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Abstract

Cholesterol, the principal zoosterol, is a key metabolite linked to several health complications. Studies have shown its potential as
a metabolic biomarker for predicting various diseases and determining food origin. However, the existing INEPT (insensitive
nuclei enhanced by polarization transfer) '*C position-specific isotope analysis method of cholesterol by NMR was not suitable
for very precise analysis of small quantities due to its long acquisition time and therefore is restricted to products rich in
cholesterol. In this work, a symmetric and adiabatic heteronuclear single quantum coherence (HSQC) 2D NMR sequence was
developed for the high-precision (few permil) analysis of small quantities of cholesterol. Adiabatic pulses were incremented for
improving precision and sensitivity. Moreover, several strategies such as the use of non-uniform sampling, linear prediction, and
variable recycling time were optimized to reduce the acquisition time. The number of increments and spectral range were also
adjusted. The method was developed on a system with a cryogenically cooled probe and was not tested on a room-temperature
system. Our new approach allowed analyzing as low as 5 mg of cholesterol in 31 min with a long-term repeatability lower than
2%o on the 24 non-quaternary carbon atoms of the molecule comparing to 16.2 h for the same quantity using the existing INEPT
method. This result makes conceivable the isotope analysis of matrices low in cholesterol.
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Introduction

Cholesterol is an essential membrane constituent of mammali-
an cells and has an important role in cellular organization and
stability. Cholesterol also plays an important role as a precursor
of steroid hormones, vitamin D, oxysterols, and bile acids [1]. It
is implied in many health problems [2—4] and has proven to be
an important metabolic biomarker [5, 6] since the profile of
steroid hormones was important in clinical diagnostics [7].

It was shown that the global content in *C (isotope compo-
sition: 613Cg) of cholesterol present in human bones mirrors the
most recent diet of the individual [8—11]. This parameter is
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currently obtained by isotope ratio measured by mass spec-
trometry (irm-MS, also known as IRMS [isotope ratio by mass
spectrometry]) [12]. However, irm-MS only has access to the
average isotopic composition, which is the mean value of the
13C content within the considered molecule. As a result, infor-
mation of the coexistence of both normal and inverse "*C iso-
tope effects during the biosynthesis of cholesterol is indubitably
lost. In this respect, it is also known that the processes affecting
the carbon isotopic composition of isoprenoid lipids would be
better elucidated by an intramolecular '*C composition study
[13]. Position-specific isotope analysis (PSIA) can be achieved
by several approaches such as (bio)chemical degradations or
pyrolysis but with limited applications (only small molecules
and/or partial intramolecular information and/or tedious proto-
cols) [14-16]. Recently, analyses of molecular isotopic struc-
ture have been proposed by tandem mass spectrometry, using
an Orbitrap mass analyzer [17-20]. However, in the level of the
current development, these methodologies seem promising, but
only for small molecules. But, irm-NMR (isotope ratio mea-
sured by nuclear magnetic resonance) is not limited by the
molecular weight [21]. Isotopic analysis by “H-NMR was used
to identify exogenous sources of sugars in wine by analyzing
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the D/H ratio of many compounds [22, 23] (the SNIF-NMR ™
method). Profiling of intramolecular '*C contents by means of
irm-"*C NMR was not straightforward because of the high
level of precision required. Indeed, the variations of the quan-
tity of '*C isotopomers are very low in nature: to observe >C
isotopic fractionation, a precision of the order of 1%o (0.1%)
has to be reached by the analytical method used. Only in the
last 12 years has a full protocol been proposed to achieve such a
performance [24]. Irm-'>C NMR was then used in various
domains [25-27]. Recently, irm-NMR took advantage of the
multi-pulse sequences available for the '*C nucleus to improve
sensitivity and/or resolution but still keep the high precision as
the analytical target, as demonstrated by the analyses of '*C
position-specific isotope composition (PSIA) of triglycerides
[28, 29]. In a previous study, 90 mg of cholesterol was neces-
sary to reach the high precision requested for isotopomic mea-
surements using an optimized INEPT (insensitive nuclei en-
hanced by polarization transfer) sequence [29]. That was al-
ready challenging in terms of molecule size and NMR tube
concentration since a high signal-to-noise ratio (SNR) was re-
quired in order to obtain a precision of 1%o in a relatively short
analysis time [30, 31].

