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Abstract:

We demonstrate a technique for detecting magnetically-labedtstia monocytogenes

and for measuring the binding rate between antibody-linked magnetic paatides
bacteria. This assay, which is both sensitive and straightforward to peréormuantify
specific bacteria in a sample without the need to immobilize the bacteresbraway
unbound magnetic particles. In the measurement, we add 50 nm diameter
superparamagnetic particles, coated with antibodies, to a liquid sample containing

L. monocytogenes. We apply a pulsed magnetic field to align the magnetic dipole
moments and use a high transition temperature Superconducting Quantum Inerferenc
Device (SQUID), an extremely sensitive detector of magnetic flux gtsore the

magnetic relaxation signal when the field is turned off. Unbound particles rare@lomiz
direction by Brownian rotation too quickly to be detected. In contrast, partiolend to

L. monocytogenes are effectively immobilized and relax in about 1 s by rotation of the
internal dipole moment. This Néel relaxation process is detected by the SQhD.
measurements indicate a detection limit of (661)x 10° L. monocytogenes for a

20 puL sample volume. If the sample volume were reduced to 1 nL, we estimate that the
detection limit could be improved to 230 + BOmonocytogenes cells. Time-resolved

measurements yield the binding rate between the particles and bacteria



Introduction
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, radioisotopes, oranagnet
particles. This general technique has various applications. In an immunoasgag| the
is to detect and quantify specific targets. Tagged antibodies can also be userhte sepa
target antigens selectively or to measure the affinity between antibddynéigen. In
this paper, we present a sensitive method for detecting magneticallydlabeteria
using a Superconducting Quantum Interference Device (SQUID), a highlyiaensi
detector of magnetic flux. This assay can be used to monitor bacteria in aaiouolke s
and to determine the rate of binding between antibody-linked particles andebacte
Magnetic particles have several advantages as labels. They azeast@hbl
nontoxic and can be manipulated with a magnetic field, making it possible to separate
target antigens magnetically (3). In recent years, methods have beempeédveldetect
small numbers of such particles using Hall probes (4), giant magnetoresiateays (5),
atomic force microscopy (6), force amplified biological sensors (7), and S€)8HD0).
Weitschies, Kétitz, and colleagues pioneered the use of SQUIDs for ntagneti
immunoassays (8, 11-16). They developed a magnetic relaxation immunoassay
(MARIA) in which magnetic particles bound to targets are distinguished dirdsound
particles by their different relaxation times. Using a low critieadgerature (J
SQUID, the group implemented a solid phase MARIA for detecting human

immunoglobulin IgG. Enpuket al. employed a high-TSQUID to detect human



interferonp (17). They labeled immobilized antigen with magnetic particles, applied a
magnetic field to magnetize the particles, and measured the change etim#igr as
the sample was passed under the SQUID.

In a previous communication (10), we described the use of a hi§RUWUID
microscope to detect immobilized targets, consisting of liposomes carngrid . AG
epitope, which were labeled with magnetic particles. Here, we demorastragthod for
detecting targets which are not immobilized, but rather are in suspension (Rigel)
couple 50 nm diametgrFeO3 particles to polyclonal antibodies raised against the
bacterial pathogehisteria monocytogenes and add them to a sample containing that
organism. After allowing time for the particles to bind to the targets, we ghacsample
130pum above a high-ITSQUID and apply a pulsed magnetic field to align the magnetic
dipole moments. Each time the field is turned off, the SQUID detects the msagnet
relaxation signal. Unbound particles relax in #8My Brownian rotation; this time is
too short for the SQUID system to measure. Conversely, particles bound to thelyelati
large bacteria are able to rotate only slowly. These particles undégjoelaxation, in
which their internal dipole moments relax to the lowest energy state. Thengesult
magnetic decay, which occurs over a time of roughly 1 s, is detected by the SQUID.
Since the measured signal is due only to the bound particles, changes in theveignal
time indicate the rate at which particles bind to bacteria.

