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ARTICLE INFO ABSTRACT

Handling Editor: Prof D Bryce Solid-state NMR has great potential for investigating molecular structure, dynamics, and organization of the
stratum corneum, the outer 10-20 pm of the skin, but is hampered by the unfeasibility of isotope labelling as
generally required to reach sufficient signal-to-noise ratio for the more informative multidimensional NMR
techniques. In this preliminary study of pig stratum corneum at 35 °C and water-free conditions, we demonstrate
that cryogenic probe technology offers sufficient signal boost to observe previously undetectable minor reso-
nances that can be uniquely assigned to fluid cholesterol, ceramides, and triacylglycerols, as well as enables
'H-H spin diffusion monitored by 2D 'H-!3C HETCOR to estimate 1-100 nm distances between specific atomic
sites on proteins and lipids. The new capabilities open up for future multidimensional solid-state NMR studies to
answer long-standing questions about partitioning of additives, such as pharmaceutically active substances,
between solid and liquid domains within the protein and lipid phases in the stratum corneum and the lipids of the

sebum.

1. Introduction

The excellent mechanical and barrier properties of the human skin
originate from its outermost 10-20 pm—the stratum corneum—com-
prising stacks of keratin-filled dead cells, known as corneocytes,
embedded in a matrix of lipids in a structure resembling brickwork as
illustrated in Fig. 1 [1,2]. Within the corneocytes, the keratin filaments
form a dense network with sufficient mechanical strength to keep the
hydrophobic barrier of the extracellular lipid matrix intact under
compression, bending, and tension [3]. The stratum corneum lipids
consist of an approximately equimolar mixture of cholesterol, free fatty
acids, and ceramides organized into an intricate multilayer structure
with aligned and mostly crystalline hydrocarbon chains [4,5].

Building on pioneering works by Jokura et al. [6], we have through a
series of 1°C MAS NMR studies relying on spectral editing by CP and
INEPT for selective detection of solid and liquid molecular segments [7,
8] elucidated the molecular-scale underpinnings of the macroscopic
barrier and mechanical properties, revealing co-existence of solid and
fluid lipid phases as well as solid and dissolved protein filaments with
proportions determined by hydration [9,10], temperature [11], and the
presence of additives acting as moisturizers in cosmetics applications
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[12-15], penetration enhancers in drug delivery [16-18], or solvents in
cleaning products [19]. Since the raw material for these studies is stra-
tum corneum from pig or human skin, *3C isotope labelling of the protein
or lipid components is not an option, and even basic 1D *3C spectroscopy
may require 12 h of measurement time to reach sufficient signal-to-noise
to determine the dynamic state of the major protein and lipid
components.

To get more detailed information about molecular dynamics and
organization of the stratum corneum lipids, numerous studies have
employed model systems comprising various well-defined mixtures of
free fatty acids, cholesterol, and ceramides. Early X-ray studies led to the
proposal of the sandwich model with alternating layers of fluid and
crystalline solid lipids [20-22]. The fluid component was later attrib-
uted to the unsaturated acyl chain of the ceramide Cer[EOS], see Fig. 1b,
using '3C MAS and 'H diffusion NMR targeting the distinct chemical
shifts of the double bonds [23], °H wideline and *C MAS NMR on a
series a mixtures with specifically 2H- or 3C-labeled lipids [24-27], and
all-atom molecular dynamics simulations [28]. So far, these detailed
results from model systems have not been confirmed for lipids within the
stratum corneum, chiefly because of the challenges to reach sufficient
sensitivity to detect the crucial resonances under the constraint of
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natural isotopic abundance and dilution by the protein components
forming the major part of the intact biological material.

