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A detailed characterization of an NMR flow probe for use in
direct-injection sample analysis is presented. A 600-MHz, indirect
detection NMR flow probe with a 120-ml active volume is evalu-
ted in two configurations: first as a stand-alone small volume
robe for the analysis of static, nonflowing solutions, and second
s a component in an integrated liquids-handling system used for
igh-throughput NMR analysis. In the stand-alone mode, 1H line-
hape, sensitivity, radiofrequency (RF) homogeneity, and heat
ransfer characteristics are measured and compared to conven-
ional-format NMR probes of related design. Commonly used
escriptive terminology for the hardware, sample regions, and RF
oils are reviewed or defined, and test procedures developed for
ow probes are described. The flow probe displayed general per-
ormance that is competitive with standard probes. Key advan-
ages of the flow probe include high molar sensitivity, ease of use
n an automation setup, and superior reproducibility of magnetic
eld homogeneity which enables the practical implementation of
D T2-edited analysis of protein–ligand interactions. © 2000

Academic Press

Key Words: direct-injection NMR; SAR by NMR; high-through-
put screening; LC-NMR; NMR probe.

INTRODUCTION

Traditionally, most NMR technological innovations ha
focused on extracting an extensive set of information fro
single sample. An increasing need appears, however, for
egies that permit the collection of a limited set of data fro
large number of samples rapidly. For example, combinat
synthesis may produce a large number of related compo
which require the rapid measurement of a limited set of N
spectra per sample. Likewise, in NMR-based screening (
by NMR) one type of spectra (e.g., a1H–15N HSQC spectrum
is recorded in a large set of compound mixtures. These
methods require fast, cost-effective NMR data collection
analysis and generally favor the use of relatively small sa
volumes combined with some method of automated sa
placement, data acquisition, and processing.

A key component of a high-throughput NMR data collec
setup is the NMR probe head. In this paper we descri
novel, tubeless NMR probe which features in its core a
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ume-optimized, fixed geometry sample chamber (flow c
Sample loading of the probe is achieved via a low diam
tube that is typically connected to a liquids-handling ro
Hence, in the proposed setup, NMR solutions are transf
directly into the so-called flow-injection probe from an exte
set of sample wells. Probes for tubeless NMR, comm
called flow probes, have not yet been characterized in det
the literature. The purpose of this paper is to examine
feature performance of a new type of flow probe that has
optimized for data collection in the stopped-flow mode.
tailed comparisons are made to standard NMR probes, p
ularly pertaining to factors that are relevant to high-throug
NMR methods such as SAR by NMR (1, 2) screening.

Here, we compare the performance of a 120-ml active vol-
ume flow probe to standard commercial 3- and 5-mm prob
related design. The active volume (120ml) of the flow probe
represents an intermediate between the corresponding
sample volumes in 5- and 3-mm (microsample) probes,
viding a set of performance markers well suited to displa
and identifying trends. However, no rigorous comparisons
statistical analyses of probe performances were carried
The overall probe radiofrequency (RF) designs of the dep
probes are sufficiently similar to afford meaningful comp
sons. Thus, the observed differences in probe performanc
be attributed primarily to the variations in sample geomet

The maximum overall sample throughput or total data
lection time per sample is an important performance ch
teristic of an NMR probe head. The data collection time
sample in a flow probe can be written as

t~total! 5 t~inject! 1 t~equilibrate! 1 t~data acquisition!

1 t~retrieve! 1 t~rinse!. [1]

t will be shown that the equilibration timest(equilibrate) in
ow and 5-mm probes are comparable. In addition, the
otal of t(inject) andt(retrieve) does not exceed by a signific
mount the time needed to load tubes into a tube-holding p
y a robotic sample changer. Only the time required for rin

he flow probe,t(rinse), prior to loading of a new sample h
1090-7807/00 $35.00
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70 HANER, LLANOS, AND MUELLER
no counterpart in the NMR tube-based mode of data collec
This latter time typically represents an insignificant percen
of t(total) due to the high efficiency of the chosen sam
loading protocol.