Because this technique does not require immobilization of the targets or washing
away of the unbound particles, it is straightforward to implement. It has thaipbter
improved accuracy over conventional immunoassays because there is no lossiafsmater

during the process. We show that this technique can successfully differentiserbet



bound and unbound particles and present results from titration experiments in which the
concentration of either bacteria or particles is varied. We also show howeatketicet

signal depends on the applied magnetic field, and we present time-resolved data
demonstrating how this technique can be used to measure the rate of binding reactions.

Finally, we discuss improvements to the technique and potential applications.

Theory

In this technique, we differentiate between bound and unbound particles by the
different mechanisms by which they relax after the removal of a magieddic f
Brownian relaxation (18) is a physical rotation of the particles, with aatetextime for
a sphere

Tg =37V [kgT, [1]

wheren is the viscosity of the medium\is the hydrodynamic volumeg ks
Boltzmann’s constant, and T is the temperaturekingal = 293 K and
n = 10% kg mi'* s*, we findzs ~ 50ps for particles with a hydrodynamic diameter of
50 nm.

Néel relaxation (19) originates from the anispyrof the crystalline lattice.
Many magnetic materials have an easy axis of magien such that when the crystal is
magnetized along that axis, the energy is minimizédn external field rotates the
magnetization away from the easy axis, the magatatiz will eventually return to its
preferred direction upon removal of the field. T¥eel relaxation time for a single
domain patrticle is

Ty =ToexpKVy /kgT), [2]



whereto ~ 10° s, K is the magnetic anisotropy constant, apds/the volume of the
magnetic core.

The particles used here were composedfe#,0s, for which the bulk anisotropy
constant is Kz 2.5 x 1 J m®. The magnetic core of each particle consisteal @fister
of ~10 nm nanoparticles. While Eq. 2 predigts- 25 ns for an individual 10 nm
nanoparticle at T = 293 K, magnetic interactionsveen the nanoparticles within each
core slow down the overall relaxation rate. Hetioce Néel relaxation time of these

particles fell within the 1 ms to 1 s measuremeinidew of our SQUID system.

Methods

SQUID Microscope. The measurement configuration is shown in FigAddirect

current (dc) SQUID is a superconducting loop intpted by two Josephson junctions, or
weak links (20). When current-biased in the vadtatate, the voltage oscillates quasi-
sinusoidally as a function of the magnetic fluxetialing the SQUID loop with a period of
the magnetic flux quantundl, = h/2e= 2 x 10*°> T . To make the flux-to-voltage
conversion linear, we operate the SQUID in a flogked loop that maintains the flux
through it at a constant value; the output voltaiginis feedback circuit is proportional to
the flux applied to the SQUID. The SQUID usedhage experiments was made from a
200 nm thick film of the high-dsuperconductor YB&uO,5 (YBCO) laser deposited
onto a (100) SrTigbicrystal substrate and patterned by photolitholgysand argon ion
milling. A bicrystal contains an in-plane misoriation of the crystallographic axis; an
epitaxially grown film mimics the misorientatiorgrining a grain boundary which can

support only a weak supercurrent. To form Josephswctions, 2um wide microbridges



were patterned in the film across the grain boundahe SQUID, shown in the inset of
Fig. 3, had an effective flux capture area of 0.6%# and a peak-to-peak modulation
amplitude of 1uV. Operated with bias reversal (21), an electromxciulation scheme
which reduces low frequency noise, it exhibitedritevnoise of 221®, HzY? at
frequencies down to ~1 Hz.

The SQUID microscope (22) (Fig. 2) brings a biotagisample at room
temperature and atmospheric pressure very clage tsQUID, which is maintained at
77 K in a vacuum. Since the magnetic field frooolection of dipoles decreases with
distance, it is important to minimize the separatetween the sample and the SQUID.
The SQUID was mounted on a sapphire rod thermialkgtl to a liquid nitrogen
reservoir; these components were enclosed inditberglass vacuum chamber. Above
the SQUID, a 7m thick sapphire window separated the vacuum chafma®
atmosphere. The gap between the SQUID and theowimehs 55 10 um, resulting in a
total SQUID-sample distance of 13A0um. The entire apparatus was enclosed in a
triple layerp-metal shield to attenuate the earth’s magnetid.fie

For each measurement, a sample holder was pasitiam the window between
two coils which provided a magnetizing field pagatio the plane of the SQUID. The
sample holders consisted of 11 mm wide, 3.2 mnkthicite® squares. A 3.2 mm
diameter hole was drilled through each square aadim thick Mylar® film, attached to
the Lucite with wax, sealed the bottom of the hol&ée sample was offset laterally from
the SQUID by 1.6 mm, one-half the sample diaméers maximizing the field from the

sample which passed through the sensing area &@4D.



