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BIOLOGICAL DETECTOR AND METHOD 

[0001] This application claims bene?ts and priority of Us. 
provisional application Ser. No. 60/839,006 ?led Aug. 21, 
2006, the disclosure of Which is incorporated herein by ref 
erence. 

FIELD OF THE INVENTION 

[0002] The invention relates to a NMR-based biological 
detector and detection method that involve NMR detection of 
magnetic nanoparticle-labeled biological objects using a 
microcoil. 

BACKGROUND OF THE INVENTION 

[0003] Nuclear magnetic resonance (NMR) spectroscopy 
is Widely used for the real-time identi?cation of chemical 
compounds in solids, liquids, and gases because it can easily 
detect and characterize all components of mixtures Without 
requiring separations. Unfortunately, standard high-resolu 
tion NMR spectroscopy is not useful for directly detecting 
dilute biological objects, such as tumor cells, bacteria, bacte 
rial toxins, or viruses, in ?uid samples. The Weak signals from 
the analytes in the dilute species are lost against the much 
stronger background Water signal. Even if the dynamic range 
challenge is met by suppressing the bulk Water signal or 
concentrating the dilute species, the rapid transverse relax 
ation characteristics of macromolecular, viral, or cellular 
samples renders their direct detection by NMR di?icult. 
[0004] Recent developments involving superparamagnetic 
iron oxide nanoparticles (SPIONs) have, hoWever, supplied 
the basis for neW applications of NMR With high sensitivity 
and speci?city for the detection and quantitation of dilute 
biological materials in ?uids, such as cancer cells in blood or 
urine samples, or bacterial contaminants in food products or 
drinking Water. 
[0005] SPIONs are enjoying signi?cant uses as biological 
contrast agents for NMR imaging in human clinical medicine. 
Furthermore, these nanoparticles can be coupled With bio 
logically speci?c recognition ligands to target epitopes 
involved in diseases, like cancer. The her-2 protein, for 
example, is over-produced in many breast cancers and has 
been the subject of successful NMR imaging experiments 
Where cells displaying this protein have been speci?cally 
imaged by means of SPIONs labeled With anti-her-2 antibod 
ies. The image contrast effects due to SPIONs, Which are 
typically embedded in larger beads, rely on the enhancement 
of the relaxation rates of Water molecules surrounding the 
beads. The magnetic ?eld gradient from a single, micron 
siZed magnetic bead has been shoWn to in?uence the relax 
ation time T*2 of the surrounding Water Within a voxel 
approximately 100 pm on a side (a volume of 1 nL), Which is 
about 1000 times larger than that of a single cell. Thus, for a 
small biological object bound to a magnetic bead in Water, the 
change in the NMR signal caused by the presence of the 
object is greatly ampli?ed by the effect of the magnetic bead 
on the surrounding Water. 

[0006] In recent years, signi?cant advances in the develop 
ment and fabrication of microcoils (siZe <1 mm) for NMR 
have continued. Both planar surface microcoils and solenoi 
dal microcoils have been developed. To enhance sensitivity 
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for tiny samples, much of the Work With microcoils has uti 
liZed the high ?elds produced by strong superconducting 
magnets. 

SUMMARY OF THE INVENTION 

[0007] The invention provides in an illustrative embodi 
ment an NMR-based biological detector and detection 
method that involve detection of one or more magnetic nano 
particle-labeled biological objects in a ?uid, such as Water, 
contained in a ?uid-receiving conduit using a microcoil and a 
magnetic ?eld generator, such as one or more loW ?eld per 
manent magnets or electromagnets, to establish a relatively 
loW magnetic ?eld With energiZation of the microcoil at a 
frequency that permits detection by NMR of one or more 
biological objects present in the ?uid. 
[0008] In an illustrative embodiment of the present inven 
tion, the microcoil has an inner diameter of about 50 to about 
550 microns, preferably about 75 to about 125 microns, and 
even more preferably about 100 microns. The microcoil can 
comprise a solenoid-shaped or a ?at, planar shaped microcoil. 
The solenoid-shaped microcoil preferably comprises a metal 
lic Wire microcoil Wound on a tubular microconduit to reduce 
cost of the detector. The ?uid in the tubular conduit is dis 
posed in a magnetic ?eld of about 0.5 to about 1.5 T estab 
lished by one or more permanent magnets or electromagnets. 
The microcoil on the conduit can be mounted on a ceramic 
chip substrate to provide a compact assembly. A micro?uidic 
chip also can be used to this end. 
[0009] The NMR-based detector can provide capability of 
performing routine relaxation time measurements and loW 
?eld spectroscopy for the detection of dilute concentrations 
of magnetic nanoparticle-labeled biological objects in ?uids. 
Such biological objects include, but are not limited to, cancer 
cells inblood or urine samples, bacterial contaminants in food 
products or drinking Water, and biological Warfare agents in 
aqueous media. 
[0010] The present invention is advantageous in a preferred 
embodiment in providing a microcoil together With one or 
more compact permanent magnets With bene?ts of reduced 
cost, maintenance, and space requirements of the NMR 
based detector as Well as portability thereof. 
[0011] Other advantages of the invention Will become 
apparent from the folloWing detailed description taken With 
the folloWing draWings. 

DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is a schematic vieW of an NMR-based detec 
tor in accordance With an illustrative embodiment of the 
invention. 
[0013] FIG. 2 is a ?oW chart shoWing a particular illustra 
tive sequence of steps for fabrication of a microcoil and 
connection to electrical leads. 
[0014] FIG. 3 is a perspective vieW of a microcoil made 
pursuant to FIG. 2 and used in testing described beloW in the 
Example. A 0.5 mm scale bar also is shoWn. 
[0015] FIG. 4 is a plan vieW of the microcoil on the ?uid 
sample conduit mounted on a ceramic chip substrate With 
electrical connections partially shoWn. A 4.0 mm scale bar 
also is shoWn. 
[0016] FIGS. 5A and 5B illustrate different probe circuits 
for tuning the loW-inductance microcoil at loW frequency. 
[0017] FIG. 6 shoWs determination of the TI-pulse Width in 
the microcoil from a Water sample. The spectral intensity is 
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plotted as a function of excitation pulse Width. Transmitter 
power Was 0.25 mW. The line is a sine Wave ?t to the data 
Wherein the II-pulse length given by this ?t is 39714 us 
(microsecond). 
[0018] FIG. 7 shoWs an absorption spectrum of a sample of 
de-ioniZed Water, calculated by Fourier-transforming the FID 
(free-induction decay) from a single II/2 pulse of Width 200 
ps. The full Width at half maximum is 2.5 HZ, and the line is 
nearly LorentZian, as shoWn by the left inset. The right inset 
shoWs the FID. The time domain data Were acquired at 200 ps 
per point and then digitally ?ltered to 6.4 ms per point (deci 
mated by 32). The signal to noise ratio, measured as the initial 
FID amplitude divided by the standard deviation of the base 
line noise, is 137. The small peaks near —1.7 and +1.1 ppm 
(marked by *) are 60 HZ sidebands of the main peak; they 
result from gain variations, in the receiver used. 
[0019] FIG. 8 is a spectrum of 100% ethanol taken With 64 
FIDs, 8192 pts, 100 ps per point, 10 kHZ ?lters (the loWest 
available), decimated by 4, With a 5 s (second) relaxation 
delay. The parameters for a ?t of the spectrum to the sum of 
three Gaussians are listed in Table 1. 
[0020] FIGS. 9A, 9B, and 9C shoW measurement of the 
longitudinal relaxation times for three samples of Water in the 
microcoil. FIG. 9A is data from Water doped With GdDTPA 
With T 1 determined being 6514 ms. FIG. 9B is data from 
de-ioniZed Water With T 1 determinedbeing 1010.2 s. FIG. 9C 
is data from a 1:10 dilution of Dynabeads in de-ioniZed Water 
With the relaxation time T 1 determined being 0.64:0.17 s. 
[0021] FIG. 10 shoWs effect of SPIONs (Dynabeads) on the 
transverse (T2 *) relaxation time of Water in the microcoil. The 
?rst 300 ms of the free induction decays for the de-ioniZed 
Water sample, as Well as Water samples containing 10, 100, 
and 1000 beads/nL (not labeled), are shoWn. For the ?rst three 
samples, a single scan, digitally ?ltered to an effective acqui 
sition rate of 400 ps per point, is shoWn. For the 1000 beads/ 
nL sample, 16 scans Were averaged together. The inset shoWs 
the 1 H NMR spectra from the FIDs, shoWing both the increase 
in line Width and the shift to loWer frequency due to the 
presence of the magnetic beads. 
[0022] FIG. 11A shoWs change in 1/T2* due to the presence 
of 1 um magnetic beads as a function of concentration. The 
solid squares are data obtained using a 264 nL microcoil, 
While the open circles are data obtained from the same bead 
solutions in 5 mm NMR tubes using a conventional probe. 
The straight line, draWn as a guide to the eye, has a slope of 
roughly 2/3 on this log-log plot, indicating that AR2* is pro 
portional to the 2/3 poWer of concentration over this range. 
FIG. 11B shoWs relaxivity r2* of the magnetic beads as a 
function of concentration. Per bead, the enhancement of 
1/T2* increases With decreasing concentration. 

DETAILED DESCRIPTION OF THE INVENTION 

[0023] The invention provides an NMR-based biological 
detector and detection method for detection of one or more 
magnetic nanoparticle-labeled biological objects in a ?uid, 
such as Water. The ?uid can be contained in a closed or open 

microconduit, such as a capillary tube or open-sided micro 
channel on or in a substrate (micro?uidic chip), or other ?uid 
sample holder. The ?uid can be introduced to the conduit by 
injection using a ?uid sample syringe for example, by capil 
lary action using a capillary tube as the conduit, under pres 
sure by a micropump for example, and/ or any other technique 
and can be static in the conduit or can ?oW through the conduit 
during practice of the invention. The NMR-based detector 
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includes a microcoil and a magnetic ?eld generator, such as 
one or more loW ?eld permanent magnets or electromagnets, 
to establish a magnetic ?eld of about 0.5 to about 1.5 T (Tesla) 
With energiZation of the microcoil at a frequency that permits 
detection by NMR of one or more labeled biological objects 
present in the ?uid in the conduit. The NMR-based detector 
can provide capability of performing routine relaxation time 
measurements and loW-?eld spectroscopy for the detection of 
dilute concentrations of magnetic nanoparticle-labeled bio 
logical objects in biological ?uids such as blood, saliva, and 
serum as Well as aqueous ?uids such as drinking Water and 

aqueous industrial Waste or e?luent streams or spills. Such 
biological objects include, but are not limited to, cancer cells 
in blood or urine samples, bacterial contaminants in food 
products or drinking Water, and biological Warfare agents in 
aqueous media. 

