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Abstract

In comparison with most analytical chemistry techniques, nuclear magnetic resonance has an intrinsically low sensitivity, and many potentia
applications are therefore precluded by the limited available quantity of certain types of sample. In recent years, there has been a trend, bo
commercial and academic, towards miniaturization of the receiver coil in order to increase the mass sensitivity of NMR measurements. Thes
small coils have also proved very useful in coupling NMR detection with commonly used microseparation techniques. A further development
enabled by small detectors is parallel data acquisition from many samples simultaneously, made possible by incorporating multiple receive
coils into a single NMR probehead. This review article summarizes recent developments and applications of “microcoil” NMR spectroscopy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy is oneysed to study chemical structure, molecular dynamics and
of the most widely used and versatile analytical techniques, pinding kinetics. Many potentially interesting scientific stud-
applicable to gaseous, liquid and solid samples, and can bees, however, cannot be performed using NMR due to the

inherent low sensitivity of the technique. In particular, when
* Tel.: +1 217 333 7480 fax: +1 217 244 0105, the mass of a particular sample is limited, the data acquisition
E-mail addressagwebb@uiuc.edu. times required to obtain useful spectra can become unreal-
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istically long. Such situations include structural analyses of duced fluorescence (LIF) can detect concentrations as low as
the products of combinatorial and multi-stage chemical syn- 100 fM, Fourier-transform ion cyclotron resonance (FTICR)
theses, extracts from rare plants with pharmacological prop-tens of zeptomoles of material, Fourier-transform infrared
erties, and certain “metabonomic” samples. The low sensi- spectroscopy has LODs as low as #9to 10-1°mol as does
tivity also precludes many studies of dynamic processes onRaman spectroscopy, and mass spectrometry has achieved
short time-scales. Efforts to improve the sensitivity of NMR  10-1° mol, but LODs for NMR are several orders of magni-
have included a continuous increase in the strength of statictude poorer. The NMR signal depends upon the net magneti-
magnetic field$1], the development of cryogenically cooled zation,Mg, of the sample. As a simple example, if a two-level
detectorq2] (covered in detail later in this paper), and the system with spin quantum numbérequal to 1/2 is consid-
use of hyperpolarisation techniqugks4]. This paper con-  ered, then:
centrates on an approach using very small, highly sensitive
radio frequency (RF) detectors. As will be discussed later, the Mo =
strategy required to maximize the signal-to-noise (S/N) of the
NMR measurement is to dissolve the sample of interest at its\yherey is the gyromagnetic ratio of the nucletshe Plank’s
maximum concentration in the mlnlmum amount of SOlvent,. Constanthara”el_ Nanti-parallelthe difference in popu|ations
and then to use the smallest RF coil which encompasses thigyetween the two energy leveBy the static magnetic field,
volume. Although simple in concept, this approach presents N the total number of nuclei in the samplehe Boltzmann’s
many challenges, including the optimization of static mag- constant andr is the temperature. For protons at a static
netic field o) and radio frequency fieldg) homogeneity,  magnetic field of 11.7 T there is only a factor o&5.0~°
the physical introduction of small sample volumes into the gitference in the populations of the parallel and anti-parallel
detector, and the tuning of the coil to multiple frequencies for states, and this very small value is the reason for the intrinsic
heteronuclear experiments. low sensitivity of NMR as a measurement technique. The
Commercial and academic enterprises have both been acproblem becomes even more pronounced if protons are not
tive in recent years in producing coils which have active vol- the nuclei being detected, but a nucleus suck*@which
umes in the low microliter to low nanoliter range. In addition  has small gyromagnetic ratio, roughly one-quarter that of
to their high sensitivity, small coils have several other advan- protons, and a low natural abundance, 1.1%.
tages and interesting properties. For example, signals from |y order to determine the S/N of the NMR measurement,
solvent impurities are much less prominent with decreasing the properties of the NMR detector and total measurement

sample volume. For electrically conductive samples, such assystem must be included. The S/N can be expressfg}:as
“biological” solutions which contain a substantial salt com-

