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Section S1 discusses a microslot-style detector that we initially
considered using in the small-volume probe. Analysis and experi-
mental tests suggest that signals apparently detected with the mi-
croslot1–3 do not originate from sample in the vicinity of the slot.
In Section S2, the design of the flat-wire detector and the circuit
in our small-volume probe are discussed. Section S3 describes a
sensitivity test of the probe, and Section S4 presents supplemen-
tary spectra mentioned in the main paper. In particular, Fig. S2
shows results obtained with a pulse sequence that yields a single
peak for each aliphatic group CHn of a biological molecule, while
Fig. S3 illustrates how nonuniform sampling can be used to de-
crease experiment time. Materials and methods are described in
Section S5.

S1 Microslot-style detector
The microslot detector1 for small-volume NMR spectroscopy was
introduced in 2007 and has since been used for metabolomic stud-
ies.2,3 The original microslot detector was formed by laser machin-
ing a slot of width 200 µm through a copper strip of width 300 µm
that rested on a planar substrate. When electric current flowing
through the copper strip reaches the slot, the current is focused
into the copper that remains along the sides of the slot. This fo-
cusing of the current increases the magnetic field in the vicinity of
the slot, and by the principle of reciprocity,4 detection sensitivity is
enhanced in this region. Note that since the substrate supporting
the copper strip has a copper plane on the back side, the microslot
detector can be considered a modified microstrip transmission line.

We initially planned to use a microslot detector in our small-
volume probe, and we tested one of the alternative microslot ge-
ometries presented in Ref. 1. Laser machining was used to define a
narrow bridge in a wider copper strip that was fabricated by etch-
ing. The resulting detector is shown in Fig. S1.

As illustrated in the figure, a capillary placed on the copper strip
can serve as a sample holder. Since the sample is not confined to
the vicinity of the narrow bridge in this configuration, the detected
signal includes a contribution from sample distributed along the 7-
mm length of the copper strip. Simulation and experimental testing
led us to the conclusion that this contribution is far larger than
that of the sample located in the vicinity of the narrow bridge.
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Indeed, we concluded that the main effect of the laser-machined
feature is to spoil the homogeneity of the static magnetic field B0

in the central region of the copper strip. We suspect that this is also
the case for previously published experiments in which a microslot
detector was used.

To understand these conclusions, note first that the 7-mm copper
strip shown in Fig. S1A is 35 times longer than the narrow bridge.
If the signal per spin is 35 times larger for sample located over
the bridge than for sample located over the wider copper strip,
the contribution to the signal from these two regions will have
the same order of magnitude. Roughly similar estimates hold for
the microslot detectors described in the literature. The detector in
Ref. 1 has a slot of length 100 µm in a wider copper strip of length
∼ 4mm, and the microslot detectors described in Refs. 2 and 3
have similar dimensions.

Our tests with the microslot-style detector were performed at
frequency 500 MHz, and the experiments with the microslot detec-
tor reported in the literature have used frequencies of 500 MHz or
600 MHz. At these frequencies, the skin depth of copper is 3 µm
or less, and current flows in a thin shell at the surface of the
copper. The laser-machined region focuses current because the
perimeter of the cross-section is smaller in this region than at the
wider strip. For the detector shown in Fig. S1, a measurement
with a profilometer indicated that the copper is about 55 µm thick.
The bridge is 35 µm wide, and the width of the 7-mm strip is about
110 µm. At the bridge, the perimeter of the cross-section is there-
fore smaller than it is at the wider strip by a factor of ∼ 2. Roughly
similar estimates can be made for the microslot detectors described
in Refs. 1–3.

We might thus expect the rf magnetic field to be larger over the
bridge by a factor of ∼ 2. As illustrated in Fig. S1C, finite-element
simulations show results consistent with this estimate. In Refs. 2
and 3, finite-element simulations show that the field is larger by a
factor of ∼ 3 over the microslot than over the wider strip.

