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1. Introduction

Quantification of the amount of mobile
components in intact stratum corneum with
natural-abundance **C solid-state NMR

Quoc Dat Pham,
Daniel Topgaard®
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The outermost layer of the skin is the stratum corneum (SC), which is mainly comprised of solid proteins
and lipids. Minor amounts of mobile proteins and lipids are crucial for the macroscopic properties of the
SC, including softness, elasticity and barrier function. Still this minor number of mobile components
are not well characterized in terms of structure or amount. Conventional quantitative direct polarization
(Q-DP) *3C solid-state NMR gives signal amplitudes proportional to concentrations, but fails to quantify
the SC mobile components because of spectral overlap with the overwhelming signals from the solids.
Spectral editing with the INEPT scheme suppresses the signals from solids, but also modulates the
amplitudes of the mobile components depending on their values of the transverse relaxation times T,
scalar couplings Jcy, and number of covalently bound hydrogens ny. This study describes a quantitative
INEPT (Q-INEPT) method relying on systematic variation of the INEPT timing variables to estimate T,
Jch, N, and amplitude for each of the resolved resonances from the mobile components. Q-INEPT is
validated with a series of model systems containing molecules with different hydrophobicity and dynamics.
For selected systems where Q-DP is applicable, the results of Q-INEPT and Q-DP are similar with
respect to the linearity and uncertainty of the obtained molar ratios. Utilizing a reference compound
with known concentration, we quantify the concentrations of mobile lipids and proteins within the
mainly solid SC. By melting all lipids at high temperature, we obtain the total lipid concentration. These
Q-INEPT results are the first steps towards a quantitative understanding of the relations between mobile
component concentrations and SC macroscopic properties.

and water-holding capacity.>”® For example, increased mobility
is expected to lead to higher solubility and higher diffusion

The outer layer of the human skin, stratum corneum (SC), has a
vital function of being an efficient permeability barrier."* SC
consists of dead keratin-filled cells, corneocytes, embedded in a
multilamellar lipid matrix (Fig. 1). Although the main fraction
of both lipids and proteins in SC are rigid at ambient
conditions,®* the minor fraction of mobile lipids and protein
components are crucial for the macroscopic material properties
of the SC, including barrier function, mechanical properties
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coefficient for most added compounds, and thus increased SC
permeability.>” Still there is limited quantitative information on
the minor amount of mobile components in SC. Conventional
quantitative direct polarization (Q-DP) *C solid-state nuclear
magnetic resonance (NMR) is not applicable to quantify the SC
mobile components because of spectral overlap with the over-
whelming signals from the solids.

Typical ">C NMR experiments on '*C natural abundance
sample relies on "H — 'C cross polarization (CP)° or insensi-
tive nuclei enhanced by polarization transfer (INEPT)' to
increase the signal. These polarization transfer steps have
also been utilized to identify rigid and mobile *C molecular
segments in many different systems, including SC (Fig. 1C
and D).*"'™** site-specific qualitative information about mole-
cular mobility can be obtained by PT ssNMR (polarization
transfer solid-state NMR),""'* wherein comparing signal inten-
sities acquired with DP, CP, and INEPT yields information
about the rate and anisotropy of the C-H bond reorientation

This journal is © the Owner Societies 2020
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(A) The schematics illustrate the brick-and-mortar model of SC with corneocytes filled with keratin filaments, surrounded by a multilamellar lipid

matrix. (B) Chemical structures with numbered segments of relevant SC lipids. (C and D) **C MAS NMR spectra of SC with 40 wt% water and 0.5 wt%
PDMS at 32 °C (C) and 90 °C (D). The remaining CP signals at 90 °C in (D) are from proteins since all the lipids are melted.*°

as presented by the correlation time 7. and order parameter
|Scu| (Fig. S1, ESIT). A signal in a CP experiment can be observed
for “rigid” segments with slow and/or anisotropic reorientation,
since the 'H-"3C dipolar coupling mediating the CP polarization
transfer is averaged to zero by fast isotropic reorientation.
Conversely, the INEPT experiment only yields signal for “mobile”
segments since *H coherences of rigid segments rapidly dephase
under "H-"H dipolar couplings during the delays of the INEPT
sequence. “Fast anisotropic” segments can be identified as peaks
with identical chemical shifts and lineshapes in both CP and
INEPT spectra. Segments with “fast isotropic” reorientation are
visible only in INEPT. The PT ssNMR experiment is sensitive to
mobile segments which are detected exclusively in the INEPT.
This has been shown to be useful for systems with a minor
fraction of mobile components, for example, SC.*>'* However,
this experiment does not provide any quantitative information on
the amount and the dynamics of the different fractions of the
sample. For example, the INEPT scheme modulates the ampli-
tudes of the mobile components depending on their values of the
transverse relaxation times T, scalar couplings Jcy, and number

A 90y 180 905 180
H decoupling
——>——>
7'1 7'1 T2 T2
180, 909 180,
130

Fig. 2

of covalently bound hydrogens ny.”® It is a true methodological
challenge to take these experiments further and actually quantify
the amount of mobile carbon segments in **C natural abundance
samples.

In this study, we describe an NMR method to quantify the
molar ratio of mobile *C segments in **C natural abundance
samples using INEPT for 'H-"°C polarization transfer, denoted
as Q (quantitative)-INEPT (Fig. 2A). The employment of INEPT
helps to enhance the signals of the **C mobile components and
also to filter out other components that are not mobile, which
solves the overlap of mobile and rigid resonances that is
encountered in the Q-DP experiment. This Q-INEPT method
is based on variation of the INEPT timing variables to estimate
Ty, Jcu, Ny, and amplitude for each of the resolved resonances
from the mobile components, whereas previous methods
employing INEPT'®'” will give systematic errors if the T, or
Jcu varies between different carbons. In addition, we can
quantify the absolute amount of the mobile components in
intact SC from Q-INEPT by adding an isotropic fluid reference
compound that does not affect the molecular properties of SC.

ovaryr Ty =1.2ms

+vary 7, 7,=1.8 ms

-3 L L L
0 2 4 6 8

™, or -rz/ms

(A) NMR pulse sequence used for Q-INEPT. (B) Experimental data (symbol) of /inepr//iept Of carbon C; in the chain of DMPC in Q-INEPT

experiment obtained on the 500 MHz spectrometer. The results obtained by fitting eqn (1) to the experimental data with five fit parameters including