[0024] Referring to FIG. 1, an NMR-based detector pursu 
ant to an illustrative embodiment of the present invention is 
schematically shoWn and includes a ?uid-receiving conduit 
10 in the form a capillary tube 1011 that resides in a gap G 
betWeen opposite polarity ends N, S of ?rst and second per 
manent magnets 12 that provide a magnetic ?eld of about 0.5 
to about 1.5 T in the gap. The permanent magnets 12 are 
disposed on respective soft iron, steel, or other ferrous sup 
port members 14 by adhesive or any fastening technique. Soft 
iron ?ux-carrying members 16 are shoWn disposed betWeen 
the support members 14 to complete the magnetic ?ux path 
therebetWeen of the magnet assembly. 
[0025] The permanent magnets 12 can comprise cylindrical 
shaped commercially available SmCo, NdFeB or other loW 
?eld permanent magnets that provide a magnetic ?eld in the 
range of about 0.5 to about 1.5 T. For example, suitable SmCo 
and NdFeB permanent magnets are available from Neomax, 
Osaka, Japan. For purposes of illustration and not limitation, 
such permanent magnets can have a diameter of 2 inches and 
length of 2 inches and provide a gap of 0.05 inch Width in 
Which the conduit 10 is disposed. The permanent magnets can 
have any shape in practice of the invention. One or more 
permanent magnets, or a single C-shaped or similar shaped 
permanent magnet having integral opposite polarity ends at a 
gap can be used in practice of the invention. 

[0026] Use of one or more loW ?eld compact permanent 
magnets With the microcoil 20 to be describedbeloW provides 
bene?ts of reduced cost, maintenance, and space require 
ments for the NMR-based detector as Well as imparts port 
ability to the detector. 

[0027] HoWever, the present invention also can be practiced 
using one or more electromagnets to provide a loW magnetic 
?eld of about 0.5 to 1.5 T in lieu of the one or more permanent 
magnets described above. An electromagnet that can be used 
can comprise a high quality solenoid, or an iron-core magnet 
With polished pole faces. 
[0028] Referring to FIG. 1, a microcoil 20 is shoWn dis 
posed about the outer periphery of the conduit 10. In particu 
lar, the microcoil 20 is shoWn disposed about and on the 
periphery of the capillary tube 10a in the gap G. The micro 
coil 10 is connected by electrical leads 11 to a tuning circuit 
30 described beloW in the Example to energiZe the microcoil 
at a frequency that permits detection by NMR of one or more 
magnetic nanoparticle-labeled biological objects present in 
the ?uid. The microcoil 20 can be energiZed to provide the 
capability of performing routine relaxation time measure 
ments and loW-?eld spectroscopy for the detection of dilute 
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concentrations of one or more magnetic nanoparticle-labeled 
biological objects in the ?uid in the conduit 10. 
[0029] The solenoid-shaped microcoil 20 illustrated in 
FIG. 1 can have an inner diameter of about 50 to about 550 
microns, preferably about 75 to about 125 microns, and even 
more preferably about 100 microns determined by the outer 
diameter of the capillary tube 1011 When the microcoil is 
fabricated directly on the tube. For example, the solenoid 
shaped microcoil 20 illustrated in FIG. 1 can be formed by 
depositing one or more metallic layers on the cylindrical 
capillary and micromachining the layers to form a solenoid 
shaped microcoil as described in the Example beloW. Alter 
nately, the solenoid-shaped microcoil 20 can be formed by 
Winding a metallic Wire (e. g. a 50 gauge copper Wire) directly 
on a tubular conduit to reduce cost of the detector. Winding of 
the metallic Wire on the capillary tube is achieved by e.g., 
using small lathe to rotate the tube. 
[0030] As described beloW in the Example, the conduit 10, 
the permanent magnets 12 (or one or more electromagnets if 
used), and the microcoil 20 can be disposed or mounted on a 
ceramic chip substrate C (see FIG. 4) to provide a compact 
assembly for use in a portable NMR-based detector. 
[0031] The invention envisions detecting dilute concentra 
tions of one or more speci?c magnetic nanoparticle-labeled 
biological objects in the ?uid by performing routine relax 
ation time measurements and loW-?eld spectroscopy. For 
example, for purposes of illustration and not limitation, such 
biological objects include, but are not limited to, cancer cells 
in blood or urine ?uid samples, bacterial contaminants in ?uid 
food products or drinking Water, biological contaminants in 
Waste Water or spills, and biological Warfare agents in aque 
ous ?uid media. 
[0032] The biological objects of the ?uid are labeled using 
speci?c biological ligands (e.g. antibodies), Which are carried 
on super-paramagnetic or other magnetic nanoparticles 
detectable by NMR. The nanoparticles can include, but are 
not limited to, superparamagnetic iron oxide nanoparticles 
(SPIONs), or nanoparticles made out of cobalt, manganese, 
nickel, or other small paramagnetic materials. The surfaces of 
the nanoparticles typically are partially or fully covered or 
encapsulated by the speci?c biological ligand (e.g. antibody) 
to this end, although other particle surface chemistry may be 
employed in practice of the invention to provide desired 
NMR-detectable bioconjugations With the biological objects 
to be detected. 
[0033] The recognition of the biological objects by the 
magnetic-labeled ligands (e.g. antibodies) results in a pertur 
bation of the magnetic relaxation times (T 1, T2, T2*) and 
properties of the ?uid (Water) molecules in the NMR ?uid 
sample to amplify the recognition event to an extent to permit 
NMR detection of dilute concentrations of the labeled bio 
logical objects. The magnetic perturbations emanating from 
the presence of super-paramagnetic nanoparticles are so 
strong that only a feW, possibly one, biological object may be 
needed to provide a detectable change in the NMR signal. The 
recognition of the biological objects by the magnetic-labeled 
ligands (e.g. antibodies) may or may not result in nano-self 
assembly of the labeled biological objects. That is, the present 
invention does not require that self-assembly of the labeled 
biological objects occur. 
[0034] The folloWing EXAMPLE is offered to further illus 
trate the invention Without limiting the invention in any Way: 

EXAMPLE 

[0035] This Example involves an NMR-based detector 
having a 550 um inner diameter, solenoidal microcoil depos 
ited and micromachined on a capillary tube. 
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[0036] Superparamagnetic iron oxide nanoparticles 
(SPIONs) are shoWn to measurably change the nuclear mag 
netic resonance (NMR) relaxation properties of nearby pro 
tons in aqueous solution. 

