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Abstract

The hyphenation of small-volume separations to information-rich detection offers the promise of unmatched analytical
information on the components of complex mixtures. Nuclear magnetic resonance (NMR) spectroscopy provides information
about molecular structure, although sensitivity remains an issue for on-line NMR detection. This is especially true when
hyphenating NMR to capillary separations as the observation time and analyte mass are decreased to the point where reduce
information is obtained from the eluting analytes. Because of these limitations, advances in instrumental performance have a
large impact on the overall performance of a separation—NMR system. Instrumental aspects and the capabilities of
cLC-NMR, CEC-NMR and CE-NMR are reviewed, and applications that have used this technology highlighted. Recent
trends towards small volume capillary scale separations are emphasized, as is the recent success of capillary-isotachophoresi
(cITP)-NMR.
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1. Introduction review focuses on the hyphenation of nuclear mag-

netic resonance (NMR) with capillary separations.
Separation and identification of chemical species
is key to understanding the complex nature of 1.1. NMR spectroscopy
chemical and biological systems. Small scale hyphe-

nated separation techniques, such as capillary liquid What information does NMR provide? NMR is a
chromatography (cLC), capillary electrophoresis well-established and powerful technique for elucidat-
(CE) and capillary electrochromatography (CEC), ing molecular structures, determining degradation
have revolutionized the ability to separate compo- products/impurities and studying molecular dynam-
nents in small samples. These techniques can provide ics. As such, NMR is routinely used in phar-
faster analysis times, higher separation efficiencies mocokinetic stydiesdrug metabolism|[8,9],

and greater preconcentration abilities from less start- organic synfi€$iand natural product chemistry

ing materials. Such features significantly benefit [11,12]. Methods based on NMR can also be em-
several areas, such as the pharmaceutical sciences, ployed to analyze mixtures without physical sepa-
natural product chemistry, and biomedical research, rafi@), and measure molecular propertifist]

that tend to have large numbers of mass-limited and bulk properties of the mdgtifyf6]. As a
samples to analyze. What is capillary separation? non-invasive technique, NMR is often used to study
Capillary liquid chromatography (cLC) has evolved molecular interactions and is a vital tool to screen
from microcolumn chromatography and is now an potential drug candidai®@s DNA/RNA binding
established separation techniqlie2]. In general to proteins, and other applicati¢h8,19]. Therefore,

liquid chromatography (LC) performed with col- NMR has become an essential analytical tool in
umns of less than 0.5 mm diameter is considered academic and industrial environments. NMR is an
cLC [1]. The introduction of high resolution CE in inherently insensitive, but non-destructive technique,
the early 1980s by Jorgenson and Lukacs brought a so that long observation times are used to increase
new dimension to separation efficiendg]. This the signal/noise §(N) to acceptable levels. This
technique was the method used to sequence the becomes problematic when using on-line detection
human genome and is gaining importance in a for capillary separations where peak durations tend
number of other areas. CEC is a technique that to be short (several seconds long). The detection
combines the separation efficiency of CE and the limits of NMR are several orders of magnitude
selectivity of LC [4-6]. In all cases, reducing the poorer than other standard analytical techniques

scale of the separation to microscale places unique Tablg 1) [20].
constraints on sample handling and detection. This The sensitivity of NMR must be improved to
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Table 1 cuses on both standard and microcoil based NMR

Limits of detect'lon (LQD) for common analytical detection probes for detection in capillary separation.
methods used with capillary separations

Method LOD (mol)
Fluorescence 10° -16° 1.2. The NMR probe
Mass spectrometry 10° 18

. 15 9 . . .
E'eg_"oﬁhem'cf' 1814 ‘139 The RF coil or the probe is an important com-
Uii/—l\(/)icsitizlact?sorbance 16° __166 ponent of NMR instrumentation. It must be capable
NMR 10°°—10° " of delivering radiofrequency energy necessary to

excite NMR active nuclei and of collecting signals

from the sample. It has been shown theoretically and
experimentally that maximum coupling between the
probe and the sample is achieved by miniaturizing
adopt this technique as a more routine analytical tool the NMR coil just to accommodate the samf2é].

and to use it as an online detector for separation The minimum amount of analyte that can be detected
techniques. Both theoretical and practical strategies is related to the mass sensitivity of the probe, as
have been developed to enhance NMR sensitivity. defined by Eq. (1):

As a straightforward approach, higher field magnets

Adapted with permission from Ref[20]. Copyright 1999
American Chemical Society.

have been introduced because the sensitivity in- . S/N

creases with the 7/4th power of the magnetic field " mol t1/2 @)
strength. Magnets, based on super conducting tech-

nology close to GHz field strengths, are now avail- whaxt andt are the number of moles within the

able at a fairly high cost. The search for higher field observe volumg)(and the acquisition time,
strengths with novel super conducting materials is a respectively. The USeinktead of concentration
continuous effort[21]. Another approach involves sensitivit$, f is more appropriate for mass limited
polarization transfer from optically pumped nuclei samples as measured with NMR microcoils and to
such as'*® Xe to improve NMR sensitivity. This compare the performance of different probes. De-
method is known as the spin polarization induced scriptions of microcoils for high resolution NMR
nuclear Overhauser enhancement (SPINOE) tech- spectroscopy and their applications can be found
nique[22]. A sensitivity improvement of 50-fold for elsewhefR0,26].

