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ABSTRACT: Portable NMR combining a permanent magnet
and a complementary metal-oxide-semiconductor (CMOS)
integrated circuit has recently emerged to offer the long desired
online, on-demand, or in situ NMR analysis of small molecules
for chemistry and biology. Here we take this cutting-edge
technology to the next level by introducing parallelism to a state-
of-the-art portable NMR platform to accelerate its experimental
throughput, where NMR is notorious for inherently low
throughput. With multiple (N) samples inside a single magnet,
we perform simultaneous NMR analyses using a single silicon
electronic chip, going beyond the traditional single-sample-per-
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magnet paradigm. We execute the parallel analyses via either time-interleaving or magnetic resonance imaging (MRI). In the
time-interleaving method, the N samples occupy N separate NMR coils: we connect these N NMR coils to the single silicon
chip one after another and repeat these sequential NMR scans. This time-interleaving is an effective parallelization, given a long
recovery time of a single NMR scan. To demonstrate this time-interleaved parallelism, we use N = 2 for high-resolution
multidimensional spectroscopy such as J-coupling resolved free induction decay spectroscopy and correlation spectroscopy
(COSY) with the field homogeneity carefully optimized (<0.16 ppm) and N = 4 for multidimensional relaxometry such as
diffusion-edited T, mapping and T',-T, correlation mapping, expediting the throughput by 2—4 times. In the MRI technique, the
N samples (N = 18 in our demonstration) share 1 NMR coil connected to the single silicon chip and are imaged all at once
multiple times, which reveals the relaxation time of all N samples simultaneously. This imaging-based approach accelerates the
relaxation time measurement by 4.5 times, and it could be by 18 times if the signal-to-noise were not limited. Overall, this work
demonstrates the first portable high-resolution multidimensional NMR with throughput-accelerating parallelism.

Nuclear magnetic resonance (NMR) is one of the most
valuable analytical tools available to chemistry and
biology. With its celebrated ability to elucidate the structure
and function of the molecules at atomic resolution, NMR has
revolutionized many branches of chemistry and beyond, such
as organic chemistry, medicinal chemistry (drug discovery),
structural biology, medical imaging, and oil exploration in the
Earth’s subsurface.' ™

One major thrust for further advancing this power of NMR
has been to increase the field (B,) of a superconducting
magnet, with the state of the art’ ™’ reaching 35 T,
corresponding to a 'H NMR frequency (f,) of ~1.5 GHz.
The increased field enhances the signal-to-noise ratio (SNR)
and also better resolves the complex spectral structures. Such
bulky and heavy high-field instruments are well-suited for
analyzing macromolecules (e.g,, proteins) in structural biology,
which is a frontier of the NMR science. Interestingly,
another—and more recent—thrust for advancing the NMR
instrumentation is quite the opposite of the above: it seeks
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miniaturization by replacing the superconducting magnet with
a small permanent magnet with the field only on the order of 1
T. Such low-field systems cannot examine macromolecules, but
with portability and low cost, they can be broadly distributed
to perform cryogen-free online, on-demand, or in situ analyses
of small molecules resulting from a wide variety of chemical
and biochemical processes. The miniaturization is enabled by
two recent advances: development of NMR-grade permanent
magnets'°~'? and realization of NMR radio frequency (RF)
electronics in complementary metal-oxide-semiconductor
(CMOS) integrated circuits (ICs), also known as silicon
electronic chips."*™>* In fact, we recently combined CMOS
ICs and permanent magnets to make the entire NMR platform
portable for not only relaxation time measurements, or
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relaxometry,'°™* but also fully pledged multidimensional
NMR spectroscopy.u'22

One critical drawback of NMR, whether with super-
conducting or permanent magnets, is its inherently low
throughput. A single NMR scan already takes several seconds.
Moreover, to extract sufficient molecular information, a large
number of such scans is often required, with two-dimensional
(2D) NMR being a typical example. It can easily take over an
hour to acquire a 2D NMR spectrum even for a small
molecule. The theme of this work is to improve the throughput
of portable NMR by exploiting parallelism. We analyze in
parallel multiple samples placed in the same permanent magnet
bore to boost the throughput, going beyond the traditional
single-sample-per-magnet paradigm. Such multisample-per-
magnet strategy has been explored with the superconducting
magnet,z‘}’_27 but never with a portable multidimensional high-
resolution NMR platform. Recently multisample NMR with a
permanent magnet’® was reported, but it lacked 2D NMR
capability as well as the resolution for fine spectral splitting
such as J-coupling, both of which are essential for modern
NMR; it also did not report integrated electronics.

