limit of small ®, the detection limit is
205 =~ 20 ud,. This yields a detection limit of (5.6 = 1.1) X 10°
L. monocytogenes per ml, corresponding to (1.1 = 0.2) X 10° L.
monocytogenes in a 20-ul sample volume.

Because the L. monocytogenes have so few B antigens, 0.0015
concentration particles are sufficient to saturate the B antigens
in the particle titration shown in Fig. 4B. Hence, the slope change
in this curve is barely visible.

Dependence of Signal on the Applied Magnetic Field. The alignment
of the particle dipole moments increases with magnetic field until
the field is strong enough to align them completely. To deter-
mine how the signal level depends on the applied field, we
prepared a test sample to measure at various field strengths. We
diluted the original particle suspension by a factor of 12.5, passed
it through a 0.22-pum centrifugal filter, placed 20 wl in a sample
holder, and allowed the liquid to evaporate. We measured the
Néel relaxation signal of this sample in response to fields ranging
from 0 to 2.2 mT, recording just one trace for each field value.
Measurements were taken for both increasing and decreasing
fields to ensure that there was no hysteresis. The results, plotted
in Fig. 5, show that the signal can be increased by a factor of up
to 3 by increasing the applied field above the 0.4 mT used in the
titration experiments. As the field is increased, the slight
(=~0.001°) misalignment of the coils couples more flux vortices
into the SQUID. When the field is turned off, these vortices leave
the SQUID on a timescale of seconds, producing a relaxation
signal that contributes a systematic error to the experiment.
Although this effect limited the field to 0.4 mT, it is not a
fundamental limitation and could be reduced by improving the
coil alignment.

**Because the OEM Concepts anti-Listeria antibodies bind to all pathogenic Listeria
species, we do not expect all such antibodies to bind to the L. monocytogenes strain used
in this experiment. When we bind these antibodies to particles, many particles become
coated with only nonbinding antibodies and do not contribute to the detection signal.
To measure this effect, we carried out experiments in which we coupled biotinylated
anti-Listeria antibodies to L. monocytogenes cells, washed away the unbound antibod-
ies, and added particles with anti-biotin on their surface. Measurements of the Néel
relaxation signal yielded the magnetic signal per bacterium and the concentration of
particles needed to saturate a given number of bacteria. In these experiments, we
assumed that all particles were capable of binding to L. monocytogenes. By comparing
these results with those obtained in experiments in which the antibodies were linked to
the particles at the outset, we determined that ~25% of the antibody-linked particles
were reactive against L. monocytogenes.

Grossman et al.



z
/|
~ |

35 = 3
R
30 |- A gt
251 5
> j'ﬁ**
& 20 .
g ¥
¢ a
10 & 4 mT field
5 —J»f
o | | | |
0.0 05 1.0 1.5 20

Applied magnetic field (mT)

Fig. 5. Dependence of the Néel relaxation signal on the applied magnetic
field. The magnetic relaxation signal from a test sample, consisting of particles
evaporated onto a sample holder, was measured for different values of
applied field. Each decay curve was fit to a combination of logarithmic and
exponential functions; the logarithmic amplitudes are shown.

Binding Rate Measurements. In another set of experiments, we
measured the time dependence of the Néel relaxation signal.
Because only bound particles contribute to the measured relax-
ation signal, the change in relaxation amplitude over time
indicates the rate at which particles bind to bacteria. As in the
titration experiments, we prepared the particle—antibody com-
plexes and washed and counted the bacteria. In quick succession,
we mixed the particles and L. monocytogenes, vortexed the
mixture for 5 s, and transferred 20 ul to a sample holder. We
placed the sample on the SQUID microscope and measured the
Néel relaxation signal in response to a pulsed 0.4-mT field,
taking 100 averages. The time between mixing the sample and
obtaining the first measurement was 3-7 min. We repeated the
measurement approximately every 4 min.

A typical dependence of SQUID signal on elapsed time is
shown in Fig. 6, for 2.5 X 10% L. monocytogenes per ml and
particles of concentration 0.05 relative to the stock suspension.
The data were fit to an exponential function,

(I)(t) = (Doffset + cI)exp(l - eit/T)y [6]

where @t is the signal from particles that bind to bacteria
during the mixing stage, the sum of ®fper and Dy, is the
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Fig. 6. Binding rate measurement. L. monocytogenes (concentration, 2.5 X
108 per ml) and particle-antibody complexes (concentration, 0.05 relative to
the stock particle suspension) were mixed together, and the magnetic relax-
ation signal was measured as a function of time. Each decay curve was fit to
a combination of logarithmic and exponential functions; the logarithmic
amplitudes are shown. The amplitude vs. time data were fit to ®(t) = Dpffset +
Dexp[1 — exp(—t/7)]. As a control, the signal from particle-antibody complexes
alone (concentration, 0.05 relative to the stock particle suspension) was
measured over time.
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equilibrium relaxation signal, and 7 is the time constant for the
postmixing binding process. For the data in Fig. 6, ®ospeer =
0.045 = 0.005 m®g, Peyp, = 0.24 = 0.02 mPy, and T = 209 * 39
min. About 16% of the total binding occurred during the initial
mixing stage. The remainder of the binding took place over the
course of many hours.

Part of the increase in signal is due to settling of the bacteria
and particles. The settling rate depends on the degree of
cross-linking of the bacteria and particles — the larger the
complexes formed, the faster the settling rate. To measure the
settling rate, we prepared four different samples of bacteria and
particles and allowed ample time for the binding to reach
equilibrium (at least 24 h at 4°C). We then mixed each sample
to resuspend any settled material, transferred 20 ul to a sample
holder, and measured the time dependence of the signal. We
found that the signals increased by 2.4% to 19%/h, depending
on the sample, corresponding to settling rates of 0.14 to 1.1
pwm/s.