So far, compound-specific isotope analysis (CSIA) by gas
chromatography coupled to irm-MS [32, 33] is the only meth-
od enabled to work with few milligrammes of products. None
of the previously proposed irm-NMR approaches can cope
with limitations regarding the cholesterol quantity and the
NMR acquisition time. Indeed, the main issue remains sensi-
tivity. In a recently published methodology, 'H NMR was
used for determining position-specific '*C/'*C ratios within
organic [34]. The main advantage of this approach is the sen-
sitivity intrinsic to proton-detected NMR experiments, but no
overlapping of 'H signals is required. That is not the case for
cholesterol as illustrated in Fig. 1 even at high field as with the
700-MHz spectrometer used here.

Therefore, to the best of our knowledge, today there is no
method to perform a quantitative analysis of a few
milligrammes of cholesterol with the precision required by
isotopic measurements (permil), and so, a new methodology
has to be proposed. In this respect, the heteronuclear single
quantum coherence (HSQC) spectroscopy experiment has
proven to be an effective method to quantify metabolites in
complex mixtures [35, 36]. Our group recently developed a
HSQC pulse sequence with perfect radiofrequency (RF) sym-
metry and successfully applied this new sequence to triglyc-
eride matrices [37].

The aim of this study was to develop an HSQC method for
small quantities of cholesterol able to quantitate '*C isotopic
contents of protonated carbon centres in this molecule with a
precision of a few permil (%0). Thus, cholesterol isotopomics
could be applied to matrices such as dairy products. The ques-
tions are then as follows: (i) what changes must be made to the
core of the HSQC multi-pulse sequence? (ii) What parameters

@ Springer

must be adjusted to reach the targeted precision? And (iii)
what is the minimum amount of cholesterol needed to reach
the target precision (%o) with an analysis time lower than 1 h?
The key to answering these questions was based on the inclu-
sion of special adiabatic RF pulses which when implemented
properly result in the prerequisite gain in precision and sensi-
tivity. Moreover, several factors such as the use of variable
recycling times (VRT) [38], non-uniform sampling (NUS)
[39], and linear prediction (LP) [40] were evaluated and opti-
mized in order to reduce the NMR experiment duration.
Additionally, the number of ¢, increments and spectral range
were also adjusted [41]. Also included is a comment on the
nature of the data obtained and their relation to the
isotopomics concept at natural abundance.

Experimental section
Chemicals

Extra pure ethanol and petroleum ether (boiling range 308—
333 K, ACS basic) were purchased from Scharlab;
diethylether (GPR Rectapur) and methanol (AnalaR
Normapur) were purchased from VWR chemicals; potassium
hydroxide (ACS reagent, > 85%) was purchased from Sigma-
Aldrich; and deuterated chloroform was purchased from
Eurisotop. Whatman Purasil silica gel (60A, 230e400 Mesh
ASTM) was used for column chromatography. Commercial
cholesterol (A*-Cholesten-3-ol) was purchased from Sigma
Grade (99+ %).

Cheese samples

Four cheese samples of French origin were purchased from
grocery stores. Samples consist of Emmental (sample 1),
Pyrenean cheese (sample 2), and Comté (samples 3 and 4).

Cheese cholesterol extraction

In this work, a specific procedure was developed for the quan-
titative extraction of cholesterol in cheese samples. Unless oth-
erwise specified, working temperature was 295 + 1 K. Cheese
samples (30 g) were taken from the middle of the cheese
blocks. Samples were cut in small pieces and dissolved in ab-
solute ethanol (60 mL on average, depending on samples) at a
temperature between 313 and 323 K. The mixture was then
filtered after 15 min of protein precipitation, and the residue
washed with petroleum ether (70 mL), ethanol:diethylether (1:1
v/v, 30 mL), and diethylether (60 mL). Complete extraction of
lipids was assessed by thin-layer chromatography (TLC).
Solvents were evaporated under vacuum at 318 K. The precip-
itate appearing during the concentration of the solution was
separated by decantation of the liquid phase containing total
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Fig. 1 HSQC spectrum from 10 mg of cholesterol recorded at

