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Abstract: Many types of biosensors employ magnetic nanopesticliameter = 5-300 nm)
or magnetic particles (diameter = 300-5,000 nm)ctvliiave been surface functionalized
to recognize specific molecular targets. Here weecahree types of biosensors that
employ different biosensing principles, magnetidenals, and instrumentation. The first
type consists of magnetic relaxation switch assmgars, which are based on the effects
magnetic particles exert on water proton relaxatiates. The second type consists of
magnetic particle relaxation sensors, which deteemihe relaxation of the magnetic
moment within the magnetic particle. The third typemagnetoresistive sensors, which
detect the presence of magnetic particles on thiacgi of electronic devices that are
sensitive to changes in magnetic fields on theaifase. Recent improvements in the design
of magnetic nanoparticles (and magnetic particléspether with improvements in
instrumentation, suggest that magnetic materiagthdsosensors may become widely used
in the future.
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1. Introduction

Nanoscale magnetic materials are an important soair¢éabels for biosensing due to their strong
magnetic properties which are not found in biolagisystems. Modulation of the composition, size
and magnetic properties of these materials petiméis use in a variety of instruments and formats f
biosensing [1,2]. New types of instrumentation gremising for the use of nanoscale magnetic
materials in point of care sensors in variety oplaations. Here, we cover three biosensors that
employ magnetic nanoparticle labels with differesénsing principles and instrumentation:
(i) magnetic relaxation switches, (i) magnetic tige relaxation sensors, and (iii) magnetoresistiv
Sensors.

2. Magnetic Relaxation Switches (MRSws)

Superparamagnetic nhanoparticles made of iron cxikea polymeric coating are clinically proven
magnetic resonance (MR) contrast agents and witksdd in pre-clinical, targeted molecular imaging
applications [2,3]. When used as targeted contagents, surface-modified nanoparticles (NPs) bind
specific molecules producing local inhomogenieireghe applied magnetic field in tissues where
molecular targets are present. These inhomogenedmilt in decreases in ther&laxation time (or
increases in 14 the T, relaxation rate), and these, in turn, lead to chanm the contrast of
MR images.

Figure 1. Principle of Type | MRSws. Dispersed magnetic narticles (NPs) form an
aggregate upon binding with target analytes (tt@ngrhe aggregated form of the NPs
dephases the spins of the surrounding protons t&rwaolecules more efficiently than NPs
present as the dispersed state. The effect is\dibas a decrease in spin-spin relaxation
time, T, (reproduced with permission from reference [52]).
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Recently, Josephson and collaborators exploitedchi@ge in 7 produced by magnetic NPs to
obtain MR based assays called Magnetic RelaxatwiicBes (MRSws). The principle of MRSw
assays is illustrated in Figure 1; NPs switch betwdispersed and aggregated states, and associated
with the change in aggregation are changes inghrespin relaxation time (), the basis of which is
discussed below [4]. The materials used in MRSvayssre either magnetic nanoparticles (NPs,
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diameter 5-300 nm) or micometer-sized magnetidghest(MPs, diameter 300-5,000 nm). As shown
in Figure 1, MRSws are homogeneous particle aggeegdisaggregation-based assays similar to
aggregation assays using Latex particles, red btetichemagglutination, and antibody reactions with
proteins (nephelometry). Unlike optically-based agss MRSws employ radiofrequency radiation
which penetrates biological samples regardlesaif pptical properties [5]. Since the dispersed an
aggregated states of NPs (or MPs) can be revegssddh factors such as temperature, pH, and a high
concentration of competing analytes, and hence raferred to as “relaxation switches”. The
aggregated and dispersed states of magnetic NM®shave different transverse spin-spin relaxation
times (values of 7). NP aggregation and the size range of the regutggregates depends on the type
of analyte and analyte concentration [6].

2.1. Mechanism of MRSws

MRSw assays exploit the fact that for both nanaglag (NPs) and larger magnetic particles (MPs)
transverse relaxation times,fTdiffer between dispersed and aggregated stateseter, for Type |,
NP-based systems,, Tdecreases with the aggregation, while with typeMP-based systems,T
increases with aggregation. The basis of this felésvs [6-8].