We demonstrate the parallelism with our state-of-the-art
portable NMR system”' consisting of a permanent Halbach
magnet (B, = 0.51 T; 7.3 kg) and a silicon spectrometer IC
(Figure 1a). We configure this system in three ways to feature
parallelism: (1) for 1D and 2D high-resolution spectroscopy
we put 2 samples occupying 2 separate NMR coils in the
magnet (Figure 1b); (2) for 1D and 2D relaxometry, we put 4
samples occupying 4 separate NMR coils in the magnet
(Figure 1c); and (3) we develop a magnetic resonance imaging
(MRI) configuration to simultaneously measure the relaxation
time of 18 samples occupying 1 shared NMR coil (Figure 1d).

For the first and second configurations (Figures 1b,c), we
connect the multiple coils to the single silicon chip in a time-
interleaved fashion, exploiting the long recovery time of each
NMR scan, hence effectively parallelizing NMR analysis
(Figure 1le). This approach to parallelism increases the
experimental throughput by 2—4 times. To place multiple
samples in the same magnet, we should extend the region of an
acceptable By-inhomogeneity in the magnet, a task especially
critical for the first configuration aimed at high-resolution
spectroscopy (Figure 1b): by using shim coils, which are
designed to produce particular static magnetic field patterns
upon current injection to compensate the magnet’s field
inhomogeneity, and also by rotating samples for motional
averaging, we achieve ABy/B, (field inhomogeneity) < 0.16
ppm (3.5 Hz) across a sample volume of 0.8 L, no matter
where the sample is placed within a distance of ~4.5 mm on
the central axis of the magnet bore. The improved By
inhomogeneity allows placing 2 samples in the magnet (Figure
1b) to expedite by 2 times 1D and 2D spectroscopy such as
free induction decay (FID) spectroscopy and correlation
spectroscopy (COSY). For the second configuration aimed at
relaxometry (Figure 1c), the field homogeneity requirement is
not as stringent, and the Halbach magnet alone without
shimming and motional averaging offers a sufficient homoge-
neity to accommodate up to 4 samples. This configuration
accelerates by up to ~4 times the 1D and 2D relaxometry, such
as measuring spin—spin relaxation time (T,), diffusion-edited
T, measurements to distinguish molecular motion and nuclear
spin relaxation, and correlating spin—lattice relaxation time
(T,) with T,.
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Figure 1. Portable NMR with parallelism. (a) Our portable NMR
platform, whose key components are the Halbach magnet and the
silicon IC we developed. (b) NMR spectroscopy configuration with 2
samples occupying 2 separate NMR coils. For field homogeneity
optimization, it houses a rotational machinery and shim coils, whose
illustration is simplified. (c) NMR relaxometry configuration with 4
samples occupying 4 separate NMR coils. It houses a gradient coil,
whose illustration is simplified. (d) MRI configuration with 18
samples sharing 1 NMR coil. It also contains 2 sets of gradient coils
for PE (red) and FE (blue), whose current directions are shown with
the arrows on the gradient coil traces. (e) Time-interleaved operation
to sequentially connect multiple coils to the single silicon chip for
effective parallelization.
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In the third configuration (Figure 1d), 1 NMR coil contains
18 samples and simultaneously measures the relaxation time of
all 18 samples using the MRI technique. This arrangement can
handle the larger number of samples because it is not limited
by the interference among multiple samples/coils as in the first
and second configurations. At the same time, since this setup
has a lower filling factor and thus a lower SNR per sample, it is
particularly useful for mass screening in non-SNR-limited
applications. Our particular demonstration is the example
where SNR is limited so the throughput is enhanced by 4.5
times despite the use of the 18 samples. But were it not for the
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SNR limitation, the throughput would be increased by 18
times. This platform is also the first portable MRI, consisting of
a permanent magnet and integrated electronics.

