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WATER RELAXATION-BASED SENSORS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims the bene?t of priority of 
US. Provisional Application 60/679,437, ?led on May 9, 
2005, Which is incorporated herein by reference in its 
entirety. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

[0002] The Work described herein Was carried out, at least 
in part, using funds from National Institutes of Health (NIH) 
Grants R01 EB004626 and EB00662. The government 
therefore has certain rights in the invention. 

TECHNICAL FIELD 

[0003] This invention relates to magnetic resonance-based 
sensors and related methods. 

BACKGROUND 

[0004] Magnetic resonance (MR)-based reporting meth 
ods, such as magnetic resonance imaging (MRI), offer 
certain knoWn advantages as non-invasive methods. For 
example, MRI can be used at tissue depths Where optical 
reporting methods can sometimes be complicated by light 
scattering and absorption by the tissue, e.g., tissue depths 
greater than about 250 pm. 

[0005] One application of nanotechnology in medicine is 
the development of biocompatible nanomaterials as envi 
ronmentally sensitive sensors and molecular imaging agents. 
Preparations of magnetic particles designed for separation 
and extraction use particles that are amenable to easy 
manipulation by Weak applied magnetic ?elds. These mate 
rials are typically micron siZed and have a high magnetic 
moment per particle. HoWever, nanoparticles do not respond 
to the Weak, magnetic ?elds of hand held magnets. 

SUMMARY 

[0006] This invention relates generally to magnetic reso 
nance-based sensors (e.g., Water relaxation and equilibrium 
based sensors) and related methods, and is based, in part, on 
the discovery that sensors having magnetic nanoparticles 
encapsulated Within a semipermeable enclosure can be used 
as remote sensors for detecting various analytes in an 
aqueous, e.g., a Water-containing, sample and can be used 
for the continuous monitoring of changing levels of the 
analytes. 
[0007] In its broadest aspects, the invention provides a 
Water relaxation-based sensor for detecting the presence of 
an analyte in a sample. The sensor includes an enclosure 
de?ning an opening for entry of the analyte, e.g., a semi 
permeable membrane, and con?ned Within said enclosure, a 
plurality of nanoparticles. The nanoparticles are suspended 
or suspendable in an aqueous liquid phase, have a magnetic 
moment, e.g., comprise crystalline iron oxide or other mag 
netic material, and are covalently or non covalently linked 
to, or otherWise have immobiliZed thereon, one or more 
moieties selected to alter the state of aggregation of the 
nanoparticles as a function of the presence or concentration 
of the analyte in the enclosure. 
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[0008] In one aspect, this invention features Water relax 
ation-based sensors for detecting the presence of an analyte 
(e.g., an exogenous analyte) in a sample. The sensors 
include: (i) a Walled enclosure enveloping a chamber, 
Wherein the Wall includes one or more openings (e.g., a 
single opening or a plurality of openings) for passage of the 
analyte into and out of the chamber; (ii) a plurality of 
magnetic nanoparticles located Within the chamber, each 
nanoparticle having at least one moiety that is covalently or 
noncovalently linked to (immobilized on) the nanoparticle; 
and optionally, (iii) at least one binding agent located Within 
the chamber, in Which the opening can be smaller in siZe 
than the nanoparticles and the binding agent and larger in 
siZe than the analyte; and the moiety and the analyte can 
each bind reversibly to the binding agent, When present; or 
the analyte can bind reversibly to the moiety. In some 
embodiments, the openings can be larger than the binding 
agent, as long as the binding agents remain Within the 
chamber When bound to the nanoparticles. 

[0009] Embodiments can include one or more of the 
folloWing features. 
[0010] The nanoparticles can be suspended or be suspend 
able in an aqueous liquid phase. The nanoparticles can have 
a magnetic moment generally, or under certain conditions. 

[0011] The Wall can include more than one opening. When 
the Wall contains more than one opening (e.g., a plurality of 
openings), then at least one of the openings is smaller in siZe 
than the nanoparticles and optionally the binding agent, and 
larger in siZe than the analyte. In certain embodiments, the 
Wall includes a plurality of openings, in Which each of the 
openings is smaller in siZe than the nanoparticles and the 
binding agent, and each of the openings is larger in siZe than 
the analyte. 
[0012] The moiety can be selected to alter the state of 
aggregation of the nanoparticles as a function of the pres 
ence or concentration of the analyte in the enclosure. 

[0013] In its several alternative embodiments, the sensor 
may exploit different detection formats. For example, the 
moiety may be selected to bind to the analyte to produce an 
aggregate of plural linked nanoparticles as a function of the 
presence or concentration of the analyte in the enclosure. 
The sensor may include an aggregate of plural linked 
nanoparticles, Which is disaggregated as a function of the 
presence or concentration of the analyte in the enclosure. 
The moiety may be a fragment of an authentic sample of the 
analyte or a structural mimic thereof, in Which case the 
sensor further includes a multivalent binding agent, Which 
binds to the analyte and the mimic (if used) to produce an 
aggregate of plural linked nanoparticles. The sensor can 
further include a multivalent binding agent Which binds to 
the moiety to produce an aggregate. The sensor also can 
include a binding agent, Which binds to the moiety in the 
presence of the analyte to disassociate an aggregate. In yet 
another form, the sensor can include a binding agent that 
binds to the moiety in the presence of the analyte to produce 
an aggregate. In one embodiment, the sensor further 
includes a plurality of aggregates con?ned Within the enclo 
sure. In another embodiment, the sensor includes a sample 
?oW path in communication With the interior of the enclo 
sure. Thus, the sample can ?oW into, or into and out of, the 
enclosure to permit periodic sampling of the analyte. 
[0014] In some embodiments, the sensors include features 
(i), (ii), and (iii) above; the moiety can be, or can include as 
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part of its chemical structure, a molecular fragment of the 
analyte being detected or a molecular fragment of a deriva 
tive, isostere, or mimic of the analyte being detected; and the 
binding agent can be a protein. When the analyte is absent, 
the chamber can include one or more nanoparticle aggre 
gates. Each of the nanoparticle aggregates can include one 
or more nanoparticles and the binding agent. Formation of 
the nanoparticle aggregate can occur through binding of a 
moiety on the nanoparticle to the binding agent (e.g., the 
binding agent can include one or more binding sites that are 
recogniZed for binding by the moiety). 

