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W N e

Abstract: With sensitivity being the Achilles” heel of nuclear magnetic resonance (NMR), the superior
mass sensitivity offered by micro-coils can be an excellent choice for tiny, mass limited samples such
as eggs and small organisms. Recently, complementary metal oxide semiconductor (CMOS)-based
micro-coil transceivers have been reported and demonstrate excellent mass sensitivity. However, the
ability of broadband CMOS micro-coils to study heteronuclei has yet to be investigated, and here
their potential is explored within the lens of environmental research. Eleven nuclei including ”Li,
19% 31p and, 205T1 were studied and detection limits in the low to mid picomole range were found
for an extended experiment. Further, two environmentally relevant samples (a sprouting broccoli
seed and a D. magna egg) were successfully studied using the CMOS micro-coil system. 1*C NMR
was used to help resolve broad signals in the 'H spectrum of the 13C enriched broccoli seed, and
steady state free precession was used to improve the signal-to-noise ratio by a factor of six. 1’F NMR
was used to track fluorinated contaminants in a single D. magna egg, showing potential for studying
egg-pollutant interactions. Overall, CMOS micro-coil NMR demonstrates significant promise in
environmental research, especially when the future potential to scale to multiple coil arrays (greatly
improving throughput) is considered.
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1. Introduction

NMR is a powerful analytical technique used for everything from confirming an
organic synthesis product [1], to analyzing complex mixtures [2] or even studying living
organisms [3]. NMR gives an unparalleled molecular level understanding of a sample
in a non-invasive fashion. However, the key challenge of NMR is sensitivity. There has
been much work in improving NMR sensitivity in general (e.g., cryoprobes [4,5], stronger
magnets [6], hyperpolarization techniques [7]), but for tiny, mass limited samples, the
use of micro-coils can be an excellent choice [8]. Micro-coils with sizes in the range of
100 s of microns have been reported to have mass sensitivity values orders of magnitude
higher [9-11] than standard size (e.g., 5 mm probes), allowing for greatly improved NMR
analysis of tiny samples.

This benefit has been leveraged in the past to study samples such as micron-sized
eggs [12-14], which can be crucially important to environmental health. As an example,
Daphnia, the most commonly studied organisms in aquatic toxicity testing [15-17], and
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an NIH model organism for the study of human diseases [18], has the potential to lay
resting eggs when environmental conditions are unfavorable [19]. These eggs can persist
in sediment for several years [20] in order to “wait out” unfavorable conditions (e.g., low
water temperature), and hatch when conditions improve. However, if during this time
the eggs are wiped out by exposure to anthropogenic pollutants, the consequences can
be disastrous. Indeed, D. magna is an ecological keystone species—a crucial link between
producers such as algae and consumers such as small fish, and is critical to the ecological
health of the environment [21-23]. Understanding the impacts of pollutants on D. magna in
various life stages (eggs, neonates, adults) is therefore of significant value.

Traditional (acute) toxicity testing usually involves an examination of the apical end-
points, such as when an organism stops moving, is unable to reproduce or dies [24].
However, this is challenging when studying eggs as they do not move or reproduce for
extended periods of time [14]. Further, this does not provide information on sublethal
toxicity which is more likely to occur in the environment [25]. As such, the molecular
level understanding that can be provided via NMR is a valuable asset. However, studying
individual eggs (which range in size between ~200-500 um) on standard-sized probes is
very difficult and filling a standard 5 mm coil could require thousands of eggs for a single
experiment [13]. On the other hand, the improved mass sensitivity makes a micro-coil
perfectly suited to the analysis of individual eggs.

A recent trend in micro-coil NMR has been the use of complementary metal oxide
semiconductor (CMOS)-based microchips which include an integrated circuit containing all
transceiver electronics [26-29]. Compared to standard micro-coils which have discrete elec-
tronic components, CMOS chips have been reported to have several advantages including
excellent sensitivity due to the proximity of the coil to the preamplification elements. This
results in very little signal loss due to transmission lines and decreased parasitic losses due
to the elimination of coil leads. Further, CMOS chips allow for easy expansion to multiple
coils on a single chip for improved throughput and the ability to have a broadband coil
for analysis of heteronuclei [30-33]. CMOS-based NMR sensors have previously been
used in the literature precisely for the 'H analysis of eggs in the nL and sub nL volume
range [12,34]. However, the broadband potential of these chips has yet to be explored.