The general theory of how magnetic spheres alies Termed outer sphere relaxation theory. This
theory uses two parameters of Bnd b. Dy, is the difference in angular frequencies betwéenlacal
field experienced by a proton at the equatoriak liof the sphere's surface and in the bulk
(Dw = moMg/3, where g is the vacuum magnetic permeability, M is the iprtmagnetization, and g
is the proton gyromagnetic ratio). Thenig the translational diffusion time of water arduhe sphere
(to = RZD, where R is the sphere radius and D is the water diffusioefficient). The outer sphere
diffusion theory is applied when the motional ageraondition is fulfilled as ftp < 1 [7,8]. In this
condition, the relaxation rate;R= 1/T,) increases as the sphere's size is increasedheAdefinitions
of Dy and p imply, the motional average condition is not filgd with increased size of the particles
such as MPs (R2p > 1) and the relaxation rate of }/decreases with the formation of MP aggregates.
See the detailed discussion of this phenomenomneriaw [8].

Thus, when present in solution magnetic NPs (or)Miitkice local magnetic field inhomogeneities,
which cause a dephasing (loss of phase cohererfcéheoproton spin precession, and these
inhomgeoneities lead to a reduction of thedlaxation time. When NPs aggregate (Type | MR&w),
smaller number of larger magnetic field inhomoggesgiresult. These larger inhomogeneities are more
effective dephasers of proton relaxation anddiiops. Here [tp < 1. When MPs aggregate (Type Il
MRSw), a smaller number of larger magnetic fielddamogeneities again results. However, there now
so few aggregates, and spaces between them sptgegahany water proteins fail to diffuse in and o
of these homogeneities during the time course ef rtfeasurement. This is termed the "diffusion
limited case" for the enhancement of proton relaxaby magnetic microspheres. Hergtp> 1.

Relaxivity is an important measure of the potentcynagnetic materials and an important factor to
selecting evaluating materials for use in MRSw wss#laterials with higher relaxivities are more
detectable by the relaxometry and can detect looecentrations of analyte [8].
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R, = (1/T2(+) - 1/T2(_))/C (1)

where R is relaxivity of the particle (in moles of metagxpressed as (mM sét) C is the
concentration of the paramagnetic center in mM, BfTd) and 1/ are the transverse relaxation
rates (sec) in the presence and absence of the nanoparntédpectively. C is typically expressed as
the concentration of paramagnetic metal, but it @lgo be expressed as the concentration of NPs or
MPs in solution. Here the Rer metal is multiplied times the number of paranedig metal atoms per
particle. Magnetic particles with larger numbersnoétals per particle are more potent in MRSw
assays, see below.

2.2. Magnetic Particles

Magnetic particles can be categorized by their, siath nanoparticles (NPs) being between 10 and
300 nm in diameter, while larger magnetic parti¢d®s) are between 300 and 5,000 nm in diameter.
Since the first publication demonstrating the MR&sgay principle in 2001 [4], NPs with surfaces of
cross-linked iron oxide (CLIO) have been used fmssng for analytes ranging from small molecules
to mammalian cells [5,9-12]. CLIO is an exceller® Woth forin vivo MR imaging [13] and for
MRSw assay applications, because of its stability variety of fluids, including agqueous bufferslan
blood, and because of its functional handle of angiroups. CLIO is prepared by two-step treatment of
the monocrystalline iron oxide nanoparticle knowrMdON. The MION NP features a dextran coating
which is first cross-linked with epichlorohydrinagthen reacted with ammonia to obtain amino groups
on the crosslinked dextran surface. MION and CLIRPsNhave an iron oxide cores of about 5 nm in
diameter and dextran shell (or crosslinked dexstaell) about 10 nm in thickness, so that both NPs
have overall diameters between 25 nm and 30 nm.