If we correct the data in Fig. 6 for settling by using the largest
observed settling rate and fit again to Eq. 6, we find the time
constant for binding is lowered to 164 = 31 min, a reduction of
about 22%. Thus, the uncertainty in the settling rate contributes
substantially to the uncertainty in the binding rate. The settling
problem could be addressed by continuously mixing the sample
during the course of the measurement.

The question remains whether the measured binding rates
reflect antibody—antigen binding rates or the time it takes for the
antibody-coated particles to diffuse toward the bacteria. We
calculated (29) that diffusing particle—antibody complexes with
a hydrodynamic diameter of 100 nm would bind to 1.5-pum-
diameter perfectly sticky spheres of concentration 2.5 X 108 per
ml in ~100 s. Because this diffusion-limited rate is two orders of
magnitude faster than the observed reaction rate, the observed
binding rate reflects the dynamics of antibody-antigen
interactions.

Discussion and Future Directions. The technique presented here has
several possible applications. It could be implemented as an
immunoassay to test for the presence of specific bacteria.
Because it does not require immobilization of the targets or
separation of the unbound tags, it could potentially provide more
accurate quantification than conventional immunoassays. It
could also be used to characterize the reactants in a system, as
was done in fitting the titration data to the two-antibody model.
A distinctive feature of this technique is its ability to measure
binding rates of reactants in suspension. The time series mea-
surements could be expanded to determine how the binding rate
depends on various experimental parameters. Another possible
application is the measurement of bacterial transport with
applications in bioremediation. To implement bioremediation
strategies successfully, one needs to predict the transport of
bacteria through contaminated media. However, most tech-
niques for studying bacterial transport involve optical detection
and cannot be used for opaque media. By replacing the present
sample holder with an elongated channel (=50 mm long, 3 mm
wide, and 3 mm high) mounted on a scanning stage, tagging the
bacteria with magnetic particles, and using the SQUID to
measure the relaxation signal as a function of space and time, one
could study the movement of bacteria through any type of
medium. Calculations based on the current system indicate a
resolution of ~1 mm.

As an immunoassay, this technique is quantitative, reasonably
fast, and moderately sensitive. The specificity depends largely on
the antibodies used. For the affinity-purified anti-Listeria anti-
bodies used here, the cross-reactivity to E. coli was <8% of the
L. monocytogenes signal, after correcting for background. The
quantitative nature of the assay is evident from the titration data.
We see in Fig. 44 that the signal increases linearly with bacterial
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concentration. The slope is constant so long as enough particles
are present to saturate the L. monocytogenes binding sites. The
speed of the assay is limited by the binding rate of the particles
to the bacteria. In these experiments, we incubated the samples
several hours before performing measurements on them. How-
ever, by increasing the incubation temperature or centrifuging
the particles and targets to increase their concentration, one
could expect to reduce the incubation time significantly. Further,
in applications where high sensitivity or accuracy is not required,
measurements could be taken before the binding reaction is
complete.

The current detection limit is (5.6 = 1.1) X 10° L. monocy-
fogenes per ml, equivalent to (1.1 * 0.2) X 10° L. monocytogenes
in a 20-ul sample volume. The sensitivity to absolute number of
bacteria could be greatly improved by decreasing the sample
volume. For a sample much larger than the SQUID, as is
currently the case, a sizeable fraction of the particles lie far away
from the SQUID sensing area. Because the magnetic field from
a dipole falls off inversely as the cube of the distance, these
distant particles contribute little to the signal. By decreasing the
sample volume, while holding the concentration of particles and
targets fixed, one could increase the signal per particle, and
hence improve the sensitivity.

For example, consider scaling down the sample volume to 1 nl
by reducing the sample area to 0.01 mm? and the height to 0.1
mm. Because the SQUID effective area is 0.016 mm?2 the
SQUID would capture the flux much more efficiently than in the
current version. Further, because the new sample height would
be similar to the SQUID sample separation, a particle at the top
of the sample would contribute about 25% of the flux as one at
the bottom. This contrasts sharply with the current configura-
tion, in which particles at the top of the sample are so far away
(2.7 mm) that their flux contribution is negligible. We calculate
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that a 1-nl sample of the above dimensions, located at its optimal
position over the SQUID, would have a signal per particle 480
times greater than the current sample. Thus, the sensitivity of the
technique would improve to 230 * 40 L. monocytogenes. Note
that whereas the sensitivity to number highly depends on sample
volume, the sensitivity to concentration is relatively independent
of sample volume.

A further sensitivity improvement could be achieved by im-
mobilizing the bacteria on the Mylar base of the sample holder
by means of a second antibody. This is essentially the method
adopted in our earlier experiment (10) in which liposome targets
were affixed to a Mylar film. If we were to attach the bacteria in
the hypothetical 1-nl sample to the bottom of the sample
chamber, thereby bringing all the particles to within 130 um of
the SQUID, we calculate that the sensitivity would improve to
120 = 20 bacteria. Although immobilizing the targets requires an
extra step, the return is greater sensitivity and the ability to
detect a target of any size. Clearly, if an application requires
detection of a few targets, it is highly desirable to immobilize the
targets on a substrate or reduce the sample volume by concen-
tration methods. Microfluidics could be used to implement a
small volume assay and to provide continuous mixing (30, 31).
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