I89ept. N, Jen, RS and RS are shown by the solid lines.
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Fig. 3 (A) Chemical structures of different phospholipids, SDS and glycerol with numbered segments. (B—F) 1*C MAS NMR spectra of DMPC L, phase at
27 °C (B), SDS H, phase at 35 °C (C), DPPC—glycerol-water system at 35 °C (D) and 70 °C (E), and POPC—glycerol-PDMS—water system with molar ratio
of POPC: glycerol:PDMS = 1:1:1 at 32 °C (F). The coexistence of INEPT and CP signals with the same line shape in (B), (C), (E) and (F) indicates fast
anisotropic reorientation. The absence of INEPT signal in the lipid chain in (D) signifies rigid lipids. The resonances only observed in the INEPT spectra
(B—F) imply fast isotropic motion. (G) *C MAS DP NMR spectrum of POPC—glycerol-PDMS—water system with molar ratio of POPC : glycerol: PDMS =

1:1:1at 32 °C recorded at 7z = 50 s.

For this purpose, we use a high molecular-weight polydimethyl-
siloxane (PDMS). When the amount of one of the mobile
components is known, the molar ratios obtained from Q-
INEPT can be converted to the absolute amount. In addition,
by melting all SC lipids at high temperature, we obtain the total
lipid concentration in SC. Q-INEPT is validated with a series
of model systems with known amounts of mobile components
with different hydrophobicity, dynamics and anisotropy. We
first studied two liquid crystalline phases in binary systems: the
lamellar (L,) phase composed of phospholipid, 1,2-dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) (Fig. 3B) and water,'® and
the hexagonal (H;) phase composed of sodium dodecyl sulfate
(SDS) (Fig. 3C) and water.'® Then, the same type of experiment
was applied to a ternary system composed of 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), glycerol and water at two
different temperatures where the lipids form either an L, phase
or a lamellar gel (Lge) phase (Fig. 3D and E). For these model
systems, we can detect fast isotropic glycerol at both tempera-
tures, while the lipid acyl-chains go from rigid to mobile state
The experiments on the lipid
systems were performed on two different NMR spectrometers
operating at different Larmor frequencies and equipped with
different probes. In addition, we demonstrate the applicability
of using PDMS and glycerol as reference chemicals in calibration
experiments on systems composed of 1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine (POPC)-PDMS-glycerol-water at different ratios
of POPC: PDMS : glycerol (Fig. 3F and G).

with increasing temperature.”®

6574 | Phys. Chem. Chem. Phys., 2020, 22, 6572-6583

2. Q-INEPT method description

The pulse sequence of the Q-INEPT experiment (Fig. 2A) is similar
to the standard INEPT scheme, with the addition that both delay
times 7, and 1, are varied.'®" The intensity corresponding to the
quantitative amount of mobile fraction Ifigpr detected by INEPT,
the "H-"*C through-bond scalar coupling Jcp, and the effective
'H (**C) transverse dephasing rate, Ry (RY), can be obtained when
the intensities of the peak Iingpr at different values of 7, and 7,
are fitted to the following equation®®

IINePT _ VH

Ny sin(ZnJCH‘n )sin(ZnJcnrz)cos”“’l (Z‘IIJCH‘L'Q)

oq .
IiNept e

X exp(—2‘c|R? —20,RY) 1)

where ny is the number of magnetically equivalent protons
directly bound to a given "*C nucleus. The Monte Carlo error
estimation method?! was used to estimate 1000 values of Idzpr
and its 90% confidence intervals. Fig. 2B shows a carbon evolu-
tion curve featuring the '>C signal intensity for a CH, group as a
function of the timing parameters 7; and 7,. The enhancement
ratios Inepr/IiNepr in Fig. 2B verify that the polarization transfer
from 'H to *C can give the theoretical maximum enhancement
ratio ER . of ca. four times (yg & 4y¢).

For all the model systems in Fig. 3 (Sections 3.1-3.3), the
intensity corresponding to the number of mobile **C i segment
IiNgpr,; can be converted to the intensity corresponding to the

This journal is © the Owner Societies 2020
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number of molecules containing this ">C segment. This is done
by dividing IiNgpr,; by the number, N;, of chemically equivalent
carbon atoms 7 in the molecule (for example, 3 for C,, 1 for C,
and 2 for C, in DMPC molecule): IiNgpr,/N;. This intensity
should ideally be the same for different mobile **C segments
in the same molecule. Since the NMR intensity has no unit, we
present the data as a normalized molar ratio Cngpr. This ratio
of the lipid (surfactant) mobile i segment is calculated by the
following equation:

]IeI(\ITEPT,i/Nf )
TR )
INEPT

CINEPT, =

NINEPT

ave.
where Ij\fpr = [ Z

(IlelgEPT‘i/Ni>:|/nINEPT is the average
i=1 '

value of INgpr/N; over the number of measured lipid
(surfactant) segments, nyngpr. The ideal value of the normalized
molar ratio Cpgpr of each C lipid (surfactant) segment
is therefore equal to 1. The 90% confidence intervals of
the average normalized molar ratio over ngpr mobile lipid
(surfactant) segments CiNgpr is calculated from 1000-nNgpr
values of Ciygpr in which 1000 values of IiNgpr,; of each i segment
were previously obtained from the Monte Carlo analysis. For the
model systems containing glycerol or PDMS (see Sections 3.2

and 3.3), Cinepr,; Of © segment of glycerol or PDMS is given by

eq .
IINEPTJ/NI
avg.
IINEPT

CINEPT,i = MR (3)

where N; is the number of chemically equivalent carbon atoms
of i segment in glycerol or PDMS molecule, IiN&pr is the value
obtained for the lipids, and MR is the lipid: glycerol (PDMS)
mixing molar ratio. In this way, the value of Cixgpr,; Of glycerol
or PDMS is ideally 1 as the lipid.