Consider an NMR experiment in which a signal is detected after
a single pulse flips magnetization into the transverse plane. The
signal per spin in each part of the sample depends on the flip angle
as well as the detector’s intrinsic sensitivity. If the pulse width is
optimized for detecting sample located over the laser-machined
bridge or slot, then

signal per spin over wider strip
signal per spin over laser-machined region

∼ xsin(xπ/2) , (1)

where

x =
rf field over wider strip

rf field over laser-machined region
. (2)
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Fig. S1 Microslot detector tested in early stages of the design process.
(A) The detector is a 7-mm copper strip with a narrow bridge at the
center. The copper strip is terminated by tapered copper pads. The
substrate is Rogers 5880 laminate, and there is a copper plane on the
back side of the substrate. For purposes of illustration, a capillary is
shown mounted on the detector. During an NMR experiment, the static
magnetic field B0 is oriented along z, and current flowing in the strip
generates a linearly oscillating magnetic field along x. (B) A narrow
bridge at the center of the strip is formed by laser micromachining. The
bridge is shown without a mounted capillary. The indicated dimensions
correspond to the copper surface nearest the sample during experiments.
For example, the width of the copper strip at the surface facing the
substrate is about 150 µm, but the width at the surface facing the capillary
is about 110 µm. (C) A finite-element simulation of the detector’s rf
magnetic field shows how the field decreases away from the narrow
bridge. The x component of the field is plotted at a height of 20 µm above
the copper strip. (D) A zoomed-in view shows the variation of the field in
the vicinity of the narrow bridge.

If x ∼ 1/3, Eq. 1 implies that the signal per spin is larger by a
factor of about 6 over the laser-machined region than it is over the
wider strip. This factor is insufficient to compensate for the large
difference in volume between the two regions.

Field inhomogeneity due to susceptibility mismatch can be ex-
pected to significantly decrease the contribution to spectroscopic
signals made by sample located over the laser-machined region.
When placed in a strong static magnetic field directed along z, the
7-mm detector shown in Fig. S1A is a long magnetized strip. If
the strip were infinitely long and perfectly smooth, it would not
introduce field inhomogeneity at the sample;5 the bridge and the
soldering pads are departures from this ideal geometry and thus
introduce inhomogeneity. For a rough characterization of the in-
homogeneity in the vicinity of the bridge, note that air replaces
copper that is removed by laser ablation and that the difference
between the magnetic susceptibilities of air and copper is about
10−5. In a field of order 10 T, the regions in which air replaces
copper can formally be considered small magnets that have mag-
netization ∼ 10−4 T/µ0. The field inside these fictitious magnets
is of order 1G, which corresponds to a proton Larmor frequency
of about 4kHz. The laser-machined regions next to the sample
therefore introduce strong field gradients, and it is far from clear
that these gradients will be eliminated by a shimming process that
optimizes the spectroscopic signal from the capillary. We might in-
stead expect the shimming process to enhance the spectroscopic
signal contributed by sample over the wider copper strip, where
the gradients associated with susceptibility mismatch are weaker.

In order to demonstrate that the signal does not originate from
spins in the vicinity of the bridge, we performed NMR experiments
with two detectors that were similar except at the center of the
7-mm strip. For one of these detectors, femtosecond laser ablation
was used to define the bridge at the center of the strip, while for
the other, no laser machining was performed, and the cross section
of the strip was uniform along its length.

The same water sample, one-channel probe circuit, and pulse
power were used with each detector. The one-channel circuit was
obtained by disconnecting the trap and the components of the low-
frequency channel from the circuit shown in Fig. 1E of the main
paper, and the pulse power was a quarter watt. The water sam-
ple was in a capillary of inner diameter 50 µm and outer diam-
eter 80 µm. Signal-to-noise ratio (SNR) was measured using the
method described in Section S3 with a 6-s period of pulsed spin
locking.

The results of these experiments are presented in Table S1. The
π/2 pulse width and SNR were similar for the two detectors, but
the pulse width was slightly shorter and the SNR slightly higher
for the detector that did not have a laser-machined feature. These
results show that the laser-machined bridge does not play a signif-
icant role in the coupling between detector and sample.