While cryogenic probe technology has become standard for bio-
molecular applications of high-resolution solution NMR [29], it has only
recently been implemented in the context of solid-state NMR, offering
sensitivity enhancement of a factor 3-4 compared to conventional
room-temperature probes under otherwise identical conditions [30-32].
Here we investigate the potential benefits of cryogenic probe technology
for stratum corneum studies, demonstrating detection of lipid
type-specific minor resonances that have previously only been acces-
sible in concentrated model lipid systems, as well as application of
'H-'H spin diffusion with 2D 'H-'>C HETCOR detection to estimate
1-100 nm distances between specific atomic sites in the proteins and
lipids, thereby paving the way for future studies to pinpoint the locations
and dynamics of moisturizers, penetration enhancers, and solvents in
the intricate composite structure with solid and fluid lipid domains and
solid and dissolved protein filaments.

2. Materials and methods

A batch of stratum corneum powder slightly contaminated with
sebum lipids was prepared using >20 pairs of pig ears from a south
Swedish (Scania province) abattoir. The ears were washed from excess
contaminants using cold water, dried, and shaved. Slices from the in-
sides of the ears were cut to 0.5 mm thickness with a dermatome. To
detach the stratum corneum from the underlying tissue, the slices were
placed on filter paper saturated with 0.2 % (w/v) bovine pancreas
trypsin type III (Sigma-Aldrich Chemie GmbH, Schnelldorf, Germany) in
phosphate buffered saline (NaCl, Na,HPO4-2H50, KH5PO4 used as pur-
chased from Merck), wrapped in aluminum foil, and stored at 4 °C. After
24 h, the stratum corneum was removed with forceps, washed thoroughly
in Milli-Q water, vacuum dried to allow later control of hydration level
by addition of known amounts of water, and placed in —20 °C to prevent
biological and chemical degradation during months of storage. Effects of
biological variations between individual animals were reduced by
grinding the dry stratum corneum sheets from all >20 pairs of ears to a
single batch of powder. Samples from this batch were tightly packed into
3.2 mm cryoprobe and 4 mm HR-MAS rotors (both from Bruker) with,
respectively, 90 and 50 pL volumes sealed with Kel-F plugs to prevent
leakage of fluid lipids during MAS. The larger sample volume for the
cryoprobe rotor results from its unusual length. As a reference for tri-
acylglycerols in the sebum lipids, Griebenschmalz from a southwest
German (Swabia province) butcher shop was put into a disposable HR-
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MAS rotor insert with 40 pL sealed sample volume and transferred to
a 4 mm rotor.

NMR measurements were performed on Bruker Avance-Neo spec-
trometers equipped with a 14.1 T magnet and a 3.2 mm HCN MAS
CryoProbe or a 11.7 T magnet and 4 mm Efree HCP MAS or 4 mm HX CP
MAS probe. 1D'3C spectra were recorded at 12 kHz MAS with the DP,
ramped CP [36,37], and refocused INEPT [38,39] pulse sequences for
dynamics-based spectral editing [7,8]. CP was carried out with 60 kHz
13¢C and from 80 to 40 kHz ramped 'H nutation frequencies during 1 ms
contact time rcp, while INEPT employed delays of 1.8 and 1.2 ms
duration. For the cryoprobe, the DP sequence was augmented with a 166
ps spin echo to minimize baseline distortions from probe ringings. With
these acquisition parameters, INEPT yields signal for C-H bonds with
reorientational correlation time 7. lower than ~10 ns and orientational
order parameter |Scy| smaller than ~0.2 [8,40]. CP is roughly com-
plementary to INEPT, with the exception of the anisotropic liquid
regime, 7. < 10 ns and |Scy| ~ 0.1, where both CP and INEPT are effi-
cient, and the intermediate regime, 7. ~ 1 ps, where signal is only
observed with DP. In the context of this paper, the presence of CP or
INEPT signals constitutes an operational definition of “solid” and
“liquid” molecules or molecular segments, which should be understood
in terms of C-H bond reorientation and the quantitative conditions on 7.
and |Scy| given above. Correspondingly, 2D 'H-'3C HETCOR data was
acquired with either CP or INEPT, the former additionally also as a
function of zcp (eight values from 62.5 ps to 8 ms in a geometric
sequence) and gy spin diffusion time zgp (six values from 12.5 ms to
0.8 s in a geometric sequence) inserted as a time of longitudinal storage
between 'H chemical shift evolution and 'H-'3C CP [41]. Additional
acquisition parameters are reported in the figure captions.