[0015] When the analyte is present, the chamber can 
include substantially disaggregated nanoparticles. The ana 
lyte, When present, can displace the nanoparticles from the 
nanoparticle conjugates, thereby providing substantially dis 
aggregated nanoparticles (e.g., the analyte and the moiety 
can be selected such that the analyte and the nanoparticles 
can compete for binding With the binding agent, and the 
analyte, When present, can displace the nanoparticles from 
the binding agent in the aggregate to provide disaggregated 
nanoparticles). 

[0016] In certain embodiments, (a) When the analyte is 
absent, the chamber can include a nanoparticle aggregate, 
Wherein the nanoparticle aggregate can include nanopar 
ticles bound to the binding agent through the moiety; and (b) 
When the analyte is present, the nanoparticles are displaced 
from the binding agent by the analyte, and the chamber 
comprises substantially disaggregated nanoparticles. In the 
presence of a Water-containing liquid media, the change in 
nanoparticle aggregation (from nanoparticle aggregates to 
substantially disaggregated nanoparticles and vice versa, 
e.g., the difference betWeen (a) and (b) above) alters the 
proton relaxation of Water inside of the chamber, but does 
not substantially alter the proton relaxation of Water outside 
of the chamber. 

[0017] In some embodiments, the sensors include features 
(i) and (ii) above, feature (iii) is absent; and the moiety can 
be, or can include as part of its chemical structure, a protein. 
When the analyte is absent, the chamber can include sub 
stantially disaggregated nanoparticles. When the analyte is 
present, the chamber can include one or more nanoparticle 
aggregates. Each of the nanoparticle aggregates can include 
one or more nanoparticles and the analyte. Formation of the 
nanoparticle aggregate can occur through binding of the 
analyte to the moiety on the nanoparticle (e.g., the moiety 
can include one or more binding sites that are recogniZed for 
binding by the analyte). 

[0018] In certain embodiments, (a) When the analyte is 
absent, the chamber comprises substantially disaggregated 
nanoparticles; and (b) When the analyte is present, the 
chamber comprises a nanoparticle aggregate, Wherein the 
nanoparticle aggregate comprises nanoparticles bound to the 
analyte through the moiety. In the presence of a Water 
containing liquid media, the change in nanoparticle aggre 
gation (from nanoparticle aggregates to substantially disag 
gregated nanoparticles and vice versa e.g., the difference 
betWeen (a) and (b) above) alters the proton relaxation of 
Water inside of the chamber, but does not substantially alter 
the proton relaxation of Water outside of the chamber. 

[0019] In one aspect, this invention features methods of 
detecting an analyte in an aqueous sample (e.g., monitoring 
the presence or concentration of an analyte in a sample 
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stream), the methods include: (i) providing a sensor as 
described herein; (ii) measuring relaxation times (e.g., T2 or 
T1 relaxation times) of the Water inside of the chamber of 
the sensor in the absence of the analyte or under conditions 
that mimic the absence of the analyte; (iii) contacting the 
sensor With the sample (e.g., the nanoparticles can be 
suspended, or suspendable, in an aqueous liquid phase and 
can also have a magnetic moment); (iv) measuring relax 
ation times (e.g., T2 or T1 relaxation times) of the Water 
inside of the chamber of the sensor; and (v) comparing the 
T2 relaxation times measured in step (ii) and step (iv). A 
change (e. g., an increase or decrease) in T2 relaxation times 
measured in step (iv) relative to the T2 relaxation times 
measured in step (ii) indicates the presence of the analyte. 

[0020] For example, one can How a sample stream into the 
enclosure, alloW analyte in the sample to alter the state of 
aggregation of nanoparticles (e.g., suspended nanoparticles), 
and measures perturbation of the magnetic resonance relax 
ivity of Water protons disposed adjacent the nanoparticles. 
These steps can be repeated to obtain a temporal pro?le of 
the concentration of the analyte in the stream. 

[0021] Embodiments can include one or more of the 
folloWing features. 

[0022] The nanoparticles can be suspended or be suspend 
able in an aqueous liquid phase. The nanoparticles can have 
a magnetic moment. 

[0023] The Wall can include more than one opening. When 
the Wall contains more than one openings (e.g., a plurality of 
openings), then at least one of the opening is smaller in siZe 
than the nanoparticles and the binding agent, and larger in 
siZe than the analyte. In certain embodiments, the Wall 
includes a plurality of openings, in Which each of the 
openings is smaller in siZe than the nanoparticles and the 
binding agent, and each of the openings is larger in siZe than 
the analyte. 

[0024] The moiety can be selected to alter the state of 
aggregation of the nanoparticles as a function of the pres 
ence or concentration of the analyte in the enclosure. The 
moiety and the analyte can each bind reversibly to the 
binding agent, When present; or the analyte can bind revers 
ibly to the moiety. The analyte can be a monovalent or 
multivalent analyte. 

[0025] The moiety can be, or can include as part of its 
structure, a carbohydrate, an antibody, an amino acid, a 
nucleic acid, an oligonucleotide, a therapeutic agent or a 
metabolite thereof, a peptide, or a protein. The moiety can be 
a covalently or noncovalently linked analyte (e.g., the ana 
lyte that is being detected, sometimes referred to as a bound 
analyte or a bound binding protein), a covalently or nonco 
valently linked analyte derivative, or a covalently or non 
covalently linked analyte isostere or mimic (e.g., a deriva 
tive, isostere, or mimic of the analyte that is being detected). 

[0026] In some embodiments, the moiety can be, or can 
include as part of its structure, a molecular fragment of the 
analyte being detected or a molecular fragment of a deriva 
tive, isostere, or mimic of the analyte being detected. 

[0027] As used herein and throughout, a moiety that 
includes “a molecular fragment of the analyte being 
detected” (or that includes a molecular fragment of a deriva 
tive, isostere, or mimic of the analyte being detected) is one 
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in Which a portion (e.g., a substantial portion) of the chemi 
cal structure of the analyte being detected (or a derivative, 
isostere, or mimic thereof) is incorporated into the chemical 
structure of the moiety. In these embodiments, the nanopar 
ticle can have the general formula (A): (A)Z-NP°; in Which 
“A” is a molecular fragment of an analyte, A-X, in Which X 
is a hydrogen atom or a functional group that is present in 
the analyte, but not incorporated into the nanoparticle of 
formula (A); “NP°” is the nanoparticle core, “-” is a covalent 
linkage (e.g., a chemical bond or linking functional group) 
that connects any atom of the fragment to the nanoparticle; 
and Z is 1-50 (e.g., l-40, l-30, l-25, l-20, 2-20). “A” in the 
above formula can also be the molecular fragment of a 
derivative, isostere, or mimic of the analyte being detected. 