[0037] Microcoils Were fabricated onto quartz tubes each 
having a length of 2.5 cm and a 550 um outer diameter and 
400 um inner diameter using the procedure depicted in FIG. 2. 
The quartz tubes are commercially available from V1trocom, 
Mountain Lakes, N.J. Each tube Was cleaned using hydrogen 
peroxide folloWed by acetone and isopropyl alcohol. After 
Wet chemical treatment, the tubes Were masked on each end 
(step 1, FIG. 2), and the 6.2 mm unmasked center targeted for 
metal deposition Was etched for 15 minutes using a 100 W 
O2/Ar plasma. The central region length Was chosen based on 
the coil design With tWo 2 mm-long cuffs on either end. The 
masked tubes Were mounted into conventional individual pin 
vice ?xtures for metal deposition. A stage having eight indi 
vidual rotation stations contained Within a high-vacuum thin 
?lm deposition chamber alloWed for simultaneous coating of 
multiple tubes at a constant Working distance of 35 cm. Elec 
tronbeam evaporation Was used to deposit a thin Cr layer (200 
A) folloWed by a relatively thick Au layer (5 pm) around the 
circumference of the tubes (step 2). Deposition rates Were 
chosen to minimize the stress in the Cr and Au layers. After 
removal of the quartz tubes from the deposition system, the 
masks Were removed using acetone (step 3), and the tubes 
Were re-mounted into conventional pin vice ?xtures for rota 
tion Within the focused ion beam (FIB) system (step 4). 
[0038] Thirty keV Ga ions emitted from a liquid metal ion 
source Were used to remove (micromachine) the Au/ Cr layer 
in order to de?ne the coil and the neighboring cuffs 200. The 
ion beam Was focused to approximately 0.5 um Width using a 
dual-lens Magnum ion column from FEI Co., Hillsboro, 
Greg, and steered across areas outlined by the operator until 
all the metal Was removed from targeted regions (step 4). 
Rates of metal removal Were on the order of 10 um3/ s When 
using a 20 nA Ga beam. Minimal heat and force accompany 
FIB bombardment. The secondary electron intensity Was 
monitored during ion bombardment to ensure complete 
removal of metal and slight penetration into the quartz. 
[0039] An example microcoil is shoWn in FIG. 3 (Which 
includes a 0.5 mm scale bar) With areas removed by the FIB 
appearing as black lines. As indicated in FIG. 2, step 4, the 
sample Was rotated by an in-vacuum, single-axis rotary stage 
and translated by a high precision x-y stage along the tube 
axis in order to de?ne a helix. The motion-control system, 
consisting of an ultra-high vacuum compatible stepper motor 
(controlled by a Princeton Research Instruments stepper 
motor unit) and a reduction gear assembly, could orient a 
sample With 0.250 precision. This FIB method possibly may 
be used to fabricate microcoils onto much smaller tubes hav 
ing approximately 50 um outer diameter. 
[0040] The ?nished metallic coil used in this Example 
(FIG. 3-4) had 28 turns over a length of 2.1 mm. The coil 
conductors Were 65 um Wide With a gap betWeen turns of 10 
pm. The sample detection volume Within the NMR microcoil 
Was 264 nL. The ?lling factor Was (400/550)2:53%. On the 
2-mm long metallic cuffs of the coil, the FIB removed a 
10-p.m Wide line parallel to the tube axis in order to interrupt 
conduction. The secondary electron detector Within the FIB 
system also enabled registration of the coil turns. The direct 
current resistance (measured using a Fluke model 179 resis 
tance measurement unit) of the micromachined coil Was 
found to be 5 .42 Ohms. The resistivity of the evaporatedAu is 



US 2008/0315875 A1 

2.898 uOhm-cm (measured on a ?at substrate), somewhat 
higher than bulk Au. Using this value and the geometry of the 
microcoil, a DC resistance of 4.3 Ohms Was calculated. This 
differs from the measured resistance, perhaps due to contact 
resistance in the silver epoxy used to attach the coil to the 
circuit board. The microcoil inductance Was calculated to be 
93 nH. 

[0041] The microcoil/capillary tube Were packaged on a 
ceramic chip substrate C comprising DuPontTM Green 
TapeTM LoW Temperature Co-Fired Ceramic (LTCC) mate 
rial available from DuPont Microcircuit Materials, Research 
Triangle Park, NC. The chip substrate had dimensions of 20 
mm by 60 mm. The chip substrate had been previously plated 
With alloyed gold (AuiPt) co-?rable material (DuPont 
5739) solder leads 1111 as shoWn in FIG. 4 Which are con 
nected to leads 11. The microcoil Was secured to the alloyed 
gold leads by means of silver-containing epoxy (FIG. 4 and 
schematically shoWn as step 5, FIG. 2), the alloyed gold leads 
supporting the microcoil on the chip substrate above an open 
ing OP (FIG. 4) in the substrate. The opening assured that the 
microcoil did not contact the supporting platform and pre 
vented distortion or damage to the very thin metal layer. 
Mounting of the microcoil on the ceramic chip substrate in 
this Way alloWed manipulation of the microcoil and attach 
ment of the capillary tube on the substrate Without damaging 
the coil. 