'H and 70-fold for **C has been reported with The ratio of the volume available for detection
SPINOE. However the applications are mostly lim- V, () to the total amount of volume/(,) needed for

ited to analytes dissolved in liquid Xe or non-aque- analysis is known as the observe fgi{@0]. To

ous media. Similarly, dynamic nuclear polarization reach maximum sensitiviify,should approach
(DNP) uses saturating electron spins coupled to unity. In practice, preventing magnetic susceptibility
nuclear spins to increase NMR signal inteng23]. boundaries near the sample being measured is done
Several applications of NMR detection with DNP by extending the sample beyond the NMR observa-
have appeared using chromatographic separations tion region. For example, a standard 5-mm NMR
[24]. This method requires additional instrumentation experiment requirésOql sample volume al-

to generate microwave power and most importantly though the NMR active voluma5s8 pl.

the presence of electron radicals, but is certainly Two arrangements of NMR coils, the solenoidal
intriguing; hopefully, this will be further developed RF coffi§. 1A) and the saddle-type (Helmholtz)

in the coming years. NMR probes constructed with RF céilg( 1B) have been employed as on-line
super conducting materialR5] and cryogenically NMR detectors for capillary separations. Maximum
cooled radio frequency (RF) coil20] can improve sensitivity for a solenoidal coil is achieved by
the sensitivity by minimizing receiver coil noise, keeping the coil axis to the static fig/d, B , whereas
although such technology has not yet received much in saddle coils, the maximum signal is gained with

attention for capillary separations. This review fo- its axis parallel tp B . Typically solenoidal mi-
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Fig. 1. (A) Solenoidal RF coil wrapped around a fused-silica capillary placed orthogongl to B . (B) Helmholtz coil with an expanded flow
cell is placed parallel to B .

crocoils are designed to hold nanoliter to low proportional $6N, smaller diameter RF coils
microliter sample volumes. Commercial probes with provide higher mass sensitivity. For a given length
flow configuration became available after the intro- and diameter, solenoidal RF coils are about two to
duction of microcoils in 1995[27]. As a major three times as sensitive as saddle type d@i526].
development, a saddle coil that houses 1.7-mm  Solenoidal microcoils can be constructed in-house
diameter sample tubes has been introduced by Varianby carefully wrapping a conductive wire around the
[28—-30]. Another significant contribution is the capillary with the conductive wire acting as the
design of an inverse coil to accommodate a 3-mm detection cell. This allows easy coupling of the NMR
diameter sample tube with a detection volume of spectrometer to cLC, CE or CEC. When using such

60 ul and total volume of 140ul [31]. To date,  an on-line detection cell, NMR active volumes are in
the smallest reported volume for a saddle coil probe the range of microliters to nanoliters and can easily
is 5 pl, with an active volume of 2.3ul [32]. This be changed to the demands of a particular application

probe shows &/N enhancement of 5 in comparison  py ysing the appropriate capillary. Different probe
to the conventional 5-mm NMR probe. However o gesigns have been developed with several of them
on-line capillary separation data have been reported peing designed especially for microscale separations
with this probe yet. [34-44].

The S/N per unit volume for solenoidal coils with
diameter d,) greater than 10Qum is approximated
by Eq. (2)[33]:

714

S/Nox do (2) In principle, complete structure elucidation of
¢ separating analytes during a chromatographic or
where w, is the Lamor frequency. Becaus®, is electrophoretic process can be performed using NMR

1.3. Hyphenation of capillary separation—-NMR
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as an on-line detector. This reduces off-line analysis and saddle type microcoils have since been published
of samples and may also allow the analysis of [36,41,42,54].CEC—-NMR has been used to analyze
sensitive and unstable mixtures. biological flujd4,42] and polymer mixture$55]

Watanabe and Niki introduced the first LC—-NMR by thé Tubingen groups. In 1998, Bayer, Albert and
system in 1978 as a stopped-flow experimdsi. In their groups introduced an integrated CEC—-NMR

1978 Bayer et al[46] reported the first continuous- system with CE and dB36]. To date, only a few

flow LC—NMR experiment. Nonetheless, detection researchers have reported using CE-and CEC-
sensitivity and other constraints imposed by this NMR, partially due to lack of commercial instru-
combination hindered the routine analytical applica- mentation. In this review article we will describe the
tion of LC—NMR for years. Over time, the develop- developments and the applications of cLC—, CE—and

ment of higher field strength magnets, better solvent CEC-NMR.
suppression techniques, more sensitive small diam-

eter transmitter/receiver coils, on-column sample

preconcentration and expanded flow cells have im-

proved the sensitivity of NMR spectra recorded in 2. Capillary LC-NMR
LC separations. Since then LC—-NMR has become a

vital and an attractive analytical tool for stereo- Because of the small solvent volumes involved
chemical analysis of drugs in biological fluidié7], with cLC-NMR, most experiments are performed
and has been used in combinatorial chemistry for with deuterated mobile phase. This eliminates the
separation and identification of libraries of small need for solvent suppression and allows access to the
organic molecule$48] and peptide$49]. Separation total chemical shift range. Another advantage of
and identification of terpenoid mixtures0], and microcolumn/capillary LC techniques, enhancing
analysis of nitroaromatic compounds containing en- detection performance, is the higher concentration of
vironmental samplef1] and plant natural products analytes in an analyte peak for a given injected
[52] have also been performed with LC—NMR. amount injecfgl The chromatographic dilution

The conventional LC column (1504.6 mm 1.D.) D) of a compound during the separation process is
requires relatively large volumes of eluents. As a approximated by Eqg. (3).

result, it is not often economically feasible to use
more expensive deuterated solvents for LC—NMR

G r’em(1+K)~V2LH7

measurements. However the intense signals gener-p = c v 3)

ated from protonated solvents must be reduced to max inj

increase the dynamic range of analyte signals. NMR

solvent suppression techniques remove large solvent whgiie the initial concentration of the analyte,

signals; however, the spectral features of NMR C,_,, is the final compound concentration at the peak

signals in the proximity of solvent resonances are maximuns, the column radiusg is the column

also affected. Consequently, important spectral in- porogitis the retention factorl. is the column

formation required to deduce structures, especially of lengithis the column plate height and; the

minor analytes, is lost. The introduction of micro- injected sample volume. Even with chromatographic

column LC and cLC dramatically reduced the mobile preconcentration approaches, the column diameter

phase volume to a few milliliters or less, permitting dictates the peak volume of the eluting analyte, so

deuterated solvents to be used as mobile phase at that smaller columns produce high concentration

reasonable cost. eluting peaks. As the NMR detection cell also
Johnson and He introduced a non-capillary based achieves higher mass sensitivity as it is scaled to

method on electrophoresis—NMR (E—NMR) to study smaller sizes, this indicates that smaller diameter

electrophoretic mobilities and diffusion coefficients cLC columns with size-matched NMR microcoils

[53], although no separations were performed. The achieve the highest mass sensitivity performance.

