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ABSTRACT: Over the years, NMR spectroscopy has become a
powerful analytical tool for the identification and quantification of
a variety of natural compounds in a broad range of food matrices.
Furthermore, NMR can be useful for characterizing food matrices
in terms of quality and authenticity, also allowing for the
identification of counterfeits. Although NMR requires minimal
sample preparation, this technique suffers from low intrinsic
sensitivity relative to complementary techniques; thus, the
detection of adulterants or markers for authenticity at low
concentrations remains challenging. Here, we present a strategy
to overcome this limitation by the introduction of a simple band-
selective homonuclear decoupling sequence that consists of double
irradiation on "H during NMR signal acquisition. The utility of the
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proposed method is tested on dihydrosterculic acid (DHSA), one of the cyclopropane fatty acids (CPFAs) shown to be a powerful
molecular marker for authentication of milk products. A quantitative description of how the proposed NMR scheme allows
sensitivity enhancement yet accurate quantification of DHSA is provided.

Bl INTRODUCTION

Food quality and authentication are challenging topics that
several analytical techniques are facing.' > Over the years, an
increasing number of consumers are getting more conscious
about nutrition, quality, and origin of foods.*® Therefore, a
highly detailed characterization and content of unique markers
to establish the quality and authenticity of foods is needed.”®
In recent years, Nuclear Magnetic Resonance (NMR)
spectroscopy has established a significant role in the field of
food science and technology and has become one of the most
powerful analytical tools to identify organic substances as well
as to elucidate their chemical structures in various food
matrices.” Given its intrinsic nondestructive character, high
reproducibility, and accuracy, NMR represents a compelling
alternative to other analytical tools, such as GC-MS and LC-
MS. Quantitative NMR (qQNMR) spectroscopy-based analysis
allows to determine the absolute content of specific markers
since the measured area of the NMR signal is directly
proportional to the number of observed nuclei (i.e., 'H, "*C or
31P). In QNMR, the signal-to-noise ratio (SNR) and the choice
of an appropriate standard (either internal, external, or
electronic reference methods) play a crucial role in
determining the accuracy and precision of the concentration
measurements.® ™ ? Despite all these advantages, NMR suffers
from an inherently low sensitivity as a consequence of low spin
polarization, which is governed by Boltzmann statistics at
thermal equilibrium.'" Although commonly confused with
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sensitivity, the concept of SNR is preferred in the NMR
community since it is considered well-defined and easy to
measure for a specific signal on a given spectrum.'” For
example, SNR of a single-scan experiment acquired on 'H
nuclei (the most sensitive among NMR active nuclei) can be
expressed as SNR ~ 73 X N X B2 X D, where yy is the
gyromagnetic ratio of 'H, N is the concentration of 'H in the
NMR sample, B, is the external applied magnetic field, and D
is an additional term that considers the sensitivity of the
detector."” It clearly appears that for a given concentration N,
SNR can be enhanced by (a) increasing the strength of static
magnetic fields (B,) and (b) reducing the noise in signal
acquisition (D), i.e., cooling the wires of the detection coil by
using cryogenic cold-NMR probes. Unfortunately, this strategy
for sensitivity enhancements comes at a high cost and is not
always achievable especially in small, medium—sized research
groups. Additionally, recent NMR instrumentation advance-
ments (higher magnetic fields or microcryoprobes technol-
ogy)'*"> and hyperpolarization techniques have shown great
promise in enhancing NMR sensitivities by multiple orders of
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Figure 1. Effect of the single irradiation RF field (RF;) on the signal intensity of the cis-methylene proton ('HF) in the cyclopropane ring of
dihydrosterculic acid, DHSA. (A) 'H NMR spectrum of DHSA (CDCl,;, 600 MHz, 25 °C) in the region from —0.60 to 1.40 ppm and the chemical
structure of DHSA with protons of the cyclopropane ring identified as cis and trans by the labels H® and H, respectively. The portion of the
spectrum enclosed in the black box (and zoomed in in the upper right part) shows the characteristic quartet signal arising from coupling of 'H* to
three 'H' in the cyclopropane ring and the corresponding coupling constants (in Hz). (B) Stacked "H NMR spectra of CHCI, (black), TMS
(black), and "H* proton of DHSA (red) as a function of single RF field (RF,) strengths. The arrows near the vertical dotted lines highlight the
chemical shifts caused by the Bloch—Siegert effect. (C) Overlay of 'H* signals obtained at different RF field strengths. Note that signals from TMS
and 'H’ in parts B and C were referenced and scaled to the CHCl, signal, as described in the Experimental Section. All measurements were

performed on a 0.60 mg mL™" (standard) DHSA sample.

