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ABSTRACT: Liposomal formulations represent attractive bio-  LiPosome carrier Cargo
H NMR, concentration, time

compatible and tunable drug delivery systems for peptide drugs. iy spNmR
Among the tools to analyze their physicochemical properties, Composition
. . . Concentration
nuclear magnetic resonance (NMR) spectroscopy, despite being T,
an obligatory technique to characterize molecular structure and
dynamics in chemistry as well as in structural biology, yet appears
to be rather sparsely used to study drug-liposome formulations. In
this work, we exploited several facets of liquid-state NMR spectroscopy to characterize liposomal delivery systems for the apelin-
derived K14P peptide and K14P modified by Na-fatty acylation. Various liposome compositions and preparation modes were
analyzed. Using NMR, in combination with cryo-electron microscopy and dynamic light scattering, we determined structural,
dynamic, and self-association properties of these peptides in solution and probed their interactions with liposomes. Using *'P and 'H
NMR, we characterized membrane fluidity and thermotropic phase transitions in empty and loaded liposomes. Based on diffusion
and 'H NMR experiments, we localized and quantified peptides with respect to the interior/exterior of liposomes and changes over
time and upon thermal treatments. Finally, we assessed the release kinetics of several solutes and compared various formulations.
Taken together, this work shows that NMR has the potential to assist the design of peptide/liposome systems and more generally
drug delivery systems.

KEYWORDS: peptide, liposomes, NMR spectroscopy, cargo release, phospholipids, dynamics, interaction

1. INTRODUCTION

In the pharmaceutical industry, therapeutic peptides have

pounds. Liposomes form a DDS class that has been widely
studied.®’ Owing to their biocompatibility, good safety profile,

emerged as an important class of compounds of intermediate
size between small molecules and protein-based biologics."” In
2018, more than 60 therapeutic peptides were approved, and
~150 were under active clinical development.” Peptides often
show good tolerability and are endowed with high efficacy and
specific activity, as illustrated by agonists and antagonists of G-
protein-coupled receptors. However, they generally suffer from
poor chemical and physical stability, short plasma half-life, and
poor oral bioavailability. Slow diffusion of peptides across
membranes, linked to their size, 3D structure, and/or
hydrophilicity—hydrophobicity balance, hampers drug delivery.
Peptide pharmacokinetic properties have been improved by
chemical optimization, e.g., by cyclization, N-methylation, or
bioconjugation to PEG, lipids, or proteins. These strategies
allow reducing doses or administration frequency and hence
reducing adverse side effects such as toxicity and immunoge-
nicity.

Drug carrier and drug delivery systems (DDS), such as
liposomes, micro- and nanoparticles, facilitate sustained drug
release.”™> DDSs are also used to improve the solubility,
stability, biodistribution, and targeting of bioactive com-
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and protective effect toward their cargo, their potential as
DDSs for small compounds has been recognized early on.”’
Liposomes have also been used as DDSs for peptides and
proteins, e.g,, for insulin or vasoactive intestinal peptides.””
They paved the way to nanomedicine.” Liposomes consist of
50 nm to S um-sized vesicles formed by single or multiple
phospholipid bilayers, which define an inner aqueous compart-
ment isolated from the surrounding environment. Depending
on their physicochemical properties, and in particular on their
partition coefficient, drugs are either encapsulated within the
hydrophobic bilayers or physically entrapped in the inner
compartment or may partition between both environments.
Fine-tuning of the composition, size, and lamellarity of
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liposomes allows controlled release and precise targeting of the
encapsulated active ingredients.”

Optimizing liposome structure and drug release properties
requires advanced analytical and structural techniques.””"
Nuclear magnetic resonance (NMR) spectroscopy is a
powerful tool to probe the structure and dynamics of virtually
all types of molecules at atomic resolution, in liquid and
condensed states. Solid-state NMR (ssNMR) is well-
recognized for characterizing lipid systems and deciphering
the mode of action of membrane-active peptides.'”™"> ssNMR
has been utilized to investigate nanoparticle- as well as lipid-
based drug delivery systems.'®”"" Recently, the potential of
both ssNMR and liquid-state NMR was illustrated for drug
delivery applications to biologics.”’ Surprisingly, the number of
liquid-state NMR studies carried out on drug-loaded lip-
osomes, and more generally on drug delivery systems, is still
limited.”' " We therefore aimed in this study to illustrate the
versatility of liquid-state NMR spectroscopy to characterize
various facets of liposome-peptide formulation: liposome and
peptide structures, their mutual interactions, stability of the
formulation, and peptide release properties upon heating. We
carried out this work on a series of apelin-derived peptides
encapsulated into liposomes of various compositions.

Our model is the KI4P peptide, derived from the
endogenous apelin ligands of the G-protein-coupled receptor
APJ, which compose the apelinergic system.”” K14P (apelin
residues 61—74) itself was shown to bind to APJ in CHO
cells.”> Regulation by the apelinergic system is associated to
various physiological and pathological processes involved in
cardiovascular functions, body fluid homeostasis, and in the
gastrointestinal and immune systems.”* Several exogenous
apelin isoforms have entered clinical trials, to test beneficial
action in type 2 diabetes and cardio-protection due to
inotropic and hemodynamic effects.”>*® However, apelins
suffer from short circulating lifetimes.”” [Pyr]-apelin-13, the
main apelin isoform in the human heart,®® has a half-life of <15
min in physiological fluids, and variants containing unnatural
amino acids have a half-life of <1 h.*” Encapsulation of [Pyr]-
apelin-13 in pegylated liposomal nanocarriers resulted in
significantly extended lifetime in vitro and in vivo, with up to 6
days in plasma with sustained activity.”> Pegylation of apelin-
36 resulted in prolonged availability in blood plasma.*” When
incorporated in liposomes, pegylated apelin-13 could be
efficiently delivered to endothelial cells in tumors, showing
the potential of liposomes as a DDS to prolong apelin-like
activity.*’ The interaction mode of apelin-derived peptides
with liposomes is still largely unknown, although NMR has
been used previously to get detailed insight into the structure
of apelin peptides, their molecular interactions with membrane
models, and the self-aggregation properties of their various
derivatives."*~

Here, we combined different facets of liquid-state NMR
spectroscopy to get a comprehensive view of the structural and
dynamic properties of the apelin-derived peptide K14P and
several Na-fatty acylated variants as well as of the phospholipid
bilayers in liposomal formulations. We focused on classical and
robust '"H (1D, 2D TOCSY/NOESY, DOSY)-, ’F-, and *'P-
based experiments that are readily accessible to most of the
NMR laboratories without an extensive setup. We show how to
analyze the data to describe the structure and the dynamics of
the peptides and liposomes as well as their mutual interactions,
in combination with the more conventionally used dynamic
light scattering (DLS) and cryo-electron microscopy (cryo-

EM) techniques. We also demonstrate that heat-induced
peptide release can be monitored in real time and in situ by
simple 1D 'H and DOSY NMR experiments. These tools
should be easily transposed to applications ranging from
quality control and in vitro stability assessment before
administration to modeling of release in vitro for liposome/
peptide formulation but also for other cargos or other DDSs.

2. MATERIALS AND METHODS

2.1. Materials. Fluorenylmethyloxycarbonyl (Fmoc)-pro-
tected amino acids and O-(1H-6-chlorobenzotriazole-1-yl)-
1,1,3,3-tetramethylaminium hexafluorophosphate (HCTU)
were purchased from Protein Technologies. Chlorotrityl resin
(H-L-Pro-2CTC) was purchased from Iris Biotech. 1,2-
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and a 1,2-
dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) sodium salt
(DMPG) were purchased from Avanti Polar Lipids. Choles-
terol (CHOL), hexadecanoyl (palmitic, C16) chloride,
fluorinated undecanoyl (CF;—(CF,),—(CH,),—CO—, C11F)
chloride, and N,N-diisopropylethylamine (DIEA) were pur-
chased from Sigma-Aldrich. Undecanoyl (C11) chloride was
purchased from ABCR. Dimethylformamide (DMF) and
piperidine were from Carlo Erba, and triisopropylsilane
(TIS) and trifluoroacetic acid (TFA) were from Alfa Aesar.

2.2. Peptide Preparation. The K14P peptide (apelin
residues 61—74, KFRRQRPRLSHKGP) was prepared by
solid-phase peptide synthesis on a Tribute UV-IR synthesizer
(Gyros Protein Technologies) using Fmoc chemistry. Cou-
pling was performed in DMF using 3 equiv of protected amino
acids relative to resin (0.5 mmol scale, 0.16 mmol g~' loading),
activated by 3 equiv of the HCTU coupling agent in the
presence of 5 equiv of DIEA. Protecting groups were removed
with 20% piperidine in DMF. After addition of the final amino
acid, the peptide was either cleaved from the resin or
conjugated to a fatty acid.

For nonacylated K14P, the final deprotection step and
peptide cleavage from the resin were done in a mixture of TFA,
H,O, phenol, and T1IS in an 88/5/5/2 v/v/v/v ratio for 4—S5 h.
The peptide was then precipitated and washed several times
with ice-cold diethyl ether and lyophilized prior to purification.