first coupling of CE-NMR was described by Swee- For example, the peak intensity and mass sensitivity

dler and co-workers in 199{39,40]. A number of should increase several hundred-fold for a reduction

CE-NMR applications using solenoidal microcoils in column diameter of 4.6—0.3 Tatnle 2shows
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Table 2

Typical liquid chromatography separation parameters and resulting peak concentrations for 1 nmol analyte

Column I.D. (mm) Flow rate Peak volume Peak concentration
and mode of separation wl/min) (wh) (mM)

4.6 Standard 1000 200 0.005

1.0 Microbore 30 10 0.1

0.32 Capillary 3 1 1

0.18 Capillary 1 0.3 3

Reprinted with permission from Ref56]. Copyright 1998 American Chemical Society.

the variation of expected peak concentrations for a LC outlet capillary can be directly connected to the
1-nmol analyte injection with column diametgi6]. NMR probe. Often online UV-Vis is used prior to
As evident from the table, the sensitivity increases the NMR detection cell; the absorbance detector can
significantly when approaching capillary scale. This be used to trigger NMR acquisition or carry out
suggests that capillary techniques are especially stopped-flow NMR experiments.
useful to analyze small sample volumes. How close can the column and the LC pumps be
located to the NMR magnet? Obviously, magnetic
2.1. Capillary LC—NMR instrumentation materials perturb the required homogeneous field of
the magnet, reducing the spectral quality that one can
The basic instrumentation to perform cLC—-NMR obtain. The column may be positioned closer to or
is shown inFig. 2. Depending on the application, the inside the magnet bore if they are non-magnetic; not
B, 5
(Static Field)

L — NMR coil

"'/ 1 uL-25 nL

/IEI\PC to control HPLC :
HPLC
Pump I

<4— Magnet

NMR console

Capillary
@ column Bypass of UV/vis detector | IIDD
l é

UV/visible v
Injector and Autosampler detector Fraction collector
e\
I

Fig. 2. Instrumental schematic for a typical cLC—NMR set-up showing the arrangement of the separation capillary, pumping system and
NMR spectrometer.
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surprisingly, steel-jacketed columns are problematic. Besides chromatographic effects, the residence
To avoid any adverse effects of magnetic field on LC time of an analyte in the NMR flow cell affects
instrumentation, usually a long transfer line is re- NMR performance. The residence #inoé, an

quired to couple the capillary column to the NMR analyte in a continuous-flow experiment can be
probe. The internal diameter of transfer lines is related to the NMR active voMgpge.(,) and the

generally kept between 50 and 1QOm to avoid applied flow rateH) [60]:

extra column broadening. However with shielded

magnets, the LC instrumentation can be placed close | _ Voetection (4)

to the magnet (within 30 cm) with minimum NMR F

spectral line broadening. Therefore, the separation aog an example, a fixed detection volume ofilland
can be performed on a faster time scale. Commercial 5 flow rate of 5ul/min results in a 12-s residence
NMR probes specifically designed to interface with time. Decreasing the flow rate by half increases the
capillary LC systems have become popular tools in residence time to 24 s allowing a two-fold increase

the pharmaceutical industf$7]. In addition, cLC—  jn NMR acquisitions and an40% increase irS/N.
NMR instruments with more Sophisticated control The effective re|axation rateg'ro Of f|OW|ng Spins
systems are also commercially availaffg]. can also be related to residence tif66]:

An important consideration in designing cLC—
NMR instrumentation is the active volume of the 1/T, => T, + 1/ (5)

NMR probe. A typical NMR microcoil is constructed
by winding a Cu wire of a suitable gauge around a
fused-silica capillary[27] or polyimide sleeve59]

which can house the sample capillary. A range o

The spin-lattice relaxation timeT() and spin-spin
relaxation time T,) are reduced in a flow system and
¢ described using Egs. (6) and ([80]:

capillaries with internal diameters in the order of 4 1 1

hundreds of micrometers can be used to construct a—— =7 +; (6)
. . 1flow 1static

suitable NMR active volume. In general, the term

microcoil denotes an active volume of less than 1 1 1

several microliters. The typical length of solenoidal T,,.., Tocaric 7

microcoils ranges from 0.3 to 3 mm. While saddle ) ) ) )
coils are not available in this size range, the saddle Where-l_-lflow _andTZflow are spl_n-lattlce ar_ld SpIN-spin
coil configuration allows direct insertion of a column relaxation times of spins in a flowing system,
or an outlet capillary into the NMR probe. Capil- respectively. TheT, g, and T, are relaxation
laries with internal diameters of 31pm (12-mm  {imes for spins in a stationary system. In NMR the
probe, 900-nl active volume) and 180m (2-mm hlghgstS/N is reqorded by choosing a sun_able pulse
microprobe, 200-nl active volume) have been used to r_e-pet!tlon time W|th.respect to the -sp|n—latt|ce rglaxa—
separate mixtures using cLC—NMR instrumentation tion time. In a stat|c_: sys_tem this is generally.m the
[58]. As is obvious from probe and capillary dimen- range of three.to five times, [6.1]' In a ﬂpwmg
sions, the poor filling factor decreases the NMR system, reC!L.JCtIOI’_] of thg effectivé, permits the
sensitivity. Two flow cells, cylindrical and expanded pulse repetition time to Increase. Therefore, NMF\.)
bubble cell§36] are used in cLC—NMR experiments para_meters must be optimized _to record spectra in
with the saddle coil configuration to aid concen- continuous-flow LC-NMR experiments.
tration sensitivity.