magnitude. Thus, the need for additional specialized and
expensive equipment may restrict the widespread application
or adoption of these techniques, particularly in the field of food
analysis. Other strategies to increase SNR, which include the
use of paramagnetic agents to shorten the spin—lattice (T,)
relaxation time of the nucleus of interest, have been
described.'>"”

Here, we explore one of the most important (but
surprisingly understudied) aspects of decoupling in NMR
spectroscopy. Although signal decoupling can improve the
resolution of overcrowded spectra due to the collapse of
multiplet into singlet, the former has the important benefit of
increasing SNR. Here, we provide a quantitative description of
how the introduction of a simple decoupling scheme not only
results in an increased SNR on 'H 1D NMR experiments but
also allows an accurate quantification of the analyte. We tested
our method on the detection and quantification of
dihydrosterculic acid (DHSA), as one of cyclopropane fatty
acids (CPFAs) that has been identified as powerful molecular
marker in establishing the authenticity of Protected Denomi-
nation of Origin (PDO) cheeses such as Parmigiano
Reggiano.'®*™*> Hence, the CPFA methodology on the
authentication of Hay Milk is a current interest as its
specification of production prohibits the use of silage on
cows feeding.”’ Briefly, CPFAs, mainly lactobacillic and
dihydrosterculic acids, are uncommon fatty acids containing
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a three-carbon ring located at different positions of the fatty
acid chain (Figure 1A). They are known to be components of
bacterial membranes in both Gram-positive and Gram-negative
as a response to stress conditions.”* So far, CPFAs have been
identified in a wide variety of animal-derived foods (i.e., dairy
and meat products) and their presence correlate with the
presence of maize silage in the forage used in livestock
farming.”® Recently, the presence of CPFAs in milk and dairy
products has been linked to the field of food authentication; in
fact, products such as Parmigiano Reggiano cheese (PDO) and
Hay Milk, where the usage of silage is forbidden (EU 1151/12,
EU 2016/304), should be free of any CPFAs.”> Consequently,
given the high commercial values of the latter products and the
rise of food fraud, CPFAs are considered molecular and quality
markers in dairy products.”>”° Furthermore, since the potential
role and effects of CPFAs on human health remain elusive as
well as their effects in human metabolism, the development of
different analytical methods to improve their correct and
accurate detection and quantification is required.

B EXPERIMENTAL SECTION

Materials. All-cis-methyleneoctadecanoic acid (DHSA)
(microbial cyclopropane fatty acid, Cas no. 5711-28-4, neat
purity 98%, Abcam, Cambridge, UK) and deuterated chloro-
form (CDCl;, 0.03 vol/vol % TMS as an internal standard, Cas
no. 865-49-6, >98% D, Sigma-Aldrich, Saint Louis, Missouri,
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USA) were used. All other used chemicals (solvents, standards,
and reagents) were of analytical grade.

NMR Sample Preparation. A DHSA standard stock
solution was prepared by dissolving 3.00 mg of DHSA in 5.00
mL of CDCl; (containing 0.03 vol/vol % TMS as an internal
standard) to reach a concentration of 0.60 mg mL™".

Standard solutions of DHSA were prepared by diluting the
stock solution with CDCI; to the desired concentrations of
DHSA in the range from 0.60 to 0.0001 mg mL™".

Complex mixtures of DHSA were obtained by dissolving
50.00 mg of freeze-dried hay milk sample (free of DHSA) in
1.00 mL of CDCI; containing the desired concentration of
DHSA. The mixture was then vortexed for 1 min at room
temperature and centrifuged at maximum speed (12,000 rpm)
for 30 min at 4 °C to remove any insoluble particles that could
affect the NMR shim during measurements. 800 uL of the
supernatant was then transferred into an NMR tube for the 'H
NMR analysis. Authenticity of the lyophilized hay milk sample
(in terms of the absence of any DHSA) was confirmed by GC-
MS and 'H NMR analyses. To avoid evaporation of CDCl,
during sample preparation and NMR analysis (that could affect
a correct quantification of DHSA), the DHSA stock solution
and the NMR tubes in the autosampler were kept at 4 °C prior
to preparation of the NMR samples and analysis, respectively.
A list of concentrations for all DHSA samples (standard
solutions and complex mixtures) used in the current study is
available in Table SI.