ponent, there is also a reduction of the loading effects of the S ko(B1/i)VsNy (h2/4x?)I(I + 1)(w3/kT3/2)
sample. Another advantage of small-volume prqbes isthatthe y x \/4kT Af(Reoil + Rsampld
amount of deuterated solvents can be dramatically reduced
for NMR coupled separations. Small coils have also been WhereVsis the sample volumég a constant which accounts
reported to be extremely simple to sh[B]. Finally, small ~ for spatial inhomogeneities in tH# field produced by the
coils allow the design of probeheads containing more than probe,N the spin densitywo the Larmor frequencyAf is
one coil, enabling a range of new types of NMR experiments the measurement bandwidtRgoii and Rsampleare the coil
to be performed. and sample resistances, respectively, and the factaf2of

is introduced since the noise measure is root-mean-square

(rms). The factoBs/i, the magnetic field per unit current, is
2. Intrinsic NMR sensitivity defined to be the coil sensitivity.

If the S/N of a particular measurement is too low to be

The limit of detection (LOD) of a particular measurement Useful, then the only method to increase the S/N for a given

method is defined, either in terms of concentration or mass €xperimental setup is to repeat the measurement a number of
LOD, as the smallest measure that can be detected “withtimes and co-add the results: since the signal between scans

" ZhZBON
Z;(Nparalld — Nanti-paralle) = W @

®3)

reasonable certainty6]. Mathematically: is coherent, and the noise is incoherent, the S/N increases
by a factor proportional to the square root of the number of
XL = xp + kop (1) co-added measurements. However, this is clearly a very time-
consuming operation with, for example, a 10-fold improve-
where x_ is the aforementioned smallest measugg the mentin S/N requiring a 100-fold increase in experimenttime.
mean of blank measurements, the standard deviation of Eqg. (3) suggests a number of avenues to maximize the

the blank measurements akds a numerical factor which ~ S/N of an NMR experiment. The firstis to use as high a static
determines the confidence level. IUPAC suggests a valuemagnetic field as possible: currently, 21.1 T (proton Larmor
of k=3 [7], corresponding to a confidence level ©90%. frequency 900 MHz) is the highest field available for high-
In comparison with many other analytical techniques, NMR resolution NMR studies, although reports exist at 24.7 T for
suffers from poor limits of detection. For example, laser in- an experimental magn§] and pulsed field magnets have
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been used for initial NMR results at 58[I0]. The second lated to easy sample placement using conventional rotors and
option is to reduce the noise voltage from the NMR coil via thin, vertically oriented NMR sample tubes. The earliest work
the use of superconducting materials: this has resulted in thedemonstrating the potential of small-coil high-resolution
development of “cryoprobes” from all of the major NMR NMR spectroscopy was performed by Shooltg], who
manufacturerf2,11-16] Typical S/N increases of a factor of  published a number of applications for bdth and3C us-
4-5 are possible for samples with low conductivity using this ing a 1.7 mm diameter saddle coil at relatively low magnetic
technology, with these factors becoming lower as the samplefields. The development of 3 and 2.5 mm micro-NMR probes
conductivity increases. The third possibility is to increase with sample volumes of 150 and 10Q, respectively, at
the intrinsic sensitivity of the coil. As shown by Hoult and 11.7 T was reported by Bruker in 199¢29]. In 1998, Nalo-
Richardd[8], the value ofB4/i for both saddle and solenoid rac developed a 1.7-mm submicroprobe with auB0fill
coil geometries is inversely proportional to the diameter of volume: a comparison with previous 3 mm diameter probes
the coil. Further analysis by Peck et[dl7] showed that, for showed the expected gains in S[RD]. Bruker (Switzer-
very small solenoids, this relationship holds for coil diameters land) developed a 2,5l active volume triple resonance/X-
as low as~100pm, below which the sensitivity increases nucleus/inverse detection (TXI) probe in 20@2].
proportional to the square root of the coil diameter. Itis clear, In 1993, a magic angle spinning liquid nano-NMR probe
then, that the maximum sensitivity can be realized by making (Varian) with 40uL sample volume was introducg@?,23],
the coil as physically small as possible to accommodate thebased on a 4 mm diameter solenoid coil oriented at the magic
sample. The volume of the sample should be its minimum angle with respect t8y. Developing a number of academic
value, corresponding to the highest possible concentration ofideas using small solenoid coils surrounded by a perfluo-
solute. rinated fluid for susceptibility matchinf24—29] in 2000
Protasis/MRM produced a 18 active volume solenoid-
based probe, which has been used extensively for hyphen-
3. Development of small coils for high-resolution ation to capillary separatiorf{80]. The main advantage of
NMR solenoid coils is the higher sensitivity compared to saddle
coils: depending upon the length-to-diameter ratio of the coils
As mentioned previously, much recent activity, both com- the solenoid has between a factor of two and three higher
mercially and academically, has focused on the design of sensitivity, translating directly into a higher S/N. Extensive
small coils for NMR spectroscopy. Three basic geometries analyses of various aspects of solenoid coils have been pub-
have been used, namely saddle, solenoidal and planar. Théished [31-36} photographs of small solenoids are shown
particular advantages of the vertical saddle geometry are re-in Fig. 1(a). The major disadvantage of the geometry is that