In summary, flow-based sampling methods are well-e
lished and used within many types of general analytical in
mentation (3) and can be used to inject samples into N
probes with integrated sample tubes called flow cells (4, 5). It
will be shown in this paper that the depicted novel flow pr
is highly competitive with standard tube-holding probes
achieving high-throughput data collection in large sets of s
ples.

DESCRIPTION OF FLOW PROBE

The flow probe design used in this study grew out of
development of a liquid chromatography (LC) NMR sys
(6). The flow probe differs from a regular NMR probe
featuring a permanently mounted sample chamber (flow
centered within the core of the radiofrequency detector
Figure 1 depicts the relative positions of NMR sample tu
and flow cell in regular 5- and 3-mm probes and in the
probe, respectively. The solid rectangles represent the d
ters and lengths of the Helmholtz-shaped proton RF coils.
the bottom and the top ends of the flow cell are connect
1/16“ od PTFE tubes which terminate into PEEK LC un
connectors at the base of the probe. These PTFE tubes c
to the flow cell inlets by inert, adhesive-free, compres
fittings.

The conical tapering of the inner diameter of the flow
facilitates sample flow and reduced magnetic field inhom
neity (6–9). The specific flow cell described here (10) differs in
part from other designs of tapered flow cells by featurin
constant outer diameter and a length that considerably ex
the NMR-sensitive region and by the use of quartz. When
probe is inserted in the magnet, the flow cell is aligned with
external magnetic fieldB0. This design ensures that magn
field distortions due to susceptibility differences between
aqueous buffer and the flow cell do not extend into the a
region of the flow cell. The thick-walled quartz at each en
the sample chamber has the benefit of featuring a conside
closer match in bulk magnetic susceptibility to water t
thin-walled Pyrex or air. Thus, the reduction of the flow
volume to about twice the active volume within the pro
detector coil still yielded acceptable proton lineshapes
Table 2). The thick-walled stems of the flow cell can withst
the high mechanical pressures associated with compre
fittings and permit the fabrication of quartz cells with exc
tionally high levels of structural symmetry.

A NMR sample solution is inserted into the flow cell throu
the bottom inlet at a maximum flow rate that maintains lam
flow until the sample chamber is filled completely. Retrieva
the NMR sample is preferably done again through the bo
inlet. As depicted in greater detail in a subsequent section
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push–pull mode of sample change offers considerable be
relative to a flow-through mode of operation.

Like regular NMR probes, flow probes can be equipped
indirect detection single and/or double resonance resonat
enable [1H, 15N], [ 1H, 13C], or [1H, 15N, 13C] double or triple
resonance experiments, respectively. In addition, flow pr
readily accommodate actively shielded pulse field grad
coils.

The geometry of the proton detection coil in the flow pr
closely resembles the prevalent geometry in regular N
probe featuring Helmholtz saddle coils (see Fig. 2) with le
LRF, radiusRRF, and window angleQ. For each probe used, t
window angles of the proton detection coils were equival

FIG. 1. Cross-sectional drawing showing the active volumes and
mated minimum sample volumes for the probes used in this study. The le
and diameters of the RF coils are indicated by the rectangles, and the
hatched sample regions within the rectangles represent the NMR activ
umes. The full crosshatched regions within the tubes show the approx
minimum sample volumes,VMIN. The double crosshatched region at the lo
end of the flow cell depicts the approximate location and boundary o
optional push solvent. Diagrams show (a) the 3-mm probe, (b) the 5-mm
and (c) the 3.4-mm-id flow probe with 120ml active volume.
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71A SMALL VOLUME FLOW PROBE FOR DIRECT-INJECTION NMR
A pair of cylindrical Faraday shields (also called
shields), separated symmetrically above and below the
midplane by the RF coil length, is placed at an intermed
diameter between the proton RF coil and the flow cell (11).
These shields suppress the pickup of NMR signal from
fringes of the detector coil and thereby improve lineshape
enhance sensitivity performance in dielectrically lossy sam
(aqueous solutions with high ionic strength).