We performed a second set of experiments using only the detec-
tor with the laser-machined bridge. For these experiments, the nu-
tation frequency was measured for three different positions of the
water-filled capillary: 1) aligned with the 7-mm copper strip and
resting on it, as in Fig. S1A, 2) transverse to the copper strip and
crossing it halfway between the bridge and the end of the strip,
and 3) transverse to the copper strip and crossing at the bridge.
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Table S1 Comparison of the π/2 pulse width and signal-to-noise ratio for
two detectors. One of the detectors has a laser-machined bridge, as
shown in Fig. S1, and the other does not.

Detector design π/2 pulse width Single-shot SNR

with bridge 7.25 µs 12521.5
without bridge 6.75 µs 13073.6

Field shims were adjusted for the first of these three positions and
then held fixed for the remaining positions. The nutation curves
obtained with the capillary transverse to the bridge showed a con-
tribution from spins that experienced a weak rf field at distances
well removed from the strip. Because the precession frequency
of these spins was shifted relative to the spins in the vicinity of
the strip, however, the nutation occurring in different regions of
the capillary could be distinguished. The nutation frequency of
spins in the vicinity of the strip was approximately the same when
the capillary was aligned with the strip as when the capillary was
transverse to the strip and crossed it far from the laser-machined
region. When the capillary was transverse to the strip and crossed
at the bridge, weak nutation at roughly the same frequency was
observed in a broadened spectral region. Referring to Figs. S1C
and S1D, we can interpret these results as indicating that for all
three positions of the capillary, the fast nutation occurred in the
regions where the rf field is plotted in green and has amplitude
roughly half the maximum value. In the small region directly over
the bridge where the rf field is plotted in red and reaches its max-
imum value, the spectral broadening was probably too severe for
nutation to be observed.

S2 Flat-wire detector and probe circuit
The analysis and experiments described in Section S1 led us to
omit the laser-machined feature from the detector design. The
resulting detector is a flat wire resting on a substrate that has a
copper plane on the back side. Note that the substrate is about
3 mm thick, as in published microslot designs.2,6 With the detector
separated by many times its width from the copper plane, the plane
can plausibly be modeled as a distinct circuit element, rather than
as part of a microstrip transmission line. Simulations performed
with FastHenry7 showed that the field generated by current in the
flat wire induced current loops in the copper plane. As illustrated
in Fig. 1D of the main paper, we removed a central vertical section
of the plane from the board design in order to minimize these eddy
currents. The self-inductance of the copper on the back side, as
calculated by FastHenry, did not change significantly due to the
removal of the central vertical section from the plane.

The two-channel probe circuit, shown as a schematic in Fig. 1E,
is designed to give sensitive detection of 1H in heteronuclear ex-
periments that include pulses on 13C. At the detection frequency
of 500 MHz, the flat wire has a short electrical length. Instead of
using balanced driving,8 we minimized the electrical length sepa-
rating the detector from circuit ground. Connecting the detector to
ground guarantees that current rather than voltage is maximized
at the detector. In Fig. 1C, the tapered copper pad below the detec-
tor is electrically connected to the disk-shaped brass deck, which
functions as circuit ground for the probe. This configuration was

chosen to minimize the electrical length separating the detector
from circuit ground.

S3 Sensitivity Test
We tested the sensitivity of our probe and detection scheme using
a pulse sequence that has a single π/2 pulse preceding a period
of pulsed spin locking. A two-step phase cycle was used to elim-
inate spurious signal originating from the substrate that supports
the flat-wire detector. After taking the Fourier transform of the
detected transient, we calculated SNR from the root-mean-square
noise floor and the height of the phased peak at frequency zero.
Note that optimal sensitivity requires the use of a matched filter
in processing the spin-locked transient,9 which for a sample with
a single resonance amounts to multiplying the transient by a de-
caying exponential and integrating. For a quick estimate of SNR,
however, the ratio of peak height to noise floor is convenient.

With a water sample of volume 500 pL, the single-shot SNR was
1730 for the detector of length 1 mm in the one-channel probe cir-
cuit. With a water sample of volume 15 nL, the single-shot SNR
was 6910 for the detector of length 7 mm in the two-channel probe
circuit. For both measurements, π pulses were applied at intervals
of 500 µs during the detection period.