) A
Fig. 1. (a) Two hand-wound solenoidal coils with outer diameters 350 angi5Qb) Hydrogen fluoride etched bubble cell to increase the filling factor for
NMR coupled separations. (c) Micromachined square surface coil detector with inner diameter @) Micropatterned solenoidal coil. (d) is reproduced
from Ref.[38], © 1997 with permission from the American Institute of Physics.
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sample loading is now quite involved. Most solenoid coils oprobe have very similar mass sensitivities, and that these
use some form of flow sample injection, which is generally are approximately 10 times greater than the mass sensitivity
considered to be less convenient than the use of discrete samef a standard 5-mm probe. The concentration sensitivity of
ple tubes. In such flow-through probes, there is often a needthe CapNMR probe was found to be approximately 15 times
to increase the filling factor of such probes by using a bubble poorer than the 5-mm probe.
cell. Formation of such a bubble cell can be achieved using,
for example, hydrofluoric acid etching: an example is shown
in Fig. 1(b). 5. Small coil applications of proton NMR

A number of reports have used various microfabrication spectroscopy
techniques to construct detectors for small-volume NMR
spectroscopjB7-45] Most of the geometries have been pla-
nar, as shown ifrig. 1(c), although saddIp!3] and solenoid probes are ideally suited to situations where the total sample
[38] geometries, the latter shownhig. 1(d), have also been  massis limited, but the sample is relatively soluble in the rele-
produced. In all of these cases, the quality of the spectra, bothvant solvent. Three applications in the areas of combinatorial
in terms of linewidth and sensitivity, has not been as good as chemistry analysi$47], plant extractd48] and metabolic
obtained using the more labour-intensive hand-wound coils. profiling of in vivo samples from animal mode[49] are
Nevertheless, microfabrication is a promising area particu- summarized here.
larly in terms of parallel data acquisition and the integration In the first application47], a solenoidal NMR micro-
of NMR detection with microfluidics. probe with an observe volume of 800 nL was used to acquire
high-resolutiontH NMR spectra from the cleaved product
of individual 160um diameter Tentagel beads, which
are often used in solid-phase synthesis for combinatorial
chemistry. This work focused on one compound discovered
in a series of serine protease inhibitfBe] with leukotriene
B4 receptor binding affinity. The cleaved product was
dissolved in dimethylsulphoxide and sandwiched between
two perfluorinated organic liquid plugs. NMR spectra of
SIN the product cleaved from single beads were acquired at
=" (WM™, (ng™) (4) 600MHz in ~1h. Carr—Purcell-Meiboom-Gill (CPMG)