Because both the flow probe and the regular sample
NMR probes are equipped with similar geometry saddle c
the active coil volume in either probe can be approximate

Vc 5 2LRFp~RRF!
2, [2]

whereLRF andRRF represent length and radius of the dete
coil (Fig. 2) and the factor 2 approximates the magnetic en
coupling to the exterior of the coil cylinder.

The active sample volume can be approximated by

Vs 5 LRFp~Rs!
2, [3]

whereRs represents the inside diameter of the sample tub
flow cell.

Hence, the effective coil filling factor (12) can be approx
ated by

FIG. 2. Diagram showing the relevant dimensions of saddle coils fo
in this paper. The dimensions shown pertain to the innermost surface
edges of the coil conductor. The region on the surface of the winding cyl
with a perimeter defined by either of the two conductive loops, is calle
“window.”
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h 5 Vs/Vc 5 ~Rs!
2/@2~RRF!

2#. [4]

At a given magnetic field strength and sample tempera
he probe sensitivity, or signal-to-noise ratio (S/N), is primar-
ily affected by the respective volumesVs, Vc, and the qualit
(Q) factor of the resonator circuitry as depicted in Eq. [5

S/N } hV c
1/2Q1/ 2 5 ~Vs/V c

1/2!Q1/ 2. [5]

The filling factorh generally decreases with shrinking sa
ple diameter, because both the wall thickness of the sa
tube and flow cell and the air gap between the outer wall o
tube and the detector coil cannot be shrunk below a mini
threshold. Therefore, as shown in Table 1, the filling facth
of the flow probe is lower than in a 5-mm probe but higher
in a 3-mm microsample probe. Due to its rigid positioning
flow cell accommodates higher flow rates of temperature
trol air (VT-air) thereby allowing a tighter air gap between fl
cell and detector coil.

PERFORMANCE OF FLOW PROBE

Essential performance characteristics of NMR probes
sensitivity, lineshape, RF field homogeneity, and time req

TABLE 1
Comparison of Detector Coil Parameters and

1H Sensitivities at 600 MHza

Standard
3 mm

Flow probe
120 ml

Standard
5 mm

ample diameter, 2RS 2.4 mm 3.4 mm 4.2 mm
Coil length,LRF 16 mm 13 mm 16 mm
Active volume,VS 72 ml 120 ml 220 ml
Minimum sample volume,

VMIN

150 ml 270 ml 550 ml

S/N {2.00 mM sucrose in
D2O}

62 103 154

S/N {2.00 mM sucrose
w. 250 mM NaCl in D2O}

59 88 120

(S/N) normalized {2 mM sucrose} 0.40 0.67 1.00
hVc

1/2Q1/2, no salt,
normalized

0.43 0.68 1.00

(S/N) normalized {2 mM sucrose
w. 250 mM NaCl in D2O}

0.49 0.73 1.00

hVc
1/2Q1/2 {w. 250 mM NaCl

in D2O, normalized}
0.50 0.76 1.00

S/N)/VMIN {2 mM sucrose} 1.47 1.36 1.00
(S/N)/VMIN {2 mM sucrose

w. 250 mM NaCl in D2O}
1.80 1.49 1.00

S/N {0.1% ethylbenzene/
CDCl3}

451 Not measured 1062

a Sucrose and ethylbenzene linewidths without line broadening ave
1.5 6 0.1 Hz in all cases. For sucrose, samples were measured w
pinning and a 1.0-Hz exponential line broadening was applied prior t
thylbenzene was measured with the sample spinning, using 1.06
xponential line broadening.
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72 HANER, LLANOS, AND MUELLER
ment to achieve a homogeneous temperature across the
sample volume after the loading of the sample into the pr
Comparisons of these parameters are made using a flow
(Varian, prototype model) and standard probes of 5-mm
diameter (Varian, Model 00-958566-60) and 3-mm tube d
eter (Varian, Model 00-958566-46). In addition, we asse
the issue of cleansing of the sample chamber prior to loa
a new sample in the flow probe—a unique issue facing
type of probes. All tests were performed on Varian In
600-MHz NMR spectrometers.