For fatty acylated K14P, after removal of the Fmoc
protective group at the peptide N-terminus, the samples on
the resin (0.32 mmol scale) were incubated with 2 equiv of
fatty acyl (C16, C11, or C11F) chloride and 3.5 equiv of DIEA
in dichloromethane under shaking for at least 1 h. The samples
were then washed several times with dichloromethane, and
cleavage was carried out with the same protocol as for
nonacylated K14P.

Peptide purification was carried out by reversed-phase high-
performance liquid chromatography (HPLC) on a Gilson
GX271 liquid handler using a CSH C18 column (Waters, 50 X
250 mm; granulometry, S pm). The mobile phase contained
water and acetonitrile. TFA counterions were subsequently
exchanged with acetate using a strong anion exchange resin
(AG 1-X4 resin, hydroxide form, 100—200 mesh, Bio-Rad)
treated successively with 1.6 and 0.16 M acetic acid. The
identity and purity of the products were confirmed by mass
spectrometry and NMR.

2.3. Liposome Preparation. DPPC/DMPG/cholesterol
liposomes were prepared by weighing DPPC (molecular
weight, My, 734.04 ¢ mol™'), DMPG (M, 688.85 g mol™"),
and cholesterol (M, 386.65 gmol™') in an 82.8/5.4/11.8
mass ratio.*® DPPC/DMPG liposomes without cholesterol
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were prepared with the same DPPC/DMPG mass ratio, i.e.,
93.9:6.1. The powders were dissolved in a dichloromethane/
ethanol 50/50 v/v mixture (1 mL final volume). The solution
was then dried under a nitrogen stream to obtain a thin film.
Solvent evaporation was completed by placing the sample
under vacuum for 3 h. The film was hydrated with 80 mM
HEPES pH 7.4 and 100 mM NaCl buffer. The buffer volume
was calculated to obtain a concentration of 60 mg mL™'
phospholipids and cholesterol. Small liposomal vesicles were
prepared by following two different protocols. In the first
protocol, the lipid suspension was sonicated twice for 2 min. In
the second protocol, the sample was extruded 15 times at SS
°C through a polycarbonate membrane of 100 nm pore size
(Mini-Extruder, Avanti Polar Lipids, Alabama, USA). The final
molar concentration of liposomes was estimated from the mass
concentration and the number of phospholipids and
cholesterol molecules per liposome (Nb). We assumed that
liposomes were unilamellar and that there was no sample loss
during liposome preparation. Nb was calculated from the
diameter (d) of liposomes as measured by DLS, the bilayer
thickness (e), and the phospholipid molecular area (A) using

eq 1.
dy'  (d Y
SR
2 2 (1)

Diameters of ~50 and 100 nm were measured for sonicated
and extruded liposomes, respectively. Using e = 4 nm and A =
40 A% we found Nb = 33,500 for sonicated liposomes and
145,000 for extruded liposomes. Taking into account only the
phospholipids in DPPC/DMPG/cholesterol liposomes, with
an average My, of ~731 Da and a mass concentration of 0.882
X 60 mg mL~", we estimated concentrations to be 2.2 uM for
sonicated and 0.5 uM for extruded liposomes.

To prepare loaded liposomes, the peptides were dissolved
into the hydration buffer at a concentration of 10 mg mL™,
prior to the hydration step. Nonencapsulated peptides were
removed by several successive dilution and centrifugation
steps. The encapsulation efficiency, calculated as the amount of
encapsulated peptides divided by the total amount of peptides
used for sample preparation, was determined by HPLC
(Waters 996-photodiode array detector, 210—285 nm
detection) using a C18 column (Waters Xselect CSH) heated
at 60 °C and a water—acetonitrile gradient with 0.05% TFA.

2.4. NMR Sample Preparation. NMR samples were
generally prepared in 80 mM HEPES pH 7.4 buffer with 100
mM NaCl. For chemical shift assignment, one sample was
prepared in 20 mM Tris-d;; pH 7.4 and a second sample in 20
mM HEPES-d s, where the pH was varied stepwise between
pH 5.0 and 7.4. The solvent was composed of 95% H,O, to
observe labile protons such as amide protons, and 5% D,O,
required to lock the magnetic field. Samples were filled into 3
or 5 mm NMR tubes. '"H NMR spectra were acquired on
different Bruker spectrometers: a 600 MHz AVANCE III
equipped with a TBI probe, a 600 MHz AVANCE III HD with
a TCI cryoprobe, a 700 MHz NEO with a TXI standard probe,
and an 800 MHz AVANCE III HD with a TCI cryoprobe. All
probes were triple resonance probes, equipped with z-axis
gradients. Spectra were recorded at temperatures between $
and 70 °C. The temperature was carefully calibrated for all
probes using Bruker standard tubes containing methanol or
ethylene glycol for the different temperatures ranges. For 1D
'H as well as 2D TOCSY and NOESY experiments, solvent

_
A

Nb

(water) 'H signal suppression was achieved by excitation
sculpting. In such experiments, an ~5—8 ms delay between
spin excitation and detection is required for solvent
suppression. This results in attenuation of the signal intensity
at the beginning of detection due to transverse spin relaxation.
Therefore, the measured signal integral of fast relaxing spins is
smaller than that of slowly relaxing spins. TOCSY experiments
were collected using the dipsi2esgpph Bruker pulse sequence
(40 ms mixing time). NOESY experiments were collected
using the noesyesgpph sequence (300 ms mixing time). To
monitor lipid bilayer phase transitions, 1D 'H spectra were
collected in a temperature range from 15 to 70 °C by 1-5 °C
increments. The reversibility of the transition was confirmed
by returning to 20 °C. A delay of 10 min was applied after each
temperature change to allow sample equilibration. Each 1D 'H
spectrum was collected during 5 min. A total acquisition time
of 9 h was needed to measure all spectra for temperature
scanning. »'P NMR spectra were acquired on a Bruker
spectrometer 600 MHz AVANCE III equipped with a liquid
TBI probe. The zg30 pulse sequence was used with a 30° pulse
at 10.7 ps and a recycling delay of 3 s, without 'H decoupling
since 'H decoupling did not improve sensitivity. *'P chemical
shifts were calibrated using 85% phosphoric acid (0 ppm) in
water. '"F NMR spectra were recorded on a Bruker
spectrometer 600 MHz AVANCE III equipped with a QCI-
F S mm cryoprobe. "F chemical shifts were referenced
internally with 100 4M 3-fluoro-4-methylbenzamidine (—114.7
ppm).”” All 1D and 2D data were processed with TopSpin
(Bruker) and analyzed using TopSpin or CcpNmr Analysis*®
software.

2.5. Diffusion-Ordered Spectroscopy (DOSY). A
bipolar pulse pair stimulated echo NMR pulse sequence was
modified to allow water suppression by excitation sculpting
and by addition of a delay to attenuate longitudinal eddy
current effects as proposed by ref 49. The diffusion delay A
was set to 800 ms to account for the large range of diffusion
rates of small molecules and liposomes. The coding/decoding
gradients had a length & of 1500 us, and gradient intensity g
was varied from 2 to 98% of the maximal value (50 G cm™").
DOSY spectra were processed using TopSpin and Dynamics
Center software (Bruker BioSpin) and analyzed with the one-
or two-component Stejskal—Tanner equation”’

—y’g*6% (A6 22 A—G
flg) =178 (A=6/3)xD1 I, e (A-5/3)xD2 @)

where I; (i = 1 and 2) is the intensity at 0% gradient strength,
7 is the 'H gyromagnetic ratio, g is the gradient strength, 0 is
the gradient length, A is the diffusion delay, and Di the
translational diffusion coefficient (m? s™').

2.6. Dynamic Light Scattering. Dynamic light scattering
measurements (DLS) were performed with a 173° angle on a
Zetasizer Nano S instrument (Malvern). Liposome samples
were diluted in 80 mM HEPES pH 7.4 and 100 mM NaCl
buffer with a 1/250 v/v ratio (330 uM final concentration of
lipids) and measured in disposable 70 uL cuvettes (Brand,
7637092). Measurements were carried out either at 25 °C or
in a range between 20 and 60 °C, by a stepwise increase or
decrease of temperature by 1 °C. For analysis with Zetasizer
software, the solvent was set to water, the material refractive
index to 1.450, the medium refractive index to 1.330, and the
medium dynamic viscosity to 0.8872 cP at 25 °C.