[0042] 1H NMR measurements, at a resonant frequency of 
44.2 MHZ, Were performed using a MRTechnology console 
(Tsukuba City, 300-2642 Japan), and a 1.04 T (Tesla) NEO 
MAX permanent magnet assembly comprising a NdFeB per 
manent magnet assembly providing a 2 inch gap. The micro 
coil on the chip substrate Was inserted in the gap betWeen the 
magnet pole faces With the chip substrate supported in the gap 
by plastic spacers for the NMR measurement. A smaller 1 
Tesla permanent magnet suitable for use in a portable micro 
coil NMR device can be fabricated. 

[0043] The transmitter pulses Were output directly from the 
console, Without a conventional radiofrequency poWer ampli 
?er, because only 0.25 mW of poWer Was required to produce 
a B 1 ?eld of 0.3 G (vide infra). Ethanol (100%) Was purchased 
from AAPER (Shelbyville, Ky.). Spin-lattice 1H T 1 values 
Were obtained, using a standard inversion-recovery sequence, 
from a Gd-DTPA-containing Water sample (Gd-DTPA is 
gadolinium-diethylene-triamine-pentaacetate), from a 
sample of magnetic beads in Water, and from a sample of 
de-ioniZed Water. 

[0044] Magnetic beads (Dynabeads; MyOne Streptavidin) 
Were purchased from Dynal Inc. Each magnetic bead consists 
of thousands of 8-nm diameter superparamagnetic iron oxide 
particles, uniformly dispersed in a polystyrene matrix, and 
coated With a thin layer of polymer and a monolayer of 
streptavidin Which served as a bonding agent onto Which 
biotinylated antibodies could be attached. The beads are 26% 
Fe by Weight (about 10% Fe by volume) With an average 
diameter of 1051010 pm. The stock solution has a stated 
bead concentration of betWeen 7><103 and 1.2><104 beads per 
nL (equivalent to about 2.6 mg Fe/ml). NMR samples Were 
prepared by diluting the same batch of stock solution With 
de-ioniZed Water by factors of 10, 100, and 1000 to produce 
nominal concentrations of 1000, 100, and 10 beads per nL 
introduced to the detector tube by supply syringe. The relax 
ation time T*2 Was determined by collecting a single free 
induction decay (FID) and ?tting the resulting spectrum With 
a LorentZian, unless noted otherWise. The relative shift of the 
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NMR frequency of Water caused by the magnetic-labeled 
beads Was determined by measuring the resonance frequency 
of each solution in a 5 mm NMR tube in a conventional coil 
relative to a separate tube of deioniZed Water. To avoid errors 
due to ?eld drift of the permanent magnet, each frequency 
shift measurement Was performed by sWitching several times 
betWeen the bead solution and a deioniZed Water sample 
during a period When the frequency drift Was con?rmed to be 
less than 1 HZ/min. 

[0045] The 93 nH inductance of the 550-p.m outer diameter 
microcoil described above could reach resonance at 44.2 
MHZ With a variable capacitor of reasonable siZe. HoWever, 
since use of much smaller microcoils at coil outer diameters 
nearer the 50 um outer diameter are envisioned, described 
beloW are tuning circuits for tuning such smaller microcoils to 
resonance at the 44.2 MHZ resonant frequency or less to 
detect Water With a spectral resolution of 2.5 HZ in a 1.04 
Tesla permanent magnet. 
[0046] Such a tuning circuit involves an auxiliary tank cir 
cuit With conventional scale capacitors and to connect the 
microcoil to it. The key parameter of the microcoil described 
above that guided the design of this tuning circuit Was its very 
high coil resistance. OptimiZation of a tuned circuit’s SNR 
(Where SNR is the signal to noise ratio) is a compromise 
betWeen maximiZing coil ef?ciency, in terms of the magnetic 
?eld produced per unit current in the sample coil, While 
minimiZing the resistive noise. The dominant noise source for 
the very thin, ribbon-Wire shaped microcoils used in this 
Example Was its large coil resistance. Therefore, the intro 
duction of the additional inductor did not degrade perfor 
mance, because this extra inductance did not contribute to the 
resistive losses. 
[0047] TWo tuning circuits Were constructed for use in this 
Example as shoWn in FIGS. 5A and 5B. In both cases, the 
microcoil Was mounted by itself in a cast aluminum box, 
While the external tuning inductor L and tuning and matching 
capacitors C I, C MWere mounted in a separate aluminum box. 
The capacitors are adjusted to yield an input impedance of 50 
Ohms for the combined circuit. In the ?rst circuit (FIG. 5A), 
a quarter-Wave (M4) (50 Ohm characteristic impedance) 
cable Was used to transform the coil resistance to a higher 
value and then placed this transformed impedance in parallel 
With the tuning inductor. In this case, the full resonant voltage 
Was applied to the (transformed) sample coil impedance. In 
the second circuit (FIG. 5B), the connection betWeen the tWo 
pairs of the circuit Was short, and the sample coil and tuning 
inductor Were in series, so that all of the resonant current 
?oWed through the sample coil. 
[0048] The tWo circuits exhibited nearly identical SNR per 
formance. All subsequent measurements Were performed 
With the ?rst circuit (FIG. 5A), because the remote placement 
of the tuning and matching elements made it more convenient 
to Work With. The external “tuning” inductor in this circuit 
Was 5 turns of 14 gauge bare copper Wire, With a calculated 
inductance of 0.25 [1H, and a calculated resistance at 44.2 
MHZ of 0.079. Hence, the tuning inductor contributes neg 
ligibly to resistive noise; the tuning circuit is therefore as 
e?icient as a conventional circuit made Without the extra 
tuning inductor. The tuning and matching capacitances Were 
both approximately 22 pF. The large value of the matching 
capacitance resulted from the high losses in the microcoil. 
Because the Wavetek radio frequency sWeeper used in the 
Example operates at the milliWatt level, and there Was reluc 
tance to subject the microcoil described above to this poWer, 
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the Q of the resonant circuit Was estimated by constructing a 
mockup of the microcoil using robust 36 gauge copper Wire 
and a 59 (ohm) resistor. The mockup circuit had a Q of about 
10, as measured from the halfpoWer points on the sWeeper 
output. 
[0049] The nutation performance of the microcoil probe is 
shoWn in FIG. 6, Where the signal intensity, after an excitation 
pulse, from a sample of de-ioniZed Water, is plotted as a 
function of pulse Width 0t. The data folloWed a typical sin(0t) 
curve, indicating uniform sample excitation by a homoge 
neous RF ?eld. The II-pulse Width, determined from ?tting 
the sine curve, Was 397:4 us. The transmitter amplitude Was 
0.32 V (peak-to-peak), corresponding to a poWer into 509 of 
only 0.25 mW. A II/2-pulse time of 200 ps corresponds to an 
RF ?eld strength of 0.3 G, Which is produced in the coil by a 
current of 1.8 mA. 
[0050] The free-induction decay (FID) and spectrum of 
deioniZed Water in the microcoil are shoWn in FIG. 7. The 
spectrum has a full-Width at half maximum (FWHM) of 2.5 
HZ (0.056 ppm) and is reasonably Well-?t by a LorentZian, as 
shoWn in the left inset. (At 55% and 11% of maximum, the 
Widths are 2.3 HZ and 8.7 HZ, respectively.) The SNR after a 
single II/2 pulse Was found to be 137 (ratio of FID amplitude 
to rms baseline noise). The small sidebands at :60 HZ Were 
presumably due to gain modulations in the receiver ampli?ers 
used, caused by 60 HZ ripple. (Sidebands1120 HZ Were also 
observed.) FIG. 8 shoWs the NMR spectrum of a sample of 
100% ethanol, calculated from 64 FIDs acquired With a 5 s 
repetition time. Peaks are seen at 6:1.2, 3.7, and 5.5 ppm, 
corresponding to the CH3i, CHzi, and 40H protons, 
respectively, With the correct relative amplitudes of 3:2:1 
(Table 1). Note also the observation of the approximate 7 HZ 
J-coupling for the methyl group, and the smaller couplings for 
the methylene and hydroxyl protons, indicating that the fre 
quency drift over the 5 -minute experiment Was less than 3 HZ. 
For both the Water and the ethanol experiments, only the X, Y, 
and Z gradients Were shimmed because higher order shims 
Were not available. 