[0028] The moiety can be a protein or a nucleic acid. 

[0029] The binding agent can be absent. The moiety can 
be, or include as part of its structure, a protein. In some 
embodiments, (a) When the analyte is absent, the chamber 
includes substantially disaggregated nanoparticles; and (b) 
When the analyte is present, the chamber can include one or 
more nanoparticle aggregates. Each of the nanoparticle 
aggregates can include one or more nanoparticles and the 
analyte. Formation of the nanoparticle aggregate can occur 
through binding of the analyte to the moiety on the nano 
particle (e.g., the moiety can include one or more binding 
sites that are recogniZed for binding by the analyte). 

[0030] In some embodiments, (a) When the analyte is 
absent, the chamber comprises substantially disaggregated 
nanoparticles; and (b) When the analyte is present, the 
chamber comprises a nanoparticle aggregate, Wherein the 
nanoparticle aggregate comprises nanoparticles bound to the 
analyte through the moiety. 

[0031] The binding agent can be present, it can be, for 
example, a protein or a monoclonal antibody. The moiety 
can be, or can include as part of its structure, a molecular 
fragment of the analyte being detected or a molecular 
fragment of a derivative, isostere, or mimic of the analyte 
being detected. 

[0032] In some embodiments, (a) When the analyte is 
absent, the chamber can include one or more nanoparticle 
aggregates; and (b) When the analyte is present, the chamber 
can include substantially disaggregated nanoparticles. Each 
of the nanoparticle aggregates can include one or more 
nanoparticles and the binding agent. Formation of the nano 
particle aggregate can occur through binding of a moiety on 
the nanoparticle to the binding agent (e.g., the binding agent 
can include one or more binding sites that are recogniZed for 
binding by a chemical group that is present as all or part of 
the chemical structure of the moiety). The analyte, When 
present, can displace the nanoparticles from the nanoparticle 
conjugates, thereby providing substantially disaggregated 
nanoparticles (e.g., the analyte and the nanoparticle substitu 
ent can be selected such that the analyte and the nanoparticle 
moiety can compete for binding With the binding agent, and 
the analyte, When present, can displace the nanoparticles 
from the binding agent in the aggregate to provide disag 
gregated nanoparticles). 

[0033] In some embodiments, (a) When the analyte is 
absent, the chamber can include a nanoparticle aggregate, 
Wherein the nanoparticle aggregate can include nanopar 
ticles bound to the binding agent through the moiety; and (b) 
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When the analyte is present, the nanoparticles are displaced 
from the binding agent by the analyte, and the chamber 
comprises substantially disaggregated nanoparticles. The 
change in nanoparticle aggregation betWeen (a) and (b) can 
alter the proton relaxation of Water inside of the chamber, 
but does not substantially alter the proton relaxation of Water 
outside of the chamber. 

[0034] The change in nanoparticle aggregation betWeen 
(a) and (b) can produce a measurable change in the T2 
relaxation times of Water inside the chamber, and the change 
in the T2 relaxation times can be measurable using a 
magnetic resonance imaging or non-imaging method. 

[0035] The moiety can be linked to the nanoparticle by a 
functional group such as iNHi, iNHC(O)i, 
i(O)CNHi, iNHC(O)(CH2)nC(O), 
i(O)C(CH2)nC(O)NHi, iNHC(O)(CH2)nC(O)NHi, 
4C(O)Oi, iOC(O)i, or iSSi, in Which n can be 
0-20, e.g., 2, 5, 10, or 15. Each of the openings can have a 
siZe (pore siZe) of from about 1 kDa to about 1 pm (e.g., 
about 1 kDa to about 300,000 kDa; about 1 kDa to about 
100,000 kDa; about 1 kDa to about 5 kDa; 1 kDa to about 
3 kDa; l kDA to about 1 pm). 

[0036] Each of the nanoparticles can have a particle siZe or 
overall siZe of from about 10 nm to about 500 nm (e.g., 
about 10 nm to about 60 nm, about 30 nm to about 60 nm). 
The overall siZe is the largest dimension of a particle. The 
nanoparticle aggregate can have an overall siZe (particle 
siZe) of at least about 100 nm. The nanoparticles can be 
substantially aggregated (e.g., include on or more nanopar 
ticle aggregates) or substantially disaggregated. The analyte 
can be a carbohydrate (e.g., glucose). 

[0037] The analyte can be chiral. The chiral analyte can be 
present together With one or more optically active moieties 
in the sample. The chiral analyte can be present together 
With a stereoisomer of the chiral analyte in the sample. The 
chiral analyte can be present together With the enantiomer of 
the chiral analyte in the sample. The chiral exogenous 
analyte can be an amino acid. 

[0038] The analyte can be a nucleic acid or an oligonucle 
otide. 

[0039] The analyte can be a therapeutic agent, Which as 
used herein refers to a bioactive moiety, Which When admin 
istered to a subject (e.g., a human or animal subject) confers 
a therapeutic, biological, or pharmacological effect (e.g., 
treats, controls, ameliorates, prevents, delays the onset of, or 
reduces the risk of developing one or more diseases, disor 
ders, or conditions or symptoms thereof) on the subject, or 
a metabolite thereof. The analyte can be, e.g., folic acid. 

[0040] The analyte can be a peptide or a protein (e.g., 
in?uenza hemagglutinin peptide). 

[0041] The moiety can be, or can include as part of its 
structure, a chiral moiety. The moiety can be, or can include 
as part of its structure, an amino acid, a nucleic acid, an 
oligonucleotide, a therapeutic agent, a metabolite of a thera 
peutic agent, a peptide, or a protein. The moiety can be, or 
can include as part of its structure, a carbohydrate (e.g., 
having the structure: 
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[0042] The binding agent can be a protein that includes at 
least tWo binding sites or at least four binding sites. The 
binding agent can be a recombinant protein or be a complex 
of proteins each With binding sites. The complex of proteins 
may be assembled by crosslinking. The binding agent can be 
a protein that binds to a carbohydrate (e.g., glucose). The 
protein can be conconavalin A. The binding agent can be a 
monoclonal antibody, a polyclonal antibody, or a oligonucle 
otide. The binding agent can be, e.g., an antibody to folic 
acid or an antibody to in?uenza hemagglutinin peptide. The 
analyte and the nanoparticle can bind reversibly to the 
binding agent. 

on). 