NMR Spectroscopy. All NMR experiments were carried
out at 25 °C using a 600 MHz spectrometer (JNM-ECZ from
JEOL Ltd., Tokyo, Japan), equipped with a room-temperature
“Royal” HFX/FGSQ probe and an autosampler cooled at 4 °C.
All NMR data were processed and analyzed with Delta NMR
Data Processing software (JEOL Ltd., Tokyo, Japan).

Determination of Spin—Lattice Relaxation Time (T;)
of DHSA Protons. Values of T for protons in the terminal
methyl group and in the methylene groups of the fatty acid
chain and the cis-methylene proton in the cyclopropane ring of
the DHSA molecule (see Figure 1) were obtained from a
simple 180° 7 (repetition time) 7 90° inversion recovery pulse
sequence experiment (“double pulse” in the JEOL Ltd. pulse
sequence library) acquired on a 0.60 mg mL™" DHSA standard
sample in CDCI;. A set of 32 spectra were recorded with an
array of 7 delays (varying from 10 ms to 20 s) and a relaxation
delay of 40 s, enough to reach thermal equilibrium. T, values
were obtained from the following equations:

M,(z) = M1 — 2exp " T7)] )

where M? is the initial z- magnetization and 7 is the repetition
time. A list of T values for all previously listed protons of the
DHSA molecule is provided in Table S2.

Acquisition and Processing of '"H NMR Spectra. All 1D
'"H NMR experiments were performed using a slight in-house
modification of the pulse sequence “qnmr_experiment” (JEOL
Ltd.), with the introduction of '*C decoupling during signal
acquisition to achieve elimination of '*C-satellite signals of
TMS and analytes. Complete removal of interfering '*C-
satellite has been shown to improve the accuracy in the
quantification of the NMR signals.”” 3C decoupling was
achieved by a multipulse, ultrabroad bandwidths decoupling
sequence, namely, MPF-8.>° All samples were analyzed in
triplicate at 25 °C with the following acquisition parameters:
acquisition time (AQ) = 4 s, spectrum width (SW) = 13 ppm

(with filter limit = 4), frequency offset = 3 ppm, 90° 'H pulse =
7.9 us, receiver gain = 56, dummy scans = 4, number of scans
(NS) for each experiment see Table S1, and relaxation delay of
20 s. Note that (a) at a given DHSA concentration, the same
NS were used for acquisition of 1D 'H NMR spectra with or
without homonuclear decoupling and (b) the value for
relaxation delay is >S5 times longer than the T value for the
slowest relaxing terminal methyl protons (T; values
determined as described above and reported in Table S2),
therefore allowing complete relaxation between two pulses.

Homonuclear decoupling of the cis-methylene proton of
DHSA was achieved by introducing a selective RF field ("H
RF,) at §, = 0.60 ppm during acquisition time. The second
“dummy” RF field ("H RF,) was applied at AS, = 5 — &, =
—0.94 ppm, where & (—0.34 ppm) is the chemical shift of the
cis-methylene proton in the cyclopropane ring. In all
experiments where both RF fields (‘"H RF, and 'H RF,)
were applied, the RF field strength of "H RF, was set to the
same values as those of 'H RF,. A list of the RF field strengths
(and corresponding attenuations) used in the current study is
available in Table S3.

For processing of all 1D 'H NMR spectra, an exponential
window function was employed with a line broadening factor
of 0.3 Hz and zero-filled to 48,000 points prior to Fourier
transformation. Each spectrum was then manually phase-
corrected and baseline-corrected. Note that all chemical shifts
were calibrated relative to the chemical shift of the chloroform
peak (7.26 ppm for 'H NMR) and not to the chemical shift of
TMS.