S4 Spectra
Heteronuclear coherence transfer echoes can be used to develop a
wide range of pulse sequences. As an illustration, Fig. S2A shows
the heteronuclear spectrum of lactate obtained with a constant-
time SHARP sequence. Although successive increments increase
the period of spectroscopic evolution, the periods during which
homonuclear J couplings are active remain constant, and so these
couplings do not cause splittings in the spectrum. During the evo-
lution period for each nucleus, heteronuclear J couplings are refo-
cused with a set of π pulses. The pulse sequence therefore yields a
single peak for each aliphatic group CHn of a biological molecule.
Selective excitation of aliphatic groups is achieved by means of adi-
abatic sech/tanh pulses applied to carbon during the preparation
and mixing periods.

The methods of small-volume spectroscopy presented in the
main paper give spectra in one or more indirect dimensions. The
potential of nonuniform sampling13 to decrease experiment time
for such methods is illustrated by Fig. S3. Uniform sampling with
185 increments was used for the upper spectrum in the figure,
while nonuniform sampling (NUS) with 93 increments was used
for the lower spectrum. For this demonstration, we obtained NUS
data by discarding increments from the uniformly sampled data
set, rather than by performing a separate experiment. But the re-
sult shows that in favorable cases, NUS methods can significantly
reduce the experiment time for these small-volume methods.

S5 Materials and Methods
S5.1 Fabrication of microslot-style detectors
Microslot-style detectors such as the one shown in Fig. S1 were
fabricated in two stages. For the first stage, Advanced Circuits
produced a detector board that lacked the laser-machined feature
at the center of the 7-mm copper strip. Mound Laser and Photonics
Center then performed femtosecond laser ablation to define the
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Fig. S2 Constant-time SHARP spectrum of 15 nL of 13C3-labelled lactate at concentration 100 mM. (A) The CH group and CH3 group contribute the
peaks on the left and right sides of the spectrum, respectively. Small peaks near the baseline are from impurities in the sample. The number of
increments was 272, and the experiment time was 8 h. (B) The times TC and TH are held constant during the experiment, while t1,C = t1γH/(γC + γH)

and t1,H = t1γC/(γC + γH) are incremented. With an appropriate choice of selective pulses on carbon, this constant-time sequence yields a single peak
for each aliphatic group CHn of a biological molecule. For this test of the sequence, the π pulses on carbon during the preparation and mixing periods
were adiabatic sech/tanh pulses giving selective inversion in the frequency range of aliphatic carbon. During the evolution period for carbon, the π

pulses applied to carbon were selective for aliphatic carbon or for CO. The Q3 pulse shape 10 was used for these selective pulses. The pulse applied
to CO at the end of the evolution period for carbon compensates for pseudo-Bloch-Siegert effects caused by the previous pulse on CO. Details of the
cycled phases φk are given in Section S5.
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Fig. S3 Comparison of spectra obtained with uniform sampling (185
increments) and with nonuniform sampling (93 increments). (A) Uniform
sampling was used for the upper spectrum, which is reproduced from
Fig. 3A of the main paper. (B) Half of the increments of the uniformly
sampled data set were selected using a randomly generated poisson-gap
sampling schedule with sine-squared weighting. 11 The selected
increments formed a nonuniformly sampled (NUS) data set. Processing
with the SCRUB algorithm 12 to remove NUS artifacts yielded the lower
spectrum, which is nearly identical to one obtained from the full data set.

narrow bridge at the center of the strip. By omitting the second
stage of fabrication, we obtained detectors similar to the microslot-
style detectors but lacking the laser-machined feature.

The detectors were fabricated from 1-oz copper, which has a
thickness of about 35 µm, on Rogers 5880 substrate of thickness
3.175 mm. During the fabrication by Advanced Circuits, the thick-
ness of the copper layer was increased somewhat above that of 1-
oz copper. For the tests presented in Section S1, the detector that
had a bridge was 54 µm thick and the detector without a bridge
was 67 µm thick. For both detectors, the width of the 7-mm cop-
per strip was about 110 µm at the surface facing the capillary and
150 µm at the surface facing the substrate.