In summary, the 3 configurations firmly demonstrate
portable multidimensional high-resolution NMR with parallel-
ism for increased experimental throughput.

B RESULTS AND DISCUSSIONS

Time-Interleaved Spectroscopy (Figure 1b Config-
uration with 2 Samples in 2 Separate NMR Coils). The
Halbach magnet generates By = 0.51 T (thus f, = 21.8 MHz)
along the z-axis, while the magnet bore (length and diameter:
~12 and 2.6 cm) lies along the x-axis (Figure 1). The magnet
exhibits a field inhomogeneity down to 0.4 ppm over a sample
volume of ~0.8 uL (all field inhomogeneity reported in this
subsection is over this volume) near the bore center, but the
inhomogeneity increases sharply by 13—1S times (5—6 ppm)
at +£2 mm away from the bore center along the x-axis. To
house more than 1 sample for spectroscopy work, we must
attain a sub-ppm resolution across a region far beyond the
inherent sweet spot. To this end, we use both miniaturized
shim coils* and motional averaging: to resolve J-coupling of
the alkyl group, which is typically ~7 Hz, or ~0.32 ppm for f,
=21.8 MHz, we target ABy/B, ~ 0.16 ppm (half of J-coupling)
across several mm along the x-axis with the shimming and
motional averaging.

AB,/B, is inferred from the measured line width Af, of the
water 'H FID using Af, = yAB,/2x (y: proton gyromagnetic
ratio). We move a standard PTFE tube containing the sample,
a surrounding NMR coil, and shim coils altogether within the
distance of ~+ 2.5 mm about the bore center along the x-axis
with an increment of 0.5 mm and measure the 'H FID
spectrum at the 11 resulting positions. ABy/B, measured at
these positions are in Figure 2a. With only the shim coils with
no rotation (red, Figure 2a), the inhomogeneity is reduced to
below 0.4 ppm across the S mm distance, with the best value
reaching 0.17 ppm near the bore center. This is a substantial
improvement from the inhomogeneity as high as 5—6 ppm
with no shimming. Yet to further the homogeneity to resolve J-
coupling, we rotate the sample about the x-axis, which is the
well-known motional averaging®”*" yet has not been used in
portable NMR. Figure 2a, the blue shows the AB,/B, with the
rotational frequency, fg, of 40 Hz, where the 0.16 ppm target is
met within —2 mm and +2.5 mm from the bore center along
the x-axis. This level of homogeneity allows placing more than
1 sample in the magnet bore. The sample is rotated by turning
the tube using a small DC motor and gears (Supporting
Information, SI, Note S1 and Figure S1).

fr =40 Hz (2,400 rpm) is selected on the following ground.
For the rotation to effectively average out the field
inhomogeneity, fz must exceed the line width due to the
field inhomogeneity,*® that is, fr > yABy/27 must be satisfied.
Since AB,/B, with the shim coils only is as large as ~0.4 ppm,
fr > 8.7 Hz should be met (to be rigorous, this statement is
most accurate if the ~0.4 ppm inhomogeneity were purely
along the y- and z-directions; in reality, inhomogeneity exists
along the x-direction as well, which cannot be removed by the
rotation about the x-axis). The measured 'H FID spectrum
shows a clear line width reduction with fp > 10 Hz (Figure
2b). We choose a high enough fr of 40 Hz to avoid any
appreciable sidebands.

With the expanded region satisfying AB,/B, ~ 0.16 ppm
over the 4.5 mm distance along the bore’s central axis, we
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Figure 2. Line width narrowing across the magnet bore via shimming
and motional averaging. (a) Measured line widths of the water 'H
FID spectra at different locations from the center of the Halbach
magnet bore along the x-axis. Without shim coils and motional
averaging, the line width (thus the field inhomogeneity) is as high as
5—6 ppm (not shown) at +2 mm away from the bore center along the
x-axis. The shim coil brings the line width down to below 0.4 ppm
across the S mm distance along the x-axis. The 40-Hz rotation in
addition further improves the line width below 0.16 ppm for the
majority of tested positions. (b) The water 'H FID spectra with
varying rotation frequencies at 1.5 mm along the x-axis from the
magnet center. Sidebands appear with rotation frequencies below 20
Hz. (c) The water 'H FID spectra at +1.5 mm and —1.5 mm from the
center along the x-axis with the 40-Hz rotation and the shim coils.