Recently, magnetic NPs and MPs with improved magnebperties, and higher detectability per
particle, have been described for use with vivo MR imaging andin vitro biosensor
applications [1,14,15]. One strategy is to increhseR relaxivity of NPs by increasing M or d, since
R, is proportional to Md®. Here M is the saturation magnetization per mdlenetal or per gram of
metal atoms within the particle and d is the pbtidiameter. [16—18]. Core/shell NPs have been
designed with Fe metal cores (not iron oxide coes®) these have an increased Ms and a thin iron
oxide shell to block oxidation metal oxidation. Jr&how an enhanced sensitivity compared to CLIO
for the detection of bacterial cells [17]. Anotstrategy employs Mn-doped metal oxide NPs; these
also have high Ms and high® and have been synthesized with sizes of 10nd2.& nm. These NPs
have been used in the sensitive detection of uegsmsd cancer cells, with as few as two cells
per 1 pL being detected with miniaturized relaxometer [1Bhother approach to improving the
sensitivity of MRSw assays is the use of MPs rathan NPs. These MPs have far more metal atoms
per particle than NPs and a far larger per magmediments per particle, even though their valued or
per metal are typical of older NPs [6,19]. In an $8MR assay of immunoreactive antibodies to
influenza, MPs of Jum in diameter were employed that had a similardRaxivity to CLIO NPs on a
per iron atom basis. However, the larger MPs h&J&® fold more irons per particle than CLIO NPs.
In the MRSw assay for anti-Tag peptide antibodysNd 186,000 fold enhanced sensitivity (relative
to CLIO). The improvement in sensitivity was actadvwy a combination of factors including the use
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of the larger MP, magnetic field-assisted aggregatf MPs, and valency enhancement achieved by
the addition of a secondary antibody [19]. FiguBe2ovides a schematic version of the improvement
in assay sensitivity shows these techniques.

Figure 2. Methods for the improvement in MRSw assay sensés; (A) MPs @)
aggregate in a homogeneous magnetic field, whelk#zs (1) do not respond. A T
increase in time is observed in a 0.47 T field yptia an MP solution, but not in an NP
solution. The ¥ value of the MP solution decreases as the MPdigpersed with the field
turn-off (white). Note that azlincrease is observed with MP aggregation. (typdRISw).
Since this effect is slowed by the viscosity of thedium, B-based viscometer can be
obtained, see [7]. (B) Three strategies for enlmanthe sensitivities with a type Il MRSw
assay. (a) A decreased concentration of MPs forggdegates at a lower concentration of
analyte (anti-Tag antibody) than that of NPs. MRslarger than NPs and used at a lower
concentration. (b) Application of a magnetic fi¢@47 T) induced aggregation of MPs as
in (A) and accelerated the interaction between MRd analytes. (c) Target valency
enhancement by addition of a secondary antibodsefslanti-mouse). The valency increase
of targets from two (anti Tag) to four (anti Tagiamouse) enhanced MRSw sensitivities.
Figure reproduced with permission from referende [6

a) Decreased Particle Concentration
NP 1% 5 s MP
500 aggregate | w? vs. : aggregate
~ .& b) Magnetic-Field-Enhanced Target Aggregation
400 ‘ o, 3
% A 8N no H AT O {
laggregated ) ) SR T e N
300 + b % : d
- °o o gl /H' - o AT,
;\4 200 ...‘ E T '\\ ] ‘wno H 4 F i
®e H e e WY Y
dispersed [ -
1004 L
R o c¢) Valency-Enhanced Aggregation
0 5 10 15 20 25 30 ; ] : mouse-anti-Tag

t/imin  —— . :
v sheep-anti-mouse

The stability of NPs or MPs in solution is anotimaportant factor in selecting materials for use in
MRSw assay applications. Stabilization can be aehieby charge effects leading to electrostatic
repulsion between particles or by the use of hykit@ppolymeric coatings that block particle/palgic
aggregation [8]. Coatings of polymeric dextran makes extremely stable and therefore suitable for
bothin vivo MR andin vitro MRSw assay applications [20]. Attachment of 10 idoéyethylene glycol
(PEG) diamine on the surface of MPs exchanged ritimli electrostatic stability of the negatively
charged MPs to polymer-based stability and wasssacg to use the MPs in MRSw applications [19].
Table 1 reviews the magnetic particles used in MR&8sensing applications.
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Table 1. Characteristics of magnetic particles used fosénsing applications.