Bacteria. The target bacteria were the DP-L2161 strain (28)steria monocytogenes,
which has a deletion in thy gene encoding listeriolysin O (LLO) and is thus tiies
less virulent than the wild-type strain (24). Thenonocytogenes were grown overnight
in 3 mL of Brain Heart broth in an incubator-shak&f °C, 250 RPM). Prior to the
assay, the bacteria were washed 3 times by cegutiftn and resuspended in phosphate
buffered saline. We counted the bacteria by maagtineir optical density at 600 nm
wavelength and multiplying it by 6 1¢° L. monocytogenes/mL to convert to
concentration (25). Because the conversion fat#pends on the phase to which the
bacteria are grown, we estimate a counting errat20%. The K1 strain dEscherichia
coli (26) was used as a control. The bacteria wenemgavernight in 3 mL of Luria
broth (Miller’'s LB broth) in an incubator-shaker7(3C, 250 RPM), and washed and
counted in the same manner asltheonocytogenes. In this case, the optical density

was multiplied by I 10° E. coli/mL to convert to concentration (27).

Magnetic Particles. Superparamagnetic particles conjugated to monokfoaase anti-
biotin antibodies were obtained from Miltenyi Biotc. (Auburn, CA). The particles,
composed of 55-59%Fe0s, 35-39% dextran, and 2-10% antibody by weight.ever
suspended in a buffer containing 0.05% sodium aZideir hydrodynamic diameters
ranged from 20-100 nm, with an average of 50 nine ifon oxide core of each patrticle

consisted of a cluster of ~10 nm nanopatrticles.

Antibodies. The particles were coupled to polyclonal goat amdieria IgG antibodies

supplied by OEM Concepts (Toms River, NJ). Thébaalies, raised against all



serogroups ofisteria species known to cause food-borne iliness, wenéguli by the
vendor on an antigen-affinity column with thisteria bacteria immunogen preparation
as antigen. The antibodies were biotinylated utieg-luoReport&rMini-Biotin-XX
Protein Labeling Kit from Molecular Probes (Euge®&), which uses a 14-atom spacer.
The protocol provided by Molecular Probes was medifo achieve approximately 1-3

biotin molecules per antibody.

Coupling of Antibodiesto Particles. To couple the antibodies to the particles, we
mixed the solution of biotinylated antibodies wikie undiluted particle suspension,
incubated the mixture overnight at@, and then filtered it through a 0.géh centrifugal
filter with a low binding Durapof@PVDF microporous membrane (Millipore Corp.,
Billerica, MA) to eliminate particle aggregatesleally, we would have washed away the
unbound antibodies, but we were unable to do tltisowt a concomitant loss of

particles. Instead, we varied the volume ratiamfbodies to particles to maximize the
binding of the particles tb. monocytogenes. The binding signal increased progressively
up to a ratio of 1.3:5, and thereafter remainedtannt up to 5.3:5. To ensure saturation

of binding, a volume ratio of 4:5 was used forsalbsequent particle preparations.

Results

Titration Experiments. To determine the sensitivity and specificity of teehnique, we
carried out a series of bacterial and particlatiibns. The particle-antibody complexes
and bacteria were prepared as described above iaed tbgether in various

concentrations; the samples contained approxim@té}5% sodium azide. We
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incubated the samples a minimum of 4 hours 45 restd ensure that at least 75% of the
binding reaction would be complete at the timehef tneasurement. (The time required
was determined from data discussed in the Bindiatg Reasurements section.)
Following the incubation period, each sample wakategl with a pipet to resuspend any
material that had settled, and a sample holdemlgang 20uL was placed on the
microscope. We pulsed the 0.4 mT magnetic fieldoorl s and off for 1 s and recorded
the magnetic decay each time the field was turrfiedTdne data from 100 pulses were
averaged. Observation of the samples under a gloasest microscope indicated that
the bacteria were nonmotile, and thus possibly detatthe time of the measurement.