Analysis of spin diffusion data was performed with a two-phase
(source A and sink B) lamellar model with domain widths da and dj,
spin densities ps and pg, and spin diffusion coefficients Dy and Dg, where
the approach of the normalized signal intensity Iy towards unity as a
function of effective mixing time 7, = (0.57¢p + 7sp) [42] can be written
as [43].

Iy(tm)=1-— iw,, exp(—TuTm), (@D
n=1

where

ceramide (Cer[NS])

free fatty acid (FFA) o1
i

o= 1

a w-2 o

Fig. 1. Schematic structure of stratum corneum and representative molecules. (a) “Brick-and-mortar” structure of protein-filled corneocytes embedded in a multilayer
lipid matrix. The corneocytes have 25-45 pm diameters [33], 0.8-1 pm thickness [34], and are separated by a lipid matrix of 80-100 nm thickness [35]. (b) Typical
stratum corneum lipids with labeling of carbon atoms that give distinct '>C NMR signals. (c) Example of triacylglycerol (TAG) that constitutes the largest fraction of
sebum and subcutaneous fat lipids and may occur as a contaminant in stratum corneum preparations. The overbraces point out interior CH, groups that are often
unresolved in the NMR spectra. NMR signals from acyl chain carbons a, 8, (w-2), (»-1), w, 01, 02,11, 12, 13, and 14 may originate from many lipid types. Each of TAG,
Cer, and Chol give unique signals (TAG: g1-g3; Cer: c1-c3, C=C; Chol: most of the 27 carbons). Natural stratum corneum and sebum lipids comprise broad distributions
of chain lengths and degrees of unsaturation. Panel a adapted from Refs. [5,11] with permission.
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fitting purposes be condensed into no more than three independent
ones: the molar fraction X, and the intra-phase equilibration rates I'p
and I'g, which also via Eq. (8) define the characteristic equilibration time
7.* in the initial-rate approximation [44]:

lim I (7m) :@ )
Tm—0 \/Z

To minimize the influence of T; relaxation on the fit results, the
normalized peak intensity I in Eq. (1) is calculated from the 2D .13¢
HETCOR spectra as the equilibration percentage obtained from the ex-
change and source peaks at a single selective 'H shift and across the full
unselective 'H projection as proposed and described in detail in
Ref. [45].