¢ experiments were performed to remove broad baseline
The S/N per unit mass increases as the size of the coil de-components in the spectrum. Representative spectra are
creases, and therefore in situations where the mass of theshown inFig. 2 Based on calibration experiments, the total
sample is limited, and high concentrations are possible to amount of material cleaved from a single bead was estimated
prepare, the S/N achieved with a small coil is higher than us- to be 54Gt 170 pmol, with approximately 180 pmol within
ing a larger coil. In the case that only low concentrations are the observe volume of the probe.
possible, due either to solubility constraints or biological ac-  The second example illustrates the utility of small flow-
tivity in proteins, and the total mass is not limited, then larger through probes for high throughput analysis of small amounts
coils give a higher S/N. In the intermediate regime, where of sample. Eldridge et a[49] used a Protasis/MRM oL
mass and concentration are both limited, then the optimumindirect carbon gradient flow probe with an active volume
size of the coil is dictated by the relative values of these two of 1.5uL in the analysis of a large natural product library.
variables. The particular illustrative compound was an extract of Taxus

A number of studies have been performed comparing the brevifolia, the pacific yew tree, containing paclitaxel (Taxol)
sensitivity of recently developed small coils with standard and its derivatives. Five to ten micrograms of material was
larger coils. In one such study by Schlotterbeck efz], sufficient for 2D COSY experiments, with50,.g needed
the mass sensitivity of the Bruker 1-mm TXI microliter probe for experiments such as gradient HMQC and HMB®). 3
with a sample in a 1 mm diameter capillary tube was shown shows aH spectrum of paclitaxel which, in combination
to be five times greater than a 5-mm conventional TXI probe: withthe COSY data, allowed the identification of major peaks
the sample used was sucrose in aqueous solution at 600 MHzfrom a series of related compounds.
The small TXI probe also showed a factor of 1.7 enhancement  In the final example, a Bruker 1 mm TXI probe with
over a 5-mm TXI cryoprobe with the sample in a5 mm tube, an active volume of 2.pL was used for metabolic profil-

Given previous discussions, it is clear that small-volume

4. Sensitivity comparisons

NMR sensitivity can be defined in terms of mass sensi-
tivity, Sy, or concentration sensitivityg,, as discussed in
detail elsewher@46]. Simple equations, with relevant units,
are given below:

_ SN

m

SC Sm

and a factor of 1.3 over a 5-mm TXI cryoprobe with the
sample contained in a 1 mm capillary.

A second detailed sensitivity analysis of different probes
at 600 MHz was published by Olson et §6]. Although

ing of rodent biological fluid443]. Since only~2pL of
fluid is needed for this probe, this volume could be removed
from the animals without the need for euthanasia, unlike the
case for the larger volumes needed for larger probes.4

some data had to be inferred from the literature, the generalshows results, together with spectral assignments, obtained

results show that the 18- CapNMR probe and 5-mm cry-

at 600 MHz.
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Fig. 2. ThelH CPMG spectra obtained from the cleaved product of a single bead: (a) dissolved in neat @\8®¢b) dissolved in acidified DMSER.
Figure reproduced from Ref7], © 2001 with permission from Elsevier.

8.0 7.0 6.0 5.0 4.0 3.0 20 1.0 ppm

Fig. 3. 'H NMR spectrum of 5Qug of paclitaxel in 1L CD3OD acquired using a il microcoil flow probe at 600 MHz. Reproduced with permission from
Ref.[49], © 2002 American Chemical Society.

6. Protein applications typically have only one coil, which is tuned to all four
frequencies.
NMR studies involving proteins require probes, which op- Recently, small coils have been developed for protein ex-

erate at a number of different frequencies. For standard het-periments. The use of small solenoidal coils allows reduced
eronuclear experiments TXI probes allow pulsing on pro- amounts of protein to be used: this facet is likely to be partic-
ton, deuterium, carbon and nitrogen channels. The usualularly importantin the case of proteins produced in eukarotic
configuration for saddle coils contains two RF coils, each cells rather than bacteria, where isotopic enrichment is con-
tuned to two frequencies, whereas solenoidal-based probesiderably more difficult and expensive. The electrical circuit
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the 3D HNCO data (bottom) of double-labeled 1 MRN/23C 1A-3 using