Resolution and Lineshape

At the outset of flow probe project it was not obvious that
restricted volume flow cell would produce competitive pro
NMR lineshapes. In order to avoid volatile solvents du
testing, all measurements in the flow probes were conduc
aqueous solutions, although the flow probe has been de
strated to produce quality spectra in organic solvents su
chloroform. A solution of 50 mM sodium acetate in 99.
D2O was chosen to perform both lineshape and temper
equilibration tests. The acetate produces a sharp singlet a

FIG. 3. Proton lineshape at 600 MHz of 50 mM sodium acetate in 99%2O
a) was measured using a standard VT N2 flow rate of 10 L/min, and spectr
n (a) and (b) has the same vertical scale. Insets show the shape and r
o each other.
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height as seen in Fig. 3. At 0.5% of the height of the me
peak, satellite lines are visible due to one- and two-b
proton–carbonJ-couplings to the methyl and carbonyl carb
respectively. The two-bond coupling (2JCH 5 5.9 Hz) can b
eadily suppressed by band-selective carbonyl decoupling
ineshape data in Table 2 confirm that the flow probe prod
omparable lineshapes to the regular NMR probes. Shim
f the samples was performed in a straightforward ma
sing the automated gradient shimming algorithm followe
etouching of the low-order radial shims as well as thez1

gradient. However, relatively larger values ofz4–z6 are

30°C measured with a 120-ml active volume, 3.4-mm-id flow probe. Spectr
(b) was measured using a VT N2 flow rate of 20 L/min. Each spectrum sho
lution of the upper portion of the lines and have the same vertical scalpect

TABLE 2
1H Lineshapes at 600-MHz: Full Widths Measured as Fractions

f the Total Peak Height; 50 mM Sodium Acetate in 99% D2O at
30.0°C

50% 0.55% 0.11%

Flow probe 120ml Stationary 0.45 Hz 5.2 Hz 9.0 H
Standard 5 mm Nonspinning 0.38 3.6 8.0
Standard 3 mm Nonspinning 0.44 5.3 9.0
Dat
um
eso
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73A SMALL VOLUME FLOW PROBE FOR DIRECT-INJECTION NMR
needed to achieve the reported lineshapes due to the rela
short length of the large id portion of the flow cell, whose t
volume is slightly less than twice its active volume.

Reproducibility of Magnetic Field Homogeneity

The flow probe features a remarkable reproducibility
lineshape and resolution as evidenced by the following
traction test. This stability in magnetic field homogeneity
bulk susceptibility is most likely a result of the rigid geome
of the flow cell whose schematic cross section is depicte
Fig. 1. Spectra were recorded in an alternate fashion in sa
of 2 mM sucrose in D2O followed by 2 mM sucrose in D2O
doped with 2 mM ethanol (both types of samples were de
from the same stock sucrose stock solution). No push so
was used to pump the sample into the flow probe (total tra
volume of 620ml, one rinse cycle prior to sample loading). T
5-mm probe was loaded with samples containing 700ml of
liquid. Prior to data collection the samples were equilibr
for 3 min. No retouching of the shim gradients was perfor
between successive data collections. The HDO line was
pressed using WET (13, 14). The difference spectra, of whi

representative set is depicted in Fig. 4, consistently pro
uperior subtraction of the sucrose lines in the flow probe
ttempt to use hand-picked, matched 5-mm sample tube
rs (spinners) failed to improve the subtraction quality in
-mm probe. The superior reproducibility of magnetic fi

FIG. 4. Proton lineshape reproducibility test at 600 MHz showing the
active volume, 3.4-mm-id flow probe and (b) samples (700ml) placed into indi

roadening. The results are representative for the effort used and are
ely
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homogeneity in successive samples renders the flow
most suitable for 1D-type NMR-based screening (2).