2.7. Cryo-Electron Transmission Microscopy. Lipid
suspensions were 1/10 water-diluted and 4 yL deposited on a
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Figure 1. 1D and 2D 'H NMR spectra of K14P with chemical shift assignments at pH 7.4 and § °C. Measurements were done at 600 MHz 'H
frequency with a sample containing 350 #M K14P in 20 mM Tris-d11 pH 7.4 buffer. (A) 1D 'H NMR spectrum with water suppression showing
all K14P signals. Only the NMR resonances that were well-separated in the 1D spectrum are labeled. The complete assignment is available
Supplementary Table 2. (B) Close-up of the 2D 'H—'H TOCSY spectrum (zm = 40 ms) centered on the amide (‘H") region in the F2 dimension
and 'He in the F1 dimension. Signal assignments of the intraresidual HY,Ha correlations are indicated for each amino acid residue. Signals from
peptides bearing trans or cis Pro 14 isomers are denoted t or c. (C) Close-up of the 2D 'H—"H NOESY spectrum (zm = 300 ms) in the same
spectral region showing sequential HY,Ha; _ | and intraresidual HY,Ha; NOE cross peaks used for sequential resonance assignment. Some 2D
correlation peaks are absent in the 2D spectra at pH 7.4 due to fast proton exchange with solvent, but they were clearly visible at pH 5.0 (see

Supplementary Figure 1).

200 mesh holey carbon-coated grid. After blotting with filter
paper, the grid was frozen by rapid plunging in liquid ethane
and was mounted and inserted in the microscope using a
nitrogen-cooled side entry Gatan 626 cryo-holder at a
temperature of —178 °C. Observations were carried out in a
Thermo Fisher Titan Themis 300 transmission electron
microscope equipped with a cryo-box anticontamination
system and a C-Twin objective lens (Cs, 2.7 mm; Cc, 2.0
mm), using an accelerating voltage of 300 kV, with the
following illumination conditions: spot size of 3, a 150 pum
condenser aperture, and a 70 ym motorized objective aperture.
Images were recorded (defocus range, —1.2 to —2.0 ym), using
the low electron dose system (10 electrons per A” per s), with
a magnification range from 20,000X to 60,000X on a Falcon 3
Direct Detection Electron 4Kx4K camera in the linear mode.

3. RESULTS AND DISCUSSION

3.1. Solution Structure and Self-Organization of
Apelin K14P Peptides by 'H NMR. 3.1.1. Solution
Structure of Apelin K14P Peptides by 'TH NMR. Due to their
structural plasticity, peptides may not have a well-defined
secondary or tertiary structure but may remain unstructured or
adopt multiple conformations. This affects molecular inter-
actions and must be considered for encapsulation into drug
delivery systems like liposomes. NMR is a well-established tool
for the structural characterization of small molecules and
proteins, including peptides, at the secondary and at the 3D
structural levels.”’ We thus started by investigating the apelin
K14P peptide in solution by '"H NMR.

The '"H NMR spectrum of K14P measured in protonated
buffer (95%:5% H,0/D,0) at physiological pH 7.4 and at 5
°C is shown in Figure 1A. Under these conditions, several
amide 'Hy signals, which usually fall in the 6—9 ppm range,
were severely broadened due to exchange with water protons.
This was even more marked at 25 °C (Supplementary Figure
1A). We thus performed subsequent NMR measurements
preferentially at 5 °C.

To detect all K14P 'H signals, we performed NMR
acquisitions on a sample at pH S and S °C (Supplementary
Figure 1). At low temperature and low pH, chemical exchange
between labile 'HY and water is slowed down, which results in
narrower "H" signals and in turn in larger signal intensities. 2D
"H-'"H TOCSY experiments were used to correlate protons
within each spin system defined by an amino acid side chain.
2D "H—"H NOESY spectra were used to detect through-space
proximities between hydrogens. The combined analysis of
these 2D spectra’’ allowed sequential assignment of all 'H
signals to their corresponding atoms (Supplementary Table 1).
Assignments at pH 7.4 (Supplementary Table 2) were then
obtained by following signals throughout a pH titration from
5.0 up to 7.4 and confirmed with 2D TOCSY and NOESY
spectra recorded at pH 7.4 and S °C (Figure 1B,C). Signal
intensities of carbon-attached '"H remained high over the
whole pH range since they do not suffer from solvent
exchange. Of note, K14P exhibited two sets of chemical shifts
for three amino acid residues upstream of Pro;, (Supple-
mentary Tables 1 and 2). They correspond to trans and cis
conformations of the Gly,;-Pro,, peptide bond, as judged from
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Figure 2. "H NMR spectra of fatty acylated K14P below their CMC as compared to K14P. (A) 1D 'H NMR spectra of K14P, C16-K14P, C11-
K14P, and C11F-K14P measured in 80 mM HEPES-d,s pH 7.4 buffer in 95% H,0/5% D,0, at § °C and at 800 MHz 'H frequency for K14P (350
uM) and 700 MHz for Na-acylated variants (200 4M). Signals indicated by stars correspond to acetate counterions (1.85 ppm) and an impurity
(8.4 ppm). (B) Close-up of superimposed "H NMR spectra disclosing fatty acid-specific methylene and methyl signals. Of note, the fluorinated
CF,/CF, positions in C11F-K14P do not give signals in the corresponding (magenta) 'H spectrum. (C) Superimposition of the TOCSY spectra
(rm = 40 ms) of K14P (black) and C16-K14P (red). In this region, '"H—"H correlations between and within methylene and methyl groups of the

C16-fatty acid moiety are visible.

the analysis of sequential nuclear Overhauser effects (NOE)
between Gly,; and Pro,, (Supplementary Figure 1B,C). Using
the approximation that the NMR signal intensities are
proportional to the relative populations of each conformation,
the relative trans/cis ratio was estimated to be 75:25. The
Proy, cis/trans equilibrium had also been observed for longer
apelin fragments.*>>*

The 1D 'H spectrum in Figure 1A shows a strong signal
overlap in the aliphatic proton region (1—5 ppm). However, a
few signals of aromatic and NH, side chain protons (6.5—8
ppm) as well as the two Leu, methyl groups (~0.8—0.9 ppm)
were generally well-separated from other peptide, buffer, or
lipid signals. We could advantageously use these signals to
report on peptide behavior in more complex environments,
even in the presence of nondeuterated buffer and lipids.
Aromatic and methyl-containing amino acid residues are hence
convenient NMR probes to characterize peptides in complex
environments.

Chemical shift values encode structural information as they
report on the local electronic environment of each observed
nucleus. In particular, peptide backbone chemical shifts report
on local secondary structure propensity. For random coil
conformation, they can be predicted by using tools based on
statistics driven from comparison between protein chemical
shifts and structure databases. For K14P, experimental residue-

specific 'Ha chemical shifts were in the range of values
predicted for random coil conformation (Supplementary
Tables 1 and 2°%). This suggests that K14P is largely
unstructured in solution with no stable secondary structure.
The absence of secondary or tertiary structures is corroborated
by the absence of medium- or long-range NOE:s: all detected
NOEs were exclusively intraresidual or sequential (i, i + 1).
These results are in line with circular dichroism and NMR data
reported on cognate apelin peptides, which indicated that they
were mainly random coils.**

3.1.2. Influence of Na-Fatty Acylation on the Structure of
K14P. Self-assembly might impact peptide-liposome interac-
tions and in turn modulate formation of loaded liposomes as
well as subsequent release kinetics. Chemical modifications
such as fatty acylation of peptides are expected to drive self-
assembly. We thus characterized the impact of Na-fatty
acylation with hexadecanoic (C16), undecanoic (C11), or
partially fluorinated (C11F) undecanoic acids on the structure
of K14P peptides by NMR (Figure 2A). We first worked at
submicellar concentration (200 uM, see below). Peptide 'H
signals superimposed almost perfectly with those of K14P at 5
°C and pH 7.4. This greatly facilitated the transfer of the
chemical shift assignments from K14P to the three variants,
C16-K14P, C11-K14P, and C11F-K14P. Assignments were
confirmed by 2D TOCSY spectra (Figure 2B). Chemical shift
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Figure 3. Evolution of "H NMR spectra of K14P peptides and Na-acylated C11-, C11F-, and C16-K14P with increasing peptide concentration.
(A,B) Superimposition of 'H NMR spectra of K14P and C16-K14P at different peptide concentrations collected in 80 mM HEPES pH 7.4 and 100
mM NaCl buffer in 95% H,0/5% D,0O at § °C and at 700 MHz 'H frequency. (C—F) Integrals of selected '"H 1D NMR signals (Leu, HJ, Phe,
H,,., and when available fatty acyl chain CH;), normalized to the integral value measured at the highest peptide concentration, plotted as a function
of concentration. Straight lines correspond to linear regressions for each proton signal. CMC values were measured at the position of slope changes,

indicated by broken lines.

variations were mainly observed at the N-terminus of K14P.
Lys, showed the largest chemical shift deviations, when
comparing acylated forms with K14P (Supplementary Figure
2). This was expected since Na-fatty acylation was carried out
on Lys;. The results suggest that acylation did not modify the
overall structure of the peptide part. Moreover, NMR signals
were narrow at 200 M concentration, suggesting that under
these conditions, the acylated peptides were essentially
monomeric.