Here, the potential of a broadband, CMOS-based micro-coil sensor is explored within
the context of environmental research. First, a series of chemical standards are analyzed
to establish lineshape and sensitivity of various heteronuclei. Following this, two envi-
ronmentally relevant samples are studied: a sprouting *C labelled broccoli seed and a
single Daphnia magna egg. A 13C steady state free precession (SSFP) sequence was used to
improve the signal-to-noise ratio in the broccoli seed. 'H NMR was used to examine the
initial metabolite profile of the D. magna egg, and '°F NMR was used to track a fluorinated
contaminant within the single egg. Overall, the goal of this work is to answer the question:
“does CMOS-based micro-coil NMR hold potential for environmental research?”

2. Results and Discussion
2.1. Exploring Heteronuclei

One of the major advantages of the CMOS micro-coil system employed here is that
it is broadband over a wide frequency range. Thus, in contrast to commercial micro-coils
which are typically tuned to a single nucleus, most commonly 'H, the CMOS technology
used here is capable of analyzing a variety of nuclei and provides additional molecular
insight versus using "H NMR alone. Figure S1 shows spectra of eight heteronuclei that were
successfully detected using the CMOS micro-coil system. These nuclei were chosen as they
each have significant potential for the study of either environmental pollution or biochemical
changes. As an example, “Li is a major constituent of lithium-ion batteries [35]. Given the
global shift towards electric vehicles, global lithium production is drastically increasing, and
begets the issue of lithium pollution [36,37], which can be studied using “Li NMR. 3!P is a
key component of biochemical energy molecules such as adenosine triphosphate [38—40]
and 3'P NMR can also be used to study biogeochemical phosphorus cycling [41,42]. 20°T1
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is a biological mimic for potassium [43] used in protein channel studies [44,45] and is a
particularly interesting nucleus from an instrumentation perspective. The resonant frequency
of 2®Tl is in a “no man’s land” resonating above 3! P (typically the uppermost frequency of
broadband probes) but below °F which is the next commonly studied nucleus. As such, this
frequency is outside the range of nearly all commercial NMR probes, while the micro-coil
system can study this nucleus without problems.

2.2. Limits of Detection for Heteronuclei

Table 1 shows the approximate limits of detection for a 48-h experiment for the
nuclei studied. Though this table is meant to be a general reference for the CMOS micro-
coil detection limits, it is important to note that these values are calculated from simple
standard solutions, which can have significantly better lineshape than more challenging
samples. This is especially important for quadrupolar nuclei where the symmetry of the
compound being studied can significantly impact the lineshape [46], and limits of detection
for asymmetric compounds can be substantially higher [47]. Despite these limitations, it
can be seen that the heteronuclei studied here have detection limits in the mid to high
picomole range. Due to the importance of carbon for environmental analysis, instead of
testing on a standard, a natural sample is considered in the next section.

Table 1. Detection limits and lineshape for the nuclei studied.

Nucleus Limit of Detection (pmol) Lineshape (Hz)
H 15 4
"Li 72 3
11 313 100
F 19 10