Particle Size Composition Characteristics Reference
CLIO ~30 nm 5 nm core, 10 nm dextra MRSw, [5]
coating R, = 50 ($thM Fe)*
Core/shell 16 nm Fe core, iron oxide shell MRSw, [17]
2.5 nm shell thickness | R,= 260 (§hM Fe)*
Mn-MNP? 16 nm Mn-doped iron oxide MRSw, [16]
R,= 420 ($hM
metal)*
MP 1000 nm | Commercial (Dynabeads MRSw, [19]
R, = 43 (shM Fe)*
Iron oxide 56 nm Commercial (Quantun SQUID [35,36]
Magnetics, Miltenyi
Biotech)

Iron oxide 19.5 nm AC susceptometer [42]
Cubic FeCo 12.8 nm 1.5 nm oxidized shel GMR [49]
SAP 100 nm Multilayers of GMR, [47]

ferromagnetic, interlayer disk shape
of nonmagnetic material
Magnetic bead 130, 250 nm Commercial (Micromod SQUID [43]
Partikeltechnologie)

(a) MNP: magnetic nanopatrticle, (b) SAF: synthatitiferromagnetic.

2.3. Instrumentation

Point of care (POC) sensors would benefit homesysginicians and physicians, and aid in the
preparations for bio-warfare and pandemics. Theianirization of MR relaxometers holds great
promise for use as instrumentation with POC [1Q,7&1].

The MR relaxometers used for MRSw assays have thasie components, a magnet, a coil, and a
transceiver. Currently MRSw assays depend on thenwrcial bench top relaxometers such as the
0.47 T Minispec, 20 MHz instrument made by Bruli&fterica, MA [5, 19]. High throughput MRSw
assays have been demonstrated in 384-well plateagh the use of a 1.5 T MR scanner [5,22,23].
However, the relaxometer and MR scanner abovenrapeactical as POC sensors due to their high
cost, which results principally from the large megnemployed and lack of miniaturized electronic
components [21].

The magnets used in relaxometers can be relatwelgk (0.1 to 0.5 T) and can provide less
homogeneous magnetic fields than those used in M&ers. One of the first miniaturized MR
relaxometry systems consisted of a small palm-geethanent magnet and on-board NMR electronics
and planar microcoils with integrated microfluidibannels [10] (see Figure 3A). A multiplexed
detection of biomarkers was achieved using an &aoil array and demonstrated the potential
application of the microNMR system for high thropgh MRSw assays. Optimization of circuit
designing in development of RF transceiver integtatircuits led to a small but complete NMR
system [21] (Figure 3B).
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Figure 3. (A). Schematic representation of a miniaturizedpdiased NMR system,
diagnostic magnetic resonance (DMR). (B). NMR baSBtDS RF biosensor. A complete
NMR system was built with a portable platform (regwuced with permission (A) from
reference [10] and (B) from reference [21]).
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2.4. Applications of Type | and Type Il MRSw's

As discussed above, magnetic particle aggregatidumces ¥ changes that are opposite in direction
for NPs (T, decrease, type | MRSw) and MPs; (iicrease, type Il, MRSw). Applications of the
different types of MRSw systems are discussed helow

2.4.1. Type | MRSw

The amino CLIO NP is a versatile NP for MRSw apgticns because it is sufficiently stable to
permit a variety of surface chemistries [24—-26]I@Isurfaces have been designed to detect ions [12],
DNA [4,5,27], proteins [5,9,19], and cells [10] suas bacteria and mammalian cells. A particularly
valuable system for the study of MRSws is the ieaadf NPs displaying the Tag peptide and reacting
to a monoclonal antibody (anti Tag) binding to geptide [6]. The formation of NP aggregates with
anti-Tag antibodies has been shown to be analogmube interactions between antibodies and
antigens, with a maximum complex formation occugrat the equivalence point as the concentration
of analyte was increased.

A variation of the type | MRSw aggregation/dispersmethod is found with the miniaturized NMR
system (DMR: diagnostic magnetic resonance). Th&es achieves a high assay sensitivity by
reducing a sample volume toph and by using filtration methods [10]. Incorpoaatiof microfluidic
system with a filter unit into the miniaturized NM#gstem permitted the detection of bacteria, with a
few as 20 colony-forming units per mL of sputumngedetected [17]. The size discrepancy between
target bacteria and NP probes allowed filter-basmttentration of NP-bound bacteria while filtering
out unbound NPs.