Chromatographic peak volumes for cLC processes 2.2. The modes of LC-NMR
range from~1 pl to ~100 nl. In separation tech-
niques, the detection volume should be limited to 2.2.1. On-flow
one-third the volume of the eluting peak or peak In this method the NMR spectra are recorded
distortion can occur. However, to improve the NMR while the sample is flowing through the NMR probe.
sensitivity larger active volumes can be used at the Normally, results are presented in a two-dimensional
expense of chromatographic efficiency. display showing NMR spectra as a function of
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retention time. This mode tends to preserve chro- affected by solvent composition than the protons of
matographic resolution best; however, the number of CHD CN. Both the chemical shift changes and line
scans recorded per retention time is limited prevent- broadening make it difficult to perform on-flow
ing the on-flow technique from obtaining the highest gradient LC—NMR experiments. Therefore stopped-
S/N and from performing information-rich multi- flow NMR measurement is a common practice with
dimensional NMR experiments. Continuous-flow gradient LC—NMR experiments.
cLC-NMR has been reported with sample sizes as
small as a few micrograms (hmol) with a 1ul- 2.2.2. Direct stopped-flow
NMR observe volumdg62]. In stopped-flow experiments the flow is stopped

The use of solvent gradients to achieve faster/ when the desired analyte peak reaches the NMR coill
better separation is a common liquid chromatograph- and the spectra are acquired under static conditions.
ic technigue. On-flow LC—NMR has a unique depen- Typically another LC detector (e.g. UV-Vis) is used
dence on solvent composition. In a,D O/¢D CN to detect and select when to stop the desired peak in
system, a change in CD CN composition from 50 to the flow cell. The appropriate time delay after
60% changes many resonance frequencies~h detecting the peak allows the analyte peak to reach
Hz per percentage change in solvent. Therefore even the NMR coil, before the flow is stopped. This
shallow 1-2% gradients may cause ®& and the technique allows one- and two-dimensional NMR
spectral linewidths to deteriora{€3]. Fig. 3 illus- experiments as well as eliminating the negative
trates the adverse effects on NMR spectra of solvent effect of solvent gradients on NMR spectral prop-
gradients moving across the NMR observe volume erties. Under static conditions, the magnetic homo-
[50]. The change in solvent composition during geneity can also be optimized to achieve high
solvent gradients changes chemical shifts and de- resolution. However, long NMR experiments often
grades the magnetic field homogeneity across the degrade chromatographic separation, especially when
NMR coil. All protons are effected differently; for more than one peak is to be analyzed within a single
example, the proton chemical shift of HOD is more run, requiring multiple stopped-flow periods. This is

A B
i

Time l

S
¢

el
T
RN S SN 5

3.30 3.25 3.20 3.15 ppm 1.98 1.94 1.90 ppm

U
=~

A O AR S

A S R SR |
e e e

P O R eI A N e

HOD CHD,CN

Fig. 3. Stacked plot of H NMR spectra as a function of time: (A) HOD peak, (B) residual acetonitrile (ACN) peak that shows the effect of
a 3+l injection of D,0-d, ACN (15%, 85%) into D O-g ACN (10%: 90%) mobile phase. The flow rate jd/8in. The total NMR
experimental time for acquiring each spectrum is 5 s (a relaxation delay of 3 s and an acquisition time of 1.99 s). (Reprinted with permission
from Ref. [50]. Copyright 2001 Elsevier)
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because diffusion of the analyte occurs during
periods of stopped flow, broadening the peaks.
However, the relatively smaller 1.D. (50—100m)
transfer line in cLC—NMR minimizes peak broaden-
ing [2,58].

2.2.3. Loop storage/loop transfer

Unlike the stopped-flow method, in the storage
loop method, the separation is continued while
extracting the desired peaks using a UV detector for
timing. The selected eluant time periods are placed
into storage loops for later interrogation by NMR.
The individual peaks are then serially transferred to
the NMR probe for measurement. This technique
also avoids possible peak contamination, as illus-
trated inFig. 4 [63]. The retention time difference
for peaks 1 and 2 is 0.4 min; under the direct
stopped-flow condition;~20% of peak 1 is carried
over to peak 2. However the loop storage/transfer
removes the contamination of these two peaks. This
method eliminates several of the problems of the

Peak 1 (3.5 min)
~Sa

|

827

stopped-flow method but requires more complex
fluidics, and usually dilutes the peaks because of the

switching required. This is especially true on the

capillary scale where the dead-volume introduced by

many capillary connections is especially important.

2.3. Applications of cLC-NMR

cLC—-NMR is a powerful combination resulting in
a method that provides structural information of
compounds in complex mixtures; the NMR infor-
mation complements the information available from
cLC mass spectrometry. Examples of cLC—NMR
include the analysis of KiB&F mixtures of
vitar{Bs$, cis/trans isocohumulond86], amino
aci@’4,37] and terpenoid$50].
Bayer and co-workers demonstrated the first cou-
pling of capillary LC to NMRB7]. In their work a
binary mixture of dansylated amino acids (glutamate
and phenylalanine) were separated in under 40 min.
Separation was achieved usipg a CX0@D

Peak 3 (3.9 min)

Peak 1

2§ 28 3§ 3.2 34 36 38 40 42 44 46 48 50 52 54 56 [min]

4.5 4.0

Direct stopped-flow

-
Peak 2 I | ) carry over peak I ‘ ) No carry over peak
35 45 40 35

Loop transfer

Fig. 4. NMR spectra of closely eluting peakst €0.4 min) under two different working modes, stopped-flow and loop storage/transfer.
(Reprinted with permission from Ref63]. Copyright 2002 John Wiley and Sons Ltd)
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mm |.D.) column with solvent gradient (D O/deuter- each NMR spectrum represents just 12 coadded
ated ACN (CD, CN). A 1.2-cm-long saddle type coll scans acquired in 12 s. The limit of detection
and an inset detection cell based on a 2.5-mm reported in this study for Ala~W®a8 ng. This
microprobe (600 MHz) were used in this study. clearly demonstrates the feasibility of using cLC—
On-line NMR spectra were recorded with a 900-nl NMR with solenoidal microcoil-based NMR probe to
NMR active volume probe for a mixture containing analyze mass limited samples.
1.7 nmol of dansyl glutamate and 2 nmol of A particularly attractive feature of NMR is its
dansylphenlyalanine. Despite the modest NMR probe capability to deduce molecular structures. Using this
filing factor (~1.6%), the LOD achieved with capability a previously unknown kitol isomer has
stopped-flow measurements 40 pmol in 20 min. been identifiefB8]. A capillary with 180um 1.D.
Analysis of submicrogram to microgram quantities corresponding to 200-nl active volume is used inside
of amino acids has been reported with cLC-NMR a 2-mm microprobe. Fifty micrograms of analytes
using a G (15& 0.5 mm I.D.) column and a 1.{ was injected for separation. The total correlated
observe volume solenoidal probe (500 MHBR]. TOCSY spectrum shown itfrig. 6A and the one-
Fig. 5A shows a two-dimensional display of a cLC— dimensional proton spediig. (6B) allow the
NMR chromatograph recorded with online con- elucidation of the structure of the unknown kitol.
tinuous-flow NMR spectra for a mixture of simple As an added advantage, hyphenated techniques
amino acids. The extracted one-dimensional NMR permit the analysis of mixtures with unstable sub-
spectra shown irFig. 5B demonstrate the capability stances. A mixture of vitamin A derivatives which
to execute continuous-flow NMR with nanomole are susceptible to air and/or light has been analyzed