Quantification of DHSA in Standard Solution and
Complex Mixture. Quantitative analysis of DHSA in
standard solution and in complex mixture was obtained by
integrating the peak area corresponding to the signal of the cis-
methylene proton (centered at ~—0.34 ppm) using the methyl
signal of TMS as the internal standard. In all experiments, the
integral limits (—0.31 ppm < Int < —0.35 ppm) were used for
quantifying the signal of the cis-methylene proton independ-
ently of the pulse sequence implemented (i.e., with or without
homonuclear decoupling). Note that in all experiments, *C-
satellite signals were absent due to the introduction of *C
decoupling during signal acquisition as described above.
Experimental concentrations of DHSA, c(DHSA)eXP, expressed
as mg mL™" were calculated as follows:

A N ™
¢(DHSA),, = MWpjyq, X —2HSA 5 —TMS c(TMS)
N Arms Npusa  MWiys
(2)

where MWpysa and MWrpy g are the molecular weight of
DHSA (296.49 g mol™') and TMS (88.22 g mol™"),
respectively; A and N are the integrated area and number of
'"H of DHSA and TMS, respectively. ¢(TMS) is the
concentration of TMS (expressed as mg mL™") in the NMR
tube.

Signal-to-Noise Ratio (SNR), Limit of Detection (LOD),
and Limit of Quantification (LOQ) of DHSA. For each 1D
"H NMR spectrum, the corresponding SNR was calculated by
using the S/N tool implemented on Delta Software (JEOL
Ltd.). The NMR signal and noise were extracted in the range
of —0.29/-0.39 ppm and —0.45/—0.65 ppm, respectively,
from 1D 'H spectra measured on both DHSA standard and
complex mixture samples. The LOD of the DHSA signal was
determined empirically through a visual evaluation. Specifi-
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Figure 2. Effect of homonuclear decoupling on the quantification of the DHSA molecule. (A) Region of the "H NMR spectrum of DHSA (CDCL,,
600 MHz, 25 °C) showing the offset of the applied single (RF,, top panel) and double (RF,, RF,, bottom panel) selective RF fields, with @** and
@™ values equal to 0.60 and —0.97 ppm, respectively. Plots of integrated "H° DHSA peak areas (referenced to TMS signal) as a function of the
applied RF field strengths are shown for (B) “standard” solution (containing only DHSA) and (C) in a complex mixture (DHSA spiked to freeze-
dried milk as described in the Experimental Section). Changes in signal areas employing single (RF,) and double (RF;, RF,) selective frequencies
are colored red and blue, respectively. All 'H° DHSA peak areas shown in the plots are normalized to the peak area measured for yB, = 0 Hz.

cally, it was determined when the shape of the signal
originating from the cis-methylene proton of the cyclopropane
ring in DHSA could be visually identified at the correct
chemical shift (approximately —0.34 ppm). This corresponds
to SNR ~2—3. On the contrary, the LOQ_of DHSA was set for
SNR > 10, allowing the concentration of DHSA to be uniquely
defined and in agreement with previous studies.”” " A list of
observed SNR for different concentrations of DHSA in
standard solution and in complex mixtures is provided in
Table S4.

B RESULTS AND DISCUSSION

The 1D "H NMR spectrum in the region from —0.60 to 1.40
ppm of a DHSA standard solution is shown in Figure 1A (the
full spectrum is available in Figure S1). Following the
assignment of the chemical shift performed by Knothe,
protons in the cyclopropane rings show distinct chemical
shifts.”> The upfield peak at ~—0.33 ppm can be attributed to
the cis-methylene proton, 'H* (labeled in red in Figure 1) while
downfield peaks at ~0.55 and ~0.64 ppm can be assigned to
the trans-methylene proton, 'H' (labeled in green in Figure 1),
and to the two trans-methine protons, 'H' (labeled in black in
Figure 1), of the cyclopropane ring, respectively. The
downfield signals at ~0.88 and ~1.25 ppm, which can be
assigned to the methylene and methyl protons of the fatty acid
chain of DHSA, respectively, were only included in the study
for the determination of their T, values (see Experimental
Section and Table S2).

Among all observable signals of DHSA, the upfield-shifted
resonance of the cis-methylene proton in the cyclopropane ring
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(HS, see Figure 1A) is generally picked as the target signal for
quantification of DHSA, given its distinct chemical shift far
from any other resonances even in complex mixtures.””**
Additionally, homonuclear spin—spin coupling of the cis-
methylene proton with its geminal trans-methylene proton
(*Jun ~ S Hz) and with the two vicinal trans-methine protons
(Jun ~ 4 Hz) of the cyclopropane ring gives rise to the
multiplicity pattern of the upfield signal (Figure 1, inset),
where the size of the splitting (expressed through the coupling
constant, ] in Hz) corresponds to the energy difference of the
coupling partners, i.e., the spin arrangement (@ or f state) of
the protons in the adjacent group.