For SC (see Section 3.4), the molar ratio of two mobile *C
segments 7 and j can be calculated as IiNger,sci/liNgpr,sq- Since
SC is a phase-segregated system with complex composition,
this ratio is not expected to be 1 and we therefore want to know
this molar ratio and eventually the fraction of the mobile
segments. To convert the molar ratio to the amounts of mobile
components compared with the total amount of SC, we added a
known amount of reference compound that is an isotropic
fluid, which was here chosen as a high molecular-weight PDMS.
The reference compound was mixed with SC at a given weight
ratio. We herein used gy : msc = 5.025 mg: 1 g, which corresponds

Table1 Summary of the average normalized molar ratio

View Article Online
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to 0.5 wt% PDMS in the water-free sample. The amount of
mobile *C segment i in mole per 1 g SC, Xxsc; can then be
calculated as

Il
’ INEPT,SCi
XSsCi = XREF * -
<1 NPT REF/ N REF)
m Iy
REF INEPT,SCi
= “NREF " —eq——— (4)

Mryer Ilel(\llEPT,REF
where xggr is the number of moles of (CH3),SiO units in the
reference compound PDMS per 1 g SC, Nggr = 2 is the number of the
mobile **C segment in the (CH;),SiO unit, Mpgp = 74.15 g mol
is the molecular weight of the (CH;),SiO unit, and IfiNgpr rer
and IiNgpr,sc; are the intensities obtained from Q-INEPT for the
reference and segment i in SC, respectively.

3. Experimental results from Q-INEPT

3.1. Anisotropic liquid crystalline phases in binary
amphiphile-water systems

Two different binary model systems both consisting of one
single anisotropic liquid crystalline phase with fast motion were
investigated: the DMPC L, phase (35 wt% water at 27 °C)'® and
SDS H; phase (50 wt% water at 35 °C)"’ (Fig. 3B, C and Table 1).
Fig. 4A shows normalized molar ratios of different resolved *C
segments of DMPC L,, phase obtained from fitting Q-INEPT data
to eqn (1) (Fig. 5). The data were obtained from experiments on
both 500 and 800 MHz NMR spectrometers. Some carbons,
including C,, Cg, C, and Cy4 of DMPC, are only detected in
INEPT spectra (Fig. 3B) as a result of fast isotropic reorientation
with low |Scy| values,'>*> whereas the remaining carbons in
glycerol backbone and lipid chains with more anisotropic reor-
ientation are detected in both CP and INEPT spectra. The results
obtained on both the 500 and 800 MHz NMR spectrometers are
similar in respect of the spreading of the normalized molar
ratios over different segments (Fig. 4A and Table 1) and the
evolution of the signal intensities in Q-INEPT experiments
(Fig. 5). In addition to the quantitative amount of the mobile
components, Q-INEPT also provides profiles of the scalar
coupling Jcu and other relaxation rates (Fig. S2, ESIt), giving
further insight into the differences between the different
carbons in the DMPC molecule. For more detailed information
about these differences, see supplementary Fig. S2 (ESIt). The
influence of longitudinal relaxation was tested by performing

iNEpT Obtained from Q-INEPT for different model systems at different temperature T and on

different NMR spectrometers. CijNgpr are presented as medians (5th and 95th percentiles). The 90% confidence intervals refer to the spread of the

normalized molar ratios over different segments of lipids or surfactant

Sample Water content (wt%) T (°C) Spectrometer (MHz) CiNEpT

DMPC L, phase 35 27 500 1.00 (0.76-1.19)
800 1.00 (0.85-1.20)

SDS H; phase 50 35 500 1.00 (0.84-1.15)

DPPC rigid lipid - fast isotropic glycerol (3 L/GLY) 12 35 500 1.00 (0.84-1.15)
800 1.00 (0.77-1.08)

DPPC L, phase - fast isotropic glycerol (3 L/GLY) 12 70 500 1.00 (0.88-1.19)
800 1.00 (0.81-1.25)

This journal is © the Owner Societies 2020
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Fig. 4 Normalized molar ratios (median and 90% confidence intervals) obtained from Q-INEPT for DMPC L, phase with 35 wt% water at 27 °C (A), DPPC—
glycerol-water system with 12 wt% water and 3 lipid/glycerol at 35 °C (B) and 70 °C (C) measured on 500 and 800 MHz spectrometers. The molar ratios of
glycerol were normalized against the lipid/glycerol mixing ratio (3:1) so that the values of glycerol segments are ideally 1 as the lipid. The spread of the
normalized molar ratios over different segments obtained on the 500 and 800 MHz spectrometers is represented by grey and orange shaded areas, respectively.
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Fig. 5 Experimental (symbol) and fitted (line) data of /\yept//i\ept Of different carbons in DMPC at 27 °C in Q-INEPT experiments obtained on 500 and

800 MHz spectrometers.

Q-INEPT on this system at a shorter recycle delay z. The results
obtained at 1 of 5 s and 10 s are quite similar, indicating that a
1 Of 5 s is already sufficient for longitudinal relaxation of the
mobile segments that are detected in INEPT spectra.

The results obtained from Q-INEPT for SDS H; phase on the
500 MHz NMR spectrometer are shown in Table 1 and Fig. S3
(ESIY), indicating a spreading of the normalized molar ratios
over different segments of 9%. It is also noted all relaxation
rates of carbons in the acyl chain are lower in the SDS H; phase
than in the DMPC L, phase (compare Fig. S2 and S3, ESI{), a
clear difference between the two anisotropic liquid crystalline
phases. The concentration of counter ion Na' in this SDS
sample is quite high, and the conductivity of this sample
hinders the experiments on the 800 MHz spectrometer due to
problems that are more pronounced at the higher magnetic
field strength including dielectric losses, higher pulse power,
lower sensitivity and sample heating.>*** The Q-INEPT data on
the 800 MHz spectrometer are therefore not included.

In conclusion, Q-INEPT works adequately to quantify the
mobile *C segments within one compound at natural abun-
dance. Although the spreading of the normalized molar ratios
varies between the systems and the spectrometers (Table 1),
this method is applicable for carbons with different Jcy values
and relaxation rates and gives further insight into the differ-
ences between the anisotropic liquid crystalline phases.

6576 | Phys. Chem. Chem. Phys., 2020, 22, 6572-6583

3.2. System composed of lamellar phases and fast isotropic
glycerol

In this section, we investigate a ternary DPPC-glycerol-water
system with 8 water molecules per lipid one (W/L) (or 12 wt%
water) and 3 lipid molecules per glycerol one (L/GLY) at two
different temperatures: 35 °C and 70 °C (Fig. 3D and E). At the
lower temperature, the DPPC forms an Lg phase with rigid
acyl-chains, and at the higher temperature, an L, phase with
mobile acyl-chains.>® In both cases, glycerol is present in the
water-rich regions in between the bilayers in the lamellar
phases, and undergoes fast isotropic C-H bond reorientation
as indicated by the INEPT signal and the absence of the CP
signal (Fig. 3D and E).