For C16-K14P and C11-K14P, the CH; and CH, fatty acyl
chain groups gave typical signals at ~0.8 and 1.2 ppm,
respectively (Figure 2B). In C11F-K14P, these positions were
fluorinated and hence not visible in 'H spectra. Signals from
the fatty acid moiety were also identified as additional signals
in the '"H—'H TOCSY spectra of the K14P variants when
compared to K14P (Figure 2B). At 200 #M concentration, the
fatty acyl signals were also narrow, confirming the monomeric
state of the fatty-acylated peptide. No long-range NOEs were
observed in 2D NOESY spectra, neither within the fatty acyl
group nor between the fatty acyl and peptide groups. This
indicated that the acylated peptides C16-K14P and C11-K14P
remained mainly disordered in solution.

3.1.3. Monitoring Micelle Formation of Na-Acylated
K14P. The linewidth of a '"H NMR signal is highly sensitive
to molecular reorientation. When broad signals are observed all
along a molecule, this is usually indicative of slow molecular
tumbling and typical for molecules of large molecular weight.
Ultimately, very slow tumbling of large molecules results in
nonobservable signals. This is particularly true when NMR
experiments contain efficient water-suppression elements, as
required when working with H,O-dissolved peptides. In the
case of micelle formation, when the exchange between
monomeric and micellar species is faster than the chemical
shift difference for a given 'H in the two species (typically at
the ~ms timescale), a single NMR signal is observed at the
population-averaged chemical shift and with a population-
averaged linewidth. Consequently, micelle formation impacts
spectra by decreased signal intensities and increased line-

widths. Below the critical micellar concentration (CMC),
signal linewidths are constant, and signal intensities and
integrals increase linearly with concentration. However, at
concentrations above the CMC, linewidths increase, and signal
intensities/integrals are still proportional to the total
concentration but with a different slope due to the distinct
'H linewidths in the monomer and micelle states. Due to the
filter effect of the water signal suppression, signal intensities/
integrals show a discontinuity when they are plotted versus
concentration, which allows retrieving CMC values.>*

To probe self-association of K14P and its variants, we
explored the concentration dependence of '"H NMR spectra
with respect to linewidths and signal integrals in 80 mM
HEPES pH 7.4 and 100 mM NaCl buffer. For all signals in
K14P (Figure 3A,C) and C11-K14P (Figure 3E), signal
integrals increased proportionally to a concentration of up to
500 uM, without any detectable change in linewidths or
chemical shifts. Signals were relatively narrow, suggesting that
these two peptides were predominantly monomeric at
concentrations below 500 yM.

At concentrations below 300 yM, C16-K14P and C11F-
K14P displayed similar behaviors. However, at higher
concentrations, there was a transition in the evolution of
signal integrals as a function of concentration (Figure 3B, D,
and F). Linewidths increased concomitantly, and the fine
structure of the spectra was smeared out (Figure 3B). This is
indicative of formation of soluble high-molecular-weight
objects. Due to the amphiphilicity of C16-K14P and C11F-
K14P peptides, we hypothesized that these objects are
micelles. We therefore assimilated the transition concentration,
determined from the signal integral evolution, to a CMC
(Figure 3D,F and Table 1).

To further confirm self-association, we performed size
measurements by DLS at high peptide concentration, i.e.,
500 uM (Table 1 and Supplementary Figure 3). We compared
them with the lengths of K14P, C11-K14P, and C16-K14P in a
fully extended conformation, which are ~4, S, and 5.5 nm,
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Table 1. Apparent Size (Diameter) at 500 uM of K14P and
Na-Acylated C11-, C11F-, and C16-K14P Peptides and
Critical Micellar Concentration®”

peptide apparent size (nm) at S00 M CMC (uM)
K14P 1 +2nm >500
C11-K14P 1 +2nm >500
C16-K14P 9 + 2 nm 330 £ 10
CI11F-K14P 12 + 1 nm 250 + SO

“Sizes were determined from DLS measurements at 25 °C in 80 mM
HEPES pH 7.4 100 mM NaCl buffer, using the size distribution by
volume option in Zetasizer software. The peak with the smaller size
was assigned to the peptide. CMC values were obtained by NMR
signal integral measurements as shown in Figure 3. For K14P and
C11-K16P, only a lower CMC estimate is provided.

respectively. The small size, 1 + 2 nm, determined for K14P
and C11-K14P suggests that these peptides stay monomeric
below 500 uM. For C16-K14P and C11F-K14P, sizes were
measured in the 10 nm range. This points to an increased
apparent size for C16-K14P and CI11F-K14P at a concen-
tration above the CMC, which is consistent with self-assembly
and NMR line broadening observed only for C16-K14P and
C11F-K14P. Taken together, these results confirm that C16
and C11F acylations result in significant stabilization of
micelles and that fluorination of C11 lowers the CMC as
compared to protonated C11 acylation. This is in line with
increased hydrophobicity due to fatty acid chain length and
fluorination.

3.2. Structural Characterization of Empty Liposomes.
3.2.1. Characterization of Liposome Preparations by Cryo-
TEM and DLS. With the aim to encapsulate K14P peptides in
liposomes and to monitor the impact of encapsulation on the
liposome structure, we first prepared empty DPPC/DMPG
liposomes,™ without and with 11.8% cholesterol, either by
sonication or by extrusion. We characterized their size, shape,
and lamellarity by cryo-TEM,>> >* and we measured particle
sizes and polydispersity by DLS.>”

We observed different liposomal preparations with cryo-
TEM (Figure 4). Sonicated liposomes were exclusively small
unilamellar vesicles (SUVs) (Figure 4A). In contrast, extruded
liposomes contained a mixture of ~60% SUVs and ~40%
multilayered, mostly bilamellar, vesicles (Figure 4B). Under
our conditions, the average number of bilayers thus varied with
the liposome preparation method. Moreover, extruded lip-

osomes prepared without cholesterol showed many irregu-
larities, in particular edges (Figure 4C), suggesting that
cholesterol induced more rigid and less deformable membranes
and hence favored nearly spherical shapes for the cholesterol-
containing liposomes. The irregularities might be related to the
distribution of phospholipids in the bilayer and packing
defects.”” Based on the cryo-TEM images, we measured the
averaged diameters and the polydispersity indexes (PdI) of the
cholesterol-containing particles: 49 + 19 nm (PdI, 0.15) for
sonicated and 102 + 34 nm (PdI, 0.11) for extruded
cholesterol-containing liposomes (Supplementary Figure 4).
In the absence of cholesterol, the particles size of extruded
liposomes was 67 + 20 nm with a PdI of 0.09. The PdI values
from cryo-TEM images were calculated from the average
particle size m and its standard deviation & as (¢/m).”

By DLS, using the Z-average method, we determined an
average size of 77 = 31 nm (Pd]I, 0.16) for sonicated liposomes
and 120 = 2 nm (PdI, 0.09) for extruded liposomes
(Supplementary Figure 3). This is in agreement with the
cryo-TEM results that showed that sonicated liposomes were
smaller than extruded liposomes prepared in this study.
However, the absolute size values differed between the two
techniques, possibly due to overestimation of the large particle
contribution in DLS measurements and to exclusion of large
particles in cryo-EM grids.

3.2.2. Characterization of Membrane Fluidity in Lip-
osomal Preparations by 3'P and 'H NMR. Static wide-line
and magic-angle spinning 31p, 2H, and 'H NMR have been
extensively used to study phospholipid bilayer organization and
dynamics.’"®> More specifically, >'P NMR reports on the local
environment and mobility of phospholipid head groups,
whereas '"H NMR reports on the mobility of both head
groups and lipid chains. Here, we probed liposomal membrane
dynamics by static *'P and 'H NMR.

*'P NMR spectra were first collected at 5 °C, well below the
phase transition temperature T, of the phospholipids used for
liposome preparation: 41 °C for DPPC and 23 °C for DMPG.
At this temperature, the lipid bilayers were in the gel phase.
The *'P NMR spectrum of extruded liposomes consisted of a
broad (~80 ppm) *'P signal with an asymmetric shape (Figure
SA). This NMR signal is typical for solid-state samples: the
large linewidth and the anisotropic shape of the signal result
from the *'P chemical shift anisotropy (CSA) that is not
averaged out to zero averaged here, neither by molecular
motion nor by magic-angle spinning. It is therefore consistent

Figure 4. Cryo-TEM images of (A) blank sonicated and (B) extruded liposomes prepared with 11.8% cholesterol and of (C) blank extruded
liposomes prepared without cholesterol. The scale is given by the bar for 100 nm.
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Figure 5. *'P and '"H NMR spectra of blank and peptide-loaded liposomes at different temperatures. Samples were in 80 mM HEPES pH 7.4 and
100 mM NaCl buffer. (A,B) *'P NMR spectra of DPPC/DMPG/cholesterol liposomes prepared by extrusion and sonication, respectively, at S and
40 °C. (C,D) 3P NMR spectra of extruded liposomes loaded with K14P and C16-K14P, respectively, at S and 40 °C. (E) *'P NMR spectra of
sonicated C16-K14P-loaded liposomes at 5 and 35 °C. Acquisition was done at 243 MHz *'P frequency. (F,G) '"H NMR spectra of extruded (F)
and sonicated (G) liposomes, with or without cholesterol, blank or loaded with K14P, measured at 600 MHz 'H frequency and at different
temperatures between 15 and 70 °C. The regions are centered on the phospholipid glycerol backbone H2” (5.2 ppm), fatty acyl CH, (1.2 ppm),
and CH; (0.8 ppm) signals. At temperatures below 35 °C, the phospholipid signals are essentially invisible, whereas upon heating, their intensities

drastically increase.

with restricted motion of the phospholipid head groups in the
gel phase and with the very slow tumbling of the large 100 nm-
sized liposomes. Sonicated liposomes, measured under the
same conditions, gave a *'P NMR signal with two components
(Figure SB). The first component was similar to the
anisotropic signal of extruded liposomes. We assigned it to
large liposomes in the gel phase. The second nearly symmetric
component was centered at a chemical shift of ~0 ppm and
had a narrower linewidth of ~10 ppm (Figure SB). In this
component, the *'P CSA is highly, but incompletely, averaged
out to zero by rapid motions and can therefore be considered
to be isotropic. It is compatible with the signal of liposomes
that are significantly smaller than 100 nm and tumble more
rapidly. This is in agreement with the smaller average size
observed by cryo-TEM (Figure 4) and DLS for sonicated
liposomes, when compared to extruded liposomes. However,
we cannot rule out that the sonicated liposomes contain
subdomains within bilayers with more rapid motions.