2Na 253 19
27A1 296 21
sip 454 25
5Mn 272 50
¥Co 251 189
20571 172 31

2.3. 13C Analysis of a Broccoli Seed

Since all organic compounds are carbon-based by definition, 3C NMR is a powerful
tool that can be highly complementary to 'H NMR. The ~200 ppm wide chemical shift
range of '3C allows for improved spectral dispersion which can be useful for components
that may not be easily resolved in 'H NMR [48]. This is especially true for an intact sample
such as the broccoli seed used here, as the presence of solid/semi-solid components creates
magnetic susceptibility mismatches [49]. This results in broad lineshape and thus 'H NMR
(see the inset in Figure 1), which only spans ~12 ppm, can be very challenging to interpret
due to spectral overlap, and the enhanced dispersion of 13C is desirable. However, 13C
NMR is significantly less sensitive than 'H [46], and often isotopic enrichment is required
for the study of complex samples. Here, a '3C enriched broccoli seed was studied and the
resultant steady-state free precession spectrum can be found in Figure 1. In simple terms,
SSFP is a way to optimize the signal-to-noise ratio per unit time in NMR and is used widely
in magnetic resonance imaging (MRI) [50]. Comparison to standard '*C NMR and more
discussion is provided in the next section. Since this is a solution state experiment, there
is a bias towards more mobile compounds, and the '3C signals arise mainly from mobile
lipids in the broccoli seed. In order to supply the energy required for initial growth, seeds
are known to store large quantities of lipids, which contribute to these signals [51]. It can
also be noted that the peak at ~170 ppm is inverted. This is due to bandwidth limitations,
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as during setup the authors were not sure what bandwidth the SSFP sequence would be
able to excite and therefore chose to set the transmitter frequency close to the largest peak
(-CH;- region) to be safe.
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Figure 1. Steady state free precession '3C spectrum of a 13C labelled broccoli seed acquired at 11.7 T
(500 MHz 'H). The inset shows a 'H NMR spectrum of the same sample, and a photograph of the
sprouting broccoli seed in the thin-walled capillary used for analysis. The bold denotes the atom that
gives rise to the resonance.

2.4. SSFP Compared to Standard '3C NMR

Due to the sensitivity challenges of 3C NMR, the SSFP pulse sequence was utilized to
improve the signal-to-noise ratio. A standard pulse acquisition experiment uses a recycle
delay which allows for excited nuclei to relax to thermal equilibrium in between successive
scans. For 1D NMR this is commonly set to 3-5 times the T; of the sample being studied,
which can be 5-10 s or longer for >C experiments. On the other hand, SSFP works by
pulsing faster (often with a small flip angle pulse) than the relaxation time of the sample,
which results in a steady state of magnetization that can be measured [52]. In practice, the
time between successive pulses can be on the order of 10s of milliseconds which allows
for a much larger number of scans to be acquired. This requires the acquisition time to be
short (i.e., few points acquired) and thus there is a cost in spectral resolution. However, if
the signals are already broad due to the nature of the sample (as is the case here with the
broccoli seed), the resolution cost can be minimal, while still providing a significant gain in
signal-to-noise ratio.

Figure 2a shows a 10 h SSFP '3C spectrum and Figure 2b shows a 10 h standard *C
SSFP spectrum of the broccoli seed. The SSFP spectrum has a six-fold higher signal-to-noise
ratio and it is possible to see the formation of additional peaks near 10 and 60 ppm which
are completely absent in the standard spectrum. To show the time savings that could be
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achieved using this approach, Figure 2c shows a 33-min SSFP experiment which still has a
higher signal-to-noise ratio compared to the standard spectrum, despite being ~20 times
faster to acquire. Further, it can be seen that the loss in resolution is at most minimal, making
SSFP a powerful approach to improve the signal-to-noise ratio on “challenging” samples.
In the future, this could be used to examine biochemical changes during germination in an
individual seed, or study '3C labelled D. magna eggs.

SSFP 3C
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(b) 1N8rhmal 3C

SNR =7
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(C) &1

140 130 120 110 100 90 80 70 60 50 40 30 20 10 O
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Figure 2. A comparison of: (a) a 10 h SSFP spectrum of a 13C enriched broccoli seed, (b) a 10 h standard
13C spectrum and (c) a 33-min SSFP spectrum. All spectra were acquired at 11.7 T (500 MHz 'H).

2.5. 'H Analysis of a D. magna Egg

A D. magna egg is an excellent example of a sample that is best studied using micro-
coils as opposed to standard 5 mm probes. Since the volume of the egg is on the order
of tens of nanoliters, filling a 5 mm probe is not feasible as it would require thousands
of eggs. On the other hand, the CMOS micro-coil system can analyze a single egg as
seen in Figure 3. However, an egg is a much more challenging sample compared to a
capillary filled with a standard solution. First, it is more than 90% water by mass [53], and
this leads to a very large water peak in the spectrum at ~4.7 ppm. This peak can mask
the presence of less concentrated metabolites and it is difficult to resolve peaks between
3-6 ppm in the spectrum. Further, though to a lesser extent than the broccoli seed, the
non-uniform composition of the egg introduces magnetic susceptibility differences within
the sensing volume. Essentially, different parts of the egg experience slightly different
magnetic fields, which, when summed over the entire sample volume, lead to significant
lineshape broadening. While a 'H lineshape of ~4 Hz (~8 ppb) is achievable on a solution
in a thin-walled capillary, this value jumps to ~50-100 Hz for an egg.