At 35 °C we only observe INEPT signal for C, of DPPC
(Fig. 3D), implying that this carbon is only detected as a mobile
and isotropic segment and can therefore be used to quantify
the molar ratio of lipid and glycerol by Q-INEPT (Fig. 4B and
Table 1). The normalized molar ratios of glycerol and C, of DPPC
obtained from Q-INEPT on both spectrometers, presented in
Fig. 4B, show that the results from Q-INEPT are in agreement
with the L/GLY mixing ratio. The evolution of the signal inten-
sities (Fig. S4, ESIT) and other extracted NMR parameters (Fig. 6)
in Q-INEPT experiments obtained on both spectrometers for this
DPPC L, phase are quite similar. It is noted that the values of

Ry and RS of C, in the Ly phase are about 150 and 200 s ',

This journal is © the Owner Societies 2020
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Fig. 6 Results (median and 90% confidence intervals) obtained from
Q-INEPT for DPPC—glycerol-water sample at 35 °C and 70 °C measured
on the 500 and 800 MHz spectrometers: *H-3C through-bond scalar
coupling Jey (A) and effective H (B) and °C (C) transverse dephasing rates,
RY and RS. The relaxation rates of Cq2 and some acyl-chain carbons
including C,, Cy4 and Cy5 are higher at the higher Larmor frequency, as
seen previously in the DMPC L, phase in Fig. S2 (ESI¥).

respectively (Fig. 6) and this carbon still can be quantified
by Q-INEPT.

The same DPPC-glycerol-water system was studied at high
temperature (70 °C) where the lipids form an L, phase with
mobile acyl-chains, thus giving rise to INEPT and CP signals
in glycerol backbone and most of the chain segments (Fig. 3E).
The normalized ratios obtained from Q-INEPT are shown in
Fig. 4C and the quantitative results are summarized in Table 1.
Q-INEPT data for GLY1 are not shown since its signal overlaps
with carbon g1 of DPPC in the INEPT spectrum (Fig. 3E). The
molar ratio of glycerol and DPPC obtained from Q-INEPT on both
spectrometers for the L, phase, presented in Fig. 4C, is in good
agreement with the L/GLY mixing ratio in the sample, and the
normalized molar ratios from these different spectrometers are
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between 0.9-1.1 for most of the carbons. The agreement of the
results obtained on these different spectrometers was also
observed in the evolution of the signal intensities (Fig. S5, ESIT)
and other extracted NMR parameters (Fig. 6) for most of the
carbons. Some small differences are observed for certain carbons
when comparing data from the two spectrometers, as seen pre-
viously in the DMPC L, phase. When the DPPC changes from the
Lge to the L, phase, the relaxation rates Ry and RS of C, are noted
to be significantly lower (Fig. 6) despite the fact that the reorienta-
tion of C, is fast isotropic in both phases (Fig. 3D and E).

From these experiments, it is concluded that Q-INEPT can
be used to quantify the molar ratio of the lipid and glycerol
when the lipid is in the Lg or the L, phases. The quantification
of the Lg phase would not be possible with the earlier
methods'® 7 relying on T, > INEPT delays.

3.3. Calibration using references to quantify the amount of
mobile components

Similar to other NMR methods, Q-INEPT only provides relative
concentrations. In order to achieve absolute concentration
determination, one generally needs to employ a reference that
is present in the sample at a known concentration. As illu-
strated for the DPPC-glycerol-water system studied at different
temperatures (Fig. 4B and C), one can make a quantification of
the amount of mobile lipids based on the known L/GLY mixing
ratio and the assumption that all glycerol molecules are present
as one fast isotropic fraction. The results are consistent with
that all DPPC molecules form a single L, phase at the higher
temperature, and a single L, phase at the lower temperature.
In this section, we extend this analysis, and we present a
calibration of Q-INEPT method to quantify the amount of
mobile lipids in a mixed sample using two reference molecules
with different hydrophobicity, i.e. glycerol and PDMS. We herein
use a model system consisting of POPC-PDMS-glycerol-water at
fixed water content (5 W/L) and fixed temperature (32 °C). We kept
the same glycerol: PDMS molar ratio, and varied molar ratios of
POPC : PDMS and POPC : glycerol ranging from 0.1 to 1.5 (Table 2).
Here, the lipid systems form a single L, phase with mobile acyl-
chains for all concentrations of the reference compounds,’® as
indicated by INEPT and CP signals in glycerol backbone and
most of the chain segments (Fig. 3F and Fig. S6i, ESIt). It is also

Table 2 Summary of the average normalized molar ratio CiNgpr (CBF) of POPC and the normalized molar ratio Cnepr (Cpp) of PDMS and glycerol
obtained from Q-INEPT (Q-DP) for POPC-PDMS—glycerol-water systems at different POPC : PDMS : glycerol mixing molar ratios and measured at 32 °C
on the 500 MHz spectrometer. The results are presented as median and 90% confidence intervals or median and standard deviation. The molar ratios of
PDMS and glycerol were normalized against the mixing ratios so that their normalized molar ratios are ideally 1 as the lipid. The 90% confidence intervals
of CiNEpr of POPC and the standard deviations of Cp#" refer to the spread of the normalized molar ratios over different segments of lipids. The 90%
confidence intervals of PDMS and glycerol in Q-INEPT are calculated from different fitted values of C\yegpt Obtained from Monte Carlo analysis, whereas
the standard deviations of these molecules in Q-DP is from the standard deviations of eight values of the molar ratio of these molecules to each of the

lipid segment

Cixgpr Cingpr Cof Cop
POPC: glycerol : PDMS mixing molar ratio =~ POPC PDMS Glycerol POPC PDMS Glycerol
0.1:1:1 1.00 (0.75-1.22)  0.85 (0.82-0.89) 1.02 (0.98-1.04) 1.00 + 0.11 0.89 £ 0.11 1.02 £ 0.12
0.5:1:1 1.00 (0.56-1.43)  0.96 (0.92-1.01) 1.21 (1.17-1.25) 1.00 £+ 0.13 0.93 £ 0.11 1.14 £ 0.14
1:1:1 1.00 (0.88-1.21)  0.90 (0.86-0.94)  1.01 (0.95-1.07)  1.00 + 0.10  0.86 + 0.08  1.10 + 0.11
1.5:1:1 1.00 (0.88-1.16)  0.91 (0.87-0.96) 0.95 (0.89-1.01) 1.00 £ 0.06  0.99 + 0.06 1.12 £ 0.07
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Fig. 7 Measured molar ratios (median and 90% confidence intervals) of
POPC:PDMS and POPC:glycerol obtained from Q-INEPT and Q-DP
versus their mixing ratios for samples of POPC-PDMS—glycerol-water at
32 °C and measured on the 500 MHz spectrometer. The results obtained
by linear regression onto these data are shown by the solid lines.