Fig. 4. 600 MHZ'H NMR spectra of rat (a) and mouse (b) cerebrospinal fluid  a triple-resonance solenoidal probe. Experimental parameters: sw 6614 Hz,
(CSF) using a microliter probe with 128 scans. Both spectra were acquired sw1 (5N) 1302 Hz, sw2 ¥3C) 3001 Hz, 32 signal averages, 64 real data
using a water presaturation sequence based on the start of the NOESY pulsgoints in the!3C=0 dimension, 60 real data points in tHé\ dimension,
sequence. Two milliliters of CSF were diluted with 3mL ob®@. Key: 4096 complex acquisition data points, total data acquisition time 59 h. Sol-
(1) leucine +valine; (2) valine; (3) propandiol (vehicle for anaesthetic); (4) vent suppression used presaturation. The 2D projection of af3Be0
lactate; (5) acetate; (6) glutamine; (7) glutamine; (8) creatine; (9) glucose; frequencies is shown in the leftmost panel, and the plots of selected single
(10) lactate; (11) H1 glucose; (12) amino groups. Reproduced from Ref. 13C=0 slices are shown in the other three panels. Figure reproduced from
[48], with permission of The Royal Society of Chemistry. Ref.[51], © 2003 with permission from Elsevier.

usedin a 2.5 mm diameter, solenoid TXI prgb#] is shown A second protein studjp] used a commercial microcoil
in Fig. 5. The L1-C1 trap presents a very low impedance at probe from Protasiss/MRM. The volume of the TXI HCN
low frequency and high impedance at high frequency. The z-gradient microcoil NMR probe is gL with an active vol-
L2—C6—C7 tank circuit appears as a high impedance at theume of 1.5.L. Most of the experiments were performed us-
proton frequency, but as a very low impedance path dtie ing proteins from the Thermotoga maritima proteofs&],
frequency. The proton channel has the shortest electrical pathin particular, the conserved hypothetical protein, TM0979.
to the sample coil in order to minimize signal loss. L—C trap HNCA/HNCOCA spectra were acquired to test the ability to
circuits at botH°N and3C frequencies are used between the perform the sequential backbone assignment of TM0979. In
15N and!3C channels, and the lock channel is attached to the the HNCA spectrum, all inter- and intraresidue peaks were
13C channel with a trap circuit at tHéC frequency. detectable, nearly all Cand G peaks were observed in the

In Ref. [51], the 90 pulse widths for all channels were CBCACONH spectrum, and all CO correlation peaks could
compared with those from a commercial 5mm TXI probe: be identified from the HNCO spectrum, allowing complete
the values were 4 @s versus 12.s (*H, 50 W amplifier, 6 dB backbone assignment of TM0979.
attenuation), 3.8.s versus 43.s (°N, 300 W ampilifier, full As outlined previously, the very sholC pulse widths
power) and 1.§.s versus 14s (3C, 300 W amplifier, full are particularly important in a number of pulse sequences:
power). The much shorté®C pulses are particularly im- in this particular study, it was possible to record a single
portant for experiments at higBg fields since they allow  HCCH-TOCSY spectruni54,55] across the full aliphatic
a much higher excitation bandwidtRig. 5 shows specific ~ and aromatic side-chain carbon range. This experiment al-
two-dimensionatH, 15N planes extracted at differeftC=0 lows complete side-chain assignment of all amino acids in a
frequencies from a three-dimensional HNCO spectrum col- protein within a single spectrum. The correlation between the
lected on a 1 mM, double-labeléeN/13C IA-3 sample using  aliphatic and aromatic carbons is hindered due to the large
the TXI solenoidal probe. IA-3is anintrinsically unstructured carbon chemical shift ranges (aliphatic carbons, 0-75 ppm;
68 amino acid protein inhibitor of yeast proteinas¢sg]. aromatic carbons, 115-140 ppm) which corresponds to a
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Fig. 6. (Left) 2D [tH, 13C] aliphatic—aromatic HCCH-TOCSY FLOSPY-16 spectrum recorded with a mixing time,ef11.77 ms. The assignment of
tyrosine 72 based on the,&hemical shift is indicated in the spectrum (10 /15N TM0979, 313 K, measurement time 30 h). (Right) Enlargement of the
C,/Cg carbon chemical shift-proton aromatic chemical shift region. All cross-peaks are annotated, and the complete aromatic chemical shift amsignment ¢
be achieved. The Ccross-peak area is highlighted with a gray box. Reproduced with permission froff5R&.2004 American Chemical Society.