TABLE 1 

Fit ofthe ethanol spectrum to the sum ofthree Gaussians 

6 (ppm) Multiplicity Amplitude 

1.2 [1.2]° [3] 3.0 [3] 
3.70 [3.65] [4] 1.9 [2] 
5.48 [5.275] [1] 1.1[1] 

°The standard values are shown in square brackets 

[0051] To test the ability of the microcoil to measure spin 
lattice relaxation times, three different Water samples Were 
used; the ?rst sample Was doped With Gd-DTPA to shorten 
the T1 to around 70 ms, the second sample consisted of pure 
de-ioniZed Water, and the third sample contained magnetic 
beads (at a concentration of 1000 beads/nL) in de-ioniZed 
Water. In all cases, a single scan Was acquired at each recovery 
time. The results (FIG. 9A, 9B, 9C) shoW that relaxation 
times can be accurately measured forboth shorter (65 ms) and 
longer (0.6 and 1.0 s) Tl values With a standard inversion 
recovery pulse sequence. The 397 ps II-pulse gave clean 
inversion of the magnetiZation for all samples. 
[0052] In FIG. 10, the signal detected from deioniZed Water 
and three different dilutions of the stock Dynabead solution, 
corresponding to 1000, 100, and 10 beads/nL are compared. 
The magnitude of each FID is shoWn, so that they all appear 
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as if they Were on resonance. The data are acquired after a 

single II/2 pulse, digitiZing at 100 [1s per point (200 [1s per 
point for the deioniZed Water). The data Were digitally ?ltered 
to achieve an effective digitiZation time of 400 [is per point. 
For the 1000 beads/nL sample, 16 FIDs Were averaged 
together; the other data are each a single FID. The beads have 
tWo effects on the Water spectral peak: the peak broadens and 
shifts to loWer frequencies as the concentration of beads 
increases. The reduction in T*2 is apparent in the FIDs. The 
inset of FIG. 10 compares the spectra of the four solutions and 
shoWs both the linebroadening and the shift to loWer fre 
quency caused by the beads. Data for a 1 bead/nL sample (not 
shoWn) Were indistinguishable from the deioniZed Water data. 

[0053] The solid symbols in FIG. 11A give the observed 
change in 1/T*2 (AR*2) due to the presence of the beads, as a 
function of bead concentration, C. Here, AR*2:R*2 bead 50M 
tion-R*2 Water and R*2:IIAf, Where Af is the FWHM in HZ of 
the LorentZian line ?t to each spectrum in FIG. 10. Note that 
both axes in FIG. 11A are logarithmic; the straight line 
(draWn as a guide to the eye) has a slope of roughly 2/3 
indicating that AR*2 is proportional to C”3 over this range of 
bead concentrations. The relaxivity r*2 (:AR’l‘z/C) is there 
fore not a constant, but decreases With increasing concentra 
tion as shoWn in FIG. 11B. 