clear that both PDMS and glycerol are only present as mobile
and isotropic segments as these reference molecules are only
detected in INEPT spectra. We therefore can validate Q-INEPT
based on the POPC: PDMS and POPC: glycerol ratios obtained
from Q-INEPT and from the mixing. In addition, the conven-
tional DP method with a sufficiently long recycle delay tx of 50
s, Q-DP, was performed on the same systems (Fig. 3G and Fig.
S6ii, ESIt), allowing the comparison between Q-DP and Q-
INEPT. The intensity of the peak in Q-DP spectrum corresponds
to the number of **C i segment in Q-DP I} ;. The normalized
molar ratio Cpp of the lipids, glycerol and PDMS and the

average normalized molar ratio of the lipid segments Cpg

obtained from Q-DP were calculated in the same way as being
performed for Q-INEPT.

The normalized molar ratios obtained from Q-INEPT and Q-
DP in different samples with different mixing ratios of POPC:
PDMS and POPC:glycerol are shown in Table 2 and Fig. S7
(ESIT). In general, there is a good agreement between the
results obtained from Q-INEPT and Q-DP and also between
these NMR results and the mixing ratios, irrespective of the
mixing ratios. The spreading of the normalized molar ratios of
different carbons in the lipid obtained from Q-INEPT is higher
than this spreading in Q-DP in most cases (Table 2). The noted
high spreading in Q-INEPT in the sample of POPC:PDMS:
glycerol = 0.5:1:1 (Table 2 and Fig. S7, ESIt) compared to the
other samples is likely due to an increase in the relaxation rates
at this particular mixing ratio (Fig. S8, ESIt), leading to a lower
signal to noise. It is also noted that one of the sources of the
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differences between the measured molar ratios and the mixing
molar ratios may come from a small variation in the actual
sample composition in the NMR insert compared to the desired
composition during weighing, mixing and transferring samples
into the insert. Fig. 7 shows the measured molar ratios versus
the mixing molar ratios of POPC:PDMS and POPC: glycerol,
and linear regression onto these data yields slope and coeffi-
cient of determination R*> (Table 3). The results for Q-INEPT
and Q-DP are similar and there is a linear relation between the
measured ratio and the mixing ratio (R> > 0.95) for both
reference molecules, PDMS or glycerol. Taken together, the
data presented in Fig. 7 confirm the validation of Q-INEPT that
gives comparable results to the Q-DP as well as the applicability
of glycerol and PDMS as reference chemicals.

By using the same experimental set-up for Q-DP and Q-
INEPT, we can further compare Itb; and IiNgpr,;, the absolute
intensities corresponding to the number of *C i segment
measured in Q-DP spectrum and the number of mobile *C i
segment obtained from Q-INEPT, respectively. These values
should ideally be the same. However, the average value of the
I'Nepr/IBb ratio of different segments in the different samples is
around 0.7 (Fig. S9, ESIT), suggesting a systematic deviation.
The experimental set-up for Q-INEPT and Q-DP on the same
500 MHz spectrometer is exactly the same except the pulse
sequences before recording the data and the recycle delay
g (tr = 10 s in Q-INEPT and 13 = 50 s in Q-DP). This deviation is
likely due to the dependence of the efficiency of the magnetization
transfer in Q-INEPT experiments on the homogeneity of the radio
frequency (RF) fields. Such difference may notably stem from
the geometry of the RF coils that can lead to the different
sample volumes that are excited by "H and "*C pulses.>®

3.4. Quantification of the amount of mobile components and
of the total amount of lipids in intact stratum corneum using
Q-INEPT

In this section, we perform Q-INEPT to quantify the molar ratio
between the mobile components in intact SC. In order to
quantify the amount of the mobile components compared with
the total amount of SC (dry mass), we need a reference in the
sample for which we know the exact amount. The reference
molecule should be present in a single mobile state so that its
total amount is observed in the Q-INEPT experiment. It can be
chosen as a chemical that is of specific interest, for example, a
penetration enhancer® (a compound that can enhance penetra-
tion through skin) or a solvent'® for which one want to study
the effect on SC.>” However, in many cases when a foreign

Table 3 Slope and coefficient of determination R® obtained from linear regression of the responses in the measured molar ratio on the mixing ratio
shown in Fig. 7. The slope is presented as median (5th and 95th percentiles of the confidence intervals) and R? was calculated based on the

corresponding values of slope

Method Slope R*
POPC : PDMS Q-INEPT 1.1052 (1.1052-1.1053) 0.9559 (0.9559-0.9559)
Q-DP 1.0598 (0.9964-1.1226) 0.9681 (0.9565-0.9565)
POPC: glycerol Q-INEPT 1.0275 (1.0275-1.0276) 0.9552 (0.9552-0.9552)
Q-DP 0.8972 (0.8556-0.9368) 0.9826 (0.9759-0.9765)
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substance is added to SC, the added compound can be present
in more than one state or it might show reduced mobility due
to interactions with the SC,"* and for these cases the added
molecule is not suitable as a reference molecule. There are also
cases that the added compound does not contain any C-H
bond, for example water and urea, and these molecules do not
give rise to any INEPT signal. It is therefore clear that there are
several occasions when we need to introduce another reference
component that is present in the samples as a separate iso-
tropic fluid phase which can serve as a reference signal to
enable quantification of the amount of other mobile compo-
nents. The added reference compound should not penetrate SC
or affect the molecular dynamics of the SC components. In this
study, we added a large hydrophobic polymer, PDMS (silicone
oil), which is an isotropic liquid at all water contents including
the dry condition. This large polymer does not penetrate SC and
does not influence SC molecular dynamics or water activity in
the SC sample. Indeed, PT ssNMR experiments on samples
composed of intact SC at different water contents together
with varying amount of PDMS, showed no detectable changes
in SC molecular mobility as compared to the corresponding
PDMS-free samples (compare Fig. S10A and B, Fig. S10C and D,
and Fig. S10E and F, ESIf). In addition, PDMS is mostly
detected in the INEPT spectra for all conditions investigated,
indicating that it mainly exists as an isotropic liquid in the
spaces between the flakes of SC after mixing. The amount of
PDMS actually needed for the Q-INEPT experiments is only ca.
0.5 wt% (Fig. 1C and D), which is much lower than the amount
used for the illustration in Fig. S10 (ESIt). The concentration of
PDMS of 0.5 wt% in Q-INEPT was chosen so that its INEPT
intensity is in the same range as the other INEPT peaks from
SC, and the intensity from PDMS in the Q-INEPT experiments
thus corresponds to this known amount, making it a suitable
reference molecule. PDMS is also noted to have a distinct
chemical shift which does not interfere with the resonances
of most chemicals in NMR spectra.