[0043] The magnetic nanoparticles each can include a 
magnetic metal oxide (e.g., a superparamagnetic metal 
oxide). The metal oxide can be iron oxide. Each of the 
magnetic nanoparticles can be an amino-derivatiZed cross 
linked iron oxide nanoparticle. 

[0044] The sensor can be con?gured to be an implantable 
sensor. For example, the sensor can be implanted subcuta 
neously. In certain embodiments, the sensor can be 
implanted in an extremity of a subject (e.g., a human or 

animal). 

[0045] Steps (ii) and (iv) can include measuring T2 relax 
ation times or T1 relaxation times. An increase in T2 
relaxation times measured in step (iv) relative to the T2 
relaxation times measured in step (ii) can indicate the 
presence of the analyte. A decrease in T2 relaxation times 
measured in step (iv) relative to the T2 relaxation times 
measured in step (ii) can indicate the presence of the analyte. 

[0046] The term “analyte” or “exogenous analyte” refers 
to a substance or chemical constituent (e.g., glucose, folic 
acid, or in?uenza hemagglutinin peptide) in a sample (e.g., 
a biological or industrial ?uid) that can be analyZed (e.g., 
detected and quanti?ed) and monitored using the sensors 
described herein. 

[0047] The term “subject” includes mice, rats, coWs, 
sheep, pigs, rabbits, goats, horses, primates, dogs, cats, and 
humans. 

[0048] Ananoparticle having at least one moiety described 
herein that is covalently or noncovalently linked to the 
nanoparticle and that can sWitch from being in an aggregated 
and disaggregated state is sometimes referred to herein as a 
“magnetic nanosWitch” or “nanosWitch.” 
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[0049] Embodiments can have one or more of the folloW 
ing advantages. 
[0050] While not Wishing to be bound by theory, it is 
believed that nanoparticle aggregation (formation of nano 
particle aggregates, e.g., microaggregates) and disaggrega 
tion (formation of disaggregated or dispersed nanoparticles 
from microaggregates or nanoparticle agregates) is an equi 
librium controlled process, and that the position of this 
equilibrium is dependent upon (and therefore maintained by) 
analyte concentration. When analyte concentration changes, 
the position of the equilibrium changes, at least in a range of 
sensitivity depending on several factors. This change in the 
position of this equilibrium is manifested by changes in 
proton relaxation of the Water inside of the sensor chamber, 
Which is measurable. As such, the sensors have the advan 
tage of being useful for the continuous monitoring of 
changing levels of analytes because there is generally no 
need to re-condition or replace the sensors during the course 
of most ongoing (e.g., long term) measurements because 
essentially nothing is created or produced during detection; 
the equilibrium betWeen aggregated and disaggregated 
nanoparticles is shifted by the analyte. As long as one can 
continuously monitor changes in the aforementioned equi 
librium that occur inside the sensor chamber (e.g., by 
periodically or continuously monitoring T2 relaxation times 
of the Water inside of the chamber), then one can continu 
ously monitor changing levels of analytes as those changes 
occur. 

[0051] The sensors can be used to detect a chemically 
diverse array of analytes, Which include Without limitation, 
carbohydrates (e.g., glucose), peptides (e.g., in?uenZa 
hemagglutinin peptide), and therapeutic agents (e.g., folic 
acid). 
[0052] The sensors are relatively simple devices lacking 
moving parts, electronics and any connection to an outside 
recording device such as a sampling tube or Wire. Instead, 
the sensor operates by absorbing and emitting radiation at 
the Larmour precession frequency of Water protons, Which 
is interpretable as T2 and exogenous analyte (e.g., glucose) 
concentration. The radiation employed (e.g., 60 MHZ for the 
1.5 T MRI) penetrates biological systems, e.g., at depths 
Where optical reporting methods can sometimes be compli 
cated by light scattering and absorption by the tissue, e.g., 
tissue depths greater than about 250 pm. The sensor can 
therefore be essentially a remote sensor, reporting on its 
local environment through Water relaxation measurements 
While unconnected to an outside recording device or poWer 
source. 

[0053] Analyte detection can take place in solution rather 
than on a surface, so as to avoid the need for developing and 
optimiZing sensor surface chemistry. This enables the fea 
tures of an assay (sensitivity, speci?city, kinetics) to be 
determined in a tube format, independently from the semi 
permeable device or instrumentation needed to distinguish 
sensor Water from bulk Water. Binding agents, e.g., proteins 
and antibodies, and nanoparticles can readily be tested as 
reagents for neW Water relaxation assays, leading a panel of 
relaxation-based sensors for different analytes. 

[0054] By sensing the position of the reversible equilib 
rium of nanoparticle aggregation/dispersion, the production 
or consumption of molecules is avoided as compared With 
an assay that includes irreversible reactions (e.g., single use 
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assays). Thus, again there is no need to “recharge” the sensor 
With a substrate to continue operation. The sensors can be 
prepared for reuse, for example, by equilibrating in the 
absence of the analyte or under conditions chosen to mimic 
the absence of the analyte (e.g., relatively loW concentra 
tions of the analyte). 

[0055] The radiofrequency radiation used With the Water 
relaxation sensor interacts With Water protons, rather than 
nanoparticles or biological molecules, thereby minimiZing 
the likelihood of radiation induced damage. 

[0056] The sensors are amenable for use in the detection 
of tWo or more analytes (e.g., a panel of different sensors 
each having, e.g., a different binding agent and moiety, can 
be used in the same screening or testing environment to 
detect multiple analytes). 

[0057] Unless otherWise de?ned, all technical and scien 
ti?c terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to Which this 
invention belongs. In case of con?ict, the present applica 
tion, including de?nitions Will control. All publications, 
patent applications, patents, and other references mentioned 
herein are incorporated by reference in their entirety. 

[0058] Although methods and materials similar or equiva 
lent to those described herein can be used in the practice of 
the present invention, preferred methods and materials are 
described beloW. The materials, methods, and examples are 
illustrative only and not intended to be limiting. Other 
features and advantages of the invention Will be apparent 
from the detailed description and from the claims. 

DESCRIPTION OF DRAWINGS 

[0059] FIG. 1A is a cross-sectional vieW of an embodi 
ment of a Water relaxation-based sensor for detecting a 
monovalent analyte. Also shoWn are the equilibrium con 
trolled processes that occur in the sensor chamber in the 
absence and presence of the analyte and a summary of the 
Water relaxation properties of the aggregated and dispersed 
nanoparticles. 