Although J-coupling constants are useful NMR parameters
that provide structural information, a correct quantification of
organic molecules can also be affected by signal broadening,
which also occurs due to 'H — 'H spin couplings. Given the
distinct chemical shift of the cis-methylene proton, the
observed J-splitting of this proton is highly undesirable in
this case since it significantly affects the sensitivity (expressed
as SNR; see Table S4) in the accurate quantification of DHSA.

Homonuclear spin—spin coupling of cis-methylene proton
with its neighboring proton spins can be easily removed by
applying a single selective radiofrequency (RF,) field on 'H at
0.60 ppm, with a pulse bandwidth covering both geminal cis-
methylene and vicinal frans-methine protons of the cyclo-
propane ring of DHSA (Figure 1A).

By employing an array of different RF field strengths, yB,,
(shown in Figure 1B), we found that a selective pulse with yB,
~ 200 Hz allows complete decoupling of cis-methylene proton
into a singlet and results in an increase in the signal intensity of
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Figure 3. Correlation plots comparing predicted (pred) and experimental (exp) DHSA concentrations determined from the integrated area of the
cis-methylene proton signal of the cyclopropane ring in '"H NMR spectra. Concentrations of DHSA recast from NMR experiments acquired with
single (RF,) and double (RF,, RF,) selective decoupling pulses are colored red and blue, respectively. Concentrations of DHSA obtained from
reference experiments without decoupling (RF,) are labeled in black. Measurements were performed on (A) “standard” solution (with only DHSA)
and (B) in “complex mixture” (with DHSA dissolved in milk extract as described in the Experimental Section). Slopes and Pearson correlation
coefficients (R) are reported in the figures. Measures were performed in triplicate, and error bars are reported in the plots.

this proton, which is shown in Figure 1C. While experiments
performed with yB; < 200 Hz led to incomplete decoupling,
stronger RF field strengths (yB; > 200 Hz) induce Bloch—

Siegert (BS) shifts on the signal of cis-methylene proton (At
=10 ppb for yB, = 200 Hz). Thus, excessive RF field strengths
(yB; > 300 Hz) causes phase distortion, massive shifts and
signal broadening (Figure 1B, upper part).”

Unusually, the position of the TMS signal in the 1D 'H
DHSA spectrum is between the chemical shift of the applied
single selective radiofrequency (RF,) and the cis-methylene
proton, at 0.60 and ~—0.34 ppm, respectively, with ot <
o™ < "1, 1t follows that the signal corresponding to TMS
(Figure 1B, mid panel) is also affected by the BS effect induced
by the decoupling frequency, resulting in an upfield shift
(Awgd™ = —10.4 ppb for yB, = 200 Hz) as well as strong
broadening of the signal. Since quantification of molecules with
NMR requires the integration of reference signal (TMS in our
case), we wondered whether under this condition any
quantitative analysis of DHSA is therefore precluded.

Thus, we monitored the changes in 'H° DHSA signal area as
a function of the RF field strength (0 < yB; < 400 Hz) by
employing a single (RF;) selective RF field (as depicted in
Figure 2A, top panel). In Figure 2B,C, the normalized
integrated signal of "H° DHSA (nALifs,) as a function of the
decoupling field strength is calculated as follows:

iHz * , OHz
nAHZ Appnsa Arms
DHSA iHe * ) OHz
T™S “1DHSA (3)

where Alis, and Al are peak areas corresponding to 'H°
DHSA and TMS signals, respectively, measured at yB, = i Hz
(with 0 Hz < i < 400 Hz). AD{iZ, and A% are peak areas
corresponding to '"H° DHSA and TMS signals, respectively,
measured at yB; = 0 Hz. Measurements were performed on
sample containing 0.60 mg mL ™" of DHSA standard dissolved
in CDCl; (labeled as “standard” in Figure 2B) as well as on
spiked samples (labeled as “complex mixture” in Figure 2C)
where DHSA was added to freeze-dried milk powder dissolved
in CDCl; as described in Experimental Section. The latter
experiment was performed to test the validity of our method in
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complex environments and to check for any matrix effect. As
expected, the same chemical shifts were observed in 'H spectra
for cis- and trans- protons of the cyclopropane ring of DHSA in
standard and complex mixture (Figure S1).