The keratin-filled corneocytes are the major components of
SC, and these are separated by the multilamellar extracellular
lipids.*® The core of the keratin filament is enriched in leucine
and lysine while its protruding terminal chains are rich in
hydrophilic amino acids, e.g., glycine and serine (Fig. 1A).* The
extracellular SC lipids surrounding corneocytes mainly com-
prise ceramides (CERs), free fatty acids (FFAs), and cholesterol
(CHOL) (Fig. 1B) in nearly equimolar proportions.*® In previous
studies, we managed to assign the chemical shifts of all major
peaks in the crowded 'C spectra to carbons in lipids and
in amino acids in intact SC.* In the analysis of the spectra, we
here focus on representative SC lipid and protein molecular
segments that are well-resolved in the INEPT spectra, as illu-
strated in Fig. 1C. These segments include Gly C, and Ser Cg of
the terminal domains of the keratin filaments, the terminal
®CH; and the beginning aCH, of the acyl chains of fatty acids
and ceramides, and CHOL 9 of cholesterol. Fig. 1C shows PT
sSNMR data of SC with 0.5 wt% PDMS and 40 wt% water,
corresponding to hydrated conditions.>® The spectra are domi-
nated by the CP signal for most of the spectral range, implying
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Fig. 8 Amount of mobile segments (median and 90% confidence inter-
vals) obtained from Q-INEPT for SC-PDMS—-water (J) and SC—water (H)
systems at 40 wt% water and at 32 °C and for SC-PDMS—water systems at
50 wt% water and 90 °C (J) measured on the 500 MHz spectrometer.

that the majority of SC lipid and protein components are rigid.
Still one can observe co-existing fractions of mobile lipids and
proteins as inferred from the INEPT signals. Q-INEPT was
performed on the samples of SC-water-PDMS with 0.5 wt%
PDMS and of SC-water at the same water content of 40 wt%
water (Fig. S11, ESIT) to quantify the mobile fractions in SC. The
amount of the mobile components converted to mole per g dry
SC and other fitted values of these two samples are shown in
Fig. 8 and Fig. S12 (ESIf). In order to compare the results
obtained for SC-water and SC-PDMS-water systems, Iingpr,; il
a PDMS-free sample was converted to the amount in mole by
assuming the amount of the mobile terminal of the lipid acyl
chains ®CHj is the same in both samples (Fig. 8). The Q-INEPT
results for SC-PDMS-water and SC-water samples with the
same water content are quite similar, confirming that PDMS
does not affect the amount of SC mobile components and their
dynamics (Fig. S11 and S12, ESIT). The difference in the amount
of CHOL 9 in Fig. 8 is likely due to biological variation in
chemical composition between different batches of SC. SC has
complex composition with co-existing structures, and therefore
the INEPT peaks may have contributions from chemically
identical segments that are present in different mobile fractions,
or from different types of molecules that contain the same
segment. For example, the ®CH; segment of the acyl chains
originates both from fatty acids and ceramides with different
chain lengths. From the Q-INEPT experiment, we only obtain
apparent quantitative data of all mobile segments that resonate
at the same chemical shift. Finally, we also confirmed the
amount of the reference molecules PDMS in the SC samples
using Q-INEPT by adding a known amount of a second reference
compound, glycerol, to SC-PDMS mixture (Fig. S13, ESIt).

In a next step, we measure the total amount of lipids in SC
by performing Q-INEPT on intact SC at 50 wt% water and 90 °C.
At these conditions, all the lipids are molten,*® and they are
only observed in the INEPT spectra (Fig. 1D). The total amount
of lipids can therefore be quantified by Q-INEPT (Fig. 8). From
the molar amount of lipids per 1 g dry SC in Fig. 8, we can then
estimate that SC lipids comprise 0.030 g fatty acids, 0.060 g
ceramide and 0.058 g cholesterol per 1 g dry SC. This estima-
tion is based on some assumptions, including estimated
average molecular weights of the different lipid classes (see
ESIt for detailed information). The total amount of SC lipids
was estimated to be 0.15 g per 1 g dry SC or 15 wt% of the total
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weight of dry SC. From this total amount, we can further
estimate the fraction of the mobile segments of ®CH; and
CHOL 9 in SC at 40 wt% water and 32 °C in relation to the total
amount of the same segment in SC to be 18 and 71 mol%,
respectively (Table S1, ESIt). Such quantitative information on the
amount of mobile SC lipid components has not been achievable
before. One should note that there is likely a preferential melting
of the shorter chain lipids, which can lead to an underestimation
of the mass fraction of mobile SC lipids.

4. Discussion

The results of the molar ratio of the mobile components obtained
from Q-INEPT in different model systems (Tables 1 and 2) show that
the Q-INEPT method can be utilized to quantify the amounts of *C
mobile segments in natural abundance samples. The measured
mobile segments can have different dynamics, anisotropy and
Jcn, whereas previous quantitative methods based on INEPT do
not take into account T, relaxation'® or require knowledge of
Jcu.” In addition, Q-INEPT does not rely on T, > INEPT delays
as the earlier methods'®'” do. Overall, the data obtained from
Q-INEPT are comparable to the ones from the conventional Q-DP,
when the Q-DP is applicable and comparisons can be made, in
terms of the molar ratio, the spreading of the data and linearity
(Tables 2, 3 and Fig. 7). It is also noted that the accuracy of the
signal intensities measured for different carbons at different
delays in Q-INEPT also contributes to the spreading of the data
in Q-INEPT. As long as the amount of one of the mobile
components is known, the molar ratio obtained from Q-INEPT
can be converted to the absolute amount as illustrated here with
systems of DPPC-glycerol-water, POPC-PDMS-glycerol-water and
even SC, a biological sample with complex composition.