700.28 MHz with a cryoprobe in 31 min, using the spectral aliasing
approach: small spectral width (12 ppm) in the F; dimension (**C) with

lipids. The precipitate was washed with absolute ethanol (3 %

10 mL) and then with diethylether (10 mL). Washing fractions
and the liquid phase containing extracted lipids were combined
and evaporation of solvents continued. Total lipids (8.5 g) thus
obtained were subjected to a solid-phase extraction (SPE) over
7.8 g of silica gel to separate triacylglycerols and cholesterol.
Lipids were dissolved in 40 mL of diethylether:petroleum ether
(1:9 v/v) and pulled through the column. Additional 85 mL was
necessary to elute triacylglycerols (TAG). Diethylether
(35 mL) was used to elute cholesterol. Solvent in the fraction
containing cholesterol was evaporated under vacuum at 318 K.
The residue was dissolved in 1.2 mL of diethylether, distilled
water (0.16 g) and a solution of potassium hydroxide in meth-
anol (2 N, 1.2 mL) were added, and the mixture was stirred
during 30 min at 318 K in order to hydrolyze the remaining
acylglycerols. The liquid phase of the reaction mixture was
then filtered through 1 g of silica gel, and 40 mL of diethylether
was used to completely elute cholesterol and free fatty acids.
After solvent evaporation (under vacuum at 308 K), the residue
was dissolved in diethylether:petroleum ether (1:9 v/v, 0.5 mL)
and added onto a column chromatography (2 g silica gel). Fatty
acids were eluted using 35 mL of diethylether:petroleum ether
(1:9 v/v). Cholesterol was then cluted with 38 mL of
diethylether:petroleum ether (1:3 v/v) and solvents evaporated
as in the previous step. Typically, a mixture containing approx-
imately 25 mg of cholesterol and 6 mg of fatty acids was
obtained, which implies a cholesterol purity greater than 80%,
as assessed by "H NMR. It can be noted that other methods and

2 1

50% NUS and TD = 512. Sample temperature was set at 288 K. Note on
the top the "H NMR spectrum of cholesterol with severe overlapping

notably that proposed by Srivastava et al. [42] could be used to
extract cholesterol.

NMR sample preparation

Requested quantity of commercial cholesterol (20, 10, or
5 mg) was dissolved in 600 pL of chloroform-d; in order
to obtain a concentration of 33.3 mg mL™'
(86.2 mmol L"), 16.65 mg mL™" (43.1 mmol L"), and
8.83 mg mL™' (21.55 mmol L"), respectively. Cheese
cholesterol samples (approx. 25 mg) were dissolved in
the same volume of chloroform-d;. Solutions thus obtain-
ed were carefully filtered into 5-mm high-quality NMR
tubes.

NMR acquisition parameters

NMR experiments were performed on a Bruker Avance III
HD 700 spectrometer equipped with an inverse
"H/"*C/'>N/?H cryogenically cooled probe carefully tuned to
the recording frequency of 176.09 MHz for the '*>C and to
700.28 MHz for the 'H. The sample temperature was set at
288 K.

"H and ’C RF powers were carefully adjusted in order
to obtain 90° pulse widths equal to 10 pus and 11 ps,
respectively, with an acquisition time of 0.1 s, recovery
time of 10 s (the longest 'H T, TT™ =1.4 s, was mea-
sured for the proton borne by the carbon C3; see Fig. 1
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for carbon numbering), 8 dummy scans, and 2 scans. B¢
and "H offsets were set at 37 ppm and 4 ppm, respective-
ly. Evolution period (A) was adjusted to 2.3 ms.
Adiabatic full-passage pulses were designed with a cosine
amplitude modulation of the radiofrequency (RF) field
(W™ =157.1 kHz and 93.89 kHz for 13C and 'H, respec-
tively) and frequency sweep derived from the amplitude
shape using an offset-independent adiabaticity algorithm
with an optimized frequency sweep AF (AF =39 kHz
and 17 kHz for '>C and 'H, respectively) as described
in [43]. For inversion pulses, adiabatic full-passage pulses
were used. For refocusing pulses, adiabatic composite
pulses were applied [44]. '"H decoupling was performed
using an optimized phase cycle and adiabatic full-passage
RF pulses with a cosine square amplitude modulation
(wWi®™ =110.6 kHz) and offset-independent adiabaticity
with an optimized frequency sweep (AF =14 kHz) as de-
scribed in [43].