ensitivity

Having established the lineshape performance, it was im
ant to test the proton sensitivity performance of the
robe. We were interested both in assessing sensitivity i
sual sense, relative to a given standard sample concent
nd in relative molar sensitivity given a limited amount
ample. The molar sensitivity is the sensitivity divided by
pproximate minimum volume of sample (VMIN) needed t

achieve a suitable lineshape. The majority of proton sensi
measurements were performed using the anomeric proto
onance in a solution of 2.00 mM sucrose in 99.9% D2O. The
temperature of the NMR samples was equilibrated at 3
with a VT N2 flow rate of 10 L/min. The NMR samples we
shimmed to achieve a linewidth within the doublet of
anomeric resonance of less than 1.6 Hz. The HDO signa
suppressed by lower power CW presaturation during th
laxation delays. The sucroseS/N ratios represent sum avera
over 10 successive single transient measurements usi
acquisition time of 2 s and a relaxation delay between su
sive experiments of 30 s.

In addition, sealed samples of 0.1% ethylbenzene diss
in 99.98% CDCl3 were measured in the standard probe
ambient temperature. AllS/N ratios were measured using

rose and sucrose–ethanol difference spectra for (a) samples injected inml
al 5-mm tubes, using the 5-mm probe. Both spectra have 1.0 Hz of expo

necessarily fully optimized.
suc
vidu
not
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74 HANER, LLANOS, AND MUELLER
noise band of 200 Hz. In the sucrose test, which coul
performed on all three probes, the experimental signal-to-
ratios were derived from the anomeric resonance of sucro
mM sucrose in D2O). The normalizedS/N values listed in
Table 1 were in close agreement with the expected theor
values (h Vc

1/2 Q1/ 2) corresponding to Eq. [5] for samples w
and without added salt. Due to the constricted volume o
flow cell, the flow probe allows one to concentrate a g
amount of sample into a smaller volume. This translates
improved relative molar sensitivity of the flow probe and
3-mm probe relative to the standard 5-mm probe, which
quires a sample volume of 550 ml in regular NMR tubes.
use of microsample tubes (Shigemi) with susceptibi
matched plugs would boost the molar sensitivity of the 5-
probe as well. It is important to bear in mind, however,
susceptibility-matched plugs cannot be easily inserted
NMR tubes in an automated fashion. Hence, the flow p
provides a higher molar sensitivity than a standard 5-mm p
when integrated in a robotic sample loading setup. In
ionic strength samples (high salt content), further impr
ments to the molar sensitivities are realized in the flow p
and the 3-mm probe in comparison to the standard 5-mm p
(see Table 1).

Homogeneity of the Radiofrequency Field

The primary factors affecting RF homogeneity are dete
coil type, the filling factorh, the location of the RF shield
relative to the detector coil, and the aspect ratio of the a
volumeLRF/ 2RS. All probes which were utilized in this stud
featured saddle-shape Helmholtz coils. Hence, differenc
observed RF homogeneity are dominated by the filling fa
and the relative placements of the RF shield. The decrea
the filling factor in the flow probe, and more significantly in
3-mm probe, is primarily due to a greater decrease in
sample diameter relative to the detector coil diameter.
enhanced reduction in sample radiusRS confines the sample
a more homogeneousB1 region within the detector coil an
thereby causes an improvement in RF field homogenei
documented in Table 3. The RF homogeneity data in Ta
indicate that the proton RF homogeneity improvements rel
to the 5-mm probe are greater than what one expects fro

TABLE 3
1H RF Homogeneity at 600 MHz, as Intensity Ratios Relative

to a 90° Pulse

Standard
3 mm

Flow probe
120 ml

Standard
5 mm

I (4508)/I (908) 91% 87% 83%
I (8108)/I (908) 84% 78% 71%
Filling factor, VS/VC 0.13 0.17 0.19
Aspect ratio,LRF/2RS 6.7 3.8 3.8
RRFS 2 RS, normalized 0.8 0.5 1.0
e
se
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difference in the filling factorh. The observed addition
enhancement in RF field homogeneity in the flow probe
most likely be attributed to a closer relative placement o
RF shields in the flow probe. This tighter geometry of
shields and detector coil surrounding the flow cell tend
restrict and more sharply define theB1 distribution thereb
benefiting RF field homogeneity. The aspect ratioLRF/ 2RS,
however, seems to have a limited impact on the proton RF
homogeneity in these probes.