Typical time traces for aln. monocytogenes sample and associated controls are
shown in Fig. 3. These data were fit to a sunogéatithmic and exponential functions.
The logarithmic decay is characteristic of Néehxakion for particles with a wide
distribution of sizes, and therefore of relaxatimmes (28). We believe the exponential
decay comes from particle aggregates, formed tifeefiltration step, which are large
enough to Brownian relax on a measurable time sed®ut being bound to targets.
The time constant for the exponential decay waE&jly ~15 ms, corresponding to a
hydrodynamic diameter of ~340 nm for a sphere. fithieg function is

Bt) = P + P INALAHT g /1) + P €XPEL/ T,) [3]

Here,®qiset IS an offset caused by the fact that the SQUIDsmess relative, rather than
absolute, magnetic flu®s, the logarithmic decay amplitude, is proportiotwaihe
number of bound particlesymag= 1 s is the magnetization timBg,,, the exponential
decay amplitude, depends on the number of unboarittle aggregates; ang, = 15

ms is the exponential decay time.
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The logarithmic decay amplitudes for the sampleasured in the titration
experiments are plotted in Fig. 4. For the baateitration, the concentration bf
monocytogenes or E. coli was varied, while the particle concentration wasd at 0.05
relative to the stock suspension. For the partitrigion, the particle concentration was
varied, while the density of bacteria was fixed @mL L. monocytogenes or E. coli.

There are several sources of error. SQUID npiadicularly at low frequencies,
is the largest source of random error and was mhted by fitting the individual traces
to Eq. 3 and calculating the mean and standardcatieniof the fit coefficients for 100
averages. The standard deviatieg of the logarithmic amplitude was typically ~ji®,.
We estimated other sources of error, such as vhilyadmong biological samples, by
measuring a series of nominally identical samplBse standard deviation was found to

be 6.9% of the signal level. Thus, the total emabs is

1/2
Ot = |02 + (0.069x D )?[ ", [4]

where the value afs is determined separately for each sample measateme

The logarithmic decay amplitude from the partidéme is very low (Fig. 4). It
does not limit the sensitivity because when ondyrall number of targets are present,
fewer particles are needed to saturate the birglteg. Therefore, if we find that a
sample is dilute, we can reduce the magnitudeeobtitkground decay by using fewer
particles.

The cross-reactivity t&. coli is also low (Fig. 4). Thg. coli signal is only
~15% of thel.. monocytogenes signal, assuming enough particles are preserdttwate
theL. monocytogenes binding sites. If we subtract out the controlr{fzées alone) signal

from theL. monocytogenes andE. coli data, thet. coli signal is less than 8% of the



12

monocytogenes signal. It could be reduced still further by adisog the antibodies
againstE. coli to eliminate cross-reactive groups.

The bacterial titration curve, shown in Fid\,&ppears to have two distinct
slopes, with a crossover at approximatel§[lLmonocytogenessmL. This shape may
result from the polyclonal nature of the antibodi®¥e presume that there are various
types of antibodies which are reactive againsetktiit epitopes and have different
binding affinities. As each type of antibody igptiged, the slope of the curve decreases.
Accordingly, we fit the data to a model in whiclete are two distinct types of
antibodies, referred to as “A” and “B”, and two @sponding types of antigenic
determinants, also referred to as “A” and “B”; weose this model for its simplicity, as
well as for its consistency with the empirical alystion of two nonzero slopes in Fig.
4A. The “A” and “B” in the model could represent tWwmad affinity classes of
antibodies or two dominant antigenic determinaMige made the further assumption that
each patrticle is conjugated exclusively to “A” @ “antibodies. This assumption was
based on data indicating that approximately 25%hefantibody-linked particles were
reactive against this strain bf monocytogenes . Thus, the number of particles with

more than one type of antibody against these hacbould be relatively small.