could densely line up S samples with S NMR coils (length: 0.8
mm each, SI Note S2), but we instead place 2 samples with 2
NMR coils along the central axis, sharing the same PTFE tube
(OD: 1.7 mm; ID: 1 mm), with a sample-to-sample (center-to-
center) separation of 3 mm (Figure 1b). This separation is to
minimize the undesired coupling of an NMR coil with the
sample in the neighboring NMR coil. The 3 mm separation is
determined from a finite element analysis of RF magnetic field
of an NMR coil (COMSOL Multiphysics; Figure S2). When
the 2 samples are of different types, we place a spacer between
them by modifying the tube (SI Note S3). The shim coils (not
to be confused with NMR coils) for the 2 samples are
fabricated on the same printed circuit board (PCB), and two
identical such PCBs are placed at the bottom (Figure 1b) and
the top (not shown in Figure 1b) in the magnet, sandwiching
the samples, to correct the Bj-inhomogeneities for all
directions at both sample regions. Figure S3 shows the
detailed construction of these shim coils. The 'H FID spectra
from 2 water samples are juxtaposed in Figure 2¢; both attain a
line width less than 0.16 ppm. A brief description of the NMR
data processing can be found in SI Note S4.
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The parallel analysis of the 2 samples is done with time-
interleaving, which we explain here generally with N samples
occupying N separate NMR coils (N = 2 in this subsection; N
= 4 in the next; N = 4 in Figure le). We connect the N NMR
coils to the single silicon IC one after another to perform a
single NMR scan for each sample sequentially. We repeat this
sequence, if multiple scans for each sample are necessary. Since
a single scan for a sample is followed by a long recovery time
(~ST,) of several seconds before the next scan can be
performed on that sample, within the recovery time of 1
sample, the sequential N — 1 scans for the remaining N — 1
samples can be finished (unless N is excessively large). Thus,
the time-interleaving effectively parallelizes NMR analyses.

This 2-sample/2-NMR-coil spectroscopy (Figure 1b) is first
validated by measuring 1D "H FID spectra of 2 samples of the
identical type (Figure 3a), ethyl formate (C;H4O,). Each coil
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Figure 3. Measured 1D '"H NMR spectra with time-interleaving (2
NMR samples with 2 coils). (a) Measured 1D 'H spectra of 2 samples
of the identical content (ethyl formate). Eight FID scans from each
sample are time-interleaved, shortening the total data acquisition time
to ~52 s. (b) Measured 1D 'H spectra of 2 samples of differing
contents (ethyl acetate and ethyl formate).

executes 8 scans (2 sets of 4-step phase cycling), so in total 16
scans are performed by the 2 coils in the time-interleaved
manner (Figure S4a). The resulting spectra are aligned and
summed to increase the SNR. The total data acquisition time
of ~52 s is halved from the case of performing 16 sequential
scans on a single sample. The final spectrum (Figure 3a)
resolves not only the chemical shifts of 1.3, 4.2, and 8.0 ppm

2115

for CH;, CH,, and OH groups but also 4 and 3 fine-split peaks
in CH, and CHj, groups that correctly show J-couplings (~7
Hz), attesting to our resolution (0.16 ppm or ~3 Hz). In
Figure 3b, we measure 2 samples of distinct types, ethyl
formate and ethyl acetate (C,HgO,). Each coil executes 16
FID scans, with a total data acquisition time of ~107 s with
time-interleaving, an acceleration by 2 times. All chemical shifts
and J-couplings (~7 Hz) are resolved. If we turn off motional
averaging, then chemical shifts are still resolved but J-coupled
multiplets disappear (Figure S4b), confirming the role of
motional averaging in achieving ABy/B, < 0.16 ppm across
both sample regions.