The 15N RF homogeneity was measured as a nonroutine
using a sample of 2%15N-enriched benzamide in dry d6-

MSO with 0.2% Cr(acac)3. A 1H–15N heteronuclear ech
sequence was used, and the15N RF homogeneity was measu
as intensity ratios of the amide1H signal relative to the1H
signal resulting from a 0°15N pulse, obtained by arraying t
15N pulse width. The15N transmitter was placed on resonan
the samples were not spun, and four transients were ave
per spectrum.

The 15N RF homogeneity for the 120-ml flow probe was
similar to the 3-mm probe, having an intensity ratio obta
with spectra using a 720°15N pulse, relative to that measur
using a 0°15N pulse, of 75%. The 5-mm probe had a value
I (7208)/I (08) of 63%. The error is estimated to be62%.

Sample Temperature Equilibration

The time requirement for establishing the desired temp
ture across the entire NMR sample represents an impo
factor affecting the quality of modern NMR probes. A sh
sample equilibration time translates into enhanced sa
throughput. Reaching a stable homogeneous sample tem
ture prior to data collection is of particular importance
aqueous samples, where the magnetic field is typically lo
to the temperature-sensitive D2O-resonance. Temperatu
equilibration was monitored using a sample of 50 mM sod
acetate in D2O. The methyl proton resonance of the acetate
is sensitive to the sample temperature when the magnetic
is locked to the deuterium resonance of the aqueous so
The temperature equilibration curves in Fig. 5 indicate
both the flow probe and the 5-mm probe reach the set eq
rium temperature at a comparable rate when comparable
air flows were employed (;10 L/min). Due to its greate
urface to volume ratio, the 3-mm probe equilibrates
onsiderably faster rate as expected. The relatively bette
ace to volume ratio of the flow probe compared to the 5-
robe does not translate into a more rapid temperature e
ration. This can be explained by the narrower air gap bet
ow cell and proton detector coil, which slightly hamp
T-air flow as outlined in the previous section on pr
ensitivity. Fortunately, the rigid geometry of the flow c
ccepts an increased VT-air flow rate of up to 20 L/min with
roducing any deterioration in proton NMR lineshape
ithout introducing vibrational artifacts. At a VT-air flow ra
f 20 L/min the equilibration curve of the flow probe a
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75A SMALL VOLUME FLOW PROBE FOR DIRECT-INJECTION NMR
proaches the excellent equilibration curve of the 3-mm p
shown in Fig. 5.

Carryover between Successive Samples in the Flow Pro

The utility of the flow probe critically depends on the abi
to clean out the sample chamber prior to loading a succe
sample. The need for excessive, time consuming rinsing o
sample chamber would neutralize the relative superior m
sensitivity of the flow probe (see Table 1). Early on it w
discovered that the need for extensive rinsing between sa
is greatly reduced when both loading and removal of samp
performed through the bottom of the flow cell compared
flow-through LC-type sample retrieval through the outlet a
top of the flow cell. The insertion and ejection of the sam
through the bottom inlet of the flow cell has two key bene
First, the creation of air bubbles in the sample chamber, w
presence would seriously deteriorate magnetic field hom
neity, is greatly diminished. In fact, the excellent reproduc
ity of magnetic field homogeneity in the flow probe as depi
in a previous section can be attributed to a lack of air bu
formation. Second, removal of the sample though the botto
the flow cell, assisted by introducing compressed nitro
through the top inlet, physically removes most of the sam
before the rinse solvent is pushed into the probe.