Purge gradients were set to go=25 G cm ', g, =
40 Gem !, and 23=20G cm !, while coherence order selec-
tion was obtained by g>=40 G cm ' and g4 = 10.05 G cm .
Duration of all gradient pulses was 1 ms (excepted for g
whose duration was 10 ms) followed by a recovery delay of
300 ps.

Spectra were acquired with 512 ¢, increments and with
50% of compression rate from an NUS scheme.

NMR processing and integration parameters

NMR spectra were processed using the TopSpin 4.0.5 soft-
ware. Before Fourier transform, cosinusoidal and trapezoidal
functions (TM; = 0 and TM, = 0.5) were applied in dimension
F, and F, respectively. The data matrices were zero-filled to
8192 points in F, and 2048 points in F;. An automatic poly-
nomial baseline correction (7 = 2) was achieved in each direc-
tion for all the spectra.

Integration of 2D peak volumes was performed using
the Topspin 4.0.5 software. As integration limits affect the
results obtained, they were carefully chosen to be the same
for all the peaks. They were defined to correspond—in
both sides and in F; and F, dimensions—to 5% of the
maximum signal intensity (see Supplementary
Information (ESM) Fig. S1). In order to have the same
integration volumes, all the spectra were calibrated in fre-
quency. Calibration was adjusted on carbon 6 (5.36 ppm in
F> and 39.23 ppm in F;), which does not overlap with
other carbons. Three spectra were recorded per session
and each spectrum was processed three times (mainly to
compensate for spectral alignment imperfections), leading
to nine values for each measurement. Reconstruction of
the 2D spectrum was performed using CS algorithms with-
in TopSpin.

@ Springer

Molar fractions

Molar fraction was the parameter used to define the relative
intramolecular '*C distribution within cholesterol. Molar frac-
tion (f;) on each position i was calculated from peak volumes
(V;) using:

Vi
21 Vi

where 7 is the number of peaks observed, i.e. the number of
13C isotopomers corresponding to protonated carbons.

fi= (1)

Results and discussion
Figure of merit: what is measured?

The aim of this study was to develop a new protocol for
determining the '*C intramolecular profile in cholesterol. In
such studies, variables extracted from spectra are the molar
fractions calculated from Eq. 1. Since f; depends on the effi-
ciency of the polarization transfer delays that are not the same
for each signal, it is therefore an apparent 13C abundance that
is measured [27]. While a very good precision (a few permil)
is mandatory, trueness is not an issue. To retrieve the true
isotopic compositions, suitable correction factors should be
determined by comparing values from classical irm-'>C
NMR and from HSQC analyses of a reference sample of the
given molecule. This correction was not done in this work.

Measurement precision for each position 7 of the cholester-
ol molecule was evaluated using as a parameter the relative
standard deviation (RSD), expressed in %o. RSD was calculat-
ed over the nine values obtained from each measurement for
each of the 23 carbon positions measured by HSQC (24 pro-
tonated carbons but two of them, C7 and C8, had the same
chemical shift). During the optimization of acquisition and
processing conditions, the following repeatability parameters
were used: the minimum RSD (RSD™™), the maximum RSD
(RSD™™), and the mean RSD (RSD™™™). Minimum, maxi-
mum, and mean values of RSD were calculated over the 23
observed carbon positions. Aiming to evaluate measurement
precision in an actual situation, cholesterol was extracted from
cheese samples and analyzed using the same method.