(less than 5.g) amounts. It is important to note that with cLC—NMB5]. In this study both continuous
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Fig. 5. (A) cLC-NMR chromatogram. Each NMR spectrum represents 12 coadded scans acquired in 12 s. Injected ampun(262.3
nmol) of Ala, 4.8g (20 nmol) of Gly—Tyr and 4.8.g (21 nmol) of Phe—Ala. (B) Extractet H NMR spectra at each retention time.
(Adapted with permission from Ref62]. Copyright 1999 American Chemical Society)
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Fig. 6. (A) Stopped-flow TOCSY spectrum of an unknown kitol detected during a cLC—NMR experiment. The spectrum is recorded with 88
transients per increment with a total acquisition time of 15 h using 200-nl observe volume. (B) Stoppéd-flow H NMR spectrum of the same
unknown kitol obtained with 128 scans in 5.3 min. (Reproduced with permission from[383.Copyright 1997 American Chemical
Society)

and stopped-flow experiments were performed with a 3. Capillary electrophoresis (CE)-NMR
column (180um 1.D., ODS) to separate vitamin A

acetate and vitamin A dimerization products. The low-mass sample requirements with high

In these studies, high resolution NMR spectra with separation efficiencies and fast separations are keys
1-2-Hz linewidth have been reported with both to the success of CE. Combined CE-NMR can offer
solenoidal and saddle coils. The cLC-NMR with the separation capability of CE and the superior
solenoidal microcoils confirmed the theoretical and detection of NMR, although the smaller volumes and
experimental studies of higher mass sensitivity. The shorter residence time of analytes makes NMR
saddle coil configuration allows a wide range of detection problematic in CE.

observe volumes to be implemented by changing

capillaries. In general mass limited samples are best 3.7. CE-NMR instrumentation and experimental
analyzed with cLC coupled to solenoidal NMR aspects

microcoils, whereas high concentration sensitivity at

the expense of separation efficiency can be achieved As shotrig.i7, the NMR microcoil probe can
with saddle type NMR coils. be coupled to the capillary CE system with no major
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modification to the existing CE instrumentation. As 3.2. Electrophoresis effects on NMR spectral
in the case of cLC-NMR, magnetic objects must be properties
kept several meters from the magnet depending on

the magnetic field strength except with shielded As stated earlier the solenoidal coils with axis
magnets. The non-magnetic plastic buffer vials and orthogonal to the static magnetic fjeld (B ) form the
Pt electrodes can even be positioned within the most mass sensitive RFFigil& ). However, in
magnet bore to perform CE—NMR43]. In prior this configuration, the electrophoretic current induces
CE-NMR studies, the solenoidal microcoil was a second local magnetic field gradient that perturbs
either wrapped around the capillary or the capillary the magnetic field homogeneity (see iRgpt8h

was housed inside the saddle coil. However, mag- The strength of this induced magnetiB, Jiekin(

netic susceptibility effects degrade line shapes and be related to the permeability copgtartie

S/N if thinner-walled capillaries are used as the coil electrophoretic cuiireght radial distance from the
comes into closer contact with the sample. In this center of the capiltargnd the capillary 1.D.R

case, the capillary is the sample holder as well as the [20]:
coil form. The number of turns of the solenoidal RF

coil and the diameter of the capillary control the B, :L”Z (8)

length of the NMR active volume. Larger observe 2mR

volumes can be realized with expanded flow cells. The magnetic field inhomogeneity from this effect is
Use of an expanded detection cell improves the difficult to restore by shimming procedures em-
sensitivity at the expense of separation efficiency. ployed in NMR to restore magnetic field homo-

N

__—1 RE coil

Magnet —

Fused silica capillary

NMR console
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et ¥ L M—
buffer vial
/injection Outlet
buffer vial
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Fig. 7. Instrumental schematic used for CE-NMR showing the arrangement of the separation capillary and NMR detection probe.
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Fig. 8. Microcoil CE-NMR spectra of triethylamine methyl peak itlborate buffer with an applied voltage of 0.0—9.0 kV increased by
increments of 1.0 kV. The inset shows electrophoretic current induced magnetic field. (Reprinted with permission fijéd].R&dpyright

2002 American Chemical Society)

geneity. The effect of induced magnetic field gra-
dient leads to broader NMR lines, loss of scalar
coupling, and poorS/N. As shown inFig. 8, the

scalar coupling of the methyl triplet of triethylamine
disappears with high field magnetic filed gradient
created with increasing curreii®4]. A significant

loss of S/N and increase in NMR linewidth are also

observed at higher voltages. A voltage increase from

0 to 8 kV causes a linewidth increase from 1.5 to
15 Hz with correspondin@/N decreases from 147 to
19 [43].