3. Results and discussion

Fig. 2 illustrates the signal boost offered by the 3.2 mm cryoprobe at
14.1 T relative to the 4 mm Efree probe at 11.7 T by comparing 1D 3C
spectra of the dry sebum-containing stratum corneum. While the spectra
normalized to the same maximum signal amplitude superficially seem
similar, the magnifications to roughly the same baseline noise levels
reveal dramatic differences, where the cryogenic probe enables detec-
tion of INEPT resonances that are unique for fluid cholesterol, ceram-
ides, and triacylglycerols. The sensitivity enhancement observed in
Fig. 2 may be attributed to differences in probe technology (cryo vs.
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Fig. 2. Cryogenic probe technology enables detection of minor peaks that can be uniquely assigned to specific stratum corneum and sebum lipid classes. 1D 13C
spectra of dry sebum-containing stratum corneum at 35 °C acquired with DP (gray), CP (blue), and INEPT (red) pulse sequences at 12 kHz MAS, 62 kHz SPINAL64 [46]
1H decoupling, 2048 scans, 5 s recycle delay, and 3 h measurement time per spectrum using (a) Efree probe, 125 MHz '3C Larmor frequency, and 4 mm 50 pL
HR-MAS rotor and (b) cryoprobe, 150 MHz '*C Larmor frequency, and 3.2 mm 90 pL rotor. For each probe type, the lower panels show DP, CP, and INEPT spectra
jointly scaled to the same overall maximum intensity, while the upper panels are vertically scaled with factors of x 3 and x 30, respectively, to approximately the
same noise levels of the baselines. The Efree probe yields INEPT signals for acyl chains that may reside on many lipid types, while the cryoprobe enables detection of
numerous peaks that can be uniquely assigned to cholesterol (Chol) [47,48], ceramides (Cer) [49], and triacylglycerols (TAG) [50]. Lipid peak assignments refer to
the chemical structures in Fig. 1. The labels “all-trans CH,” and “trans/gauche CH,” indicate the characteristic signals from interior CH, groups in, respectively, solid
and molten hydrocarbon chains [51]. Kel-F in the rotor sealing plugs give rise to the DP peaks at 110 ppm. The bottom panel shows CP peak assignments to amino
acid carbons including C=0 groups in o-helix (ah) and p-sheet (fs) secondary structure [52,53]. Spinning sidebands are indicated with “ss”
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Efree) as well as magnetic field (14.1 vs. 11.7 T) and sample volume (90
vs. 50 pL). Consistent with previous studies [30-32], signal-to-noise
analysis of the major peaks detectable on both probes yields improve-
ment factors in the range (average) 3.4-5.8 (4.7) for DP, 4.0-8.3 (5.2)
for CP, and 4.5-7.8 (5.5) for INEPT after correction for the magnetic
field and sample volume. We note that far greater increases in
signal-to-noise ratios could be achieved with dynamic nuclear polari-
zation technology [54], however at the expense of having to perform the
measurements with the sample at biologically less relevant tempera-
tures, where all lipids are frozen solid, and in the presence of radicals
and solvents such as glycerol known to induce phase transitions in the
protein and lipid components [12].

The triacylglycerol lipid class is normally not found within the stra-
tum corneum structure, but may occur as an impurity from insufficient
removal of sebum lipids during sample preparation. The peak assign-
ment to fluid triacylglycerols is verified in Fig. 3, showing 2D 'H-13C
INEPT HETCOR of stratum corneum and a reference sample of the Swa-
bian food product Griebenschmalz containing highly concentrated tri-
acylglycerols rendered from pig fat by dry heating [50]. Although all the
peaks of the reference are present also for the stratum corneum, only the
gl, g2, and g3 signals uniquely distinguish triacylglycerols from
ceramides and free fatty acids.

The segregation of proteins and lipids into domains is investigated by
'H-H spin diffusion detected by 2D 'H-'>C CP HETCOR as shown in
Fig. 4. The data in panel a was obtained with short cross polarization
contact time z¢p (0.25 ms) and vanishing spin diffusion time rgp and thus

Solid State Nuclear Magnetic Resonance 134 (2024) 101972

well as from protein NH and C,H to neighboring C=0. Increasing zcp to
2 ms yields a prominent NH-C,H peak (panel b) and may include
'H-'H relayed correlation peaks for 'H-'3C pairs separated by distances
approaching a few nanometers. Internal equilibration of the 'H
magnetization within the protein phase is evidenced by nearly identical
13¢ slices at the C,H and NH 'H shifts as well as 'H slices at the C=0
(a-helix) and C,H 13¢ shifts (green and blue in panel b). Conversely, the
13¢C slice at the CH, 1Y shift and 'H slice at the CH, 13¢ shift (red) remain
distinctly different from the other slices, proving that the lipids are
physically separated from the proteins over distances of at least several
nanometers. At zgp = 0.8 s (panel c), the spectrum includes a distinct
NH—CH; correlation peak representing long-range intermolecular
protein-lipid contacts over distances up to a few hundred nanometers
[45]. The similarity of all slices (red, green, and blue) and projections
(gray) in the '3C and 'H dimensions indicate nearly complete equili-
bration of the 'H magnetization between the protein and lipid phases
and that at least one of them have minimum dimensions of less than a
few hundred nanometers.