Despite these challenges, it is still possible to resolve a number of peaks corresponding
to lipid signals which are assigned in the spectrum. Fatty acids, which are key components
of lipids, have been proposed as biomarkers for ecological food-web assessments and
tracing [54]. As an example, D. magna are unable to synthesize long chain poly unsaturated
fatty acids (PUFAs) de novo [55], and must acquire these components from their diet [56].
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Using these compounds as biomarkers can shed light on the dietary behavior of the
species. Further, changes in these lipid signals have previously been implicated in various
metabolic changes and processes. In unfavorable conditions such as starvation, poor food
quality or elevated temperature, D. magna stockpile PUFAs while saturated fatty acids are
metabolized [57]. This could be identified in the 'H NMR spectrum by an increase in the
=CH-CH,-CH= peak and a decrease in the -CHj- peak. Outside of the environmental field,
changes in the ratios between PUFAs and saturated fatty acids have been associated with
increased apoptosis in glioma cells [58]. As such, there is considerable future potential to
examine the health of small eggs/organisms using CMOS micro-coils.
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Figure 3. 'H NMR spectrum of a single D. magna egg acquired at 500 MHz. The inset shows a
photograph of an adult D. magna and its egg. The bold indicates the atom giving rise to the resonance.

2.6. '9F Contaminant Tracking in a D. magna Egg

19F is a key component of many pollutants including the poly and perfluoroalkyl
substances (PFAS). These compounds are used in a wide range of consumer products
such as non-stick cookware, firefighting foams, surfactants and lubricants, mainly for their
non-stick and water repelling properties [59]. However, due to the strength of the carbon
fluorine bond, PFAS compounds are extremely persistent in the environment, earning the
moniker of “forever chemicals” [60]. Recent studies have shown that PFAS are widespread
in the environment and have been reported in surface waters [61], arctic snow [62], the
top of Mount Everest [63] and even human blood and tissue [64]. PFAS compounds are
known to bioaccumulate in fish and wildlife and thus the ability to study F in D. magna
eggs can be of significant value [60]. Further, ~25% of pharmaceuticals and numerous
agrochemicals contain 'F [65], and there is potential to study the binding and interactions
of these compounds in D. magna eggs, which can shed light on toxic modes of action [66].

As a proof of concept, Figure 4 shows a 1F time series tracking the fluorine signal in
a D. magna egg exposed to hexafluorobenzene and trifluorotoluene. Each experiment in
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the time series was 6.3 min long, and thus the time resolution of the experiment is very
good, especially considering the very low sensing volume of ~11 nL. This experiment time
was chosen to ensure that a clear trend could be followed, and that the signal did not
drop below the limits of detection for a few hours. However, an initial 'F signal could be
detected after four scans (6 s) for hexafluorobenzene and 16 scans (24 s) for trifluorotoluene,
demonstrating the excellent sensitivity of this nucleus even for a challenging sample, and
showing that there is considerable potential for '°F tracking in single eggs in the future.

-164.5 -165.0 -165.5 -166.0 -166.5 -167.0 -167.5
Chemical Shift (ppm)

-63.5 -64.0 -64.5 -65.0
Chemical Shift (ppm)
Figure 4. A time series tracking (a) hexafluorobenzene and (b) trifluorotoluene in a single D. magna
egg. Each experiment was acquired at 500 MHz. The first spectrum is the thicker orange line and the
black arrows indicate the direction of the subsequent spectra in the time series. To maintain clarity,
every second spectrum in the time series is shown. The inset shows a schematic of the setup for
overnight exposure.

Since the egg was thoroughly washed in order to remove any fluorinated compound
that may adhere to the outside, and placed in fresh water, the fluorinated signal truly arises
from the compound that has accumulated inside the egg during the overnight exposure.
Throughout the time series, both compounds follow the same general pattern; the signal
intensity is highest at the beginning of the time series and decreases as time progresses, and
the decrease is associated with a change in chemical shift. This decrease in signal intensity
could be attributed to either contaminant binding in the egg (for example to proteins, as
the strong chemical shift anisotropy of the 1°F nucleus would cause bound fluorine signals



Molecules 2023, 28, 5080

8 of 14

to broaden out to the point of being undetectable [67]), or partitioning of the contaminant
out of the egg followed by diffusion outside of the sensing region.