Since all RF-strength-dependent experiments were acquired
on NMR samples with the same amount of DHSA, we did not
expect any significant variation in the value of nAL%, as a
function of the applied i decoupling field. The value of nAj}is,
(shown as red circles in Figure 2B,C) increases progressively,
reaching almost 180% of the initial value at the maximum
applied yB, value (= 400 Hz). The resulting linear increase in
nAbpisa values in the plot can be attributed directly to the BS
effect on the TMS signal described above. In fact, broadening
of the TMS signal reduces the denominator in eq 3 causing an
increase in the value of nAL%,.

Therefore, quantification of DHSA is not amenable under
such decoupling conditions: for yB;, = 200 Hz, the field
strength required for a complete decoupling of cis-methylene
proton, the increase of the normalized integrated signal of 'H¢
DHSA (AnARR¢Y") corresponds to ~40% making quantifica-
tion of DHSA extremely inaccurate under these specific
conditions. To overcome this issue, we exploited the
homonuclear decoupling sequence recently proposed by
Saito and co-workers.”* Shortly, the method requires, together
with the decoupling selective RF field (RF;), the addition of a
second “dummy” selective RF field (RF,) performed upfield to
the signal of interest to decouple (in our case the cis-methylene
proton (Figure 2A, lower panel)). More specifically, the
following conditions must be fulfilled: (a) the differences in
chemical shifts (Aw) between the applied first selective
radiofrequency (RF,;) and the TMS signal and between the
signal of the second selective radiofrequency (RF,) and the
proton(s) of interest are equal, and (b) the applied
radiofrequency strength for RF, and RF, is the same.

The resulting normalized signal of "H* DHSA (nAL%,) as a
function of the decoupling field strength applying both RF,
and RF,, is shown in Figure 2B,C. The addition of the second
selective RF field (RF,) prevents any increase in the value of
nAps, as a function of RF strength. This is a direct
consequence of the fact that broadening of the TMS signal
caused by RF, equals the broadening of the signal of the cis-
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methylene proton caused by RF,, thus preserving a constant
value of nAkiss, at different decoupling field strengths.

The effectiveness of the proposed NMR method was tested
via the quantification of DHSA over a series of “standard”
NMR samples where the (pure) DHSA stock solution
(predicted concentration, c(DHSA)pred, = 0.60 mg mL™")
was progressively diluted with CDCl; to ¢(DHSA),,,.q = 0.0001
mg mL™" (see Table SI for the list of concentrations). As for
Figure 2, measurements were also performed in complex
mixtures where different amounts of DHSA were spiked to
freeze-dried milk resuspended in CDCl; (see Experimental
Section for details).

Note that the LOQ of DHSA in both standard and complex
mixtures was set for SNR values >10; therefore, quantification
of DHSA below ~0.01 mg mL™" was not yet achievable under
these experimental conditions. Figure 3 shows correlation plots
comparing c(DHSA)Pred and experimental concentrations of
DHSA, c(DHSA),,,, calculated from the integrated intensity of
the cis-methylene proton signal in 'H NMR spectra, referenced
to the signal of TMS as described in the Experimental Section.

As expected, linear correlation (Figure 3, black line) exists
between c(DHSA)Pred and c(DHSA)eXP obtained from 'H
NMR spectra where the signal of the cis-methylene proton was
not decoupled (no RF applied). However, experimental
concentrations, c(DHSA)exp, calculated from the signal of cis-
methylene proton decoupled with a single selective field (RF;)
at yB, = 200 Hz were overestimated by ~40% in the standard
solution and ~42% in the complex mixture, respectively, as
shown in Figure 3 (red line). It is straightforward to show from
eq 3 that overestimation in C(DHSA)exp is equal (within the
experimental error) to the AnARj¢a” value, as described above.
Nonetheless, when both RF, and RF, are applied during signal
acquisition, ¢(DHSA),,, values are linearly correlated to
c(DHSA)Pred with slope ~1 (Figure 2, blue line), thus
confirming that a correct and accurate quantification of
DHSA achieved from the decoupled cis-methylene proton
signal requires the presence of both (RF;, RF,) selective
pulses.