[0054] Because magnetic ?eld gradients can cause motion 
of the magnetic beads With respect to the ?uid, it Was not clear 
a priori that the concentration of beads delivered to the micro 
coil Would be the same as the concentration in the supply 
syringe. Indeed, the measured T*2 of bead solutions in the 
microcoil Was observed to decrease over time if the bead 
solution Was alloWed to sit motionless in the coil over several 
minutes, suggesting that the spatial distribution of the beads 
Was changing, due to clustering, settling, or migration out of 
the coil. Thus, in order to validate the microcoil results, the 
T*2 of the same bead solutions (1000, 100, and 10 beads/nL) 
and deioniZed Water in capped 5 mm NMR tubes using a 
conventional probe in the same magnet. Each measurement 
Was performed Within 20-30 s after shaking the tube to 
homo geniZe the bead solution, and the tube Was immediately 
extracted afterWards to visually con?rm that the beads had not 
settled during the measurement. (Shimming Was performed 
on the deioniZed Water, and a sample holder Was used to 
position the other 5 mm tubes identically, to avoid the need to 
re-shim. Repeatedly placing the same sample in the probe 
using this holder gave lineWidths that Were reproducible to :5 
HZ.) Migration of the beads Was similarly observed in the 5 
mm tubes (both visually and as an increase in T*2 over time) 
if the samples Were alloWed to sit in the magnet for longer 
time periods. The AR*2 values measured for the bead solu 
tions in 5 mm tubes (open symbols in FIG. 11A) are in good 
agreement With those obtained for the same concentrations in 
the microcoil, indicating that the expected concentrations 
Were delivered to the microcoil. 

[0055] Thus, in summary, the nutation performance of the 
microcoil Was suf?ciently good so that the effects of magnetic 
beads on the relaxation characteristics of the surrounding 
Water could be accurately measured. The solution of mag 
netic beads (Dynabeads MyOne Streptavidin) in deioniZed 
Water at a concentration of 1000 beads per nL loWered the T 1 
from 1.0 to 0.64 s and the T*2 from 110 to 0.91 ms. LoWer 
concentrations (100 and 10 beads/nL) also resulted in mea 
surable reductions in T*2, indicating that loW-?eld, microcoil 
NMR detection using permanent magnets can be used as a 
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high-sensitivity, miniaturiZable detection mechanism for 
very loW concentrations of magnetic beads in biological ?u 
ids. 

[0056] The tuning circuit described above is capable of 
tuning an arbitrarily small inductance at a frequency compat 
ible With a permanent magnet, coupled With the 550 um 
microcoil, alloWs spectroscopic and relaxation measure 
ments using less than 1 mW of radiofrequency poWer. (This 
loW poWer requirement further aids in making the NMR 
detector portable.) The line Widths for deioniZed Water are 
adequate for the detection of magnetic beads in Water at a 
concentration of 10 beads/nL. The coil used for these proof 
of-principle measurements is not optimiZed in siZe for NMR 
sensitivity, as discussed further beloW. However, the above 
results indicate that this approach Will alloW the detection of 
very dilute biological species, perhaps as rare as a single cell 
or molecule labeled With a single magnetic bead. 