One highlight of our system capabilities is parallelized 2D
spectroscopy, which we demonstrate by performing COSY
simultaneously on ethyl formate and ethyl acetate (Figure 4).
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Figure 4. Measured 2D 'H NMR spectra with time-interleaving (2
NMR samples with 2 coils). (a) Time-interleaved COSY scans for 2
samples of differing contents (ethyl formate and ethyl acetate). Each
sample undergoes 404 total scans. (b) Measured COSY spectra of
ethyl formate and ethyl acetate.

Figure 4a shows COSY pulse sequences—including phase
cycling—applied to the 2 NMR coils. They are time-
interleaved exploiting the long recovery between two
neighboring scans in each sequence. The two COSY
experiments are done effectively in paralle]l within 48 min,
which would otherwise take twice longer. The cross peaks, a
primary interest in COSY, are well resolved in either spectrum
(Figure 4b) due to the resolution of the platform with the
shimming and motional averaging, while the latter tends to
distort the diagonal peaks.

Time-Interleaved Relaxometry (Figure 1c Configu-
ration with 4 Samples in 4 Separate NMR Coils). For
relaxometry Bj-homogeneity requirement is relaxed, and we
use neither shim coils nor motional averaging. Moreover, we
load 4 samples with 4 NMR coils in 2 tubes, where the 2 tubes
are separated by 4 mm, and the 2 samples in either tube are
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separated by 4 mm (Figures 1c and S1). To measure molecular
diffusion along with NMR relaxation time, we use a gradient
coil that generates a By-gradient of 0.11 T/m in the z-direction
(Figures 1c and SSab). In all relaxometry experiments we
present (Figures S, S6, and S7), the 4 samples are of identical
type, although 4 different types of samples can also be analyzed
in parallel.
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Figure S. 2D D-T, and T,—T, maps of the samples with time-
interleaving (4 NMR samples with 4 coils). (a) Time-interleaved
distribution of the modified CPMG pulse sequences across 4 samples
of the identical type for D—T, mapping acceleration. P(ty; p;)
represents a single scan sequence where f;; is an i-th long echo spacing
value (i = 1 ~ n) and p; indicates the j-th phase cycling (j = 1-4). (b—
e) 2D D—T, maps of deionized water (acquisition time: 2.1 min, 80
scans), light oil (2.3 min, 80 scans), skim milk (2.1 min, 80 scans),
and heavy cream (6.5 min, 256 scans). The diffusivity of water at
room temperature (2.2 X 107 m?/s) is marked with the dashed lines.
(f—i) 2D T,—T, maps of deionized water (acquisition time: 9.1 min,
80 scans), light oil (4.0 min, 80 scans), skim milk (6.7 min, 80 scans),
and heavy cream (14.7 min, 256 scans). The dashed diagonal lines are
for T, = T,.
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First, we perform 2D diffusion-edited NMR relaxometry
with the gradient coil activated to obtain the map of the
diffusivity D of "H containing molecules®>** vs T,, which tells
apart the effect of molecular diffusion from the pure spin—spin
relaxation, a strategy useful in the food industry,‘?’4 well-
logging,” and geophysical study.*® This analysis entails a large
number of NMR scans. Each scan uses a modified Carr—
Purcell-Meiboom—Gill (CPMG) pulse sequence: the first 2
echoes have a long spacing of t;, followed by a subsequent
pulse train of short echo spacing (t5). As 'H-containing
molecules appreciably diffuse during t;, the 'H spins
experience a considerable B, gradient, and thus the echo
amplitude right after ¢t is reduced by more than that which T,
relaxation predicts: this extra reduction bears information on
how fast the diffusion becomes. In contrast, during the short
echo spacing tg, no significant diffusion occurs and hence the
echo amplitude reduction corresponds to the T, relaxation.
Through different scans, t; is varied while £ is fixed so that the
D—T, map can be constructed. For n different #; values, the
total number of scans is 4n with 4-step phase cycling. We
distribute and parallelize these 4n scans across 4 samples of the
identical content in the time-interleaved manner to expedite
the experiment by 4 times (Figure Sa). Each sample undergoes
n scans with its own exclusive set of ¢ values and corresponding
4-step phase cycling (n is chosen as a multiple of 4). The
results from the 4 identical types of samples with the mutually
exclusive set of t; values are then collected and processed to
construct the D—T, map (SI Note S4 and Figure S6).