S5.2 Fabrication of flat-wire detectors
The detector used for nanoliter samples had length 7 mm, width
100 µm, and thickness 35 µm, while the detector used for subnano-
liter samples had length 1 mm, width 50 µm, and thickness 30 µm.
These two detectors were designed to be used with capillaries of
outer diameter 80 µm and 40 µm, respectively. Since it would be
difficult or impossible to fabricate a trace of width 50 µm using
conventional methods of circuit-board fabrication, novel methods
were used to fabricate the two detectors.

Commercially available Rogers 5880 with copper cladding uses
a roll-laminated copper foil via a thermocompression process. This
approach results in significant nonuniformity in the thickness of
the substrate and the conductor. Unclad Rogers 5880 was there-
fore used as a starting material for detector fabrication. Since most
of the fabrication steps were processes conventionally used for

silicon-based microfabrication, the Rogers boards were machined
to disks of diameter 100 mm and thickness of 3.175 mm. The disks
were cleaned using a standard solvent clean with an acetone and
isopropyl alcohol sequence followed by a nitrogen drying cycle.
One challenge with Rogers 5880 was that conventional microfab-
ricated thin films had poor adhesion to the substrate surface, since
it is a polytetrafluoroethylene (PTFE)-based material. The Rogers
5880 surface was activated with a reactive ion etch (RIE) process
using forming gas (2% hydrogen, 98% nitrogen), which signifi-
cantly enhanced adhesion of thin films.

Following surface activation, an electroplating seed layer was
deposited using physical vapor deposition (PVD) techniques. The
seed layer was a material stack formed of 20 nm of titanium for
adhesion, 600 nm of copper as the electroplating seed, and 20 nm
of titanium as a temporary oxidation barrier layer to prevent the
seed metal from oxidizing during hot plate sequences.

After seed metal deposition, the substrates were patterned with
positive photoresists of thickness 20 µm to 35 µm that served as
an electroplating mask layer. The photoresist sequence included
spin casting thick resist, an extended hot plate soft bake (since the
Rogers 5880 is a poor thermal conductor), and a rehydration step
for 2 hours in ambient conditions. The photoresist was then ex-
posed using contact lithography with broad-spectrum ultraviolet
light from a mercury arc lamp. The exposed resist was developed
with sodium hydroxide developer followed by rinse and nitrogen
drying. After measurement of critical dimensions by contact pro-
filometry, the titanium cap was wet etched with a dilute solution
of hydrofluoric acid and nitric acid to expose the copper electro-
plating seed. A four-point cathode fixture was used to hold the
substrate, which was placed at a fixed location opposite a soluble
anode in the electroplating tank with a filtered recirculating solu-
tion. Bottom-up plating was conducted until the copper overplated
beyond the photoresist surface. Removal of photoresist using sol-
vent strip was immediately followed by wet etching of the copper
seed layer and the base titanium layer. These etch processes in-
duced some surface pitting and dimension losses.

Excess copper was removed and detectors were planarized using
a lapping process on cast-iron plates with progressively decreasing
sizes of colloidal silica particles. The minimum particle size was
10 nm. This resulted in a surface roughness of less than 50 nm;
however, lapping cannot remove sidewall pitting from the etching
of the seed and adhesion layers.

Recently, for other applications, conformal seed deposition
on the resist has been demonstrated followed by enhanced
electroplating uniformity and trench fill using a dynamic po-
sition/rotation control electroplating system with redistribution
layer (RDL) plating solutions. Trench fill processing limits topside
overplating and eliminates the need for lapping. These processes
are then followed by chemical mechanical polishing (CMP) to re-
move excess trench fill material and obtain subnanometer rough-
ness. The use of damascene processing for future detectors could
further enhance performance.
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S5.3 Probe modeling and construction

The software packages used for modeling the detector and the
probe circuit were ANSYS HFSS (www.ansys.com), FastHenry,7

and Quite Universal Circuit Simulator (qucs.sourceforge.net).
Machined probe components were made by the machine shop

at the Environmental Molecular Sciences Laboratory. The fixed ca-
pacitors in the probe circuit were purchased from American Tech-
nical Ceramics, and the variable capacitors were purchased from
Johanson.