In order to ascertain which of these occurred, 10 eggs were prepared as described in
the Materials and Methods section but placed in a small volume (~300 pL) of fresh water.
After leaving these eggs overnight, they were removed and the water was analyzed on
a cryoprobe, and it was found that the fluorinated compound indeed leached into the
surrounding water. Though initially counterintuitive as both compounds are expected to be
more soluble in a lipid medium (i.e., the egg cell membranes) compared to water, the drastic
difference in volumes between the egg and surrounding water explains this behavior. The
D. magna egg has a volume of ~20-30 nL but is placed in the egg holder which has a
hydration chamber filled with ~1 mL of water. Considering the Ko of trifluorotoluene is
reported by the manufacturer as ~1000, even in the “worst case scenario” where the egg was
assumed to be pure octanol, it is expected that ~97% of the initial mass of trifluorotoluene
would partition into the surrounding water at equilibrium, explaining the drop in signal
intensity. Even more would be expected to partition out for hexafluorobenzene, which is
less hydrophobic and has a Koy of ~350.

There are a number of differences between the time series for hexafluorobenzene and
trifluorotoluene. First, the initial signal intensity is higher for hexafluorobenzene, which is
due to the fact that it has six magnetically equivalent '°F atoms, while trifluorotoluene has
only three, and thus each molecule of hexafluorobenzene contributes twice as much signal
compared to trifluorotoluene. However, despite having a lower initial intensity, the '°F
signal remains detectable for longer for trifluorotoluene, as can be seen by the additional
spectra in Figure 4b. The half-life for signal decay is around 4.3 h for hexafluorobenzene but
around 50% longer for trifluorotoluene (6.5 h). This can be expected as trifluorotoluene is
more hydrophobic, and it has been reported that compounds with higher Ko, show slower
outflow kinetics in aquatic invertebrates and fish [68]. Further, the -CF5 group, which is
present in trifluorotoluene, has been previously reported to be involved in the non-covalent
binding of pesticides and pharmaceuticals [69]. As such, there is considerable potential to
study interactions of fluorinated compounds within single eggs using this approach.

3. Materials and Methods

All spectra were acquired on a 500 MHz Bruker Avance III spectrometer using a
custom-made CMOS micro-coil device (Annaida Technologies, Switzerland). The mi-
crochips are produced using a standard 180 nm CMOS process by Taiwan Semiconductor
Manufacturing Company (TSMC). Figure 5a shows a microchip used in this study (series
30A). The microchip area is 2 mm x 2 mm, containing a micro-coil composed of 11 loops
realized using the 2 metal layers available in the CMOS technology. The coil is broadband
with a self-resonance at about 650 MHz. The outer and inner diameters are, respectively,
ID =400 pm, OD =490 pum. A second microchip (series 23B) was used to analyze the egg
as this has a built-in egg holder (see later). In this case, the coil is made by stacking 5 metal
layers and connecting them through vias to create 7 loops. The outer and internal diameters
are, respectively, ID = 380 pm, OD = 560 pm.

Inside the microchip, the micro-coil is switched between the integrated transmitter
and receiver during the different steps of the measurement, similarly to previous work [28].
In the transmitter, an incoming pulse supplied by the external Bruker console is converted
to a differential signal amplified with a power amplifier so that maximum current can be
provided to the coil. In the receiver, the signal is first amplified by a low noise amplifier,
then mixed down to audio frequency before a second amplification stage in the audio-
frequency range. The total gain inside the microchip is 54 dB. The power consumption
of the whole receiver is below 4 mW, while the transmitter consumes about 25 mW in
transmit mode, and it is shut down to consume nearly zero power in receive-mode. These
consumption properties ensure that the heat generated by the microchip cannot impact
in-vivo samples during the measurement. The signal passes through a main board that has
additional amplification as well as cancellation of the DC offset, then is mixed up to the
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original frequency using a frequency mixer (Minicircuits ZLW-1-1+) and the same local
oscillator signal that is supplied to the chip. The output signal was then acquired by a
Bruker console and processed using the conventional TopSpin interface.