bandwidth of roughly 20 kHz at 14.1 T. Standard 5mm NMR in parallel[58,59,61,66] effectively forming a single reso-
probes or cryoprobes are not rated for the high power levelsnant circuit, and the signals from each sample are separated
required to produce Hartman—Hahn mixing over this broad through the use of spatially selective pulse sequences. The
chemical shift range. An HCCH-TOCSY spectrumwitika  alternative approach is to construct a number of separate RF
filter FLOPSY-16 mixing sequence using a 20 kHz spin lock circuits, one for each cdib5,57,60,63—-65J]and then either to
field was used to acquire the spectra showirio 6. This use multiple receiver channels or time-domain multiplex the
type of spectrum can be used for the assignment of connec-signals into a single receiver, in order to separate the signals
tivities between the aliphatic Cand Gz atoms and the rest  from each coil.
of the aromatic side chain, and also within the aromaticring  The most promising application of increasing NMR
itself, in one measurement, thus accelerating greatly aromaticthroughput is in the area of screening large compound li-
side-chain assignment. braries with target protein molecul¢g7—70] In terms of
increasing NMR throughput, the maximum number of coils
that have been incorporated into a single probehead is cur-
rently eight[63], with each coil having an observation vol-
ume of~35nL. In this probehead, Teflon flow tubes were
The small size of a microcoil, compared to the extent of attached to both ends of the capillary for sample loading.
homogeneou® field within the bore of a standard NMR  The coils were mounted one above the other with a verti-
magnet, enables multiple coils to be incorporated into a cal spacing of approximately 3 mm and alternate coils were
single probehead. The technical challenges in producing arotated 90 with respect to each other to minimize the cou-
practical multi-coil probe include maintaining high lod& pling. Using a vertical separation smaller than 3 mm resulted
homogeneity for each sample despite the presence of theénsubstantial distortions of the local static magnetic field. The
other coils, achieving maximum sensitivity for each coil, coils were surrounded by an 18 mm inner-diameter container
and separating the signals from each sample either througHfilled with FC-43. The hardware additions to the standard
hardware or software. Applications of multi-coil technology spectrometer consist of a four-way power splitter which is
include increasing the throughput of NMR by acquiring placed between the transmitter and the coils, and four ra-
data from more than one sample simultaneoliSh~63] dio frequency switches, shown kig. 7. The position of the
as well as enabling other specialized types of experiment switch is controlled by one of the five TTL outputs from the
such as removing line-broadening effects in NMR-detected spectrometer. The four outputs of the switches are connected
electrophoretic separatiof4], monitoring rapid chemical  to the four receiver channels, each of which consists of an in-
reactiong65] and performing solvent suppressi@®]. dependent preamplifier, transmit/receive switch and analog-
Two basic approaches have been used in designing probeto-digital converter. The timing diagram describing the pulse
heads with multiple coils. In the first, the coils are connected sequence and data acquisition scheme is also showig.iii.

7. Multiple coil probeheads
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console. The eight coils were divided into two groups, A (coils 1, 3, 5, 7) and B (coils 2, 4, 6, 8). (Bottom left) Timing diagram showing the pulse sequenc
and data acquisition scheme used. (Right) COSY spectra acquired with the eight-coil probe and the chemical structures of the compounds ug#d. Each sam
(10 mM solution in BO) was loaded into the coil via the attached Teflon tubes. (A) Sucrose, (B) galactose, (C) arginine, (D) chloroquine, (E) cysteine, (F)
caffeine, (G) fructose and (H) glycine. Data acquisition parameters: data matrix228g, eight scans, sw =6000 Hz and sw1 = 6000 Hz. Data were zero filled

in t; to 2048 points, processed with shifted sine-bell window functions applied in both dimensions, symmetrized and displayed in magnitude mode. Figure
reproduced from Re{63], © 2004 with permission from Elsevier.