A simple answer to the current induced thermal
and magnetic field gradient effects is stopped-flow
experiments. This technique also allows for the
acquisition of time consuming but more informative
two-dimensional NMR experiments. A unique tech-

nique which acquires NMR spectra under quiescent

conditions has been describgtB]. In this method,

once the analyte reaches the NMR microcoil observe

region, the voltage is periodically interrupted and
1-min high resolution NMR spectra with god&N

are acquired for every 15 s of applied voltage.
However, the termination of voltage may adversely

affect the separation efficiency and reduce peak

resolution due to diffusion over the longer period of
the experiment.
Fig. 9 illustrates novel CE—NMR instrumentation

with a dual microcoil probe to record continuous-
flow NMR data under stopped-flow condéijns
The dual coil probe is fabricated by individually
wrapping two coils around two separate outlet
capillaries. The outlet capillaries are connected to the
separation capillary through a capillary splitter. In
this study, CE-NMR experiments were performed
with one outlet capillary while keeping the second
capillary at open circuit. A series of NMR spectra
obtained by alternating electrophoretic flow between
the two coils is shown inFig. 10. The current
induced effects observied).i8 on NMR spectra
are eliminated, because with this instrumentation
only the NMR spectra of the sample in the floating
capillary are obtained.
The best NMR sensitivity for analytes using a
saddle coil probe is achieved when the coil axis is
parallel to B . In this case, the electrophoretic
current-induced magnetic field does not contribute to
magnetic field inhomogeneity along-akis. As
shown inFig. 11, high resolution NMR spectra have
been reported with si8filwith varying electro-
phoretic curr¢d®. The slight chemical shift
change is attributed to Joule heating at higher
voltages. The absence of current induced magnetic
field permits on-flow CE-NMR experiments to be
performed with saddle NMR probes.
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Fig. 9. Instrumental schematic of CE with dual-microcoil NMR detection showing the arrangement of the separation capillary, the two
outlet capillaries and the two NMR detection coils. (Reprinted with permission from[@&Hf.Copyright 2002 American Chemical Society)

The rate of migration of each analyte band in CE tion species. The effective relaxation rates and thus
is characteristic of electrophoretic mobility, so that the effect on NMR spectra have been described
each moves past the detector at a different rate. previously.

These differential migration rates can influence the The high surface-area to volume ratio in capillary
NMR signal intensity and linewidth of each migra- scale (K00 uwm) electrophoresis dissipates the

)
All spectra from first coil (NMR observation switch bypassed; shims optimized for first coil)

0 pamp 59 pami/\ 0 pamp 59 pamp (‘\

B)
All spectra from second coil (NMR observation switch bypassed; shims optimized for second coil)

59 pamp [ E 0 pamp M 59 pamp [ E 0 pamp W
()

Spectra 1 and 3 from first coil; spectra 2 and 4 from second coil (shims optimized for each coil)

Ist 2nd Ist
Coil Coil Coil
0 pamp 0 pamp 0 pamp

Fig. 10. Array of two-microcoil CE-NMR spectra of the methyl peak of triethylamine i borate buffer. Spectra acquired during
alternation of electrophoresis flow between two outlet capillaries. (A) Spectra acquired from the upper coil, with the shim settings optimized
for the upper coil and the NMR observation switch by-passed. (B) Spectra acquired with the lower coil, with the shim settings optimized for
the lower coil and the NMR observation switch by-passed. (C) NMR spectra acquired from the microcoil on the outlet capillary without
electrophoretic flow, with the shim settings optimized for the active coil and the NMR observation switch in-line. (Reproduced with
permission from Ref[64]. Copyright 2001 American Chemical Society)
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Fig. 11. Static 600-MHZ" H NMR spectra of lysine under CZE
conditions: (1) without voltage, (2) with 10 kV (29A), (3) with

20 kV (29 pA). Inset shows slight change in chemical shift due to
temperature. (Adapted with the permission from RE36].
Copyright 1998 American Chemical Society)
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Joule heat effectively, therefore allowing voltages as
high as 30 kV. The high voltages enable faster
separations. Because of the insensitivity of NMR
compared to other capillary separation detectors,
CE-NMR often requires capillaries with a diameter
of 75-200um to enhance the NMR active volume

specially when employing solenoidal coils. However,

increases in internal diameter decrease the surface-

area to volume ratio. For example a greater than 50%
decrease in surface-area to volume ratio occurs when
increasing from 75 to 20Q.m [65]. The inability to
dissipate heat effectively with larger capillaries may
cause Joule heating and contribute to chemical shift
changes of more solvent sensitive protd6§,67].
This complicates the interpretation of NMR data.

3.3. NMR observe volume

Analyte peaks in CE typically contain low nanoli-
ter volumes. High resolution CE electropherograms
and NMR spectra can be obtained using nanoliter
volume NMR observe volumes; however the obtain-
able NMR sensitivity often precludes the use of such
small NMR active volumes. CE-NMR experiments
have been successfully performed with microcoils
having observe volumes as small as 540,43]. A
high filling factor is one of the advantages of using
microcoils directly wrapped on CE capillary. How-
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ever, this excludes the ability to change the observe
volume. These problems have been solved with
sleeve probe technology in which the solenoidal coil
is wrapped around a polyimide sleeve which can
house different sizes of CE capillari¢s9]. High-
resolution spectra with linewidths of 1-2 Hz can be
obtained with this new coil fabrication approach.
With a saddle coil NMR probe as the online NMR
detector, CE-NMR data can be recorded in a
continuous mode. Because of the difficulty in fabri-
cation, saddle coils tend to be larger than solenoids,
although a 2.5:1 saddle coil probe for static samples
has recently been describgP]. By using insets in
the larger volume saddle coils, the effective flow cell
volume of saddle coils reported for CE ranges from
250 to 400 nl[36,68].

3.4. Applications of CE-NMR

The first hyphenation of CE-NMR detected 800
M arginine, had the CE inlet and outlet vials within
the bore of the NMR md@@ktand reported the
separation of arginine, cysteine and glycine with
detection limits of 50 ng under static [AQ]dés
order to record NMR spectra in 16 s, a relatively
high injection volume (20 nl) has been used, reduc-
ing the separation efficiency. For example the ef-
ficiency reported for cysteB@O3
The periodic stopped-flow technique excludes the

electrophoretic current induced effects associated

with the horizontally-positioned solenoidal coil, and
was used to analyze a mixture of arginine and
triethylamine (TE®). Improved concentration
LODs for arginine with similar mass sensitivities (57
ng; 330 pmol) and TEA (9 ng; 88 pmol) have been
reached with field amplified stacking. Because of the
sample stacking and stopped-flow measurement the
sensitivity was increased by 2- to 4-fold without
compromising the separation efficiency. Separation
efficiencies of 50 000 were reported for arginine with
periodic stopped-flow.