[0057] The challenge of achieving this detection sensitivity 
can be discussed quantitatively in light of the data of FIGS. 10 
and 11. In a portable detector system pursuant to the inven 
tion, a ?uid containing very dilute, magnetically labeled bio 
logical objects ?oWs through a approximate 1 nL volume coil 
While the FID is monitored. The challenge is to detect the 
difference betWeen the FID of the background ?uid and the 
same ?uid containing one magnetic bead (nanoparticle) 
Within the coil volume. Considering FIG. 10, the change in 
T*2 of Water can be readily detected due to 10 beads/nL, or 
roughly 3000 magnetic beads (nanoparticles) in the Example 
microcoil (264 nL volume). Achievement of a similar T*2 for 
deioniZed Water (approximate 100 ms) and adequate SNR in 
a microcoil With a 1 nL sample volume permits detection of 
10 beads (nanoparticles). 
[0058] Extrapolating the straight line in FIG. 11A indicates 
that the AR*2 of one bead in a 1 nL volume is about 8 s_l, 
Which Would have caused an increase in the lineWidth of 
Water in the Example microcoil from about 3 to about 6 HZ. 
This increase should have been detectable given the high 
SNR. That such a change in line Width due to the 1 bead/nL 
solution Was not detected suggests that the AR*2 for this 
concentration is loWer than that predicted by extrapolating the 
straight line in FIG. 11A. A theoretical treatment of dipolar 
broadening of the NMR line due to dilute magnetic impurities 
indicates that the lineWidth Will be proportional to C”2 at 
higher concentrations and Will be linear in C at loWer concen 
trations. The above slope of 2/3 suggests that the example 
conditions are in the transition region betWeen these tWo 
limits such that a higher slope at loWer concentration should 
be expected, resulting in a predicted value of AR*2 loWer than 
8 s'1 at 1 bead/nL. Hence, the detection of a single l-um 
Dynabead in a 1 nL coil Will require achievement of an even 
narroWer line Width, While at the same time detecting 
adequate signal strength. 
[0059] A 100 um diameter coil (1 nL) Will give substan 
tially less signal than the Example 264 nL microcoil due to the 
reduced sample siZe. Thus one must consider Whether such a 
coil Will have suf?cient SNR to detect 10 beads in its 1 nL 
volume. In the “large” microcoil data in FIG. 10, detection 
sensitivity can be maximiZed by integrating the FIDs, say 
from 50 to 300 ms, Which is roughly equivalent to applying 
strong digital ?ltering. These integral values are 397 and 122 
(arbitrary units), for the Water and 10 beads/nL data, respec 
tively. The uncertainty in these values is 3, Which corresponds 
to a signal to noise ratio (SNR) of 133 for determining the 
amplitude of the Water signal. The smaller 1 nL volume coil 
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Will have much less signal, but also less noise (due to its loWer 
resistance). For microcoils in the limit Where skin depth is 
small compared to Wire siZe (Which is not quite true for our 
coil), the SNR per unit volume scales as the inverse of the coil 
diameter. Hence, the absolute SNR scales as the square of the 
linear dimension of the sample. The invention envisions scal 
ing the sample and coil dimension doWn by roughly a factor 
of 6, so that the SNR in the determination of the integrated 
Water signal amplitude Will be about 3.7. Hence, the 1 nL coil 
Will require that the beads (nanoparticles) change the area 
under the FID of the background Water by at least 25%. In this 
Example, a concentration of 10 bead/nL caused a 70% change 
in the integrated signal from 50 to 300 ms, and therefore may 
remain detectable in the 1 nL coil, provided that a similar 
background Water T*2 is achieved. 
[0060] While the Example microcoil described above is 
already capable of detecting the presence of as feW as 3000 
magnetic beads (nanoparticles), it can be further optimiZed 
for maximal SNR performance for operation at 44.2 MHZ. 
The thickness of the coil “Wire” is much less than a skin depth, 
Which raises the resistance of the coil Without providing any 
improvements in signal detection. The Width of the “Wire” is 
much more than a skin depth, so that it may be possible to 
increase the number of turns per unit length and gain in coil 
sensitivity Without suffering a nullifying increase in resis 
tance. Careful attention to the geometrical design of the 
smaller microcoil, should improve the SNR above the esti 
mate of about 3.7 based on this Example. SNR performance 
Will be enhanced by reducing the coil resistance, Which is 
higher than expected in Example ion-milled microcoil. 
Improving the line Width of the background ?uid places a 
loWer demand on the SNR performance. The use of suscep 
tibility matching (either in the choice of evaporated metals or 
via a matching ?uid) and the reduction of the ?lling factor (by 
increasing the relative Wall thickness in the capillary tube) 
may improve the line Widths in smaller coils. In addition, the 
permanent magnet used in the Example is not very homoge 
neous and only ?rst order shims are available; a more homo 
geneous applied ?eld may be required to achieve narroWer 
lines. Optimization of the coil can also include comparisons 
of both the SNR and line Width performance of ion-milled 
coils to other types of microcoils, such as copper Wire-Wound 
coils. Some compromise betWeen line Width and sensitivity 
may provide the best opportunity for detecting single biologi 
cal objects. 
[0061] The surface of a single cancer cell (about 10 um in 
diameter) canbear upWards of 105 binding sites (antigens) for 
a particular antibody and can accommodate up to 400 one 
micron diameter magnetic beads (nanoparticles), assuming 
monolayer coverage and random close packing. Thus, sensi 
tivity to 10 beads Would already be adequate to detect single 
magnetically labeled cells. On the other hand, bacterial toxin 
molecules (e.g., botulism toxin) are much smaller and Would 
accommodate only one or a feW beads, requiring single-bead 
detection sensitivity. Hence, single-bead sensitivity is envi 
sioned by practice of the present invention. 
[0062] So far in the Example, the detection limits have been 
based on measurements of a particular type (Dynabeads) and 
siZe (1 pm) of magnetic bead (nanoparticle). Larger magnetic 
beads (having larger magnetic moments) are available and 
Will permit an increase in the relaxivity of a single bead and 
further loWer the detection limit. Assuming that a background 
T*2 Was at least 100 ms, the AR*2 for a single 1.63 um bead in 
a 1 nL volume to be at least 60 s_l, Which should be readily 
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detected using a 1 nL microcoil With a background Water T*2 
of 100 ms and a SNR of about 3. Even larger beads (e.g., 
2.8-um and 4.8-um Dynabeads) are commercially available, 
and may be used, if necessary, to further enhance the ability to 
detect a single magnetic bead in an NMR microcoil. 
[0063] Although the invention has been described herein 
above in terms of speci?c embodiments thereof, it is not 
intended to be limited thereto but rather only to the extent set 
forth hereafter in the appended claims. 

1-18. (canceled) 
19.A method of detecting one or more biological objects in 

a ?uid, comprising magnetically labeling the one or more 
biological objects in a ?uid, disposing the ?uid in a conduit 
that is disposed in a magnetic ?eld of about 0.5 to about 1.5 
Tesla, and energiZing a microcoil disposed proximate the 
tubular conduit at a frequency that detects by NMR Whether 
the one or more magnetically labeled biological objects is/ are 
present in the ?uid. 

20. The method of claim 19 Wherein the one or more 
biological objects is/ are labeled by a paramagnetic nanopar 
ticle attached thereto. 
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21. The method of claim 19 Wherein the one or more 

biological objects are present in an aqueous ?uid. 

22. The method of claim 19 Wherein the microcoil com 
prises a solenoid-shaped coil disposed about the conduit. 

23. The method of claim 22 Wherein the microcoil has an 
inner diameter of about 50 to about 550 microns. 

24. The method of claim 23 Wherein the inner diameter is 
about 75 to about 125 microns. 

25. The method of claim 24 Wherein the inner diameter is 
about 100 microns. 

26.A method of detecting one or more biological objects in 
a ?uid, comprising labeling a biological object in a ?uid With 
a magnetic nanoparticle, disposing the ?uid in a gap betWeen 
opposite poles of one or more permanent magnets, and ener 
giZing a microcoil proximate the ?uid at a frequency that 
detects by NMR Whether the one or more magnetically 
labeled biological objects is/are present in the ?uid. 

* * * * * 