Sequence optimization

HSQC is a proton-detected two-dimensional (2D) NMR ex-
periment widely used by chemists and biochemists to eluci-
date molecular structures [45]. Its basic form is not performant
enough to reach the permil precision required. Modifications
and adjustments were necessary. The HSQC sequence with
perfect symmetry in the RF pulse scheme was previously
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developed by our team to improve the repeatability in olive oil
authentication [28] (see the previous HSQC sequence in ESM
Fig. S2). However, in that work, RF pulses were not adiabatic.
Adiabatic pulses have proven to increase the accuracy of the
3C NMR measurements [43], but since imperfection in 90°
pulses has no influence on relative measurements [46], only
the 180° hard pulses were replaced by adiabatic pulses [44].
Simple adiabatic pulses are ideal for producing inversion
pulses, yet given the frequency sweep during the pulse, they
induce additional phase dispersion and the transverse magne-
tization position after the pulse is then not symmetrical with
respect to its position before the pulse. With composite adia-
batic pulses, however, phase variations induced by the differ-
ent components compensate each other. For this reason, these
pulses are suitable for refocusing. The HSQC pulse sequence
optimized in this study is presented in Fig. 2.

Other optimizations were achieved by Farjon et al. with the
use of NUS, VRT, and pure shift [35]. However, their goal
was to reduce the acquisition time without loss of trueness,
seeking determination of absolute concentrations in mixtures
of metabolites. Furthermore, the HSQC sequence and RF
pulse shapes were different. While our results can be com-
pared to those of this study, the selection criterion was differ-
ent, so do the optimal conditions and the conclusion.

Parameter optimization
Spectral width and offset in dimension 1

The spectral aliasing approach (Fig. 1) reduces the number of
needed acquisition points by reducing the spectral width, which
induces a reduction of acquisition time [47]. Furthermore, spec-
tral aliasing does not affect the quantitativity [48].

To observe the complete spectrum of cholesterol without
signal overlap, the offsets were set to 4 ppm and 38.5 ppm

with a spectral window of 12 ppm and 7.99 ppm for dimen-
sions 1 (*H) and 2 (*3C), respectively.

By reducing the spectral width in the '*C dimension from
120 to 12 ppm, the number of 7, increments in the '*C dimen-
sion, and consequently the experimental time, was divided by
10.

Variable recycling times

The second approach that we used to reduce the experimental
time was the VRT method. The principle of this method is to
incrementally reduce the recovery time during the sampling of
the indirect dimension [38]. The recovery time is therefore
composed of two durations: 74 which is a constant value and
T, wWhich is a variable (see Fig. 2 and ESM Table S1). At the
first scan, the sum of 7y and 7, was equal to 10 s, equivalent to
7 times 77 'H. This duration affects the amplitude of the
FID, therefore the values of peak integrals. The constant value
of TR used in a regular acquisition is then replaced by a list of
values (for the 7, part of TR) that decrease when ¢, increases,
which allows the reduction of the experimental time (i.e. from
1 h 32 to 42 min).

Furthermore, the use of VRT improved repeatability of f;
measurements as demonstrated by the lower values of
RSD™™ RSD™® and RSD™®™ (see Fig. 3a and ESM
Table S2).

This is consistent with results obtained from changing scan
number (see “Scan number”) and with previous studies where
a correlation between RSD and experimental time was ob-
served [28, 49-52]. Short experiments are less sensitive to
spectrometer instabilities and show a better repeatability.

As shown in Fig. 2, the repetition time (7R) is constituted
by the pulse sequence duration, which is on the order of a few
milliseconds, by the acquisition time (AQ), and by 7y and 7,
which durations are of the order of tens or hundreds of

o = 6, VRT
I AQ
afa] ] NS w o
1H - - — - - llllf T s
¢, 9 %a b TR
N I £ EACEY KN B T —
g, gU
T g3
| 94 M
Grad H | H M

Fig. 2 Symmetrized adiabatic HSQC pulse sequence with the use of
NUS (blue area, middle) and VRT (yellow area, right). 'H and *C
180° adiabatic inversion pulses, adiabatic composite refocusing, hard
pulses for 90° 'H and '*C, and adiabatic decoupling pulses were used.