[0060] FIG. 1B is a cross-sectional vieW of an embodi 
ment of a Water relaxation-based sensor for detecting a 
monovalent analyte. Also shoWn are the equilibrium con 
trolled processes that occur in the sensor chamber in the 
absence and presence of the analyte and a summary of the 
Water relaxation properties of the aggregated and dispersed 
nanoparticles. 

[0061] FIG. 1C is a schematic representation of a sensor 
con?guration embodiment in Which the nanoparticles can 
bind directly to each other, and the analyte can mediate 
aggregation/disaggregation. The surface of this nanoparticle 
(left side of equation) is capable of binding to an analyte and 
binding of the analyte can alter the physical properties of the 
surface, e.g., charge or hydrophobicity, resulting in aggre 
gation/disaggregation (right side of equation). Here, aggre 
gation/disaggregation is mediated by changes in pH (H+). 

[0062] FIG. 1D is a schematic representation of a sensor 
con?guration embodiment in Which the detection of a 
sequence of bases on a nucleic acid fragment can mediate 
self-assembly of the nanoparticles. When the tWo types of 
nanoparticles are mixed, they can self-assemble via the 
hybridiZation that occurs betWeen bases of the oligonucle 
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otides (left side of equation). An analyte that can bind to one 
of the types of particles can induce the dissociation of 
aggregates (right side of equation). 

[0063] FIG. 2 is a reaction scheme shoWing the synthesis 
of glucose linked cross-linked iron oxide nanoparticle (Glu 
CLIO). 
[0064] FIG. 3A is a graphical representation of changes in 
T2 relaxation times obtained in a tube based Water relaxation 
assay for glucose using the Glu-CLIO/ConA con?guration. 
Amino-CLIO does not react With ConA binding protein, as 
indicated by a stable T2 relaxation time after ConA addition. 
Attachment of 2-amino-glucose (G) results in a functional 
iZed nanoparticle, Glu-CLIO, Which shoWs a T2 drop upon 
addition of a glucose-binding protein (ConA). The T2 drop 
is reversed by the addition of glucose. The data is indicative 
of nanoparticle aggregation and disaggregation. For T2 
measurements, 0.5 mL of Glu-CLIO (10 ug Fe/mL), 800 
ug/mL ConA in PBS With 1 mM CaCl2 and 1 mM MgCl2 
Were used. 

[0065] FIG. 3B is a photograph of the assay apparatus. 
Iron concentration in the photograph Was increased to 100 
ug Fe/mL for better contrast. 

[0066] FIG. 4A is a graphical representation of changes in 
T2 relaxation times obtained in a tube based assay for 
glucose using the Glu-CLIO nanosWitch/ConA con?gura 
tion. Addition of ConA to Glu-CLIO caused a initial T2 
drop, Which Was reversed by the addition of increasing 
concentrations of glucose. FIG. 4B is a graphical represen 
tation of changes in T2 values (at the plateau) obtained With 
different glucose concentrations. FIGS. 4C, 4D, and 4E are 
graphical representations of particle siZe distribution as 
obtained by light scattering experiments. FIG. 4C shoWs the 
particle siZe distribution for dispersed Glu-CLIO nanopar 
ticles. FIG. 4D shoWs the sWitch from dispersed nanopar 
ticles (dark bars) to the microaggregate state (light bars) 
upon ConA addition. FIG. 4E shoWs the sWitch of the 
Glu-CLIO nanoparticles back to the dispersed state upon 
glucose addition. 

[0067] FIG. 5A is a graphical representation of changes in 
T2 relaxation times obtained by contacting a Water relax 
ation sensor With solutions of varying external glucose 
concentrations. Sensor Was ?rst placed in PBS With 0.1 
mg/mL glucose, then in buffer With 1.0 mg/mL glucose and 
returned to a solution of 0.1 mg/mL glucose. Conditions 
Were essentially the same as described With respect to FIGS. 
3A and 3B. 

[0068] FIG. 5B is a photograph of the sensor and the 
apparatus for containing the glucose-containing sample 
media. 

[0069] FIGS. 6A, 6B, and 6C are images corresponding to 
the reaction of a Water relaxation sensor to glucose visual 
iZed by MRI. FIG. 5A shoWs sensors With ConA and 
Glu-CLIO placed in 50 mL tubes. FIG. 5B shoWs an MR 
image of a 50 mL tube With external glucose of 0.5 mg/mL 
FIG. 5C shoWs an MR image of With an external glucose 
concentration of 1.4 mg/mL. Conditions Were essentially the 
same as described With respect to FIGS. 3A and 3B. 

[0070] FIG. 7 is a graphical representation of time depen 
dent changes in T2 With increasing and decreasing glucose 
concentrations. The Glu-CLIO nanosWitch/ConA system 
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used in the experiments described in FIGS. 4A-4E Was 
placed in a semipermeable device so that glucose could be 
cycled betWeen loW and high concentrations, causing nano 
particles in the sensor to shift back and forth betWeen a loW 
T2 state and high T2 state. 

[0071] FIG. 8A is a graphical representation of changes in 
T2 relaxation times obtained in a tube based assay for 
in?uenza hemagglutinin peptide (HA) using the HA-CLIO 
nanosWitch/antibody to HA (anti-HA) con?guration. Addi 
tion of anti-HA to HA-CLIO caused an initial T2 drop, 
Which Was reversed by the addition of increasing concen 
trations of HA. FIG. 8B is a graphical representation of 
changes in T2 values obtained With different HA concentra 
tions. FIGS. 8C, 8D, and 8E are graphical representations of 
particle siZe distribution as obtained by light scattering 
experiments. FIG. 8C shoWs the particle siZe distribution 
for dispersed HA-CLIO nanoparticles. FIG. 8D shoWs the 
sWitch from dispersed nanoparticles (dark bars) to the 
microaggregate state (light bars) upon anti-HA addition. 
FIG. 8E shoWn the sWitch of the HA-CLIO nanoparticles 
back to the dispersed state upon HA addition. 