Continuous-flow CE—NMR with a saddle coil has
been used to separate a mixture of lysine and
histidine in phosphate b{8®& In this report a
detection limit of 336 ng (2.3 nmol) has been

recorded for lysine. CE-NMR using a saddle coil
probe has been used to analyze drug metabolites.
The ability to separate and identify drug metabolites
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and bio-transformed products in biological fluids is a However, some NMR signals overlap the glycine
considerable challenge. CE-NMR analyses of the resonances. Changing the buffer to formate (pH 5)
major metabolites of paracetamol in human urine has removes the spectral overlap but reversed the order
been demonstrated1,42]. In this study CE-NMR of migration and increased migration time. However
successfully analyzed two major metabolites, para- at pH 5, both caffeine and aspartame migrate closer
cetamol glucuronide and paracetamol sulfate conju- to each other. The experimental conditions often are
gates, as well as endogenous material (hippurate). a compromise between separation efficiency and
Fig. 12 illustrates the separation of paracetamol NMR spectral quality. Injections of larger analyte
glucuronide and paracetamol sulfate and endogenous volumes and concentrations greater than the buffer
material hippurate. The experiment was performed concentration to improve NMR sensitivity usually
with a 400-nl NMR detection cell at 600 MHz, and degrade the separation efficiency of CE.

used an injected volume of 8 nl for an @@n 1.D. As described in the section above, online con-
column (effective length 1 m). Comparison of chemi- centration methods can enhance the sensitivity by
cal shifts confirmed the identification of these com- concentrating the sample during the separation pro-
pounds. The estimated amount that could be detected [48k<LCapillary isotachophoresis can concentrate

in this study with aS/N of 3 was~10 ng. either positively or negatively charged analyj&9.

Often the separation process can be improved by During the cITP process the analytes are stacked
optimizing the buffer pH. Continuous-flow CE- between the leading electrolyte and the trailing
NMR has been used to analyze two commonly found electrolyte according to their electrophoretic mo-
soft drink ingredients, caffeine and aspartame at two bilities. Using clITP, concentration sensitivity en-
pH values [44]. This separation using a glycine hancements of two orders of magnitude have been
buffer at pH 10 was achieved in less than 70 min. reported for on-line nanoliter-volume NMR detection

[59]. Fig. 13A shows a reference proton NMR
spectrum of 5 v tetraethylammonium bromide
(TEAB) acquired with a solenoidal coil of 30-nl
observe volumeFig. 13Billustrates the cITP-NMR
spectrum of 8ul TEAB with initial concentration of
200 puM. The S/N recorded for TEAB under the
cITP condition is twice as high as TEAB without
U ’ preconcentration. The overall concentration enhance-
' ment is~1000. Furthermore, the sample observation
; ' " () ) A efficiency has also been increased from 0.5 to 50%.
‘ The cITP stacking enables the recording of h&gf/iN
) NMR in a shorter period of time. For example, the
{ spectrum shown inFig. 13B (inset) represents a
stopped-flow COSY spectrum acquired in 22 min.
) Wolters et al. further extended the application of
cITP—NMR for trace impurity analysig70]. The
application of cITP-NMR is attractive for separating
0t b ; and identifying trace drug metabolites and synthetic
8.0 6.0 4.0 ppm organic products. In this study, 2Q0M (1.9 nmol)
atenolol, a beta blocker used for treatment of car-
diovascular disease, was successfully isolated in the
Fig. 12. CE-NMR electropherogram for the separation of para- presence of 200 M sucrose. At the pH of analysis,
cetamol and its metgbolites from a human urine §ample: () atenolol is positively charged and therefore is effec-
paracetamol g_Iucuronlde; (I) paracetamol sul_fate cpnjugate; (D) tively separated from sucrose. As shownFiig. 14
endogenous hippurate. Data have been acquired with 64 FIDs per : . . !
increment. (From Ref41]; reproduced with permission from The ~ the intensities of atenolol signals are well below the
Royal Society of Chemistry) intensity of ° C satellite signals of anomeric protons
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Fig. 13. ' H NMR spectra of TEAB. (A) Capillary filled with 5 ki TEAB without sample stackingS(N of peak at 1.2 ppm: 13). (B) Bl
of 200 M TEAB injected; spectrum after sample stacking by cIBPN of peak at 1.2 ppm: 30). The inset shows a COSY spectrum.

One-dimensional spectral acquisition parameters: acquisition time 1.24 gulsg, delay time 0 s, eight acquisitions, total experiment time
10 s. (Reproduced with permission from REF9]. Copyright 2001 American Chemical Society)

T T

of sucrose. This clearly demonstrates the difficulty of process permits on-flow NMR data with solenoidal
obtaining goodS/N data for trace amounts in a microcoil RF coils.

standard NMR experiment even when there is no

spectral overlapFig. 14B illustrates a* H NMR 3.5. Diagnostic capabilities of CE-NMR

reference spectrum of 25 Wh atenolol directly

injected to the same coil. The on-flow cITP-NMR Besides compound identification, NMR can be
spectrum of atenolol (200M injected concentra- used to prove the separation process. Using NMR, a
tion) which has been obtained and processed under number of electrophoretic parameters have been
the same parameters is shown kig. 14C. Com- monitored. The presence of protonated species in the
parison of theS/N of these two spectra shows that buffer allows NMR to provide insight into the

the concentration of the focused atenolol band 49 separation. NMR has followed injection perform-

mM. Capillary scale ITP significantly improves the ance, sample plug prpfiBd, and intra capillary
concentration sensitivity of the most mass sensitive temperature measurdf@ntSuch findings will

NMR microcoils by allowing microliter samples to increase our understanding of the dynamic processes
be concentrated and measured using 10-100-nl occurring during separation.

NMR observe volumes. As demonstrated in this
study, the cITP-NMR system has successfully ana-
lyzed trace materials at0.1% in the presence of 4. Capillary electrochromatography (CEC)—

excess uncharged species. NMR

The narrow (few millimeters) length of the fo-
cused analyte bands makes it difficult to trap in- CEC is a hybrid separation technique that com-
dividual peaks. To solve this problem, new instru- bines the separation efficiency of CE and the selec-
mentation with two solenoidal microcoils in a single tivity of LC. In addition CEC also provides more
probe has been designgtD]. The first (scout) coil is sample loading capacity in comparison to CE. With
used to detect the analyte, while the second coil is these features CEC has become an attractive ana-
used for data acquisitionF{g. 14D). The low lytical tool to separate complex mixtures. The in-
electrophoretic mobility in cITP keeps the electro- creased loading capacity is an important advantage to

phoretic current at<10 pA. Therefore the cITP improve NMR sensitivity.
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Scout coil

Fig. 14. (A) "H NMR spectrum of the trace impurity sample (2001 atenolol and 200 i sucrose in 50% TE/D O) from 5-mm probe.