S5.4 Sample preparation

Samples for NMR experiments were contained in two types of cap-
illaries. The first type, sold by VitroCom, had inner diameter (ID)
50 µm and outer diameter (OD) 80 µm. The sample volume con-
tained in a 7-mm length of one of these capillaries was about 15 nL.
For experiments with subnanoliter samples, we used capillaries
that were etched to decrease wall thickness. The polymer coat-
ing was removed from capillaries TSP020090 sold by Polymicro,
and the bare capillaries were etched using a process described in
Ref. 14. The ID after etching was measured using a fluorescence
microscope that detected fluorescein loaded into the capillaries.
The capillaries had ID 20 µm and OD 70 µm before etching and
ID 25 µm after etching. The sample volume contained in a 1-mm
length of an etched capillary was about 500 pL.

Two different methods were used to load samples into capillar-
ies. The simplest was to dip the capillary into the liquid sample
and let capillary action bring the sample into the capillary. Sam-
ples could also be injected into capillaries using a Hamilton syringe
together with fittings (union, injection port, and liner). With both
methods, the capillaries were sealed with wax after the sample
was loaded. For NMR experiments, a sealed capillary was manu-
ally positioned on the detector with the aid of a microscope and
then fixed in place with tape.

S5.5 Configuration of spectrometer and probe

A Bruker Avance III NMR spectrometer and a Varian NMR spec-
trometer from Agilent Technologies were used for small-volume
NMR experiments. Both spectrometers have an 11.7-T magnet
with an 89-mm vertical bore.

The Varian spectrometer is normally configured for solid-state
NMR, and its configuration needed to be modified for experiments
with the small-volume probe. One of the two amplifiers normally
used in series for the 1H channel was bypassed, and the remaining
amplifier was used to apply low-power pulses. In the 13C channel,
attenuators were used to decrease pulse power by 26 dB. Noise-
figure measurements showed that the attenuators in the 13C chan-
nel did not add noise to signals detected in the 1H channel.

With pulse power in the 1H channel at a quarter watt, typical
π/2 pulse widths obtained with the detectors of length 1 mm and
length 7 mm were 2.9 µs and 6.75 µs, respectively. Attenuated high-
power pulses on carbon using the 7-mm detector typically gave π/2
pulse widths of about 7µs.

For experiments on the Varian spectrometer, an air flow of
30 L/min at 25 ◦C was used for temperature regulation. Rather
than systematically testing to find the minimum air flow needed

for temperature regulation, we used an air flow that was typical for
the spectrometer. The air flow was decreased to 5 L/min for exper-
iments on the Bruker spectrometer. Temperature changes during
pulsed spin locking were monitored using methanol samples and
found to be insignificant (. 1◦C).

S5.6 Shimming
Although a shimmed field was not essential for spectral resolution,
shimming facilitated the calibration of pulse-sequence parameters.
For experiments on the Varian spectrometer, coarse manual shim-
ming gave a relatively narrow feature in the water peak (e.g., a
linewidth of 15 Hz to 30 Hz at half height for the detector of length
7 mm). For some experiments on the Bruker spectrometer, iterative
automated shimming was performed with ParaVision AdjShim, fol-
lowing the simplex method up to second-order shim sets (xz, yz,
x2 + y2, xy, and z2). Five sets of shimming were completed con-
secutively. The first shimming set consisted of first-order shims
(x, y, and z), with three stabilization scans between adjustment,
and 87 total adjustment steps. Steps started with an initial range
of 100%, but the range sequentially decreased following an expo-
nential decay to a final range of 1%. The second shim set consisted
of first-order and second-order shims, alternating between the full
first-order shims and a subset of the second-order shims. Two sta-
bilization scans were used between adjustment, with a total of
250 total adjustment steps. Steps started with an initial range of
25%, but the range sequentially decreased following an exponen-
tial decay to a final range of 1%. The third, fourth, and fifth shim
sets were alternations between the first-order-only method, and
the first/second-order method, with decreasing adjustment ranges.
The final adjustment was the z shim with an adjustment step size
of only 0.05%. Improving magnetic field homogeneity was mon-
itored using the single-pulse method. After shimming, the signal-
to-noise ratio improved by a factor of 3.3, the peak width at half
height decreased by a factor of 18.7, and the peak width at the
base of the peak (10% height) decreased by a factor of 3.6. For
the 7-mm detector, automated shimming gave a width of 10 Hz or
below at half height.