Another important application of the type | MRSwsag system is its use in an implantable MR
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based, water relaxation sensor. A semi-permeablabrame was employed with a size cutoff that
permitted small analytes, like glucose, to diffusend out while the larger CLIO NPs were retained
within the sensor [25]. Continuous monitoring oé th, values of the solution inside the membrane
showed a competitive assay type-response of gldfoostionalized CLIO to glucose [23,25]. The
proof of concept sensing obtained with glucose wasslated to an implantable water relaxation
sensor detecting hCG as a cancer biomarker [28]2@.implantable device had a reservoir that was
covered with a semi-permeable polycarbonate mermsbeard contained CLIO functionalized with
antibodies to the hCG cancer biomarKkarvivo MR imaging was used to monitor the Walues from
inside the sensor device. When implanted in a tubearing mouse model, the MR signal from the
sensor showed significant decreases in 1-4 daysoddéfusion of the cancer biomarker hCG into the
reservoir and the resulting aggregation of the CNI2

2.4.2. Type Il MRSw

Type Il MRSws, where biomolecules are attached tBsMand aggregated by reaction with
molecular targets, exhibit an increasedvhen aggregated by reaction with a target analfieh their
greater numbers of iron atoms per particle, MPshmmised at concentrations far below than that of
NPs in MRSw assays. With the lower concentrationVibfs, lower concentrations of analyte are
needed to induce aggregation and this resultssiatigrimproved sensitivity [6,19].

When placed in a homogeneous magnetic field, MRR wharge-based or polymer layer-based
stability, will aggregate, while NPs will not resmbin this fashion [6,7,19,30-33]. The magnetitdfie
induced MP aggregation is lost when the magneéld fivas removed and Brownian effects break
down aggregates. The rate of self-assembly formatioMPs in a magnetic field is a function of
viscosity and can be used to make,b@sed viscometer. See Figure 2A and [7]. Recemiagnetic
field-induced MP aggregation has also been usedctelerate analyte-mediated formation of MP
aggregates [19,31,34]. The applied magnetic fieldaaced the kinetics of molecular interactions
between multivalent analytes, (e.g., a monoclorag @ntibody), and multivalent MPs displaying the
Tag peptide. This technique is referred to as magfield enhanced target aggregation and shown in
Figure 2B, frame (b).

3. Magnetic Particle Relaxation-Based Sensors

The relaxation of the magnetic moments within mégngarticles have been used as a basis for
magnetic particle-based assays.

3.1. Theory

Magnetic particles in a liquid, with magnetic mortgealigned by an applied magnetic field, employ
two relaxation mechanisms when magnetic field isngd off: (i) Brownian relaxation and
(i) Néel relaxation. Brownian relaxation is govedhby the physical rotation of the entire partisiel
characterized by the Brownian relaxation time,Here:

g = 3VHI']/kT (2)

where \f; is the hydrodynamic volume) is the viscosity of the medium, k is the Boltzmann
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constant, and T is the absolute temperature. Theodwnain magnetic particle has an anisotropy
energy, k& which is proportional to the crystal volume.

E,= K.V (3)

where K, is the anisotropy constant and V is the volumehef crystal. When the applied field is
removed, the magnetization vector within the pbetreturns to the lowest energy state along thg eas
axis with a characteristic Néel relaxation time,

TN = To exXp(B/KT) (4)

whereTpis the preexponential factor that decreases aants®tropy energy increases. Note thats
an exponential function of the anisotropy energy th proportional to the crystal volume.