" We carried out experiments in which we coupledibjtated antiListeria antibodies to

L. monocytogenes cells, washed away the unbound antibodies, andatidad particles
with anti-biotin on their surface. Measurementshef Néel relaxation signal yielded the
magnetic signal per bacterium as well as the cdratgon of particles needed to saturate
a given number of bacteria. In these experimevgsassumed that all the particles were
capable of binding tb. monocytogenes. By comparing these results to those obtained in
experiments in which the antibodies were linketh®particles at the outset, we
determined that ~25% of the antibody-linked paggalvere reactive agairist
monoCcytogenes.
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The four independent parameters of the modelraréraction of “A” antibodies,
the fraction of “A” antigens, the particle concextion required to saturate a given
number of bacteria, and the magnetic signal pradibyea saturated bacterium. Fitting
simultaneously to the bacterial and particle tibraicurves, we varied the four parameters

until chi-square

2
q)srmamr _q)scacua
XZ =Z[ \ ed ,calcul tedj [5]

Ototal

was minimized. The sum is taken over all data tsoitdere ®s measuredS the measured
logarithmic decay amplituda@s caiculatedS the calculated amplitude with given fit
parameters, anslyy IS the uncertainty in the measured amplitudesterchined by
Eq. 4. The resulting fits are shown in Fig. 4. e that the fraction of “A” antibodies
is 0.53+ 0.03; the fraction of “A” antigens is 0.990.01; (2.0+ 0.4)x 10° L.
monocytogenes/mL are saturated by the full strength particlepgmsion; and each
saturated.isteriumymL produces a (3.6 0.7)x 10° md, logarithmic decay signal. The
detection limit, taken as the minimum quantityLofnonocytogenes that can be detected
with 95% confidence, is equal to twice the experitakuncertainty. SiNnC@otai= Os iN
the limit of small®, the detection limit is@&= 20u®,. This yields a sensitivity of
(5.6+ 1.1)x 1P L. monocytogenes/mL, corresponding to (140.2)x 10° L.
monocytogenes in a 20pL sample volume.

Because the. monocytogenes have so few “B” antigens, 0.0015 concentration
particles are sufficient to saturate the “B” antigén the particle titration shown in Fig.

4B. Hence, the slope change in this curve is baislile.
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Dependence of Signal on the Applied Magnetic Field. The alignment of the particle
dipole moments increases with magnetic field uhglfield is strong enough to align
them completely. To determine how the signal lelegdends on the applied field, we
prepared a test sample to measure at varioussfieddgths. We diluted the original
particle suspension by a factor of 12.5, passgdaough a 0.2am centrifugal filter,
placed 2QuL in a sample holder, and allowed the liquid topwate. We measured the
Néel relaxation signal of this sample in respowsietds ranging from 0 to 2.2 mT,
recording just one trace for each field value. Meaments were taken for both
increasing and decreasing fields to ensure that thhas no hysteresis. The results,
plotted in Fig. 5, show that the signal can beeased by a factor of up to 3 by increasing
the applied field above the 0.4 mT used in thatiitn experiments. (We did not use
higher fields in the titration experiments becasiseh fields require very precise
alignment of the field coils, which is difficult tachieve. If the coils are not aligned
sufficiently, then the applied field couples fluartices into the SQUID, and excess

SQUID noise results.)

Binding Rate Measurements. In another set of experiments, we measured the time
dependence of the Néel relaxation signal. Becankebound particles contribute to the
signal, the change in signal over time indicatesr#fie at which particles bind to bacteria.
As in the titration experiments, we prepared theigla-antibody complexes, and washed
and counted the bacteria. In quick successiomixed the particles and

monocytogenes, vortexed the mixture for 5 s, and transferregi@ a sample holder.

We placed the sample on the SQUID microscope arasuned the Néel relaxation signal
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in response to a pulsed 0.4 mT field, taking 10&rages. The time between mixing the
sample and obtaining the first measurement wasngidtes. We repeated the
measurement approximately every 4 minutes.

A typical dependence of SQUID signal on elapsexttis shown in Fig. 6, for
2.5x 10° L. monocytogenessmL and particles of concentration 0.05 relativehie stock
suspension. The data were fit to an exponentradtfan,

D(t) = Dy + D (1), [6]
where® st IS the signal from particles that bind to bactelu@ing the mixing stage, the
sum of®@qser aNd®eyp is the equilibrium relaxation signal, ands the time constant for
the post-mixing binding process. For the dataign &, ®fset = 0.045+ 0.005 Ny,
Deyp = 0.24+ 0.02 mbg, andt = 209+ 39 minutes. Approximately 16% of the total
binding occurred during the initial mixing stagéhe remainder of the binding took place
over the course of many hours. The binding prooesgbe diffusion-limited (29, 30).