The expanded and vertically increased area is shown. (B) Static NMR spectrum obtained with direct injection\dfa2énmlol to the

NMR microcoil. TheS/N of atenolol methyl peak is 21. (C) On-flow cITP-NMR spectrum of atenolol at peak maximum during analysis of
the trace impurity sample (20@M atenolol and 200 M sucrose in 50% TE/D O). No sucrose peaks are observed Sikeatenolol

methyl peak is 34. Microcoit H NMR spectra shown in (B) and (C) were recorded and processed with the same NMR spectral parameters.
(D) Photomicrograph of the two-coil probe, with each wrapped around the same polyimide sleeve. (Adapted with permission fi@h Ref.

Copyright 1998 American Chemical Society)

4.1. CEC-NMR instrumentation and experimental
aspects

Fig. 15 illustrates a typical instrumentation
schematic used for CEC-NMR measurements. In
CEC, the separation is performed using capillary LC
columns. The separation is performed with electro-
osmotic flow instead of pressure flow. However, low
pressures ¥30 bar) are also used to prevent air
bubble formation at frits and/or achieve faster
separation[55]. Integrated instrumentation to per-
form cLC—, CE—and CEC-NMR has been designed

and shown to be a promising tool to analyze complex

mixtures[36]. The instrumentation for CEC—NMR is

a hybrid between CE-NMR and cLC-NMR and so
few additional details are provided here.

4.2. Applications of CEC—NMR

A continuous-flow CEC—-NMR experiment has
analyzed drug metabolites in human[4tid2].
The two-dimensional electropherografiginl 6A
demonstrates successful separation of three com-
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Fig. 15. A typical instrumental schematic for CEC—NMR showing the arrangement of the separation system and NMR detection cell.

ponents in a human urine sample. Taking advantage solvent gradient of 0—3Q% CD CN in 25 min, an
of the high loading capacity of CEC (a 500-nl improved separation has been achieved in a shorter
sample injection) NMR spectra with go&IN have time period.
been recorded. CE-NMR analysis of the same In addition to the electrophoretic flow, pressure
mixture under identical conditiond={g. 12) yielded can also be applied during CEC to decrease the
poorer NMR spectra. Time-slices of the proton NMR separation tj6. Pressurized capillary electro-
spectra at each migration time are used to identify chromatography (pCEC) coupled to NMR separated
the three peaks as paracetamol glucuronide, paraceta- and identified a mixture of unsaturated fatty acid
mol sulfate and hippurateF{g. 16B). The stopped- esters. The total analysis time was reduced by a
flow TOCSY further confirms the presence of para- factor of 10 compared to non-pressurized CEC. The
cetamol glucuronidg42]. plate heights increase with increasing pressure in
The power of gradient elution has been realized pCEC; however, the plate height recorded even at
with CEC-NMR while successfully analyzing an 100 bar is still below that recorded with cLC. To
analgesic mixture containing caffeine, acetamino- compare the same analysis, cLC—NMR operating at
phen and acetylsalicylic acif44]. In this report 16 bar separates the mixture in 110 min, whereas
poorly separated peaks with a solvent peak eluting pCEC-NMR (16 bar and 20 kV) analyzed the
close to acetaminophen are observed under isocratic mixture in 13 min. However, better resolution was
conditions (2 nv borate, 80% of D O and 20% of achieved with cLC. Further pressure increases during
CD,CN). The large sample injection volumes used pCEC do not shorten the migration time significantly
to improve NMR sensitivity appear to have caused but cause the separation efficiency to deteriorate. The

the separation efficiency to deteriorate. By using a reduced separation time as in pCEC provides extra
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Fig. 16. (A) Contour plot of a two-dimensional electropherogram recorded on-flow with CEC—NMR for separation of human urine extract.
(B) Single rows extracted from (I, Il and II) the continuous flow CEC—NMR frBig. 16A: (1) paracetamol glucuronide; (Il) paracetamol
sulfate conjugate; and (lll) endogenous hippurate. (From Réf; reproduced with permission from The Royal Society of Chemistry)

analyzing complex mixtures while providing struc-
tural details of analytes. The improved efficiency at
the capillary level benefits the enhanced NMR
sensitivity. Capillary techniques are especially useful
for analyzing mass limited samples as required in
pharmaceutical analysis, biomedical research and
environmental analysis. Sample amounts as small as
picomoles have been analyzed with capillary—NMR
techniques. The cLC—NMR instrument is becoming
an accepted analytical tool in the pharmaceutical
industry. Although it is not commercially available,
integrated cLC—, CE—and CEC-NMR instrumen-
tation provides data with complementary separations.
NMR sensitivity must be increased to improve the
utility of NMR as the detector for these capillary
separations. The miniature sizel( mm in length)
permits more than one solenoidal coil to be used
within the homogeneous region of the static mag-
netic field [71,72]. Multiple detectors on a single
column or capillary can record the NMR spectra of a
single migration band at multiple points. A multiple
coil system can also be developed so that separated

time to obtain more chemical information with
multidimensional NMR experiments.

4.3. Diagnostic capabilities of CEC-NMR

As in CE-NMR, CEC-NMR allows one to follow
the separation process, although far fewer reports of
this use have appeared. The frit used to contain the
packing material creates a region of increased electri-
cal resistance, which leads to localized temperature
rises. A recent study using CEC—NMR has revealed
the temperature events before, after and within the
frit [67]. A better understanding of CEC process will
assist efforts to improve its separation capability and
the reproducibility of CEC—NMR.

5. Conclusions and future of capillary
separation—-NMR

Hyphenated capillary separation techniques, cLC—
NMR, CE-NMR and CEC-NMR, are capable of
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