The rinse test was performed using a sample of 3
chicken egg white lysozyme (Sigma) in 99.9% D2O. Using a
Gilson liquid handler Model 215, a sample of 250ml of
lysozyme was injected into the flow probe followed by a p
volume of 350ml plain D2O. Prior to data acquisition, th
sample was equilibrated for 5 min. The WET scheme was
to suppress the HDO signal. Figure 6 summarizes the resu
the rinse test. After one rinse cycle the integrated intensity

FIG. 5. Plot (a) shows the rate of thermal equilibration of newly place
probe (‚), and the 5-mm probe (E), using VT N2 flow rates of 10 L/min. The

f 20 L/min. The time scale for each probe was defined as zero at the
quilibration of newly placed aqueous samples for the 120-ml active volume
e
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the spectral region between 4.6 and21 ppm indicates that on
rinse cycle using plain D2O reduces the concentration of p-
tein 100-fold. After two rinse cycles signal from resid
lysozyme dropped to the edge of detection ability. Each
cycle consumes a time slot of about 100 s. Each emptyin
the sample chamber reduces the amount of residual sam
the flow cell by at least 10-fold. Hence, removal of the pro
sample reduces the level of lysozyme in the flow cell at
10-fold. Removal of the first load causes another 10-
reduction in protein giving rise to the observed 100-fold
duction of sample at the end of the first rinse cycle. Rem
of the second batch of rinse solvent gives rise to ano
10-fold reduction in protein concentration resulting in a 10
fold reduction of protein at the end of the second rinse c
In summary, two rinse cycles should provide adequate se
tion between adjacent samples in the overwhelming numb
cases. In experiments where ligand-binding to a target pr
is assessed one rinse cycles may already suffice.

Sample Recovery

The flow probe setup permits an almost full recovery of
sample. For concentrated protein solutions, a single cyc
covery is approximately 90% based on the rinse experi
shown in Fig. 6. For smaller molecules with less affinity to
inner surfaces, the single cycle recovery is approximately
If needed, it is possible to improve this percentage by ex
mentation and optimization of conditions. A second retri
cycle can be implemented by keeping the aliquot of dil
rinse fluid.

Some drop in sample concentration may occur when
solvent is used as the push volume. Pushing a minimum a
sample volume of about 250ml into the probe by plain solve

queous samples for the 120-ml active volume, 3.4-mm-id flow probe (1), the 3-mm
shed line indicates the flow probe sample equilibration using a VT N2 flow rate

oment that the sample enters the active volume. Plot (b) shows the ra
w probe at VT N2 flow rates of 10 (1), 15 (‚), and 20 (E) L/min.
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helps to conserve the sample, but some dilution cann
prevented at the push solvent/NMR sample interface, alth
such mixing does not affect the sample concentration in
active volume during the course of typical NMR experime
such as proton 1D or1H–15N HSQC.

FIG. 6. Rinse efficiency as measured by lysozyme carryover. Spe
transients. Spectrum (b) is a1H measurement of plain D2O, showing the resid
using the same spectrometer conditions and plotted with a vertical exp
he residual lysozyme after two plain D2O rinse cycles (effectively three d
expansion of 2503 relative to (a). Spectra (b) and (c) were compared to
mM respectively, assuming uniform mixing after injection of plain D2O. F

ffectiveness is greater.
be
gh
e
,

Automation of Sample Loading

The flow probe can be readily interfaced with a liqu
handling robot such as a Gilson liquid handler Model 215.
type of liquids handler accepts 96-well blocks or 384 micro