By melting all the lipids, we can measure the total molar
amount of lipids (Fig. 8) and then estimate that the total
amount of lipids accounts for 15 wt% of the dry weight of pig
ear SC. This is a completely new way to obtain the total amount
of lipids in SC, which has previously been based on samples
composed of extracted lipids, thereby relying on the efficiency
of the extraction protocol. Gray et al.*' reported that the total
amount of lipids extracted from pig ear SC is about 10 wt% of
the dry mass of SC. The use of only two organic solvent
mixtures of chloroform-methanol 1:1 and 2:1 (v/v) in that
study is properly not sufficient to extract all the lipids in SC,*?
including the lipids bound to the cornified envelope of the
corneocytes. As the NMR experiments cannot distinguish
between bound and unbound lipids, the total amount of lipids
of 15 wt% of the total weight of dry SC should include both
the extracellular lipids and the bound lipids. There is a long-
standing question about the quantity and the composition of
the mobile SC lipid components. This study is the first study to
quantify the amount of the mobile components directly in
intact SC (Fig. 8 and Table S1, ESIt). By comparing wide-angle
X-ray scattering (WAXS) profile of SC with a profile obtained by
subtracting WAXS profile of delipidized sample from that of SC,
Doucet et al.*® estimated the relative amounts of crystallized
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lipids in the SC versus the amorphous lipids that have been
removed by solvent extraction to be roughly 20: 80. One should
here note that the amorphous lipids may include both rigid and
mobile lipids. In addition, as also discussed in that paper, there
is a risk of incomplete lipid extraction as well as preferential
extraction of more fluid lipids. There have been several *H NMR
studies employing deuterated lipids to quantify the amount of
fluid lipids in SC model lipid mixtures,**~*° but not in intact SC.
The amount of the mobile lipids obtained for studies of model
mixtures naturally varies with the chosen lipid compositions. It
is therefore an important progress that we are now able to
directly quantify the amount of the mobile lipids inside intact
SC. The quantitative information on mobile SC lipid compo-
nents is essential to enable for the correlation between
SC molecular properties and SC macroscopic properties. For
example, it has previously been shown that increasing SC
hydration leads to induced mobility in SC lipids and proteins,
although the effects were not quantitative.* These changes in
SC lipid and protein molecular dynamics correlate well with
changes in SC permeability, SC water uptake and skin elastic
properties.*®*® Through the work presented here, it is now
possible to quantify the amount of mobile components in
intact SC at the "*C atomic level at the different conditions
using Q-INEPT and PDMS as a reference molecule. As an
alternative approach, the reference molecules can also be a
compound of interest for which one would like to study the
effects on SC molecular dynamics. It is also noted that as the
amount of the mobile lipids in SC at ambient condition is
minor, the addition of a hydrophobic chemical that is likely
mixed with the SC mobile lipids will change the chemical
composition of the SC mobile lipid domains remarkably (see
ESIt for an example). In this way, even in the case that the
added chemical does not melt more SC lipids, its incorporation
into the SC mobile lipids still can change the amount ratio of
the solid and mobile lipid domains in SC.

Beside the molar ratio of the mobile carbons, there is other
valuable quantitative information that can be extracted from
Q-INEPT including different relaxation rates and Joy."> There is
a clear difference between different anisotropic liquid crystal-
line phases i.e. DMPC L, and SDS H; phases (compare Fig. S2
and S3, ESIT). One can also observe that the evolution profile of
the signal intensity in Q-INEPT is very distinct for carbons with
different multiplicities (e.g. Fig. 5) and Jcy values.” A strong
deviation of this experimental profile from the typical evolution
would therefore indicate an overlap of carbons with different
multiplicities or very different Jcy values. Together with the
number of directly bound protons ny from Q-INEPT, this
information can be useful for the carbon assignment in
complex samples like SC. In addition, the increase in INEPT
signal has been used as a qualitative indication of a higher
mobility in many systems, including SC.*"* %4> This change
can be due to a higher amount of the mobile components or
due to shorter correlation time 7. or a lower order parameter
|Scul.'* The Q-INEPT experiments can help to distinguish
between changes in the amount of the mobile components
and molecular dynamics.
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Q-INEPT is able to detect and quantify a minor amount of
mobile component that is present in a major rigid material like
SC. There would be potential applications of this method in
many different systems with coexisting amount of rigid and
mobile components. One example, which has clear relevance in
both biological and technical applications, is the lipid bilayer
where the co-existence of solid and fluid domains in the bilayers
can lead to dramatically increased membrane permeability as
well as partitioning of small molecules into the membranes.*>**
Coexistence of rigid and mobile components is also commonly
found in systems composed of one single phase, for example,
mobile solvent in a Ly phase with rigid acyl-chains.>*** This
example is illustrated in this study by DPPC-glycerol-water
system (Fig. 3D). There are even cases where there is rigid-mobile
coexistence within the same molecule, for example, membrane
proteins with rigid transmembrane and mobile extra-membrane
domains,*®>*” protein fibrils with rigid core and mobile flanking
domains, polymers with rigid backbone and mobile side
chains,® or lipids in which the mobility is only detected in the
terminals of the chains®' or the headgroup e.g. the DPPC Ly
phase. Another case is found for the equilibrium between bound
and free states in systems containing ligand-protein and
membrane-protein complexes in which the protein structure
and functions are altered by this binding.”*

Despite the advantages mentioned above, Q-INEPT is rather
time-consuming as one needs to record a series of INEPT
spectrum at different delay times t; and t,. The number of
scans for each INEPT spectrum in the Q-INEPT depends on the
abundance of the studied fluid components in the sample,
whereas there is a compromise between the number of INEPT
spectra with systematic variation of the INEPT timing variables
and the precision of the fitted data in eqn (1). As the signal
modulation when varying 7, is very different for carbons with
different number of directly bound protons ny (Fig. 5), one may
need to record more INEPT spectra with different 7, values in
order to achieve a good precision for the fitted data of the
different fluid carbons in the same sample.