Given the intrinsic low concentration of DHSA in milk
samples (as low as 2.5 ug mL™')** from cows fed with the
addition of maize silage, improving the SNR is an essential
requirement for accurate integration of the NMR signal and,
therefore, detection and/or quantification of the analyte. After
solving the issue of quantification from the decoupled cis-
methylene proton signal of DHSA, we focused on providing a
quantitative analysis of SNR calculated from NMR experi-
ments in the presence of decoupling field(s). As previously
shown in Figure 1C, collapsing the DHSA signal quartet into a
singlet improves the sensitivity of the DHSA signal. A quick
comparison of peak heights estimated from the cis-methylene
proton of DHSA in the presence (yB; = 200 Hz) and absence
of a single decoupling field (RF;) shows a ~2.2-fold increase in
intensity (Figure 1C, red traces).

Nonetheless, a more rigorous analysis where SNR of the
DHSA was estimated from decoupled NMR experiments
acquired with single (RF,) or double (RF, RF,) selective
pulses is described here. Signal of DHSA and spectral noise
were extracted in the range of —0.29/—0.39 and —0.45/-0.65
ppm (Figure 1A and Experimental Section for details),
respectively, from a series of 'H spectra acquired over the
same set of DHSA concentrations, as indicated in Figure 3 and
in Table S1.

Figure 4 plots the ratio R of the experimental
SNRRE; (with i=1 or 1,2), Obtained from "H spectra acquired in

20 RF4 standard
(RF1,RF2)
159 e  BE B ek
1.0
% 20
complex
mixture
159 L e L Wm.

0.01 002 005 010 020 030 040 050 0.60
¢(DHSA)preq (Mg ML-1)

Figure 4. Bar graph of the experimental ratios R (= SNRgg/SNRgg,,

with i = 1 or 1,2) measured on the cis-methylene proton signal of the
cyclopropane ring in DHSA as a function of the concentration of
DHSA in standard solution (upper panel) and in complex mixture
(freeze-dried milk spiked with DHSA, lower panel). Rs values
obtained from decoupled NMR experiments acquired with single
(RF,) and double (RF,, RF,) selective pulses are shown as red and
blue bars, respectively. Red and blue dotted lines in both panels
indicate the average SNRyr/SNRgg, values, respectively. NMR signal

and noise were extracted as described in the Experimental Section.
NMR analyses were carried out in triplicate for each experiment.

the presence of RF; (red bars) or RF;, RF, (blue bars), to
SNRyy, measured on refence 'H spectra without applying any

decoupling field. Note that plotting of the normalized Rs as a
function of concentrations of DHSA allows direct comparison
between experiments acquired with different numbers of scans
(listed in Table S1), provided that at a given concentration i of
DHSA, values of SNRgg; (vith i1 or 1,2) a1d SNRgg, are extracted

from 'H spectra obtained with the same number of scans.

Average values of R obtained for 1D 'H NMR spectra
acquired in the presence of RF; (red bars) or RF;, RF, (blue
bars) cluster around ~1.4 (+0.1) and ~1.2 (%+0.1),
respectively (Figure 4). No significant differences in R values
were observed among experiments performed on DHSA in
“standard” and in “complex mixture”, showing the absence of
any matrix effect.

Values of R are systematically higher than 1, indicating an
overall increase of the SNR attributed to the cis-methylene
proton signal of DHSA on decoupled experiments, regardless
of the number of applied RF fields. Note that the variability on
R values as a function of the concentration of DHSA (although
within the experimental error calculated from triplicate) can be
attributed to spectral artifacts during NMR signal acquisition
(i.e., distortion, shim). Interestingly, values of R obtained in
the presence of both RF; and RF, are lower than the ones
obtained with only RF, by a factor of ~0.85. This loss in
sensitivity can be attributed to the introduction of a second
selective 'H decoupling pulse (RF,), which is applied
simultaneously with RF; on the NMR probe, thereby requiring
a more complicated time-share mode during signal acquisition
that can partially affect sensitivity.*>*°

Comparison of Rs (shown in Figure 4) were performed
under the conditions where SNR' > 10 with i € {RF,, RF,,
RF,}, thus above LOQ. Conversely, in the limit where SNR <
10 for at least one of experiments performed with and without
decoupling, we decided to test “qualitatively” (by visual
inspection of the NMR signal) whether decoupling of the
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Figure S. Improved detection of cis-methylene proton, 'H* signal from DHSA by employing single (RF,) and double (RF}, RF,) selective pulses.
NMR experiments acquired on four different concentrations of DHSA (0.0001, 0.001, 0.005, and 0.008 mg mL™") without decoupling (RF,), with

a single (RF)) selective decoupling pulse and with the double-pulse (RF,

RF,) scheme are shown in black, red, and blue, respectively. Data

obtained for the DHSA standard solution and in complex mixture are shown in the upper and lower panel, respectively. Correct comparison of
DHSA signal intensities was achieved by using the CHCI; signal as reference, as described in the Experimental Section.

cis-methylene proton NMR signal can enhance sensitivity,
defined as the ability to detect weak peaks close to the noise
level.