x=0 pum z=0pm

y (um)
B, (T/A)

200 -100 0 100 200 300

z(um) X (um)

-0 -200 -100 O 100

Pulse

Breakout Box Main Board Microchip

Lo

i —

AF

Signal

x15 GAIN

Dynamic
DC cancellation

Figure 5. (a) Photograph of the CMOS chip and inset of the coil (30A is shown). (b) A map of the By
field produced by a 1 A current through the coil as computed by the Biot Savart law, using a circular
approximation for the octagonal micro-coil loops. (c) A block diagram of the major components of the
micro-coil transceiver. The signal originates in the micro-coil and it is amplified and down-converted
before transmission to the main board (a printed circuit board having approximate dimensions of
6 cm x 2 cm). The main board has the function to transmit all inputs to the sensor header and
dynamically cancel any DC present in the sensor output before further amplification. The signal
is then transmitted to a breakout box where it can be upconverted to its original frequency for full
compatibility with standard NMR consoles (i.e., Bruker in this case).

The device was seated within a 3D printed probe phantom such that the coil could
be reproducibly placed in the homogenous region of the magnet. The chip for coil 23B
was designed with a microstructure optimized to seat a D. magna egg and was used for
the 'H and F analysis of the egg. The coil is surrounded by a hydration chamber that is
filled with water in order to prevent the egg from drying out during extended experiments.
Both the microstructure and hydration chamber are pictured in Figure 6. Chip 30A was
made without an egg holder to allow a wider variety of samples to be studied and was
used to analyze standard solutions and the broccoli seed, which were held in thin-walled
capillaries affixed to the coil using polytetrafluoroethylene tape.

In order to establish limits of detection for different heteronuclei, ten different nuclei
were studied: 'H, “Li, 1B, 1F, Na, 3!P, 27 Al, 5°Mn, *?Co and 2°°T1. This was carried out
using the following standard solutions all dissolved in HyO: 0.15 M sodium acetate (Milli-
pore Sigma) (H), 1 M LiCl (Science Company) (“Li), 0.5 M H3BOj; (Fisher Scientific) ('B),
neat trifluoroacetic acid (Millipore Sigma) (**F), 1 M NaH,PO, (Fisher Scientific) (**Na,
31P), 0.65 M Al(NO3)3 (Fisher Scientific) (*” Al), 0.45 M KMnO, (Millipore Sigma) (*>Mn),
0.25 M Co(NH3)6Cl3 (Millipore Sigma) (®?Co) and 0.36 M TINO; (Millipore Sigma) (205T1).
The most important acquisition and processing parameters for the NMR standards can be
found in Table 2. Data processing was performed using TopSpin 3.5.6 and MestreNova 12.4.
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Each spectrum was zero filled by a factor of 2 and multiplied by an exponential function
corresponding to the line broadening found in Table 2.

Figure 6. A photograph of the microchip PCB that connects to the main board, with an expansion
showing the microstructure designed to hold a D. magna egg on top of the micro-coil.

Table 2. Important acquisition and processing parameters for each nucleus studied in the standards.

Nucleus TH "Li 11 19f 25Na 27A1 sip 55Mn ¥ Co 20571
D 32,768 32,768 16384 32,768 16,384 16384 32,768 16,384 8192 16,384
NS 32 256 3072 1 256 98,304 256 15360 72,704 32,768
D1 (s) 3 5 1.5 3 1 0.03 3 0.03 0.11 0.03
Line Broadening (Hz) 1 1 25 5 5 15 10 15 25 10

For 13C experiments, a single 13C labelled broccoli seed (Brassica oleracea, IsoLife)
was placed in water for one week in order to induce sprouting and was then placed in
a thin-walled capillary and analyzed on the micro-coil system. In order to improve the
signal-to-noise ratio, the steady state free precession (SSFP) sequence [52,70] was used.
This is a technique that has recently received renewed attention [52,71] and works by
employing very short pulse-acquisition blocks, allowing for a much larger number of
transients to be acquired. This can result in significant signal-to-noise improvements.
The SSFP spectrum was acquired using 7,731,856 pulse acquire blocks with 1024 time
domain points (corresponding to an acquisition time of ~17 ms) and a recycle delay of
11 ms. To examine the improvement in signal-to-noise ratio, a 1*C spectrum was acquired
using “standard” parameters for comparison. The standard spectrum was acquired using
10,240 scans, 32,768 time domain points and a recycle delay of 3 s, and compared to an SSFP
spectrum acquired in the same amount of time. To allow a fair comparison, the standard
spectrum was truncated to the same number of points as the SSFP spectrum, such that the
noise towards the FID’s tail would not unfairly bias the signal-to-noise ratio. Following
this, the SSFP spectra were zero filled by a factor of 4 and apodization was performed using
a trapezoidal function. The 'H spectrum of the broccoli seed was acquired using 64 scans,
16,384 time domain points and a recycle delay of 1.5s.