TR

Phase cycling was as follows: ¢, =y; ¢ =y,—y; P3=X; ¢4 =x,—x. A was
set to 2.3 ms and § was set to 1 ms. 7y and 7, were the constant and the
variable parts of the recovery time, respectively
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milliseconds. The minimum value of the repetition time
(TR™™) is therefore essentially composed by AQ plus 7.
Moreover, the final experimental time depends on 7R™" and
on the shape of the function used to define 7. We have there-
fore evaluated the influence of this shape and of the value of
TR™" on the RSD values.

Three shapes of 7, (see ESM Fig. S4) and different values
of TR™™ j.e. 1.3, 0.5, and 0.3 s were tested (see ESM
Table S3). RSD™ evolved in the same way as TR™" (see
Fig. 3b). A value less than 1%o was obtained for RSD™**" with
0.2 s for 7rand 0.1 s for AQ. However, no significant differ-
ence was observed between the three shapes of 7. For further
optimization, the list 2 with 7TR™" = 0.3 s was used because it
had the smallest average RSD values. This list induced a re-
duction of the experimental time by 2.2. The value of 0.2 s for
Tr1s the minimum value allowed by our spectrometer, and AQ
values lower than 0.1 s induce truncation artefacts.

NUS and/or LP

In order to further speed up the acquisition, non-uniform sam-
pling (NUS) and linear prediction (LP) were tested. NUS
methods substitute non-uniformly experimental points of the
FID by calculated points, whereas LP adds calculated points at
the end of the experimental ones. In both cases, the number of
acquired points is the same but calculated points are in differ-
ent places in the FID and the reconstruction algorithm is not
the same. Consequently, effects of these two methods on f;
RSD are different (see Fig. 4 and ESM Table S4).

Experiments were acquired with a total number of FID
points equal to 512, therefore with 256 points acquired for
NUS or LP 50% and 128 for NUS or LP 25%. No significant
differences were observed in RSD™" and RSD™™" values be-
tween NUS (50 or 25%) and LP (50 or 25%). However,
RSD™* was the discriminant criterion: RSD™ was 1.3 times
higher for LP than for NUS due to the imperfect repartition of
the theoretical points.
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It was possible to reduce experimental time by increasing
the percentage of calculated points in order to decrease the
number of acquired points, but our results showed that
RSD™ was 2 times higher for 25% than for 50% (NUS or
LP, see Fig. 4). This result could be explained by a too low
number of experimental points, 128 points compared to 256
points.

Hence, NUS 50% was chosen, which corresponds to an
additional reduction of the experiment time by a factor of 2.

Another experiment with 256 points acquired was per-
formed using a combination of NUS and LP in order to reach
1024 final FID points. The results presented higher RSD™",
RSD™* and RSD™ values, probably because the number of
theoretical points was lower than the number of experimental
points compared to NUS 50%.

NUS algorithms

For data reconstruction, two NUS algorithms were used: iter-
atively reweighted least squares (IRLS) and iterative
shrinkage/thresholding (IST). The latter is implemented in
the TopSpin software without an additional charge and is used
by default during 2D processing. The IRLS algorithm is a
more recent algorithm that activates a “virtual echo” parame-
ter that is known to slightly improve the 2D treatment in spec-
tral applications. However, this algorithm is not free of charge,
the processing is significantly longer, and before the work
presented here, it was never used for very high-precision mea-
surements. We have therefore evaluated the impact of the two
algorithms on precision in order to optimize the data
processing.

Figure 5a (ESM Table S5) shows the RSD values obtained
on the same spectra with the 2 algorithms. A better precision
was observed with the IST algorithm. In fact, this algorithm
allowed having more repeatable signals with less interference
on all the carbon positions of the cholesterol molecule as il-
lustrated for C6 represented in Fig. 5b. RSD™® obtained using
the IRLS algorithm was around 8%o, whereas with the IST
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Fig. 4 RSD™" (orange, 12
left), RSD™*" (blue, middle), and
RSD™™ (green, right) in %o for
different NUS and LP conditions
(512 points treated)

10

RSD (%o)
I [+3] oo

L]

algorithm, it was less than 5%o.. Moreover, treatments with
IRLS took 3 times longer than with the IST algorithm for
the same number of points. The IST algorithm seems therefore
a better choice for our application and was retained for this
study.