48,49

5. Conclusions

In conclusion, we have shown that Q-INEPT can provide molar
ratio and even quantitative amount of **C mobile components
in C natural abundance semi-solid samples including the
biological sample SC. The results obtained from Q-INEPT are
comparable to standard quantitative Q-DP experiments, whereas
the former can filter out signals of other segments that are not
mobile and specifically enhance signals of mobile carbons. The
sensitivity of Q-INEPT to the mobile carbons is very useful to
quantify minor amounts of mobile components coexisting
with a major rigid fraction e.g. in SC. The amounts of mobile
fractions obtained from these experiments will help to open
up more quantitative information e.g. characterizing perme-
ability of membranes. These experiments can also provide
other valuable information including scalar couplings and
relaxation rates, giving further molecular insights into the systems.
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The Q-INEPT can also help to confirm carbon assignment in
the measured samples.

6. Experimental sections

6.1. Materials and sample preparation

DMPC, DPPC and POPC were purchased from Avanti Polar
Lipids, Inc. NaCl, Na,HPO,.2H,0, KH,PO,, and PDMS (average
molecular weight of 95000 g mol ") were from Sigma-Aldrich,
SDS was from Duchefa Biochemie, and glycerol was from
VWR chemicals. All samples were prepared with Milli-Q water
(18 mQ cm). All chemicals were of analytical grade and used
without further purification. Pulverized SC from porcine ears
was prepared as described in previous studies.® Porcine ears
were obtained from a local abattoir and stored at —80 °C until
use. Hair was removed by a trimmer, and the skin from the
inner ear was dermatomed (TCM 3000 BL, Nouvag) to a thick-
ness of approximately 500 um. The dermatomed skin strips
were placed on filter paper soaked in phosphate buffered
saline, PBS (130.9 mM NacCl, 5.1 mM Na,HPO,-2H,0, 1.5 mM
KH,PO,, pH 7.4) solution with 0.2 wt% trypsin at 4 °C overnight
to separate SC from tissue. Sheets of SC were removed by
forceps, washed with PBS five times and further dried under
vacuum. The dry SC sheets were then cut into small pieces to
facilitate the mixing and equilibration. SC pieces were dried
again in vacuum and stored in a freezer until further use.

The weighed amounts of chemicals were mixed in Eppen-
dorf tubes. The POPC-PDMS-glycerol samples were dispersed
in water and then freeze-dried to obtain a homogenous
mixture before adding water. The SDS sample was dispersed
by vortexing whereas the lipid samples were placed in a water
bath at 60 °C for 15 min to induce mixing. These model
samples were equilibrated at room temperature for at least
two days and then loaded into a Bruker 3.2 mm rotor for
experiments on the 800 MHz spectrometer or into a rotor insert
to be fitted into a Bruker 4 mm rotor for experiments on the
500 MHz spectrometer. A batch of SC and 0.5 wt% PDMS (based
on the total weight of SC and PDMS) was prepared by mixing SC
and PDMS with 70 wt% water (based on the total weight of SC
and water) to facilitate mixing. This SC-PDMS mixture was then
dried under vacuum and stored in a freezer until further use.
Dry SC powder with and without PDMS was mixed with
different amount of water (e.g. 40 wt%, based on the total
weight of SC and water) and then transferred into inserts and
incubated at 32 °C for one day before the NMR measurements.
The NMR experiments for different selected samples with the
same composition were reproduced.

6.2. NMR experiments and data analysis

NMR experiments were performed on a Bruker Avance II -
500 MHz NMR spectrometer equipped with a Bruker 4 mm
E-free MAS probe or a Bruker 4 mm HX CP/MAS probe and a
Bruker Avance III - 800 MHz equipped with a Bruker 3.2 mm
HX CP/MAS probe. The 4 mm HX CP/MAS probe was only
employed for the measurements at 90 °C. All experiments were
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carried out at a spinning frequency of 5 kHz. In DP, CP, and
INEPT experiments in a set of PT ssNMR, the following set-up was
used: spectral width of 248.5 ppm, acquisition time of 50 ms, 2048
scans per experiment, recycle delay tx of 5 s, and *H and **C high
power pulses at a nutation frequency of 80.6 kHz. The 'H nutation
frequency was ramped up from 64.5 to 80.6 kHz and the “C
nutation frequency was 72.6 kHz during the contact time of 1 ms
in the CP experiment. The INEPT experiments were performed with
the delay times 7, of 1.8 ms and 7, of 1.2 ms. All experiments were
recorded under 68 kHz two-pulse phase modulation (TPPM) 'H
decoupling®® or swept-frequency (SF) TPPM>* 'H decoupling on the
500 and 800 MHz NMR spectrometers, respectively. The data were
processed with a line broadening of 20 Hz, zero-filling from 1024 to
8192 time-domain points, Fourier transformation, phase and base-
line correction by in-house Matlab code partially from matNMR.>

The Q-INEPT experiments were measured by performing a
refocused INEPT sequence in which the delay times 7, and 7,
were varied (Fig. 2). The same spinning frequency of 5 kHz,
power levels of pulses, 'H decoupling, and acquisition as in the
PT ssNMR experiments were used in these quantitative experi-
ments. All experiments on the model systems were performed
by using recycle delays tg of 10 s, otherwise Q-INEPT was
carried out on SC samples with a recycle delay 1z of 5 s. The
Q-INEPT data were processed in the same way as for the other
3C measurements. An absorptive Lorentzian peak shape

Ry

Ho)=s5— 2
R22 + (w — w0)2

()

was fitted to the '*C peaks in the model systems. In eqn (5), I(®)
is the intensity as a function of the angular frequency w of the
peak resonating at w, with scaling factor S and a Full Width at
Half Maximum (FWHM) of 2R,. The evolution of S as a function
of the different timing parameters was fitted to eqn (1). For SC
samples, maximum intensity of the peaks in *C spectra was
used as an alternative to S. The Monte Carlo error estimation
method®' was used to estimate 1000 values of Ifgpr; and its
median and 90% confidence intervals.

The Q-DP experiments were performed on the 500 MHz spectro-
meter using the conventional DP sequence with a 90° pulse applied
to the *C magnetization followed by data recording under 68 kHz
two-pulse phase modulation (TPPM) 'H decoupling.®® The experi-
mental set-up of Q-DP is the same as Q-INEPT except the fact that a
recycle delay tz of 50 s was used in Q-DP. The Q-DP data were
processed in the same way as Q-INEPT data.
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