The effective relaxation rate is expressed as tine af the Brownian relaxation rate and the Néel
relaxation rate:

1h = 1hg + 1lhy (5)

As Equation (5) shows, faster relaxation time betwéhe two governs the effective relaxation
process. Target induced aggregation can decreasatts of the Brownian or Neel relaxations ansl thi
assays for molecular targets are generated. See [8]

3.2. Assays
3.2.1. Néel Relaxation Sensors

Superconducting Quantum Interference Devices (S@WUHave been used for measurements of the
relaxation of particle magnetic moments. The Br@mnrelaxation is much faster than the Néel
relaxation. For a 20 nm single domain magnetitdigdarin solution, the calculated relaxation times
were 1g ~1 us andty ~1 s [35]. The difference in the relaxation timalss was a basis for a
homogeneous immunoassay [35] and a bacterial dmig86]. See Figure 4. The Brownian relaxation
time scale of a single unbound magnetic particls wa short, it was out of the detectable range
between 1 ms and 1 s of the SQUID. The free Browragation of particles was then restricted when
the magnetic particles bound a bacterium. The Kgakation was within the detection window of a
SQUID, which was used to determine the relaxationet of surface bound particles. The
SQUID-based detection of the Néel relaxation timeveed a limit of detection of § 10* NPs for a
substrate based assay and®4.10° bacteria in a 2QIL sample volume. Development of a gradiometer
instead of a magnetometer suggested a two-ordepwement in sensitivity was possible [37].

3.2.2. Brownian Relaxation Sensors

Measurements of static and dynamic magnetic subdéptusing alternate currents (ac) have
permitted use of the Brownian relaxation of NPs baysensing. As Equation (2) suggests, the NP
aggregates that form in recognition of target aealyhave a larger hydrodynamic size and thus show
slower Brownian relaxation responses than a siiNffe The resulting decrease in relaxation was
sensed in buffer [38], and in serum [39] by usir§UID or an ac magnetosusceptometer [39].
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Figure 4. Principle of a SQUID-based homogeneous detectbraoferia. A. A pulse-form
magnetic field orients the magnetic moments of NBsAfter the field pulse is over,
Brownian motion randomizes the magnetic momenturdiound NPs. However, the
Brownian rotations of NPs bound to the bacteriaraggricted. The bound NPs undergo
Néel relaxation for reorientation of the magnetioments. The SQUID detects the slower
Néel relaxation for the bound NPs (reproduced wéhmission from reference [36]).
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Conolly and St. Pierre proposed using the dynanagmatic properties of NPs in assays [40]. A
complex magnetic susceptibility expresses the respof NPs as a function of an alternating magnetic
field. According to their theory, the imaginary phas a peak when the frequency equals the ineérse
the effective magnetic relaxation time [41]. Broamirelaxation is the dominant relaxation process fo
these NP based assays. When NPs form molecula&t iadyiced aggregates, the hydrodynamic radius
is increased and thus decrease of the peak freguerabserved. An antibody was detected at the
sensitivity of 0.05ug/mL (= 0.3 nM) with an AC susceptometer [42]. Rabea volume amplified
magnetic nanobead assay showed a dynamic magnmeperty-based detection of DNA detection,
albeit with an amplification strategy [43]. Hereetbresence of two different size NPs in a sample
provided a high detection of target DNA moleculeBoiving a deconvolution of the magnetization
data [44].

4. Magnetoresistive Sensors

Magnetoresistive sensors are based on the bindingagnetic particles to a sensor surface and the
magnetic fields of the particles alter the magnieicls of the sensor which result in electricatreat
changes within the sensor. There are two mechantisrosgh which magnetic particles bind to the
sensor surface: (i) direct labeling and (ii) indir&abeling (a sandwich type binding). Magneticlhjg®s
bind to the surface functionality on the surfacdinect labeling by using streptavidin-biotin irdgetion
or complementary DNA sequence recognition. Indirlatieling uses the principle of sandwich
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immunoassay in ELISA. For example, antibodies biadl to the target protein are immobilized on the
surface. After treatment of the surface with a dangolution containing the target proteins, second
antibodies that are biotinylated are added to yiséem. Finally Streptavidin coated magnetic pagtcl
are applied for tagging the biotinylated antibodies

Giant magnetoresistance (GMR) spin valve (SV) ogmedic tunnel junction (MTJ) sensors have
been successfully used to sense MPs. Sensors arposed of multiple layers of ferromagnetic
materials. A biologically active molecule can beagited on an Au layer or Sidayer to obtain a
surface for the attachment of biomolecules. Foewaew of the structure of magnetoresistive sensors
see [45].