For the '°F tracking experiments, a single Daphnia magna egg was exposed to a flu-
orinated contaminant: either hexafluorobenzene (Millipore Sigma) or trifluorotoluene
(Millipore Sigma). A layer of water was placed over the liquid contaminant and the egg
was placed in the water layer and left over night. The next morning, the egg was rinsed
3 times and placed into fresh water inside the micro-coil sample holder. The sample holder
consists of a 3D printed microstructure optimized to seat an egg perfectly over the coil
and is surrounded by a chamber filled with water to ensure that the egg does not dry out
during longer experiments (see Figure 6). A 1°F experiment was run every 6.3 min until the
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signal was no longer detectable. The °F contaminant tracking experiments were acquired
using 256 scans, 16,384 time domain points and a recycle delay of 1 s. Each spectrum was
zero filled by a factor of 2 and multiplied by an exponential function corresponding to a
line broadening of 25 Hz in the frequency domain. The 'H spectrum of the D. magna egg
was acquired on a fresh egg using 122,840 scans, 16,384 time domain points and a recycle
delay of 1 s. The spectrum was zero filled by a factor of 2 and multiplied by an exponential
function corresponding to a line broadening of 5 Hz in the frequency domain.

4. Conclusions and Outlook

Here, the potential of a broadband CMOS micro-coil system for environmental re-
search was explored. Eleven different nuclei were studied using the system and the limits
of detection for an extended experiment were found to be in the picomole range. Environ-
mental applications of these nuclei range from the study of lithium-ion battery leachates to
persistent fluorinated pollutants and the examination of biochemical energy molecules. '3C
NMR was then used to examine the metabolic profile of a 13C enriched broccoli seed, where
the additional spectral dispersion compared to 'H NMR was utilized to help overcome the
overlap caused by magnetic susceptibility distortions. It was also found that the use of the
13C SSFP sequence was very effective, giving a 6-fold signal-to-noise improvement with
minimal resolution loss. Finally, as a proof of concept, a single D. magna egg was exposed
to a fluorinated contaminant and the !°F NMR signal of the compound present inside the
egg was tracked over time, showing the potential for studying pollutant-egg interactions
for a variety of fluorinated compounds.

Initially, the question posed was whether CMOS micro-coils can be useful for envi-
ronmental research, and based on the results presented here, the answer is indeed “yes”.
Further, there is considerable future potential to be explored using this technology. Since no
tuning and matching is required, it is possible to run nearly any combination of experiments
using a single channel. For example, during a standard >C experiment where the recycle
delay may be long, a spectrum of one or several heteronuclei such as °F or 3'P could be
acquired, improving the information content of the experiment with minimal downside.
Further, if the micro-coil is placed within a larger resonator and an external coil is used
for pulsing, the B; field homogeneity can be substantially improved, opening the door
for more advanced experiments including gradients and multiple pulses. Though this
would require modification of a standard NMR probe, there is significant potential for
this approach. Finally, due to the manufacturing process of the micro-coils, it is relatively
easy to scale up to an array of multiple coils and channels. This would allow the study
of multiple eggs at one time, not only improving sample throughput, which remains a
challenge, but also allowing for the study of exposed and control samples at the same
time. This can help reduce natural variability and improve confidence in the results of
toxicity /exposure studies. Overall, CMOS micro-coils have considerable potential for the
study of mass limited samples within an environmental context.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390 /molecules28135080/s1. Figure S1: This consists of Heteronuclear NMR spectra
on a range of chemical standards acquired at 11.7 T (500 MHz 'H) using the CMOS micro-coil device.
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