Since the spectrometer has only four receiver channels, theselective excitation sequence following water presaturation.
eight coils were divided into two groups, each containing four The linewidths in each spectrum were between 1 and 2 Hz,
coils. The RF pulse sequence was transmitted to, and data acand the metabolite concentrations used were 100 Rilyl.8
quired from, one coil group at a time. With a “compromise” shows the physical setup of the system, and two sets of four
value of the shim currents the linewidths for all eight coils spectra acquired using the probe.
were between 3 and 6 Hz. Two-dimensional COSY, TOCSY  In terms of extending multiple coil probeheads for appli-
and gradient COSY experiments were run on eight different cations such as protein/ligand binding or protein structure
samples at 600 MHEig. 7shows the results from the COSY  studies, multi-frequency coils must be designed with high
experiments. isolation between all the resonant frequencies of all of the
A key component in increasing NMR throughput is inte- coils. One such probe, capable of acquiring two simultane-
gration with multiple separation columns or fluidic devices, ous*H-®N HSQC spectra, has been designed for operation
which can load multiple samples in a reproducible fashion. In at 500 MHz, with two 3.5 mm long coils wrappedona 2.6 mm
a recent paper, Macnaughtan et[@ll] showed that a four-  0.d. polyimide sheath: a glass tube of 2.5mm o0.d., 2.2 mm
coil “Multiplex probe” consisting of four solenoidal coils i.d. containing the protein sample can be slid into each poly-
connected in parallel could be interfaced with a robotics lig- imide sheath. Each of the two coils was double-tunetHo
uid sampler and 96-well plate. Simultaneous injection of and®N frequencies, and an external lock coil was incorpo-
four compounds allowed an analysis rate of 34 s per sam-rated to compensate for field drift: this lock coil consisted of a
ple for single scan one-dimensional proton spectroscopy. Inthree-turn solenoid with outer diameter 1 mm and contained
this setup, plugs of BD separated by air bubbles were in- acapillary of 3O, and was placed approximately 5 mm from
troduced around the samples, which were transferred to thethe two detection solenoidal coils. The two sample coils were
probe via 32Qum i.d. fused silica capillaries: 3bL of D,O situated 6 mm apart, separated by a thin copper shield for in-
was injected, followed by 2L of sample, a further 3pL creased electrical isolatioRig. 9). Electrical measurements
of D20 and 15.L of air, 125pL of HoO was then used to  showed that there was negligible crosstalk-&0 dB) be-
push the samples into the centre of each of the coils of thetween sample coils at all frequencies. FC-43 was used for
Multiplex probe. Spectra were collected at 300 MHz with a magnetic susceptibility matching in order to improve sam-
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Fig. 8. (Left) The automation system includes a multiprobe liquid handler, two 12-port valves, the Multiplex NMR probe, and the NMR spectrometer. The
liquid handler and spectrometer are electrically connected and communicate through the contact ports on the liquid handler and the user arthi®g port o
spectrometer. The 12-port valves are controlled by the liquid handler and are used to control and remove the samples during the automatialiguithe. Th
handler can inject four samples at a time into the Multiplex probe through four transfer lines. The Multiplex flow probe, which is placed inside an NMR
magnet, has four sample capillaries each with an NMR excitation/detection coil as shown in the photograph. (Right) Spectra of eight samptasdlautomati
injected into the Multiplex NMR probe were acquired with the automated flow injection routine:g@inine, (b)L-lysine, (c)p-(+)-glucose, (dL-proline,
(e)rL-glutamine, (f)L-histidine, (g)L-asparagine, and (h}cysteine, all at 100 mM. The asterisks (*) indicate the residual HDO peaks after suppression with a
presaturation pulse. Reproduced with permission from [g&f, © 2003 American Chemical Society.