This is not surprising, giving the results of the well-known
NUScon competition organized by the NMRBox team at the
University of Connecticut (https://nmrbox.org/). Neither IST
nor IRLS won the competition, suggesting that Bruker CS
reconstruction methods are not optimal when the data gets
sparse. More efficient algorithms will be tested in the future;
however, in this work, we were focused on performances that
can be obtained using commercial hardware and software.

Spectral calibration

In this study, the results were processed by two operators. In
the initial processing strategy, five spectra were recorded per
session in order to assess the repeatability of the measure-
ments. However, due to variation in the spectral calibration

a b

NUS 50

LP 25 NUS 50 LP 50

(1024 pts)

LP 50 NUS 25

between operators, significantly different integrals and RSD
values were obtained. This variation probably comes from the
lower digital resolution in the '*C dimension. In order to take
into account the influence of eventual calibration shift, three
spectra were recorded for each acquisition and each spectrum
was processed three times (including calibration). With this
protocol, no significant difference was observed between the
two operators.

Scan number

The sequence has been tested with a NS of 2, 4, and 8. The
results showed no variation in precision with the number of
scans on the RSD™" and RSD™™", but a higher RSD™ for 8
scans was obtained (see Fig. 6a and ESM Table S6).
Therefore, the number of scans adopted was set to 2. In these
experimental conditions, NS seems not to be the limiting fac-
tor and increasing it cannot induce a further reduction in RSD
values. Once again, we observed here the impact of experi-
mental time on RSD; long experiments are more sensitive to

v e WO

RSD (%e)
F-

iy

Mean Max

2

1 .

9 |
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5.45 5.40 5.35 5.30 F2 [ppm]

Fig.5 a RSD™" RSD™ and RSD™™ (%) with the IST (blue, left) and IRLS (orange, right) algorithm. b C6 signal treated with IST (red, lower) and

IRLS (blue, upper)
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fragment (red, left) and with pure-shift fragment (orange, right); ¢ with
20 mg (orange, left), 15 mg (yellow, middle left), 10 mg (green, middle

spectrometer instabilities in the course of time, leading to an
increase of RSD, while short experiments are less sensitive to
such instabilities and show a better precision, as long as the
SNR and the resolution are sufficient to quantify relevant
peaks with the target precision [28, 49-52]. This observation
seems strange taking into account the good stability of
modern-day spectrometers, but readers have to keep in mind
that the precision targeted in this work is currently the limit of
such spectrometers.

Pure shift

In the Farjon et al. study, the pulse sequence included a pure-
shift segment that increased resolution by supressing the split-
ting due to 'H-"H coupling [35]. The pure shift segment was
therefore tested on our sequence. However, the results showed
higher RSD values than without the pure-shift segment (see
Fig. 6b and ESM Table S7), probably because in this case the
sampling period is separated in several chunks with imperfect
phase coherence between them (see ESM Fig. S3).

Cholesterol concentration
Optimizations described in the previous sections were done
with 20 mg of cholesterol in the tube. Effect of concentration

was then investigated in order to determine the minimum
quantity of cholesterol that can be analyzed while maintaining
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right), and 5 mg (blue, right); and d with 40 mg of cholesterol in a
Shigemi tube (blue, left) and 80 mg of cholesterol in a standard tube
(orange, right)

a precision of few permil. It was possible to analyze 10 mg of
cholesterol using a standard 5-mm NMR tube with very sat-
isfactory results (see Fig. 6c and ESM Table S8).

It must be noted that an additional reduction in the
amount of the analyzed compound can be obtained by using
a volume-reduced tube such as the Shigemi tube. Our re-
sults showed that with such a tube, 5 mg of cholesterol (half
the quantity used with a standard NMR tube) was sufficient
while keeping all other parameters unchanged (see Fig. 6d
and ESM able S9).