S5.7 Sensitivity test
Sensitivity was measured using a pulse sequence in which a sin-
gle π/2 pulse is followed by a period of pulsed spin locking. A
single shot of this pulse sequence yields a decaying transient of
spin-locked magnetization.

In the absence of any phase cycling, we found that after each π

pulse applied during the detection period, the transient showed a
spike that decayed in tens of microseconds. We believe that these
quickly decaying spikes originate from 1H nuclei in the substrate
that supports the detector. A two-step phase cycle eliminated these
spikes. The receiver phase and the phase of the initial π/2 pulse
were held constant, and the phase of the pulses applied during the
detection period was changed by π radians between transients.

Detection sensitivity was estimated from the Fourier transform
of the phase-cycled transient. The estimate of single-shot SNR was

SNR =
height of phased peak at frequency zero√

2(rms noise floor)
, (3)
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where the factor of
√

2 in the denominator takes account of the
fact that two transients were summed during the phase cycle.

For the SNR measurements reported in Section S3, the time in-
terval between the center of successive π pulses during the detec-
tion period was 500 µs. The period of pulsed spin locking lasted 6 s
and 3 s for the detectors of length 7 mm and 1 mm, respectively.

S5.8 Homonuclear spectrum

A continuous-wave saturation pulse of duration 60 ms and power
1 µW was used for water suppression at the beginning of the zero-
quantum pulse sequence. The recycle delay between transients
was 3 s. During the detection period, which lasted 1 s, the time
interval between the center of successive π pulses was 200 µs. The
number of increments was 2048, and the spectral width associated
with the increment was 3 kHz. The preparation and mixing periods
each lasted 60 ms.

An eight-step phase cycle was used in the pulse sequence. Phase
φ0 shown in Fig. 2B was varied in a four-step cycle {x,y,−x,−y}
that eliminated pathways for which the pulses of the preparation
period cause a change in coherence order. During the detection
period, an independent two-step cycle {y,−y} of phase φ1 elimi-
nated spurious signal originating from the substrate that supports
the flat-wire detector. The receiver phase was constant during the
experiment.

S5.9 Heteronuclear spectra

In presenting details of SHARP experiments, we use “plain
SHARP,” “J SHARP,” and “constant-time SHARP” to refer to the
respective pulse sequences presented in Figs. 3 and 4 of the main
paper and in Fig. S2 of this supporting information.

These pulse sequences include separate evolution periods for 1H
and for 13C. During each evolution period, an inversion pulse is ap-
plied to the nonprecessing nucleus to refocus heteronuclear J cou-
plings. The composite pulse 90024090900

15 was used for these in-
version pulses. For plain SHARP and J SHARP, the same composite
inversion pulse was applied to carbon during the preparation and
mixing periods. For constant-time SHARP, the π pulses applied to
carbon during the preparation and mixing periods were adiabatic
sech/tanh pulses giving selective inversion in the frequency range
of aliphatic carbon. During the constant-time evolution period for
carbon, the Q3 pulse shape10 was used for the selective π pulses
applied to aliphatic carbon and to CO.

For the sequences in which a composite pulse was applied to
carbon during the preparation and mixing periods, the duration
of each of these periods was 3.54 ms. This duration was increased
slightly for the constant-time SHARP experiment in order to take
account of the scaling of J couplings during the adiabatic pulse.16

The respective lengths of the detection periods for plain SHARP,
constant-time SHARP, and J SHARP were 1 s, 0.5 s, and 0.25 s. The
respective recycle delays were 2 s, 1.1 s, and 1.2 s. For constant-
time SHARP, the times TC and TH shown in Fig. S2B were 27.8 ms
and 6.8 ms, respectively.