When the temperature was increased to 40 °C, close to the
T,, of DPPC, the broad *'P signal narrowed to ~50 ppm for
extruded liposomes (Figure SA) as well as for sonicated
liposomes (Figure SB). This reflects partial averaging of
chemical shift anisotropy due to increased fluidity of the lipid

bilayer and a transition from the gel to liquid-crystalline phase.
For sonicated liposomes, the second isotropic component also
narrowed, resulting in a marked intensity increase. This
behavior can be linked both to increased bilayer fluidity and
to more rapid overall tumbling of small lipid vesicles at higher
temperatures.

To get further insight into the influence of temperature on
liposome NMR spectra, we also collected 1D "H NMR spectra
at various temperatures, below, near to, and above the expected
main transition temperature (~40 °C). For extruded lip-
osomes at 5 °C, the 'H signals from phospholipids and
cholesterol were too broad to be detected (Figure SE). The
vanishing 'H signals can be easily explained by the slow
tumbling of large particles, and the absence of internal
motions, that make 'H—'H dipolar interactions, and spin
relaxation, extremely efficient during the water suppression
delays. Above 30 °C and despite the large molecular size of
SUV particles, strong 'H signals became visible at chemical
shifts expected for phospholipids (Figure SF,G). This is due to
increased internal motion, linked to increased fluidity of the
lipid bilayer in the liquid-crystalline phase as previously
reported. 3163 In conclusion, both 'H and *'P NMR data
were consistent and reported on the temperature effect on
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internal membrane dynamics. They point to a phase transition
at a temperature around the T, of DPPC.

3.2.3. Characterization of Thermotropic Phase Transi-
tions by 'H NMR. Thermotropic phase transitions of liposomes
and phase transition temperatures T, depend on the lipid
composition and vesicle structure."* T, is of paramount
importance for thermosensitive liposomes since it dictates
conditions for cargo release. T}, is conventionally measured by
differential scanning calorimetry (DSC),"*° although other
biophysical methods can also be used.”’ Due to the distinct
dynamics of phospholipids in gel and liquid-crystalline phases,
"H NMR signal integrals report on the relative populations of
these two phases, and the transition can in principle be directly
monitored by NMR. Such an approach was already used, but
scarcely used later, to detect phase transitions in lip-
osomes.”"** To probe the phase transition in more detail,
we integrated the signals for isolated CH, and CHj; groups
(Figure SFG) at various temperatures between 15 and 70 °C
(Figure 6).
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Figure 6. (A—D) Monitoring of thermotropic phase transitions in
liposomes by 'H NMR. The integrals of phospholipid CH, (filled
squares) and CH; (empty diamonds) signals (Figure SFG) were
plotted versus temperature. The integral values were normalized to 1
at 70 °C. For clarity, only the 15—55 °C temperature range is shown
on the figure. The panels show the data for extruded liposomes with
(B) or without (A) 11.8% cholesterol and for sonicated liposomes
with (D) or without (C) 11.8% cholesterol. The temperature-
dependent integrals for K14P-loaded extruded liposomes with 11.8%
cholesterol are also shown in red in panel (B). The continuous lines
correspond to the best fit to eq 3 over the 15—55 °C range.

For all preparations, phospholipid signals vanished below 35
°C, in agreement with restricted motion in the gel phase. A
clear change in 'H NMR signal behavior, with a drastic signal
increase, was visible at ~40 °C, which is close to the melting
temperature T, of DPPC, the main component of our
liposomes (Figure 6). This confirms that '"H NMR directly

reports on the fluidity of the bilayer and on thermotropic phase
transitions.

For cholesterol-free liposomes, a sharp transition was
observed with a T, ~ 40 °C (Figure 6AC). At temperatures
above T, the signal continued to increase almost linearly up to
55 °C. Linear increase of signal integrals at T > T, can be
easily explained by the effect of enhanced mobility in the fluid
phase with increasing temperature. At temperatures between
55 °C and 70 °C the signal still increased, but slightly deviated
from linearity (data not shown).

As previously suggested,”’ we attempted to fit the NMR
signal curve by a simple model based on a sigmoidal curve to
model the phase transition. A pure sigmoidal curve well
reproduced the behavior at low temperature and the transition
but failed to explain the linear signal increase at temperatures
above the transition. To take into account the linear signal
increase for T > T, this sigmoidal curve was multiplied by an
ad hoc linear function (eq 3)

ky X (T — T)
Int= ——--—+——+
14 (=) ©)

The experimental curves were very well-reproduced by this
model for cholesterol-free liposomes (Figure 6A,C). The best-
fit parameters, including the phase transition temperature T,
and cooperativity k, for the sigmoidal contribution and T} and
k, parameters for the linear contribution, are given in Table 2
for cholesterol-free samples. T, values were remarkably similar
for CH, and CHj signals. We determined average T, values of
41.0 + 0.2 °C for extruded and 40.0 + 0.3 °C for sonicated
liposomes. This is in full agreement with the T, of DPPC.
Interestingly, the transition of sonicated liposomes seems to be
slightly shifted by ~1 °C toward lower temperature. Although
this shift is rather weak, it may reflect the lower melting
temperature of small liposomal particles induced by increased
bilayer curvature, as compared to larger liposomes.®®

As gel to LC phase transitions are known to be correlated
with an increase in liposome size due to an increased surface
area of lipids,”” we performed temperature-dependent size
measurements by DLS to compare with our NMR data
(Supplementary Figure S). In the case of cholesterol-free
extruded liposomes, a clear transition was observed between 40
and 45 °C with a significant increase in particle size. In the case
of sonicated liposomes, even if an overall size increase was
observed, no clear gel/LC transition was visible. This analysis
suggests that the DLS-derived particle size could also reveal the
gel/LC transition.

In contrast to cholesterol-free liposomes, no sharp transition
was observed for cholesterol-containing liposomes (Figure
6B,D). Instead, signals increased almost linearly with temper-
ature above 35 °C. The previously described model could
nevertheless still fit the curves (Figure 6B,D). The general
behavior of two apparent linear regimes below and above 40
°C could be nicely reproduced from eq 2 when using a ten-fold

Table 2. Best-Fit Parameters for the Thermotropic Phase Transition in Cholesterol-Free Liposomes Obtained by Fitting '"H

NMR Signal Intensities to Equation 3

T, (°C)
41.0 + 0.1

extruded liposomes, 0% cholesterol CH,

CH, 411+ 01
sonicated liposomes, 0% cholesterol CH,

CH, 40.1 0.1

39.8 £ 0.1

ko (°C7) T, (°C) ky

2.6 0.8 343 + 04 0.03 + 0.01
27 +03 30.1 + 0.5 0.03 + 0.01
12 + 0.1 17.6 + 1.1 002 + L1
14 + 02 265 + 0.7 0.02 + 0.01

https://doi.org/10.1021/acs.molpharmaceut.1c00037
Mol. Pharmaceutics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.1c00037/suppl_file/mp1c00037_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00037?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.1c00037?fig=fig6&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.1c00037?rel=cite-as&ref=PDF&jav=VoR

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics

A K14P - T C «KwapP 0 C11-K14P
T Leuy H5 °©C16-K14P *C11F-K14P
[Liposome] Hisy, = 100 A
0nM Gin. Cln < Aa 4 4
8 5 nM He, l, ° i}, s 80
Y g o ¥
uuM z 601 o “d,0
78 76 74 72 70 15 105'H (ppm) s 404 o
T ° 2
i, 20 o
B C11F-K14P  Phe:Hu 2 ° e
]
Leu, HS a 0 . . Y
His,, HB, 0 10 20 30 40
Li Hisyy H (.
I[‘ :pﬁson‘e] sy Hey . m “ |' [liposome] (nM)
Gin .
| He / |
"‘J
\ . E C11F-K14P
78 76 74 72 70 20 15 1.0 &'H (ppm) 100-{x,
£ 80d
D c11F-K14P B9F felosence 5 60 "
- @ x
Liposome)  -cF, | e x
0nM | & 20 x
M i ‘ Q
f " 04
an _ N 0 10 20 30 40
796 -79'8 -80.0 114 116 118 120 -122 | &F (ppm) [liposome] (nM)