Superparamagnetic particles with different sizegehlaeen used in magnetoresistive biosensing.
Earlier applications used relatively large magnptdicles, with diameters between 0.1 an8[46].
Micrometer sized particles have the advantagesacifef observation under light microscope and a
higher particle-based magnetic moment that permétection very small numbers of particles.
However, recently magnetic NPs have replaced thgedaparticles because the NPs are stable in
suspension and are less prone to particle clugteinnan applied magnetic field [45,47-49].
Streptavidin coated MPs were applied to spin vaeasors in the protein marker detection at
27 pg/mL level of sensitivity [50]. By using 50 ntMACS magnetic nanoparticles, Wang and
collaborators demonstrated cancer marker deterrtib% serum at sub picomolar concentrations [48]
(Figure 5).

Figure 5. A schematic representation of a giant magnetdresi§GMR) sensor for an
ELISA-type protein assay. A. The probe surface \iasctionalized with a specific
antibody, while the control surface was passivatétd BSA. B. A sample solution was
added for a specific binding of analyte proteinsthe probe surface. C. A biotinylated
antibody bound to the surface-immobilized analyi®@s Finally streptavidin-coated NPs
were added for tagging the probe surface by bisttieptavidin interaction. GMR signals
were detected for sensing the presence of anaiptéise surface. Courtesy from [48].
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Improvement of spin valve sensors was achievecedyaing the passivation layer to 30 nm and led
to an enhanced sensitivity. A signal amplificatisinategy that had multiple layers of streptavidin
coated NPs and biotinylated antibodies in the s&idwype immunoassay also showed enhanced
signals. Multiplex sensing of different protein rkens in serum was demonstrated on a single chip by
carefully selecting antibodies and by employing signal enhancing strategy with multiple layers of
NPs. Wang and his group in Standford Universitydusnoimprint lithography to synthesize
antiferromagnetic nanoparticles of 100 nm size Witih magnetic moment and zero remanence [51].
The antiferromagnetic nanoparticles that have & dizape were composed of multiple layers of
ferromagnetic material separated by a nonmagnaclayer. NPs with high magnetic moments were
functionalized with streptavidin and permitted ttetection of DNA at concentrations as low as
10 pM [47].

Another effort to synthesize magnetic nanoparticiéth high magnetic moment utilized cubic-
shaped FeCo nanoparticles of 12.8 nm in a GMR basador [49]. The cubic nanoparticles were
surface functionalized with silane chemistry faaahment of Streptavidin or antibody. Direct labgli
of biotinylated surface with Streptavidin coatedchoparticles allowed detection of 600 nanoparticle
binding. Indirect labeling in ELISA type assay pucdd signals as low as» 10° molecules of a
biomarker protein.

See Table 2 for a review of assay configurationd #re sensitivities reported for them in
the literature.

Table 2. Sensitivities of magnetic particle based biosenso

Analyte Magnetlc part.lcle/ Sensitivity Sample Reference
instrumentation volume
nucleotide CLIO, bench top Low nM~pM 300uL [4,5]
relaxometer
proteins CLIO, bench top Low nM 300puL [5,9]
MRSw relaxometer
type | virus CLIO, MRI 50 viruses/10QL 100puL [11]
bacteria core/shell, DMR 20 CFU)/lO.O HL SuL [17]
(membrane filetered)
Cancer cell Mn-MNP, DMR 2 cellsflL 5uL [16]
MRSw : MP , bench top
<
Type I antibody relaxometer 1pM 300uL [19]
AC
suscepto| antibody Iron oxide NP <1 nM [42]
meter
bacteria Iron oxide NP 1410 bacteria/2QuL [36]
SQUID : ~
Q DNA Magnetic bead . 3-10 p'l\/.l . [43]
(signal amplification)
GMR Protein Cubic FeCo NP 10 proteins 2L [49]
DNA Antiferromagnetic NP 10 pM [47]
Protein Iron oxide NP 2.4 pM [48]

(a) DMR: diagnostic magnetic resonance, (b) CFUbrmpforming unit.
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5. Conclusions

Magnetic NPs and MPs have been used in differgrastyf biosensors based on different physical
principles. Some achieve high sensitivity and, wéhpid advances in instrumentation, maybe useful as
point-of-care sensors. The continued rapid devetpgmof sensors using magnetic materials
seems assured.
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