During the detection period of SHARP sequences that yielded a
one-dimensional spectrum, the time interval between the center of
successive π pulses was 100 µs. In order to prevent sample heating

as π pulses were applied both to carbon and to proton, this time
was increased to 250 µs for J SHARP. The time increment used for
constant-time SHARP was ∆t1 = 125µs, and the number of incre-
ments was 272. Plain SHARP and J SHARP had ∆t1 = 1ms, with
185 and 225 increments, respectively.

For the display of SHARP spectra, the frequency axis correspond-
ing to evolution in the indirect dimension was scaled to show
νC−νH (γC/γH), where νC and νH are the respective chemical-shift
offset frequencies of the 13C and 1H nuclei in a CHn group, with
γC and γH the respective gyromagnetic ratios. Note that with this
convention, the time increment ∆t1 = 1ms gives a spectral width of
1.25 kHz. Fig. S2A shows that the SHARP frequencies for the CH3
and CH groups of lactate are separated by ∼ 5.7kHz. In Figs. 3A
and 4B, the peaks for these two groups are folded into a spectral
width of 1.25 kHz centered on 5.5 kHz.

Plain SHARP and J SHARP used the same 32-step phase cy-
cle. The phases φ0 and φ1 shown in Figs. 3B and 4C changed
together in a four-step cycle {x,y,−x,−y} that selected the coher-
ence transfer echo. There were also three independent two-step
cycles {x,−x}: a cycle of φ0 together with the receiver phase, which
suppressed pathways having a change in coherence order of 0 or
±2 due to the preparation pulses on carbon; a cycle of φ2, which
eliminated artifacts caused by imperfect inversion of carbon dur-
ing the precession period for proton; and a cycle of φ3, which elim-
inated spurious signal originating from the substrate that supports
the detector. Constant-time SHARP used a 16-step cycle that dif-
fered from the 32-step cycle in using a fixed phase x for the π pulse
applied to carbon during the evolution period for proton.

For J SHARP, a two-dimensional absorption spectrum was ob-
tained by applying a short burst of spin-lock pulses to proton at
the beginning of the detection period. The spin-lock pulses, which
dephased one quadrature component of the magnetization and se-
lected the other as the starting state for evolution in the direct
dimension, were applied along different axes for successive tran-
sients.

Conventional high-resolution one-dimensional spectra of the
lactate samples used for SHARP experiments showed that impu-
rities were present, and these were assumed to be responsible for
the small peaks close to the baseline in SHARP spectra. Tests of
plain SHARP involving a range of different phase cycles showed
that these peaks were not artifacts caused by pulse imperfections.

S5.10 Data processing

Processing of a spin-locked transient yields one quadrature com-
ponent of the transverse magnetization present at the beginning
of the detection period. The processing should filter noise to de-
termine the initial amplitude of a signal composed of decaying ex-
ponentials. If the functional form of a signal is known, the optimal
filter for finding the signal amplitude in the presence of white noise
is a matched filter.17 For our experiments, the detected signal was
a sum of decaying exponentials, but the exact functional form was
not known. As an approximation to a matched filter, a single de-
caying exponential was used in processing. Multiplying a transient
by the decaying exponential and then integrating gave an estimate
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(in arbitrary units) of the spin-locked magnetization at the begin-
ning of the detection period.

The J SHARP spectrum had t1 ridges running parallel to the F1

axis through the strong peaks generated by the CH3 group of lac-
tate. These ridges were eliminated by averaging a set of F2 spectra
that showed only the ridges and then subtracting the average from
each F2 spectrum of the data set.18

S5.11 Nonuniform sampling
A nonuniformly sampled (NUS) data set was generated from uni-
formly sampled data that had been processed to yield a single
complex point for each increment. These complex points repre-
sented the evolution of magnetization in the indirect dimension.
A randomly generated poisson-gap sampling schedule with sine-
squared weighting11 was used to select half of the increments to
be included in the NUS data. For the increments that were not
selected, the complex data point representing sampled evolution
was set to zero. Fourier transform and baseline correction of NUS
data were performed with NMRPipe,19 and the SCRUB algorithm
for removing NUS artifacts12 was implemented using nmr_wash
(coggins.biochem.duke.edu/scrub), a suite of software tools.
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