m (a) is a 600-MHz1H measurement of 3 mM lysozyme in 99% D2O using 64
l lysozyme after one rinse cycle with plain D2O (effectively two dilution cycles
ion of 503 relative to (a). Spectrum (c) is a1H measurement of plain D2O showing
ion cycles) using the same spectrometer conditions and plotted with a
using integrals, and residual concentrations were estimated to be 0.02
smaller aqueous molecules having less affinity to the inner surfaces
ctru
ua
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ilut
(a)
or
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77A SMALL VOLUME FLOW PROBE FOR DIRECT-INJECTION NMR
plates, which are commonly used in high-throughput scree
assays. Hence, the flow probe allows one to readily interfa
NMR spectrometer with standard high-throughput scree
hardware, thereby using the spectrometer as a speci
detector of intermolecular interactions. One potential draw
of using a flow probe interfaced to a robot is the insertio
additional inactive (dead) volume in the liquids mixing cha
ber of the liquids handler and the tubing which links the fl
cell to the mixing chamber of the liquids-handling robot. If o
uses tubing with an inside diameter of 0.010 in., the d
volume amounts to about 150ml. However, this dead volum
can be readily filled with plain H2O or D2O depending on th
type of sample that is used by pushing a sample that sli
exceeds the flow cell with plain solvent into the flow c
During the course of a typical NMR experiment neglig
amounts of plain solvent diffuse into the active region of
flow cell. For this reason, the minimum sample volume th
needed to perform an experiment in the flow probe is only
ml. This dead volume includes about 40ml of nonaspired
sample at the bottom of the 96-well blocks which are mou
on the liquids handler. The flow rate of 0.3 ml/min allo
reliable loading of aqueous samples and is a conserv
nonoptimized rate for aqueous samples. Lower viscosity
vents such as acetonitrile of chloroform permit more rapid
of sample transfers to and from the flow probe. The liq
handler and the flow of data acquisition using the flow p
are controlled by the VAST software package.

DISCUSSION

The depicted novel flow probe features an active volume
is intermediate in size between a standard 5-mm and a sta
3-mm probe. As in the standard probes, the flow probe fea
saddle-type RF coils and a cylindrical sample chamber. T
the primary unique characteristics of the flow probe stem
the choice of a static sample chamber whose relative siz
geometry impact sensitivity, lineshape, and other key ch
teristics.

Resolution, lineshape, and ease of shimming in the
probe resemble that of the standard 5- and 3-mm pr
although the flow probe features a minimum sample vol
that is comparatively small for its sample diameter. Furt
more, we found the lineshapes to be highly reproducible i
flow probe. This excellent reproducibility in lineshape, wh
is expected to facilitate 1D SAR by NMR experiments (2), can
be attributed primarily to two factors. First, the fixed geom
of the sample chamber greatly reduces variations in bulk
netic susceptibility between samples. Second, the occur
of air bubbles in the sample chamber of the flow prob
virtually nonexistent. This lack of air bubbles is aided by
fact that NMR samples are both loaded and removed from
bottom port of the sample chamber. Furthermore, the co
shape of the ends in the sample chamber reduces turbule
sample flow. The end effects in magnetic susceptibility o
ng
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relatively small sample chamber, approximating twice the
tive volume, are reduced by the choice of thick-walled qu
at each end of the sample chamber assembly. The use of
which is susceptibility matched to water, would permit
additional reduction in the size of the sample chambe
addition, the closer RF shields in the flow probe tend to con
the active sample volume more tightly and thereby imp
lineshape performance.

CONCLUSION

We have compared a set of NMR probes of similar la
and circuitry at the same field strength, thereby distilling p
performance characteristics in terms of sample volume
geometry. The depicted tubeless flow probe has been sho
represent a viable alternative to standard NMR probes. W
achieving comparable magnetic field homogeneity as in
standard NMR probes, the flow probe offers improved se
tivity where NMR samples are limited. This is especi
valuable in situations such as primary 1D or 2D SAR by N
screening measurements (1, 2). The excellent reproducibilit
of the magnetic field homogeneity in the fixed flow cell of
flow probe facilitates the collection of clean difference spe
such as 1D NOE difference- or T2-weighted1H 1D difference
spectra (2).

A tubeless NMR flow probe allows for direct injection
samples from well-plates and facilitates high-through
analysis of samples, while the depicted sample loa
protocol greatly reduces leakage between adjacent sam
The opportunity to use alternative sample containers su
well-plates—a significant departure from conventional s
ple tubes—permits the interface and development of a
mation technologies common to other analytical meth
Together with calculable and reliable probe performa
direct-injection NMR provides opportunities for reduct
of costs, particularly those associated with sample pre
tion. With the direct-injection format, the individual term
in Eq. [1] can be optimized separately for specific appl
tions. Thus, Eq. [1] can be viewed term-by-term with gre
perspectives for the development of efficient NMR sam
management strategies.
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