The qualitative information about domain sizes from visual inspec-
tion of the 2D spectra and 1D slices can be made more quantitative by
analysis of the evolution of correlation peak intensities with the effective
mixing time 7, = (0.57¢p + 7sp) [42] using the two-phase lamellar
model in panel d and the corresponding Eq. (1) [43] in the methods
section. For the quantitative analysis we focus on the distinct and
reasonably well-resolved NH—-C,H and NH—CH, correlation peaks
representing intramolecular protein—protein and intermolecular pro-

features correlation peaks mainly for covalently bonded 'H-'3C pairs as tein—lipid contacts, respectively. Whereas NH—C/H is fully
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Fig. 3. Validation of stratum corneum peak assignment to g1, g2, and g3 carbons unique for triacylglycerols. 2D *H-'3C INEPT HETCOR of fluid components in (a) dry
stratum corneum at 35 °C and (b) pork crackling embedded in lard at 2 °C (Swabian food product Griebenschmalz). Data in panel a was acquired with a 3.2 mm
cryoprobe at 150 MHz *3C Larmor frequency, 12 kHz MAS, 6 ppm 'H spectral width, 128 t; increments, 150 ppm '3C spectral width, 200 ms acquisition time, 62 kHz
SPINAL64 'H decoupling, 64 scans, 2 s recycle delay, and 5.0 h total measurement time, while the data in panel b was obtained with a 4 mm CP MAS probe at 125
MHz '3C Larmor frequency, 5 kHz MAS, 10 ppm 'H spectral width, 128 t; increments, 400 ppm *3C spectral width, 50 ms acquisition time, 62 kHz SPINAL64 'H
decoupling, 32 scans, 2 s recycle delay, and 2.3 h total measurement time. Identical assignments in panels a and b highlight peaks characteristic of triacylglycerols,
with all carbons except g1, g2, and g3 being present also in ceramides and free fatty acids, see Fig. 1. Unlabeled peaks in panel a originate from cholesterol and
ceramides. The stratum corneum sample has at least an order of magnitude lower triacylglycerol concentration than the Griebenschmalz.
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Fig. 4. Cryogenic probe technology enables estimation of 1-100 nm scale interatomic distances within and between molecules in stratum corneum. "H-'H spin
diffusion detected via 2D 'H-'3C CP HETCOR using a 3.2 mm cryoprobe at 150 MHz '3C Larmor frequency, 12 kHz MAS, 100 kHz FSLG [55] 'H-'H homonuclear
decoupling, 40 ppm 'H spectral width, 96 t; increments, 390 ppm *3C spectral width, 20 ms acquisition time, 100 kHz SPINAL64 [46] 'H decoupling, 16 scans, 2 s
recycle delay, and 52 min measurement time per combination of cross-polarization contact time zcp and spin diffusion time zgp. (a) Short zcp (0.25 ms) and vanishing
7sp. Slices (red, green, and blue) along the H and '3C dimensions are obtained at 'H shifts corresponding to lipid CHa, protein C,H, and protein NH, as well as 3¢
shifts representative of protein C=0 (a-helix), protein C,H, and lipid CH,, with integration over narrow frequency intervals as indicated with line segments along the
1H and '3C axes. The slices and projections (gray) are individually scaled to the same maximum intensity. (b) Long 7cp (2 ms) and vanishing zsp with NH—C,H
correlation peak (circled). (c) Intermediate zcp (1 ms) and long zgp (0.8 s) with NH—CH, correlation peak (circled). (d) Two-phase lamellar spin diffusion model
comprising an infinite stack of alternating layers of A and B domains with widths da and dg, spin densities pa and pg, and spin diffusion coefficients D and Dg. (e)
Normalized correlation peak intensity [45] vs. effective mixing time 7,,, = (0.57¢p + 7sp) [42] for NH-C,H (green) and NH—CHj, (red) representative of, respectively,
intramolecular protein-protein and intermolecular protein-lipid contacts. The data points are extracted from fourteen 2D 'H-'3C CP HETCOR spectra recorded during
12.1 h measurement time. Gray lines are calculated with Eq. (1) for the two-phase lamellar spin diffusion model with ps = pg, Do = Dg = 0.6 nm?/ms, and a series of
values of dy = dp as labeled in the figure. Green and red lines represent three-parameter fits of Eq. (1) to the experimental data using the molar fraction X, and
intra-domain equilibration rates 'y and I'g, see Egs. (5) and (6), as adjustable parameters, yielding characteristic equilibration times 7. *, defined in Eq. (8), of 0.81 +
0.04 ms and 84 + 12 ms (median + interquartile range) for the two cases, the latter indicated with dashed red line according to initial-rate approximation in Eq. (9).