As an example, NMR spectra measured for c((DHSA),,.q at
0.0001, 0.001, 0.00S, and 0.008 mg mL™" are shown in Figure
5: the top panels display 'H spectra measured on DHSA
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standard, while the bottom panels display 'H spectra acquired
on DHSA in complex mixture. Reference spectra acquired
without decoupling (Figure S, no RF, in black) are compared
with spectra where the collapsing of the cis-methylene proton
signal into a singlet was achieved by applying a single RF, field
with yB; = 200 Hz (Figure S, RFy, in red). Note that correct
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quantification of DHSA at these concentrations is in any case
extremely error-prone (SNR ~ 10); therefore, the above-
described method where the second selective pulse (RF,) is
introduced during signal acquisition is beyond the scope.
Furthermore, from the comparison of SNR measured on 'H
spectra with introduction of single and double RF fields
(Figure 4 and as above-described), homonuclear decoupling
achieved with a single RF field allows a better SNR, (SNR*1)
~ 1.2 (SNRRFrRE2),

For the two highest concentrations of DHSA shown in
Figure 5 (0.005 and 0.008 mg mL™'), the signal of a cis-
methylene proton can be detected in the presence and in the
absence of the single RF, decoupling field. However, a ~2.0-
fold increase in peak intensity and a ~1.2-fold increase in SNR
are gained for the 'H spectrum acquired with a single
decoupling field (RF;), consistent with what observed for
¢(DHSA),,eq = 0.60 mg mL™" (Figure 1C).

More impressive is how the detection of DHSA can be
improved in the presence of RF, for c(DHSA),,.q = 0.001 mg
mL™}, the second-lowest concentration of DHSA used in this
study. While identification of the signal of cis-methylene proton
on not-decoupled experiments is not possible ( (SNR*) < 2,
therefore below LOD), the introduction of RF,; increases
sensitivity and allows detection of DHSA ( (SNR™) ~ 8).

Under our experimental conditions, we found that detection
of DHSA is precluded for c(DHSA)Pred < 0.0001 mg mL™!
regardless of any decoupling scheme.

B CONCLUSIONS

CPFAs are a class of secondary fatty acids that include DHSA,
the most abundant CPFAs recently detected in milk and dairy
products obtained from cows fed with maize silage. Given its
importance as a molecular marker for authentication of high-
value dairy products (i.e, Hay Milk, PDO-labeled cheeses),
implementation of more accurate and precise approaches for
the detection and quantification of DHSA is required.
Although NMR spectroscopy is an important tool for
monitoring food authenticity through the identification of
specific markers, this methodology applied under standard
conditions suffers from low sensitivity.

Here, we have quantitatively shown how the introduction of
a simple and straightforward homonuclear decoupling scheme
on 'H NMR experiments, where a single radiofrequency, RF,
field is applied during acquisition, can enhance both SNR and
the detection sensitivity of DHSA. However, giving the
peculiar chemical shift of cis-methylene proton, the 'H signal
from DHSA (upfield to the TMS signal), addition of a second
“dummy” RF field (RF,) is required to correctly quantify
DHSA. The proposed method retains the option of using TMS
as an internal standard for quantification, thus accounting for
variations in instrument performance or sample conditions.

Previous NMR studies on CPFAs report LOD values of
~0.0025 mg mL™" (SNR = 4) for DHSA standard solution.*
Under similar experimental conditions and by employing
homonuclear decoupling, we were able to detect DHSA signals
down to a concentration of ~0.001 mg mL™' (SNR = 8),
indeed increasing the sensitivity by threefold. Thus, the gain in
the detection sensitivity and SNR described in this study
clearly shows the effectiveness of the proposed methodology in
the detection and quantification of such specific molecular
markers found at low concentrations in dairy products
obtained with ensiled feeds. Given the increasing usage of
NMR for the identification of counterfeits, developing novel

NMR methodologies, boosting existing ones, and eventually
combining data from different platforms (NMR and other
techniques) represents an essential strategy to improve
targeted identification of specific markers of adulteration in
food science.
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