[0072] FIG. 9A is a graphical representation of changes in 
T2 relaxation times obtained in a tube based assay for folic 
acid (FA) using the FA-CLIO nanosWitch/antibody to FA 
(anti-FA) con?guration. Addition of anti-FA to FA-CLIO 
caused a initial T2 drop, Which Was reversed by the addition 
of increasing concentrations of FA. FIG. 9B is a graphical 
representation of changes in T2 values obtained With dif 
ferent FA concentrations. FIGS. 9C, 9D, and 9E are graphi 
cal representations of particle siZe distribution as obtained 
by light scattering experiments. FIG. 9C shoWs the particle 
siZe distribution for dispersed FA-CLIO nanoparticles. FIG. 
9D shoWs the sWitch from dispersed nanoparticles (dark 
bars) to the microaggregate state (light bars) upon anti-FA 
addition. FIG. 9E shoWs the return of the FA-CLIO nano 
particles back to the dispersed state upon FA addition. 

[0073] Like reference symbols in the various draWings 
indicate like elements. 

DETAILED DESCRIPTION 

[0074] This invention relates generally to magnetic reso 
nance-based sensors (e.g., Water relaxation-based sensors) 
and methods for detecting various analytes (e.g., exogenous 
analytes) in Water-containing media (e. g., in vitro or in vivo 
media). 
[0075] Sensors 

[0076] In general, the sensors described herein include 
magnetic nanoparticles, or nanoparticles With a magnetic 
moment under certain conditions, encapsulated Within a 
semipermeable Walled enclosure, e.g., an enclosure that 
retains the nanoparticles, but alloWs for passage of the 
analyte into and out of the con?nes of the sensor chamber. 
The Walled enclosure can have one or more openings siZed 
to enable the passage of the analyte, but not the nanopar 
ticles (and binding agent, When present). Each of the nano 
particles has at least one moiety (e.g., a molecular fragment 
of the analyte being detected or a molecular fragment of a 
derivative, isostere, or mimic of the analyte being detected; 
or a protein) that is covalently or noncovalently linked to the 
nanoparticle. The sensor can further include a binding agent 
(e.g., a protein or a monoclonal antibody) also encapsulated 
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Within a semipermeable enclosure. The binding agent, When 
present, is capable of binding to the analyte and the moiety; 
and the moiety is capable of binding to the analyte or the 
binding agent. In general, the moiety and the analyte can 
each bind reversibly to the binding agent, When present; or 
the analyte can bind reversibly to the moiety. Currently 
preferred chemistries for use in the practice of the invention 
are described herein. Generally, the chemistry of the analyte, 
binding moiety, and binding agent, per se, unless indicated 
otherWise herein, may be and typically is conventional, and 
may be adapted from other arts for use in the novel sensors 
and methods disclosed herein. 

[0077] Referring to FIG. 1A, in some embodiments, a 
Water relaxation-based sensor 10 for detecting a monovalent 
analyte (Aex in FIG. 1A) includes a Walled enclosure 12, a 
plurality of nanoparticles 20, and at least one binding agent 
(e.g., a protein) 18. The Walled enclosure encapsulates a 
chamber 16 and is perforated With a plurality of openings 14. 
Both the nanoparticles 20 and the binding agent 18 are 
located Within the con?nes of the chamber 16. Each of the 
nanoparticles 20 has at least one moiety (Ab in FIG. 1A) that 
is covalently or noncovalently linked to the nanoparticle and 
that includes a molecular fragment of the analyte being 
detected. The binding agent 18 is capable of binding (e.g., 
reversibly binding) to the analyte and the moiety Ab. In all 
embodiments, the analyte is smaller in siZe than either the 
nanoparticles 20 or the binding agent 18. In all embodi 
ments, the openings 14 are (i) larger in siZe than the analyte 
so as to alloW the analyte to pass freely into and out of the 
chamber 16 (arroWs 17) and (ii) smaller in siZe than either 
the nanoparticles 20 or the binding agent 18 so as to retain 
the nanoparticles 20 and the binding agent 18 Within the 
chamber 16. 

[0078] When the analyte is absent, the nanoparticles 20 
bind to the binding agent 18 to form a nanoparticle aggregate 
22 Within the sensor chamber 16. It is believed that binding 
of the nanoparticles 20 to the binding agent 18 occurs 
through the moiety Ab (see FIG. 1A). In general, formation 
of the nanoparticle aggregate 22 is an equilibrium controlled 
process (arroWs 23). 

[0079] When the exogenous analyte is present and enters 
the chamber 16 through opening 14, the binding agent 
bound (e.g., binding protein-bound) nanoparticles of aggre 
gate 22 are displaced from the binding agent by the analyte 
(Aex in FIG. 1A), thereby altering the nanoparticle-binding 
agent (binding protein) equilibrium (arroWs 23). As a result, 
a second equilibrium is established (arroWs 25) in the 
chamber 16 among the analyte, s analyte-binding agent 
(binding protein complex 24, and (regenerated) nanopar 
ticles 20. The regenerated nanoparticles produced in the 
second equilibrium controlled process (arroWs 25) are sub 
stantially disaggregated relative to the bound nanoparticles 
of aggregate 22 formed in the ?rst equilibrium controlled 
process (arroWs 23). 

[0080] Referring to FIG. 1B, in some embodiments, a 
Water relaxation-based sensor 10 for detecting a multivalent 
analyte (EAex in FIG. 1B) includes a Walled enclosure 12 as 
described elseWhere and a plurality of nanoparticles 26. The 
nanoparticles are located Within the con?nes of the chamber, 
and each of the nanoparticles has at least one moiety (e.g., 
at least one protein; at least 2, at least 3, at least 4) that is 
linked to the nanoparticle (holloW Wedges in FIG. 1B). In all 
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embodiments, the exogenous analyte is smaller in siZe than 
the nanoparticles 26. In all embodiments, the openings 14 
are (i) larger in siZe than the exogenous analyte so as to 
alloW the analyte to pass freely into and out of the chamber 
16 (arroWs 17) and (ii) smaller in siZe than the nanoparticles 
26 so as to retain the nanoparticles 26 Within the chamber 16. 

[0081] When the analyte is absent, the nanoparticles 26 
are substantially disaggregated Within the sensor chamber 
16. 

[0082] When the analyte is present and enters the chamber 
16 through opening 14, the nanoparticles 26 bind to the 
multivalent analyte (EAex in FIG. IE) to form a nanoparticle 
aggregate 28 Within the chamber (arroWs 27). The nanopar 
ticles that form part of aggregate 28 are substantially aggre 
gated relative to nanoparticles 26. It is believed that binding 
of the nanoparticles 26 to the analyte occurs through the 
moiety (e.g., a protein). In general, formation of the nano 
particle aggregate 28 is an equilibrium controlled process 
(arroWs 27). 