Figure Sb—e shows the so-obtained D—T, maps for
deionized water, light oil, skim milk, and heavy cream. n
20 for Figure Sb—d, while n = 64 for Figure Se. tg is fixed at 0.6
ms for all scans. The D—T, map of deionized water (Figure
5b) reveals D &~ 2.2 X 107 m*/s and T, = 1 s, which are
consistent with the well-established data. The light oil (Figure
5¢c) shows a lower T, (~100 ms) and a lower D (~1.3 x 107"
m?/s), for the viscosity is higher in light oil (<30 cP) than in
water (~1 cP). Figures Sd and Se for skim milk and heavy
cream reveal the power of this 2D relaxometry to tell apart the
two distinct materials: while skim milk (no fat) shows a single
peak at T, ~ 200 ms and D =~ 2.2 X 10~° m?/s for its water
content (Figure Sd), the heavy cream (36% fat) shows two
appreciable peaks with one at T, & 130 ms and D ~ 1.3 X 107°
m?/s for its water content and the other at T, ~ 100 ms and D
~ 1 X 107" m*/s for its liquid fat content (Figure Se). The
total data acquisition time, for example in the case of the heavy
cream (Figure Se), is 6.5 min, while it would have taken 26
min in the absence of parallelism.

We perform another 2D relaxometry, the T,—T, mapping,
where each scan consists of an inversion recovery sequence
followed by a CPMG pulse sequence (echo spacing: 0.6
ms).*>** Different scans are given different inversion times. By
distributing multiple scans across the 4 samples of identical
content just like in the D—T, mapping, we expedite the T|,—T,
correlation mapping. Figure 5f—i shows the T|—T, correlation
maps for water, light oil, skim milk, and heavy cream. While
the first 3 samples show a single peak, the last sample, heavy
cream, shows 2 distinct peaks due to the water and fat
contents. As the inversion time for a scan can be on the same
order of magnitude as T}, we cannot always pack 4 scans for
the 4 samples within the recovery time. So the time-
interleaving here is not as effective as those of all other
experiments presented, but we still expedite by a factor larger
than 2: the analysis of skim milk of Figure Sh, for example,
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Figure 6. MRI for high-throughput T,-screening (18 samples sharing 1 coil). (a) The acquired MRI image of the deionized water along the “G
trace engraved on an acrylic substrate with TE,y¢ &~ SO ms. (b) The 6 X 3 sample wells (~1.5 uL each) used for the high throughput T, screening.
Protein f-lactoglobulin treated at 6 different temperatures at 3 different concentrations load these wells. (c) The acquired MRI images with
different values of TE ,y¢. All samples are clearly imaged with the smallest TE,y but their intensities tend to decrease gradually as TE ¢ increases,
from which T, of each sample is extracted. (d) The measured T, of the 18 fS-lactoglobulin samples.

takes 6.7 min to finish, while it would take ca. 15 min in the
absence of the parallelism. This T|—T, correlation mapping is
also useful in increasing the confidence level of magnetic-
particle-based biomolecular sensing,’*~** and our platform
accelerates such biomolecular sensing modality through
parallelism, whose details we discuss in SI Note S5 and Figure
S7.

Mass Screening (Figure 1d Configuration with 18
Samples Sharing 1 NMR Coil). In the foregoing N sample/
N NMR coil strategy (Figure 1b and c), the sample number N
was limited to 2—4 because coils should be sufficiently
separated to minimize spurious coupling (also since the N
NMR coils share the single silicon IC, we resorted to the time-
interleaving technique). In contrast, in the N sample/1 NMR
coil configuration of Figure 1d where the relaxation times of
the N samples are measured all at once by the MRI technique,
increasing the number of samples, N, is not limited by the
cross-coil/sample interference, and our demonstration uses N
= 18 (also the 1 NMR coil is always connected to the single
silicon IC without needing the time-interleaving method). This
N sample/1 NMR coil MRI configuration, however, has a
lower filling factor thus a lower SNR per sample, so it is
particularly useful for mass screening in non-SNR-limited
applications, in which case the throughput can be increased by
N times.