ple shimming. Two low-loss single-pole-five-throw (SP5T) 8. Hyphenation of microseparation techniques with
switches are used to multiplex the signalinto a single receiver. NMR detection
In order to demonstrate the operation of this probe two pro-
teins with widely different chemical shifts were used. This The small detection volumes associated with NMR mi-
was most easily realized by using one protein which is un- crocoils make it a natural choice for coupling with many
folded (characterized by poorly dispersed chemical shifts and chemical microseparation techniques such as capillary liquid
often having several high intensity narrow peaks from over- chromatography{30,71-74] capillary electrophoresis and
lapping resonances) and one which is folded (usually charac-capillary electrochromatograpli§5—84]and capillary isota-
terized by a large chemical shift dispersion). The first coilwas chophoresi$85—88] In general, microseparation techniques
loaded with 1.25 mMN-labeled ubiquitin (VLI, Malvern, enable faster analysis, higher concentration elution peaks and
PA) in 90% H0O/10% DO and 50 mM phosphate buffer less chromatographic dilution than their larger scale counter-
at a pH of 5.5, and the second coil was loaded with 1 mM parts. Since a number of review articles on this specific topic
15N-labeled 1A-3 in 90% HO/10% DO, 50 mM phosphate  have been published recenf80-91] and coupled capillary
buffer, also at a pH of 5.5. HPLC-NMR forms the subject of another article in this is-
Shimming was performed on the water free induction de- sue, a detailed discussion is not included here. As in the case
cay for each coil, using a low tip angle to avoid radiation of “static’ NMR, the use of small coils is ideally suited to
damping, and gave linewidths of the water peaks for each small total sample amounts, present as relatively high con-
sample oF~20 Hz (a value that was very similar to that of ei- centrations in small volumes. As such, this often represents a
ther sample in a 5mm commercial probehe&d). 9 shows trade-off between chromatographic resolution and NMR sen-
two 'H-1°N HSQC spectra of the two proteins collected at the  sitivity, since the microcolumns may have to be overloaded.
sametime. The Varian spectrometer had only a single receiverThis also is an issue if one is trying to detect impurities at
channel, so data collection was staggered: pulse transmissiomwery low levels.
and data acquisition for one sample were performed during
the relaxation delay of the other sample. This relaxation de-
lay was used for 1-s presaturation of the water signal using9. Other applications of small coils
a shaped RF pulse. Immediately following data acquisition
from the first coil, the two transmit/receive switches were  Although outside the scope of this review article, the high
shifted automatically to the second coil, and vice versa. intrinsic sensitivity of small NMR coils, and the ability to
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Fig. 9. (Top) A photograph of the two-coil probe assembly, together with the lock coil and impedance matching circuits. The samples are slifytintizonta

the thin clear tubes around which the coils are formed. (Bottom leftHA®N HSQC spectrum of 1.25 mNPN-labeled ubiquitin in 90% KO/10% DO,

50 mM phosphate buffer, pH 5.5. Data acquisition parameters: sw=4000 Hz, swl=1600 Hz, 1024 complex data pojrts;ré@2nts acquired in States

mode, 1 s water presaturation and 32 signal averages. Total data acquisition time 3.5 h. (BottomgHBNHSQC spectrum of 1 mNPN-labeled IA-3 in

90% H,0/10% DO, 50 mM phosphate buffer, pH 5.5. Identical data acquisition parameters were used. Data were acquired in interleaved fashion with pulse
transmission and data reception routed through an RF switch controlled from the console.

study very small samples, has been exploited in many otherpossible due to low S/N. With comparable mass sensitivities,
areas of magnetic resonance. For example, magnetic resomicroprobes and cryoprobes play complementary roles in
nance imaging and localized spectroscopy experiments haveNMR studies: the facility of microprobe use is advantageous
been performed on single neurd®®,93], and probeheads in applications where relatively high concentrations are pos-
with multiple coils have also been used for cellular studies sible, whereas cryogenic probes come into their own where
[94]. The strondB; field produced by small coils has been ex- lower concentrations are necessary. The relatively new area
ploited to cover the very large bandwidths required for certain of multiple coil probehead shows great promise, not only in
solid-state application®5]. Finally, multinuclear studies of  enabling high throughput NMR to become a practical reality,
small crystals have also recently been presefé§iusing but also in enabling completely new types of experiment to
designsinwhich the goniometer is moved outside the RF coil, be performed.

enabling much higher filling factors and S/N to be achieved

than previously possible.
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