Part of the increase in signal is due to settlihthe bacteria and particles. The
settling rate depends on the degree of cross-linéirthe bacteria and particleghe
larger the complexes formed, the faster the sgttibe. To measure the settling rate, we
prepared four different samples of bacteria antigges and allowed ample time for the
binding to reach equilibrium (at least 24 hourd &C). We then mixed each sample to
resuspend any settled material, transferregl2® a sample holder, and measured the
time dependence of the signal. We found that idreats increased by 2.4% to 19%/hour,
depending on the sample, corresponding to settiites of 0.14 to 1.gm/s.

If we correct the data in Fig. 6 for settling ugihe largest observed settling rate

and fit again to Eq. 6, we find the time constamtdinding is lowered to 164 31
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minutes, a reduction of about 22%. Thus, the uac#y in the settling rate contributes
substantially to the uncertainty in the bindingeraf he settling problem could be
addressed by continuously mixing the sample duhegcourse of the measurement.
This would serve both to keep the targets in susparand to speed up the binding
process so that process-specific rates, ratherdiffaision-limited rates, could be

measured.

Discussion and Future Directions

The technique presented here has several posgiplieations. It could be
implemented as an immunoassay to test for the pcesaf specific bacteria. Since it
does not require immobilization of the targetsepagation of the unbound tags, it could
potentially provide more accurate quantificatioartitonventional immunoassays. It
could also be used to characterize the reactamisystem, as was done in fitting the
titration data to the two antibody model. A distime feature of this technique is its
ability to measure binding rates of reactants spsasion. The time series measurements
could be expanded to determine how the bindingdepends on various experimental
parameters. In addition, the technique could gty be modified to measure bacterial
transport, with applications in bioremediation. ohaler to implement bioremediation
strategies successfully, one must be able to grétdransport of bacteria through
contaminated media. However, most techniquestfmlysng bacterial transport involve
optical detection, making them ineffective for genggmovement through opaque media.

By tagging the relevant bacteria with magneticipkes$ and using the SQUID to measure
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changes in the magnetic signal over time, one cpoldntially study the movement of
bacteria, through any type of medium, in real time.

As an immunoassay, this technique is specificntjtadive, reasonably fast, and
moderately sensitive. The specificity dependsdgrgn the antibodies used. For the
affinity-purified antiListeria antibodies employed here, the cross-reactivity. twli was
low — less than 8% of tHe monocytogenes signal, after correcting for background. The
guantitative nature of the assay is evident froentitnation data. We see in FigA4hat
the signal increases linearly with bacterial com@ion. The slope is constant so long as
enough particles are present to saturaté tin@nocytogenes binding sites. The speed of
the assay is limited by the rate of binding of plagticles to the bacteria. In these
experiments, we incubated the samples several Iheflose performing measurements on
them. However, by continuously mixing the samjlesng the binding process, one
could expect to reduce the incubation time sigaifity. Further, in applications where
high sensitivity or accuracy is not required, meaments could be taken before the
binding reaction is complete.

The current detection limit is (5461.1)x 10° L. monocytogenes/mL, equivalent
to (1.1+ 0.2)x 10° L. monocytogenes in a 20uL sample volume. The sensitivity to
absolute number of bacteria could be greatly imgddyy decreasing the sample volume.
For a sample much larger than the SQUID, as ieatlyrthe case, a sizeable fraction of
the particles lie far away from the SQUID sensirgpa Because the magnetic field from
a dipole falls off as 1/distantehese distant particles contribute little to signal. By
decreasing the sample volume, while holding theebnftration of particles and targets