This MRI configuration of Figure 1d also features, inside the
Halbach magnet, 2 sets of gradient coils for frequency
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encoding (FE) and phase encoding (PE) for 'H spins. These
gradient coils, which are of the Golay (for PE) and Maxwell
(for FE) geometry (Figures 1d and S8; SI Note S6), generate
the By-gradients along the x- and z-axis. Since we seek to
acquire only 2D images on the x—z plane, we do not
implement the slice-selective scheme. The gradient coils for PE
and FE are operated by a field-programmable-gate-array
(FPGA) (Figure S9a) to precisely control the timing of the
FE and PE Bj-gradient pulses in reference to the turbo spin
echo™ NMR scan performed by the silicon IC (Figure S9b,c).
A single turbo spin echo scan can use a number of different
acquisition time parameter (TE,y) values after an initial 90°-
pulse to produce the same number of images in time sequence
(Figure S10a), which show the decaying patterns of the NMR
signals in the imaged area (8 PE steps, each with 40 digitized
data points, are run together in attaining each image; the
conjugate symmetry in the k-space™’ economizes the data
acquisition). The signal decay of a specific region on the
images reveals the T, of the sample in that region. Before we
discuss the results with N = 18 samples, Figure 6a shows the
acquired single image of the letter “G” (~9 mm in diameter)
with the turbo spin echo using only one TEy value (50 ms).
The letter “G” is engraved on an acrylic substrate (trench
depth: 2 mm) with a laser printer and filled with deionized
water for '"H NMR (Figure S10b). This image acquisition
involving 4-step phase cycling and the intermittent spin
recovery times takes ~20 s.
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For the high-throughput screening with N = 18 with Figure
1d configuration, we engrave 6 X 3 wells (1.5 L per well) on
an acrylic substrate using the laser printer and fill them with j-
lactoglobulin solutions (Figure 6b). The p-lactoglobulin
molecules denature and aggregate when heated above 70 °C.
This change alters the proton exchange process between the
protein and the water molecule and thus influences the T, of
the samples.""** We prepare f-lactoglobulin at 3 concen-
trations (40, 60, and 80 mg/mL), and treat them in water bath
at 6 temperatures (between 35 and 85 °C). These 18 distinct
preparations load the 6 X 3 wells. One turbo spin echo scan
containing 12 different values of TE,y¢ produces 12 images. A
total of 16 turbo spin echo scans are performed for 4-step
phase cycling and also to improve the SNR, with the entire
experiment taking ~1.8 min. Figure 6¢ shows the resulting 12
images of the 6 X 3 sample wells. All 18 samples are clearly
imaged with the smallest TE,yg whereas their image
intensities decrease at different rates as TE,y; increases,
from which T, of each sample is extracted (Figure S11).
Samples treated above 70 °C in wells AS, A6, BS, B6, CS, and
C6 show significantly smaller T, as expected (Figure 6d). The
parallel measurements of 18 samples accelerate the experiment
by 4.5 times compared to the case without parallelism (1
sample/1 NMR coil situation with the full filling factor), where
we do not obtain the full 18 times acceleration because this
example is limited in the SNR requiring 4 scans for averaging
for each phase cycling step. Yet 4.5 times acceleration in time is
still substantial.

Bl CONCLUSIONS

We have advanced the recently emerged portable multidimen-
sional NMR technology to the next level by increasing its
experimental throughput via a multisample-per-magnet paral-
lelism strategy. On the one hand, we have performed time-
interleaved NMR scans of 2—4 samples using 2—4 NMR coils
with 1 silicon electronic chip for effectively parallel execution
of multidimensional '"H NMR spectroscopy (e.g, 1D FID and
2D COSY) and multidimensional 'H NMR relaxometry (e.g,
T,—T, mapping and D—T, mapping). On the other hand, we
have also demonstrated an MRI-based mass screening of 18
samples with 1 NMR coil and 1 silicon electronic chip,
measuring their T, times with bona fide simultaneity. This
work, especially the high-resolution spectroscopy, has also
entailed the careful engineering of the magnetic field
homogeneity to achieve <0.16 ppm over an extended region
via shimming and motional averaging.