Figure 7. 'H and "’F NMR titration experiments of K14 and fatty acylated K14P by extruded liposomes. Samples were in 80 mM HEPES pH 7.4
and 100 mM NaCl buffer. Peptide concentration was kept constant at 90 M. Small volumes of concentrated extruded DPPC/DMPG/ cholesterol
liposomes were added in a stepwise manner up to maximally 4.3 mg/mL (36 nM). Data were collected at 25 °C, at 700 MHz for 'H and 565 MHz
for '°F. (A,B) Two selected regions of 'H NMR spectra of K14P and C11F-K14P, titrated by liposomes. (C) Integrals of the aromatic 'H signals of
Phe, signals (7.2—7.4 ppm) plotted as a function of liposome concentration for K14P and its three acylated variants. (D) 'F NMR spectra of
C11F-K14P titrated by liposomes. The reference is 3-fluoro-4-methylbenzamidine at —114.7 ppm. (E) Plot of the integral of the CF; signal of
C11F-KI14P versus liposome concentration.

larger cooperativity factor ko (~20 °C™") than that measured containing liposomes and collected 1D 'H NMR spectra at
(~2 °C™") for cholesterol-free liposomes. However, a reliable each increment (Figure 7A,B and Supplementary Figure 6). 'H
T, could not be retrieved. The absence of a clear transition for NMR signals of freely tumbling peptides are sharp and intense.
cholesterol-containing samples therefore probably reflects poor In contrast, severe line broadening and intensity loss are
transition cooperativity and hence confirms the well-known expected for liposome-bound peptides due to the slow
effect of cholesterol on phospholipid bilayer dynamics: tumbling of liposomes.

cholesterol increases the fluidity of membrane bilayers in the At identical liposome and peptide concentrations, larger
gel phase and decreases fluidity in the LC phase. The intensity attenuation for peptide signals can thus be interpreted
temperature (~35 °C) at which 'H NMR signals start to as higher peptide/liposome affinity, thereby allowing peptide
appear for cholesterol-containing liposomes reminds of the ranking regarding their affinity for liposomes. Peptide
pretransmon temperature reported for cholesterol-containing concentration was the same for all samples (90 yM) and was
liposomes.*® Size measurements by DLS also pointed to less chosen below the CMC to ensure that peptide NMR signals
cooperativity in the presence of cholesterol and a pretransition were not affected by self-association. The signals of all aromatic
starting between 30 and 35 °C (Supplementary Figure S). Phe, protons (7.2—7.4 ppm range) were integrated at each

Taken together, this analysis shows that '"H NMR can be titration point (Figure 7C).
used to detect at which temperature the lipid bilayer in small The four different peptides displayed different behaviors
liposomes starts to become fluid and to qualitatively assess the during liposome titration (Supplementary Figure 6). In the
cooperativity of the gel/LC phase transition. In case of high case of K14P, '"H NMR spectra were only slightly affected with
cooperativity, a reliable melting temperature can be directly an ~5—10% decrease in peak integrals (Figure 7A,C). In
and robustly estimated from very sensitive and rapidly contrast, a strong intensity decrease was observed for the three
obtained (~1 min per spectrum) 'H spectra upon temperature fatty-acylated peptides, when the liposome concentration was
scanning, thus offering an appealing alternative to DSC. increased (Figure 7B,C and Supplementary Figure 6). No

3.3. NMR to Characterize Interactions between significant chemical shift variation or signal broadening was
Peptides and Liposomes. 3.3.1. 'H NMR to Probe observed. This is consistent with a slow exchange mechanism
Partitioning of Na-Acylated K14P into Liposomal Bilayers. at the "H chemical shift timescale (~ms) between free and
Drug-liposome interactions are likely to modulate the liposome bound peptide states as usually observed for strong
structure as well as the encapsulation efficiency, potentially interactions. All "H NMR signals of K14P variants displayed
impacting drug delivery properties. Here, we used 'H, "F, and intensity decreases, suggesting that all parts of the molecules,
3P NMR to characterize peptide-liposome interactions and lipid as well as peptide moieties, were involved in the
studied the impact of Na acylation of the peptides with respect interaction due to partitioning of the fatty-acylated peptides
to partitioning into liposome bilayers. into the lipid bilayers.

In order to probe the relative tendency of K14P peptide Signals vanished for C16-K14P at a liposome concentration
variants to interact with liposomes, we titrated peptide above 2.0 mg/mL (17 nM) (Figure 7C), suggesting complete
solutions with increasing amounts of extruded cholesterol- partitioning of the C16-K14P peptide into the lipid bilayers or
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strong binding to the surface of the liposomes. Using the
relative peptide/liposome molar concentration at which all
peptide molecules were bound, we estimated the maximal
number of peptides bound to a single liposome particle to be
~5000 under the current experimental conditions. We
estimated that the total number of phospholipids per extruded
liposome was 145,000 (see Materials and Methods) and that of
cholesterol was 36,000. At saturation, C16-KI14P is thus
present at a 2.5—3.0% molar ratio in loaded liposomes. C11-
K14P and C11F-K14P still displayed 20% residual signal
intensity at 4.3 mg/mL liposome concentration (Figure 7C),
indicating that only 80% partitioned into the lipid bilayers at
this concentration. On the basis of these results, the four
peptides were easily ranked with respect to their interaction
with liposomes: C16-K14P > C11-K14P = CI11F-K14P >
K14P. Unsurprisingly, the fatty acyl chains appear to be the
main driving force for peptide-liposome interaction in this
series. Although fluorination is usually reported to increase
hydrophobicity, it did not significantly modify the affinity of
C11-K14P, but the longer C16 chain favored partitioning into
the hydrophobic membrane environment compared to C11
chains.

Such an experimental setup can be used to optimize
peptide/liposome formulations, when the cargo-liposome
encapsulation efficiency is dominated by the interaction
between the cargo with the membranes. Indeed, we show
here that at 2.0 mg/mL™" liposome and 90 yuM C16-K14P
peptide concentrations, the whole peptide pool is in direct
contact with liposomes. At higher peptide/liposome ratios,
liposomes are saturated with peptides, and a fraction of
peptides is free. NMR interaction experiments can therefore
give an indication about how to simultaneously maximize the
encapsulation efficiency and liposome load when preparing
peptide-loaded liposomes.

3.3.2. "F NMR to Probe Fluorinated Acyl Chain
Partitioning of C11F-K14P into Liposomal Bilayers. '°F is a
highly sensitive nucleus for NMR, with a 1/2 spin, a high
gyromagnetic ratio (83% that of 'H), and a large spectral
width. Moreover, it is 100% naturally abundant. It has recently
emerged as an attractive alternative to 'H NMR to probe
molecular structures, dynamics, and interactions, in particular
for pharmaceutical applications.””*”*~"* In addition, °F
NMR spectra are usually not contaminated by strong solvent
or buffer signals and are hence usually much simpler to analyze
than 'H spectra, all the more since only fluorinated molecules
or positions are detectable.

We obtained high-resolution ’F NMR spectra for C11F-
K14P: six '"F methylene signals could be distinguished, in
addition to the methyl group (Figure 7D). This stands in
contrast to the CH, region in the 'H spectra that display much
more overlap (Figure 2A). Of note, the '’F NMR spectrum of
C11F-K14P also displayed a TFA signal at —74.5 ppm
(Supplementary Figure 7). TFA has been almost completely
removed by treatment on an ion exchange column with <0.1%
remaining, confirming 1F NMR as a convenient and sensitive
tool for quality control of peptide purification.

Titration of C11F-K14P by liposomes led to an intensity and
signal integral decrease for all CF; and CF, signals, but no '’F
chemical shift variation and no signal broadening were
observed (Figure 7D). As a representative example, the
evolution of CF; signal integration with increasing liposome
concentration is shown in Figure 7E. This behavior is similar to
that of the '"H NMR signals during the same titration by

liposomes (Figure 7C). It indicates a slow chemical exchange
at the '’F chemical shift timescale between free C11F-K14P
and C11F-K14P bound to liposomes, by insertion of C11F
onto or into the lipid bilayers. The similarity of the NMR
signal behavior for the peptide (Phe, and Leu, 'H signals in
Figure 7C) and fatty acyl moieties (’F and 'H signals in
Figure 7E and Supplementary Figure 7) of all three K14P
variants points to decreased dynamics of the peptide moiety,
once the fatty acyl chain is inserted into the liposomal bilayer.

F NMR therefore is an ideal complement for 'H NMR to
rapidly and efficiently estimate partitioning into liposomal
membranes. Such information is of great help to predict drug
encapsulation efficiencies.