fixed, one could increase the signal per partahg hence improve the sensitivity.
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For example, consider scaling down the samplerwelto 1 nL by reducing the
sample area to 0.01 nfrand the height to 0.1 mm. Since the SQUID eféectirea is
0.016 mm, the SQUID would capture the flux much more eéfitly than in the current
version. Further, because the new sample heighkdime comparable to the SQUID-
sample separation, a particle at the top of theptamould contribute about 25% of the
flux as one at the bottom. This contrasts shanitly the current configuration, in which
particles at the top of the sample are so far g&ad/mm) that their flux contribution is
negligible. We calculate that a 1 nL sample ofdheve dimensions, located at its
optimal position over the SQUID, would have a slgrex particle 480 times greater than
the current sample. Thus, the sensitivity of #ahhique would improve to 230 + 40
monocytogenes. Note that while the sensitivity to number isligdependent on sample
volume, the sensitivity to concentration is relatwindependent of sample volume.

A further sensitivity improvement could be achig\® immobilizing the bacteria
on the Mylar base of the sample holder by meamssaicond antibody. This is
essentially the method adopted in our earlier expant (10) in which liposome targets
were affixed to a Mylar film. In the current expeent, if we were to attach the bacteria
in the 1 nL sample to the Mylar film, thereby brimg all the particles to within 13@m
of the SQUID, we calculate that the sensitivity Webinprove to 120 + 20 bacteria.
While immobilizing the targets requires an extegpsthe return is greater sensitivity as
well as the ability to detect a target of any sigdearly, if an application requires
detection of a small number of targets, it is hygiiesirable to immobilize the targets on a

substrate or reduce the sample volume by concemtnatethods. Microfluidics could be
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employed to implement a small volume assay, asageib provide continuous mixing

(31, 32).
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Figurelegends

(1) Measurement procedure. A suspension of supen@netic particles, coupled to
antibodies, is added to the liquid sampl&) A magnetic field is applied to align the
magnetic moments of the particle®) At time t ~1g after the field is turned off,
unbound particles have randomized direction by Biiaw rotation, while particles bound
to bacteria are still aligned. The magnetic momefthe bound particles will reorient

slowly via Néel relaxation.

(2) Top portion of the SQUID microscope. The SQUilxide a vacuum enclosure, is
mounted on a sapphire rod thermally connecteditpual nitrogen reservoir (not
shown). A 75um thick sapphire window separates the vacuum chafmta
atmosphere. The sample is contained in a Lucigehowith a 3um thick Mylar base,

aligned against a positioning element.

(3) Example of magnetic decay signals. For theegsahown, the concentration of
bacteria was mL, and the concentration of particles was 0.1&ixe to the stock
suspension. A 0.4 mT field was pulsed on for ha @ff for 1 s, and data were recorded
each time the field was turned off; 100 average®waken. Since the particle-antibody
complexes show little cross-reactivityEocoli, the ‘E. coli” and “particles alone” curves

overlay each other. Inset: Configuration of theCBSQUID. The slit is 4m wide.
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(4) (A) Bacterial titration. The concentrationlafmonocytogenes or E. coli was varied,
while the particle concentration was fixed at O:@fative to the stock suspensionB) (
Particle titration. The particle concentration wasied, while the bacterial concentration
was fixed at 1mL L. monocytogenes or E. coli. The magnetic relaxation signal of each
sample was fit to a combination of logarithmic @&xgonential functions; the logarithmic
amplitude of each sample is displayed. A two atjpmodel, described in the text, was

used to fit the.. monocytogenes data.

(5) Dependence of the Néel relaxation signal oraffied magnetic field. The
magnetic relaxation signal from a test sample, isting of particles evaporated onto a
sample holder, was measured for different valuegppfied field. Each decay curve was
fit to a combination of logarithmic and exponenfiaictions; the logarithmic amplitudes

are shown.

(6) Binding rate measuremerit. monocytogenes (concentration 2.% 10°/mL) and
particle-antibody complexes (concentration 0.0&tret to the stock particle suspension)
were mixed together, and the magnetic relaxatignasiwas measured as a function of
time. Each decay curve was fit to a combinatiologérithmic and exponential

functions; the logarithmic amplitudes are showie &mplitude versus time data were fit
to P(t) =Py, +P

[1— exp(—t/r)]. As a control, the signal from particle-antibody

exp
complexes alone (concentration 0.05 relative tosthek particle suspension) was

measured over time.
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