For the time-interleaving technique, the further increase of
the sample number from 2—4 has been prevented. This is
because, despite the substantial expansion of the region of the
sub-ppm field homogeneity by shimming and motional
averaging, the prevention of the coupling of an NMR coil
with its neighboring sample requires an appreciable separation
between NMR coils. This issue can be addressed in the future
by further expanding the region of the sub-ppm field
homogeneity, by decreasing the size of the NMR coils and
samples, or by more misaligned (as opposed to colinear)
arrangement of the samples using microfluidics. If the sample
number is substantially increased in this way, then we can also
consider using multiple silicon electronic chips inside the
magnet to relax the number of the samples one silicon chip has
to deal with. Since the silicon electronic chip is much smaller
in volume than the sample we have used in our work, such
parallelism with in-magnet electronics is a definite possibility
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and may enable the next generation of high-throughput
portable NMR systems and advance the capability of NMR
for chemistry.

In the MRI-based parallelization, the sample number (18)
has been limited by the shape of the Halbach magnet bore: the
bore shape constrains the possible geometry of the gradient
coils, which in turn limits the linearity of the Bj-gradients.
Consequently, the field-of-view for the imaging, and thus the
number of samples that can be imaged, are limited. A possible
improvement will be to adopt a magnet with an open bore
design, such as the single-sided malgnet,m’11 which can give a
far greater degree of freedom in choosing the geometry of the
gradient coils, improving the linearity of the field gradient, thus
increasing the field-of-view and the number of samples that can
be measured simultaneously. In addition, various other parallel
acquisition techniques developed for the standard bulky MRI
systems*”** may be applied to this portable MRI platform to
further optimize the data acquisition time.

H METHODS AND MATERIALS

Electronics. The silicon IC packaged in a 48-pin ceramic
chip carrier is placed on a 6-metal-layer PCB along with other
peripheral electronics such as voltage regulators and analog-to-
digital converter (ADC). Mechanical relays are used as
switches between NMR coils and the silicon IC in time-
interleaving (Figure S1b). A microcontroller board Cerebot
MX7CK from Digilent (Pullman, WA) coordinates the PCB
electronics (Figure S1). For the electronics for the MRI
gradient-coils, see SI Note S7 and Figure S9.

Gradient Coils. The gradient coil for the time-interleaved
relaxometry (Figure 1c) is of the Maxwell geometry,®
consisting of two parallel planar subcoils implemented in two
separate PCBs, which are placed in the magnet bore
perpendicular to the z-direction, sandwiching the samples.
Each subcoil on each PCB with 2 metal layers has 8 turns (4
turns on each metal layer). Each metal layer in the PCB is a 70
pum thick copper, which can support a large current to create a
sufficient Bj-gradient. The width and spacing of the copper
traces forming each subcoil are 0.39 mm and 0.15 mm,
respectively. The 13 mm separation between the two PCBs is

3 times larger than the subcoil’s average radius, 7.5 mm
(Figure SSa). This Maxwell coil creates a nearly constant
gradient across the sample (variation of the Bj-gradient across
the sample <3%) at each of the 4 sensing spots (Figure SSb).

For the MRI system (Figure 1d), the Maxwell coil for FE is
wound with 28 AWG enameled copper wire from Remington
Industries (Johnsburg, IL). With 8 turns on each subcoil, it is
oriented to create a Bj-gradient along the z-axis (Figure S8a).
The separation between the two subcoils is \/ 3 times larger
than either subcoil’s radius. The Golay coil for PE is also
wound with 28 AWG enameled copper. With 8 turns on each
subcoil, it is oriented to create a Bj-gradient along the x-axis
(Figure S8d). Its geometry is optimized in COMSOL, with the
By-gradient along the x-axis deviating by less than 10% across
the field-of-view.

Materials. The biotin-labeled magnetic nanoparticles from
Nanocs Inc. (Boston, MA) are diluted to designated
concentrations with deionized water. All other samples are
from Sigma-Aldrich (St. Louis, MO).
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