3.4. Characterization of Peptide-Loaded Liposomes
and Their Load by NMR. With the aim to characterize
peptide-loaded liposomes by NMR, we prepared DPPC-
DMPG-cholesterol liposomes loaded with K14P or with
C16-K14P, by sonication and by extrusion. For C16-K14P,
the encapsulation efficiency was 100% with both preparation
methods. In the case of nonacylated K14P, the efficiency was
30 + 2 and 50 + 2% for sonicated and extruded liposomes,
respectively. This analysis demonstrates the efficiency of C16
acylation to maximize encapsulation efficiency for KI14P.
Notably, the encapsulation efficiency of K14P was higher in
extruded liposomes, likely due to the larger size of extruded
liposomes. To prepare loaded liposomes, we used peptide/
(lipid+cholesterol) ratios of less than 90 ¢M:2.0 mg mL ™", i.e,,
the ratio at which C16-K14P fully partitioned into the
liposome bilayer. This suggests that optimal encapsulation is
obtained thanks to complete insertion of C16P-K14P into
bilayers even before SUV formation. With the same peptide/
liposome ratio, K14P barely interacts with liposomes, leading
to lower encapsulation efficiency as expected from solely
physical entrapping.

3.4.1. Impact of the Encapsulated Peptide on Liposome
Phases. We next evaluated if liposome structure and dynamics
were perturbed by their load. We used again *'P NMR to
probe perturbations of the phospholipid head groups.
Encapsulation with K14P into extruded liposomes did not
lead to any significant change in the P NMR spectra in the
investigated temperature range, S—40 °C (Figure SC). This
was further corroborated by 'H NMR (Figure SF) that
revealed that peptide loading had a limited impact on lipid
dynamics and phase transition. This is in general agreement
with the limited interaction between K14P and liposomes in
saline buffer, as demonstrated above. Interestingly, extruded
C16-K14P-loaded liposomes also displayed similar *'P NMR
spectra compared to empty liposomes (Figure SD) and similar
temperature-dependent transition (Supplementary Figure 9),
indicating that fatty acyl chain insertion into the lipid bilayers
did not induce significant changes in membrane dynamics.
This may be ascribed to the low molar ratio of peptides in our
loaded liposomes (see paragraph 3.3.1). Cryo-EM images of
extruded K14P- or C16-K14P-loaded liposomes did not show
further any significant difference in shape or size distribution
(Supplementary Figure 4). In contrast, when the liposomes
were prepared by sonication, the isotropic component of the
3P spectrum nearly completely vanished (Figure SE),
suggesting that C16-K14P-loaded sonicated liposomes had
membrane and particle dynamics similar to those of extruded
liposomes, empty or loaded.

3.4.2. Discrimination of the 'H NMR Signals of Bulk and
Encapsulated K14P. We next investigated if NMR could
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distinguish K14P peptides inside and outside liposomes in
peptide/liposome formulation. The spectrum of K14P-loaded
liposomes displayed strong and intense signals that were
assigned to the K14P peptide on the basis of chemical shifts.
This demonstrates that a large peptide fraction retains high
mobility, in full agreement with the weak KI14P-liposome
interaction identified by liposome titration experiments.
Nevertheless, these K14P signals were broader than those of
free peptides, in line with the restricted mobility inside the
liposomes but also with transient peptide-liposome interac-
tions. As line broadening is not sufficient to discriminate
between peptide inside and outside liposomes, we needed to
further demonstrate the topological localization of K14P. We
noticed that in addition to line broadening, all K14P signals in
K14P-loaded liposomes underwent an upfield chemical shift
variation (0.05—0.1 ppm), as compared to free bulk K14P
(Figure 8A) or to K14P titrated by liposomes (Figures 7 and
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Figure 8. Discrimination of encapsulated and bulk K14P peptides by
"H NMR. Only the spectral regions around the aromatic and NH,
side chain (Phe,, Glng, and His;;) and methyl (Leu,) K14P signals are
shown. (A) 1D 'H NMR spectra of a solution of free K14P (500 uM,
700 MHz, and in red) versus K14P encapsulated in extruded
liposomes (320 uM, 60 mg mL™', 800 MHz, and in black). (B) 1D
"H NMR spectra of encapsulated K14P in extruded liposomes (320
#M, 60 mg mL™', 800 MHz, and in black) versus K14P outside
extruded liposomes (90 uM, 7.2 mg mL™", 700 MHz, and in red). (C)
1D 'H NMR spectra of K14P encapsulated in sonicated liposomes
before (150 uM, in black) and after addition of 600 M external
K14P (red). All spectra were measured in 80 mM HEPES pH 7.4 and
100 mM NaCl buffer at 5 °C.

8B). Furthermore, the general upfield shift was not limited to
the peptide since other compounds such as HEPES buffer gave
two sets of resonances (Supplementary Figure 8). The first set
was intense and superimposed with the bulk HEPES signal,
whereas the second set was weaker and shifted upfield. This
suggests that the second set of HEPES signals also
corresponded to an encapsulated compound. Their relative
weaker intensity compared to the main peaks could be related

to the total internal liposome volume in the sample. Although
small differences in pH or buffer conditions on both sides of
the liposomal membrane might affect chemical shift, this
cannot explain a general shift. Generally, 'H NMR chemical
shifts are modulated by various parameters such as molecular
reorientation, local structure, and internal dynamics, but they
also depend on sample geometry, through a phenomenon
called bulk magnetic susceptibility (BMS).”>’* A liposome
solution can be roughly represented as (near-)spherical
particles in solution placed in an NMR tube of cylindrical
symmetry. This induces a difference in magnetic susceptibility
that translates into an upfield shift for solutes inside spherical
particles versus bulk.”* We therefore concluded that the upfield
and downfield resonances corresponded to compounds
localized inside (IN) and outside (OUT or bulk) liposomes.

The difference in chemical shifts inside and outside
liposomes was confirmed by two additional experiments.
First, a concentrated K14P peptide solution was added to an
initially K14P-loaded formulation (Figure 8C), and a new set
of strong downfield signals appeared downfield of the signals of
encapsulated K14P in line with K14P outside liposomes. The
total integral of the Leu, signals in the 0.8—1 ppm region was
multiplied by 3.3 in reasonable agreement with the increase in
total peptide concentration from 150 to 750 uM (XS). This
also suggests that the majority of K14P was visible in the initial
sample. Second, the encapsulated solution was heated for 70 h
at 35 °C, and a new set of similar downfield signals became
visible at the expense of the initial signals, which decreased in
intensity (Figure 9A). We interpreted this phenomenon as the
partial release of peptides initially encapsulated into liposomes
and now free to diffuse in the bulk solution. Finally, the sample
also contains loaded trimethylsilylpropanesulfonate (DSS)
commonly used as a reference for 'H chemical shifts. The
initial 1D 'H spectrum showed a broad signal for the DSS
trimethylsilyl group at —0.03 ppm. Heating at 35 °C led to a
new narrow downfield signal at 0 ppm after 70 h (Figure 9B).
This confirms the upfield shift for all encapsulated compounds,
including for DSS, and further demonstrates that NMR
chemical shifts can be used to probe the topological
localization of compounds in liposome suspensions.

3.4.3. Translational Diffusion of Encapsulated versus Bulk
by Diffusion-Ordered Spectroscopy. In order to firmly
establish the topological localization of the two sets of signals,
we applied NMR-based diffusion-ordered spectroscopy
(DOSY), used to measure translational diffusion coefficients
(D) of molecules. These coefficients depend on the hydro-
dynamic properties and on solvent viscosity according to the
Stokes—Einstein equation. Small nm-sized solutes, which are
free to move in solution, are characterized by rapid diffusion
(D = 107°-107" m? s7'), whereas larger 100 nm-sized
liposomal vesicles diffuse slowly (D = 107''—=107"* m®
s71).”*” Solute molecules entrapped in small vesicles are
generally expected to adopt the diffusion properties of the
vesicles (Figure 10A). In the DOSY NMR experiment,
diffusion is revealed by applying magnetic field gradients.
Signal intensity attenuation is measured for increasing gradient
strengths. The extent of intensity attenuation is larger for small
rapidly diffusing molecules and low for large slowly diftusing
molecules. The translational diffusion coefficient D can be
directly extracted by fitting with an appropriate model (see
Materials and Methods). DOSY has become a routine method
to characterize complex samples including heterogeneous
media with restricted diffusion due to confinement in small
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Figure 9. Release kinetics of K14P encapsulated into cholesterol-containing sonicated liposomes. (A) 1D 'H spectra collected at 5 °C before (blue)
and after (red) the heating period at 35 °C (see panel B). Only aromatic, Gln NH, side chain, and methyl signals of K14P are shown. The
reduction of encapsulated K14P peptide concentration was estimated to be 30% from Leuy-IN signal loss. The released peptide was estimated to be
135 uM by comparison with the 1D 'H spectrum of a 340 uM K14P liposome-free sample obtained under the same condition (green spectrum).
(B) Series of 1D 'H spectra collected at 35 °C at different time points. The four spectral regions correspond to the aromatic K14P signals, the
phospholipid glycerol signal (DPPC-H2") at S.5 ppm, the Leu, CHj; signal overlapped with the phospholipid CHj signal, and DSS CHj. (C)
Variation of the integrals for selected signals over time and best-fit curves. The integrals were normalized to 1 for the maximal values. The left,
middle, and right graphs show the data for the aromatic signals (His;; H6, in red, His,; He, in blue, and Phe, in black), the DPPC-H2" and CH,
groups (overlapped with Leu9 methyl), and DSS CH;. Empty and filled circles correspond to IN and OUT signals. The data were fitted generally

for each panel by a single time constant value ¢, ,.

cavities. However, although the huge potential of this
noninvasive technique has been discovered long ago to
characterize particle sizes, encapsulation volumes, and
encapsulation efficiency of liposomes,”* 7" it is still rarely
used for liposomal characterization and to the best of our
knowledge has never been applied to liposome/peptide
systems.