[0083] Referring to FIG. 1C, in some embodiments, the 
sensors can be con?gured such that an analyte (e.g., a 
proton, H") can directly mediate self-assembly (aggregation 
and disaggregation of the nanoparticles). Sensors having the 
con?guration shoWn in FIG. 1C can have one or more of the 
folloWing properties: (i) the nanoparticles can bind directly 
to each other (i.e., there are no molecules serving a “bridges” 
betWeen nanoparticles, as shoWn in FIGS. 1A and 1B); (ii) 
a single type of nanoparticle can be employed, and (iii) an 
analyte can control the self-assembly by binding to the 
surface of the nanoparticle. In these embodiments, the 
surface of the nanoparticle is capable of binding to an 
analyte. Binding of the analyte can alter the physical prop 
erties of the surface, e.g. charge or hydrophobicity. While 
not Wishing to be bound by theory, it is believed that the 
change in surface properties can alter the attraction betWeen 
the nanoparticles, and self-assembly (or disassembly) of 
nanoparticles can occur. In certain embodiments, the surface 
of the nanoparticle can be designed to have a surface that can 
be charged or uncharged, as the pH is varied over some 
range of interest. For example, a peptide such as Ac 
LLLLLL-KHHHE-G-K(FITC)-CiNH2, pI=6.48, can be 
attached to nanoparticles using bifunctional crosslinking 
agents such as SPDP or SIA, (see, e.g., Koch et al. “Uptake 
and metabolism of a dual ?uorochrome Tat-nanoparticle in 
HeLa cells.”Bi0c0njug Chem. 2003; 14(6): 1115). At a pH of 
about 6.48 or above, the histidine is substantially unproto 
nated, and aggregation can occur through self-association 
among the hydrophobic leucine side chains. At a pH beloW 
about 6.48, the histidine is substantially protonated, the 
nanoparticles carry a positive charge and are dispersed. 

[0084] Referring to FIG. 1D, in some embodiments, the 
sensors can be con?gured such that detection of a sequence 
of bases on a nucleic acid fragment can mediate self 
assembly of the nanoparticles. Sensors having the con?gu 
ration shoWn in FIG. 1D can have one or more of the 
folloWing properties: (i) tWo types nanoparticles can be 
prepared Which have an af?nity for each other, and (ii) one 
of the tWo types of nanoparticles is capable of binding the 
analyte. In these embodiments, tWo types of nanoparticles 
can be synthesiZed, each having a speci?c sequence of 
synthetic oligonucleotide attached. When the tWo types of 
nanoparticles are mixed, they can self-assemble via the 
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hybridiZation that occurs betWeen bases of the oligonucle 
otides. An example of such double-stranded, oligonucle 
otide-mediated, nanoparticle aggregate is given in Perez et. 
al., “DNA-based magnetic nanoparticle assembly acts as a 
magnetic relaxation nanosWitch alloWing screening of 
DNA-cleaving agents.”JAm Chem Soc. 2002; 12412856. An 
analyte (eg a sequence of bases present on a nucleic acid 
fragment) can then enter the sensor and by binding to one of 
the types of particles can induce the dissociation of aggre 
gates. 

[0085] Since the concentration dependent reaction of the 
analyte With the nanoparticle aggregate alters the nanopar 
ticle aggregation state, the presence and quantity of the 
exogenous analyte can be sensed, for example, as a change 
in the T2 relaxation times of Water inside of the sensor 
chamber. It is knoWn, for example, that Water T2 relaxation 
times shorten upon aggregation or clustering of previously 
dispersed (e.g., monodispersed, polydispersed) magnetic 
nanoparticles. While not Wishing to be bound by theory, it is 
believed that during nanoparticle self-assembly into higher 
order nanoassemblies, the superparamagnetic iron oxide 
core of individual nanoparticles becomes more ef?cient at 
dephasing the spins of the surrounding Water protons (i.e., 
enhancing spin-spin relaxation times, e.g., T2 relaxation 
times). 

[0086] Thus, in some embodiments, the analyte can be 
detected and quanti?ed in the sampling media by monitoring 
the relaxation properties of the Water that is present Within 
the sensor chamber 16 (e.g., measuring changes, e.g., 
increases and decreases, in T2 relaxation times of Water that 
is present Within the sensor chamber). For example, refer 
ring to FIG. 1A, the T2 relaxation times of the Water inside 
of the sensor chamber 16 are expected to decrease in the 
absence of analyte (due to formation of the nanoparticle 
aggregate 22) and then increase relative to these depressed 
values in the presence of analytes (due to displacement and 
subsequent disaggregation of the bound nanoparticles of 
aggregate 22). Alternatively, referring to FIG. 1B, the T2 
relaxation times of the Water inside of the sensor chamber 16 
are expected to increase in the absence of multivalent 
analyte and then decrease relative to these values in the 
presence of the multivalent analytes. Since the binding agent 
and/or the nanoparticles are con?ned Within the chamber 16, 
the changes in nanoparticle aggregation occurring Within the 
sensor chamber 16 in general do not substantially alter the 
proton relaxation of Water outside of the chamber (i.e., bulk 
Water). 
[0087] Although measuring T2 can be a desirable method 
for determining nanoparticle aggregation, any Water relax 
ation phenomena associated With nanoparticles or With their 
change in aggregation state can be used. T2 can generally be 
determined in a relatively fast and facile manner. HoWever, 
measurements of nanoparticle aggregation can use T2 in 
conjunction With other relaxation processes such as T1. 
Measurements of T1 and T2 can be used to correct for small 
changes in nanoparticle aggregation state Within the sensor, 
due to a small expansion of contraction of the chamber. 
Accordingly, as used herein, references to measurement of 
relaxation phenomenon or magnetic relaxivity is intended to 
embrace all such relaxation related processes, including 
measurement of TI. 
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[0088] Sensor Components and Speci?cations 

[0089] In general, the siZe and shape of the sensor 10 can 
be selected as desired. 

[0090] In some embodiments, the sensors can be, for 
example, tubular, spherical, cylindrical, or oval shaped. The 
sensors described herein can have other shapes as Well. 