Application to cholesterol extracted from cheese
samples

Aiming to test the applicability of the developed method to
cholesterol extracted from biological matrices, four cheese
samples were considered in this study. Cholesterol extracted
from these samples was analyzed using the same HSQC se-
quence with the best set of parameters determined with com-
mercial cholesterol. RSD values were determined for all car-
bon positions measured over the 4 cheese samples (22 values
were obtained instead of 23 since C14 and C17 signals were
overlapped). RSD values for each sample as well as
pooled RSD values from all samples (see Table 1) showed
excellent precision over the whole set of carbon positions.
Pooled RSD™™, pooled RSD™®, and pooled RSD™™*" were
0.79, 2.33, and 1.36%o, respectively.



A precise and rapid isotopomic analysis of small quantities of cholesterol at natural abundance by... 1529
Table 1 RSD of molar fractions
(f;) of cholesterol from cheese Variable® RSD of f; (%0)° Pooled RSD (%o0)°
samples
Sample 1 Sample 2 Sample 3 Sample 4

C18 0.62 1.01 0.83 0.78 0.82

C21 0.76 0.13 1.29 0.82 0.86

C19 0.86 0.83 0.84 0.62 0.79

Cl1 1.30 0.74 1.50 1.03 1.18

C26 0.71 0.54 0.55 2.01 1.13

C27 0.77 1.37 0.44 0.90 0.93

C23 1.18 1.13 0.46 0.64 091

Cl15 1.01 1.72 1.71 0.72 1.36

C25 323 2.01 0.73 2.57 233

Cl6 0.61 1.41 2.13 2.64 1.86

C2 2.72 0.38 1.15 0.88 1.55

C7/C8 0.50 0.29 2.04 1.34 1.25

C20 0.78 2.30 3.10 1.69 2.15

C22 0.57 1.25 1.38 0.84 1.06

Cl1 1.28 1.14 1.27 0.51 1.09

C24 2.29 2.78 1.15 2.29 221

C12 1.05 2.46 1.00 1.05 1.52

C4 1.10 0.34 1.67 1.11 1.16

Cc9 1.83 322 0.67 2.03 2.14

Cl14/C17 1.81 1.32 1.63 1.48 1.57

C3 0.63 0.92 0.80 1.29 0.94

C6 1.45 1.38 0.70 0.63 1.10

*See Fig. 1 for variable labelling

® RSD of f; for each sample were calculated using values obtained from 3 spectra with 3 treatments per spectrum

“Pooled RSD values were calculated over the RSD sets of the 4 samples
Conclusion between 1 and 3 permil, and 6 carbons present an RSD be-

A symmetric adiabatic 2D HSQC pulse sequence has been
developed for the first time for '*C isotopomics in low quan-
tities of cholesterol with high precision. While 5 mg represents
a usual amount in the NMR analysis, it is a real challenge
when very high precision (permil) and small experimental
time are targeted, especially for the quantitation of
heteronuclei as '*C isotopomers. Folding of the peaks was
used to shorten the acquisition time, and each spectrum was
treated three times in order to eliminate errors related to cali-
bration. Furthermore, NUS and VRT were also optimized to
shorten the acquisition time. Influences of the scan number
and of a pure shift strategy were also tested. The method was
developed on a system with a cryogenically cooled probe and
was not tested on a room-temperature system.

Moreover, with this methodology and using a Shigemi
tube, only 5 mg of cholesterol is needed to reach an RSD of
a few permil. For most of the detected peaks, RSD is below 3
permil (10 carbons have an RSD below 1 permil, 7 carbons

tween 3 and 5 permil). These results were obtained with an
experimental time of only 31 min per spectrum while an
INEPT spectrum would have taken 16.2 h for the same
amount of cholesterol, therefore more than 31 times longer.

The optimized method was then tested on cholesterol ex-
tracted from cheese samples. Excellent precision, of the same
magnitude as with commercial cholesterol, was observed on
all carbon positions of the molecule.

Finally, the new developed methodology described herein
can find widespread use in isotopomics of biomolecules—
such as sterols, glucose, amino acids, and their derivatives—
with applications in medical investigations and food
authentication.
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