equilibrated to unity in less than 2 ms, the NH-CH; peak has only
reached the value 0.8 at the maximum investigated time 800 ms.
Comparison of the experimental data with equilibration curves calcu-
lated for a two-phase (A and B) lamellar model with equal domain
widths dy = dp and spin densities py = pp, as well as assumed spin
diffusion coefficients of Dy = Dg = 0.6 nm?/ms [44], reveals that the
NH—CH; distance is at least an order of magnitude larger than for
NH-C,H. Furthermore, the shape of the NH—CHj equilibration curve is

distinctly different from the calculated symmetric cases, suggesting
pronounced asymmetry in domain widths consistent with the stratum
corneum schematic in Fig. la.

Fitting Eq. (1) to the data using the molar fraction X5 = pada/
(pada+pedp) and the intra-domain equilibration rates I'y = Dp/d% and
I's = Dp/d3 as adjustable parameters yields satisfactory agreement be-
tween theory and experiment, but also illustrates the challenges of
pinpointing the origin of the asymmetry. Uncertainty estimation using



B. Perrone et al.

bootstrap resampling with replacement [56] shows that multiple sets of
[Xa,T'a,I's]l, where the individual values may vary over several orders of
magnitude, all provide equally good fits to the data. Combining X, ',
and I'p into the effective equilibration time 7, * according Eq. (8) yields a
parameter with acceptable precision: 7, * = 0.81 + 0.04 ms (median +
interquartile range) for NH-C,H and 84 + 12 ms for NH—CHs. This
parameter could also be estimated with initial-rate approximation [44]
and corresponds to the value of 7, where the initial straight equilibra-
tion line reaches an intensity of 1 as shown in panel e. The factor 100
longer value of 7,* for NH—CH> (intermolecular protein—lipid) than
NH—-C,H (intramolecular protein—protein) corresponds to roughly a
factor (100)/? = 10 longer minimum distance between the involved
nuclei consistent with the structure in Fig. 1. Determination of actual
distances would require independent information about the values of pa,
pB, Da, and Dg, the latter being accessible for instance by augmenting the
2D 'H-13C CP HETCOR sequence with a 14 CPMG dimension [571,
which is beyond the scope of this work but well within the capabilities
offered by the cryoprobe.

4. Conclusions and outlook

The cryogenic probe technology offers improvements in signal-to-
noise ratio that is clearly demonstrated by allowing detection of reso-
nances that are hidden in the noise for data acquired on a more con-
ventional Efree probe under similar experimental conditions. For
stratum corneum studies, some of these new peaks are particularly
valuable because they can be unambiguously assigned to cholesterol,
ceramides, and triacylglycerols, the latter most likely being present as a
sebum lipid rather than an integral part of the protein-lipid “brick-and-
mortar” structure. With improved sensitivity, previously unfeasible
multidimensional techniques may be applied as here demonstrated by
some rather basic 2D 'H-'3C INEPT HETCOR to validate the fluid lipid
peak assignments and *H-'H spin diffusion detected via 2D 'H-!3C CP
HETCOR to estimate 1-100 nm scale distances between specific types of
solid protein and lipid atoms. Future extensions of this approach could
be to implement dynamic filters to follow spin diffusion (or relayed
NOE:s for liquids) from 'H nuclei in liquid environments to '3C in solids
or vice versa to pinpoint the locations of the fluid lipids or pharma-
ceutically active substances within the otherwise mainly solid protein-
lipid composite material. Furthermore, the dynamics of the small frac-
tion of fluid lipids could be investigated more in detail by measurements
of relaxation rates and residual dipolar couplings.
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