[0091] In some embodiments, the siZe and shape of the 
sensor can be selected to accommodate a desired or conve 

nient sample holder siZe and/or sample volume (e.g., in in 
vitro sensing applications). In general, the volume of sensor 
can be selected to enable the sensor to distinguish betWeen 
the relaxation properties of Water inside of the chamber and 
the Water outside of the chamber. For example, the sensor 
siZe can be selected so as to accommodate a sample volume 
of from about 0.1 microliters (uL) to about 1000 milliliters 
(mL) (e.g., about 1 [LL (e.g., With animal imagers), 10 [LL 
(e.g., With clinical MRI instruments) or 0.5 mL. In certain 
embodiments, the sensor can have a tubular shape in Which 
the open end of the tube has a diameter of from about 1 
millimeter (mm) to about 10 mm (e.g., 5 mm 7.5 mm). 

[0092] In some embodiments, the sensor siZe and shape 
can be selected on the basis of the spatial resolution capa 
bilities of conventional magnetic resonance technology 
(e.g., in in vitro sensing applications). In certain embodi 
ments, the longest dimension of the sensor can be from 
about 0.01 mm to about 2 mm (e.g., 0.05, 0.1, 0.2, 0.3, 0.4, 
0.5, 0.6, 0.7, 0.8, 0.9, 1). In certain embodiments, the applied 
magnetic ?eld can be, for example, about 0.47 Tesla (T), 1.5 
T, 3 T, or 9.4 T (animal assays generally). 

[0093] The Walled enclosure 12 separates the chamber 16 
from the bulk sample media and provides one or more 
conduits (e.g., openings 14) for entry of the exogenous 
analyte (if present) from the bulk sample media. In general, 
the Walled enclosure 12 can be any semipermeable material 
(e.g., a biocompatible semipermeable material) that is per 
meable to the exogenous analyte and Water and substantially 
impermeable to the nanoparticles and the binding agent. In 
some embodiments, the semipermeable material can be an 
ultra?ltration or dialysis membrane. In some embodiments, 
the semipermeable material can be a polymeric substance 
(e.g., polymeric substances used for encapsulating trans 
planted cells, see, e.g., M. S. Lesney, Modern Drug Discov 
ery 2001, 4, 45). In some embodiments, the semipermeable 
material can be a material used in small implantable, sus 
tained release devices (e.g., those used in implantable, 
sustained release birth control devices, e.g., Depo-Provera, 
Norplant, Progestaser‘t; or those described in C. I. Thompson 
et al., Can JPhysiol Pharmacol 80, 180-92 (Mar, 2002) or 
D. C. Stoller, S. R. Thornton, F. L. Smith, Pharmacology 66, 
11-8 (Sep, 2002)). 

[0094] In some embodiments, the Walled enclosure is 
relatively resistant to fouling or coating under the sampling 
conditions, thereby increasingly the likelihood that the 
Walled enclosure can maintain the speci?ed pore siZe of the 
openings 14 (e.g., increasing the likelihood that openings 14 
Will remain substantially unblocked during sensing). Foul 
ing is the closure of pores (e.g., openings 14) due to the 
adsorption of protein that blocks pore. Fouling can be 
ascertained by placing materials in biological ?uids (e.g., 
blood) and evaluating their performance using biocompat 
ibility testing methods knoWn in the art. 
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[0095] In some embodiments, the Walled enclosure 12 can 
be essentially nonimmunogenic, thereby minimiZing the 
likelihood of causing unWanted immune or toxic side effects 
in a subject (e.g., a human). 

[0096] Examples of biocompatible, semipermeable mate 
rials include Without limitation polysaccharide based mate 
rials (cellulose), modi?ed carbohydrate (cellulose ester), or 
polyvinyl pyrolidine. 

[0097] In some embodiments, the Walled enclosure 12 can 
be made of a relatively in?exible semipermeable material, 
meaning that the encapsulated chamber 16 is a true space or 
void that does not substantially change in volume When 
contacted With the ?uid sample media. In other embodi 
ments, the Walled enclosure can be a relatively ?exible 
semipermeable material, meaning, for example, that the 
encapsulated chamber can expand in volume When con 
tacted With the ?uid sample media (e.g., by intake of the 
?uid sample media). 

[0098] In general, the Walls of the enclosure 12 are su?i 
ciently thin to alloW rapid sensor equilibration to changes in 
exogenous analyte levels. In some embodiments, the mem 
brane that forms the Wall can have a thickness of from about 
1 and about 500 hundred microns. 

[0099] In general, the pore siZe of the openings 14 can be 
selected so as to meet the molecular exclusion criteria 
described herein (i.e., permeable to the exogenous analyte 
and Water and substantially impermeable to the nanopar 
ticles and the binding agent). 

[0100] In some embodiments, molecular exclusion can be 
exclusion by molecular Weight. In certain embodiments, 
each of the openings can have a pore siZe of from about 1 
kDa to about 500,000 kDa (e.g., a pore siZe that alloWs 
passage of molecules that have a certain molecular Weight 
Each of the openings can have a siZe (pore siZe) of from 
about 1 kDa to about 1 um (e.g., about 1 kDa to about 
300,000 kDa; about 1 kDa to about 100,000 kDa; about 1 
kDa to about 5 kDa; 1 kDa to about 3 kDa; 1 kDA to about 
1 pm). In certain embodiments, the openings can have a pore 
siZe of about 1 kDa or about 3 kDa. 

[0101] In certain embodiments, the semipermeable mate 
rial can be Spectra/Por® tubing, Slide-A-LyZer® microcas 
setes or dialysis ?bers. Such materials are generally pre 
ferred for applications not involving implantation. In 
general, the semipermeable material has a pore siZe that is 
larger in siZe than the analyte to permit passage of the 
analyte into and out of the chamber, but su?iciently small to 
retain magnetic nanoparticles and other reagents such as 
binding agents (e.g., a binding protein) Within the con?nes 
of the chamber. The semipermeable material can be selected 
for the stability (long term function) in the ?uid, Which 
contains the analyte to be measured (e.g., blood plasma, 
interstitial ?uid, cerebral spinal ?uid of a human or animal 
subject). The semipermeable material can be further selected 
on the basis of Whether the sensor is implanted or Whether 
the ?uid to be assayed is contained Within a vessel that is 
outside of the subject (e.g., a bioreactor, tube or pipe). 

[0102] The magnetic particles can be nanoparticles (e.g., 
having a particle siZe of from about 10 nanometers (nm) to 
about 200 nm) or particles (e.g., having a particle siZe of 
from about 200 nm to about 5000 nm) provided that the 
particles remain essentially suspended (i.e., the particles do 
