Using this approach, we measured, at 5 °C, diffusion
coefficients for encapsulated K14P peptides (D = 4.7 + 2.1
107" m* s7') in a freshly prepared K14P-loaded liposome
sample (Figure 94, blue spectrum, and Figure 10B). We also
measured diffusion coefficients for encapsulated (D = 5.4 + 1.0
1072 m?* s™') and bulk (D = 3.1 + 0.03 107*° m? s™') HEPES
molecules (Figure 10C). By comparing these values, we
deduced that liposomes as well as encapsulated compounds
diffused in the ~5.107"> m* s™' range at § °C. Under the same
conditions, the diffusion coefficient of K14P in the absence of
liposomes was 2.3 + 0.6 107'° m?® s, which is in the same
range as that of bulk HEPES. As in the freshly prepared sample
of Kl14P-loaded liposomes used for DOSY measurements,
K14P '"H NMR signals were shifted upfield (Figure 9A, blue
spectrum), and this demonstrated that upfield signals were
associated to slowly diffusing molecules. This also confirmed
the exclusive topological localization of K14P within the inner

cavity of liposomes in a freshly prepared sample. After 70 h
heating at 35 °C, a downfield signal appeared, indicative of
K14P leakage to the outside (see the 1D 'H NMR spectrum in
Figure 10B). Interestingly, the signals of outside molecules
vanished at a gradient strength of 26 G/cm under the current
conditions, while high spectral quality was retained for
encapsulated species (Figure 10B,E). This showed the
potential of a diffusion-encoded filter to selectively monitor
encapsulated compounds in an otherwise highly complex
spectrum.

We also estimated from DOSY measurements that the
slowly diffusing HEPES species represented 6.5% of the total
HEPES signal (Figure 10C), which likely reflects the fraction
of encapsulated HEPES and therefore the inner liposome
volume. Based on eq 1 in Math Methods, using DLS-derived
liposome sizes and a total phospholipid concentration of 0.88
X 60 mg mL~}, the inner volumes of cholesterol-containing
sonicated and extruded liposomes were estimated to be S and
12%, respectively, of the total solution. Assuming the same
concentration inside and outside, as expected for HEPES, and
without considering spin relaxation effects, the relative NMR
signal integrals of the encapsulated versus outer species should
then be S and 12% for the two liposome preparations. The
inner volume fraction measured by DOSY (6.5%) is therefore
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Figure 10. DOSY analysis of K14P and HEPES in K14P-loaded cholesterol-containing sonicated liposomes. (A) Molecular diffusion coefficients
expected for compounds inside (IN) and outside (OUT) a liposomal particle and (B) pseudo-2D DOSY spectrum representing the evolution of
1D 'H traces (x-axis) versus the gradient strength (y-axis) in DOSY experiments. Signal attenuation upon increasing magnetic field gradient
strength is very efficient for compounds outside liposomes (red) and less efficient for compounds inside liposomes (blue). The DOSY data were
collected on K14P-loaded liposomes at 5 °C after 70 h heating at 35 °C. Of note, the OUT signals were absent before heating. The water-
suppressed 1D 'H spectrum is shown on top of the pseudo-2D with IN and OUT peaks colored blue and red, respectively. An ~6 Hz drift occurred
along the 'H dimension between the low and high gradient DOSY traces, possibly due to a slight pH change during the 16 h long experiment.
(C,D) Signal integrals plotted versus gradient strength for different signals together with the best-fit curves based on single- or double-component
Stejskal—Tanner equations. The derived diffusion coefficients are shown on the plots. Panel (C) shows the DOSY curves for HEPES signals before
(black) and after (red) heating. A two-component equation was required to simultaneously fit the contribution of IN and OUT HEPES species.
Panel (D) shows the DOSY data for His;; H62 before heating (IN in gray) or after heating (IN in blue and OUT in red). For Phe, aromatic
protons (black), the IN/OUT signals overlapped. The whole 6.9—7.1 ppm region was integrated, and a two-component Stejskal—Tanner equation
was used to retrieve diffusion coefficients. (E) 1D 'H traces extracted from the pseudo-2D for gradient strengths of 1 and 26 G/cm illustrating the
diffusion-encoded filter effect that removes signals from rapidly diffusing compounds (OUT) while retaining high sensitivity for slowly diffusing
species (IN).
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Figure 11. Effect of paramagnetic agents on K14P Leu, 'H NMR signals. Lanthanide(Ill) DOTP complexes were titrated into a solution of
liposome-free K14P in a S mm NMR tube. A 3 mm capillary containing a reference solution of K14P was placed inside the S mm tube. The NMR
signal is the sum of the titrated solution and the reference signal. Spectra were acquired at a temperature of 5 °C and at 700 MHz "H resonance
frequency. The concentration of K14P was 43 uM in 80 mM HEPES pH 7.4 and 100 mM NaCl. Arrows indicate the chemical shift variation and
signal attenuation for each doublet due to the paramagnetic agents.

in reasonable agreement with the predicted value for sonicated
liposomes.

3.4.4. Paramagnetic NMR as a Tool to Probe Topological
Localization. In case of a signal overlap, addition of
paramagnetic agents such as Tm(DOTP)®™ to a liposomal
solution has been proposed with the aim of selectively shifting
NMR signals of encapsulated versus nonencapsulated com-
pounds by exploiting the lanthanide (Ln)-induced pseudo-
contact shift (PCS) on solutes in spatial contact with the
agent.”” We tested the ability of Ln(DOTP)>~ complexes with
Tm?', Tb%, and Dy3+ to selectively induce PCSs on K14P in
the bulk solution. At Ln(DOTP)®~ concentrations (150—1000
uM) for which a significant PCS effect became visible for
K14P, severe line broadening also occurred (Figure 11), most

likely due to a paramagnetic relaxation effect, thus reducing the
sensitivity and the applicability of the method. These
lanthanide complexes are negatively charged, which might
favor long-living interaction with the positively charged K14P,
contributing to the detrimental paramagnetic broadening
effects. Furthermore, we also noted that signals of compounds
both inside and outside liposomes were affected upon agent
addition, which could be due to paramagnetic BMS effects’” or
membrane crossing of the agent, thus limiting the applicability
of the method in our case.

3.5. Impact of Thermal Treatment on Peptide
Release. One major interest of liposomes is the sustained
release of their cargo. Here, in order to probe the
thermosensitivity of the DPPC/DMPG/cholesterol lipo-
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somes,”””” we explored temperature-induced KI14P cargo

release. The 'H NMR signal of K14P encapsulated in sonicated
liposomes remained unchanged when incubated for one week
at 25 °C, indicating the absence of significant peptide release at
a temperature well below the T,,. However, as already pointed
out, changes in "H NMR spectra were observed immediately
upon heating to 35 °C with the decreasing intensity for
encapsulated peptides over time and a new set of downfield
signals increasing in intensity (Figures 8D and 9B). This
temperature corresponds to the subcutaneous temperature of
the human body”® and is close to the T, of the liposomes
(~40 °C). The DOSY spectra collected before and after 70 h
thermal treatment at 35 °C showed distinct diffusion behavior
for the well-separated downfield and upfield His11 Hd, signals
(Figure 10D), revealing diffusion coefficients of 7.6 + 0.8 X
107" and 1.4 + 0.1 X 107'° m*/s for IN and OUT signals,
respectively (Figure 10). This confirmed the modified diffusion
properties for the released peptide, similar to those of free
K14P in the absence of liposomes. Although the spectral
region of Phe, aromatic signals was crowded, similar diffusion
parameters were obtained for the IN and OUT species using a
two-component equation, suggesting that DOSY analysis can
be efficient even in the absence of a chemical shift difference
for the inner and outer spaces (Figure 10B). Altogether, these
observations confirmed that heat treatment led to peptide
release and confirmed the thermosensitivity of the studied
liposomal composition with transition to a fluid phase at a
temperature close to the T, of DPPC.

3.6. Quantitative Analysis of Release by '"H NMR. As
NMR signal intensities/integrals are proportional to concen-
tration, concentrations of multiple compounds can be
quantified in situ without the need to separate molecules
before analysis. Nevertheless, line broadening also affects NMR
signal intensity/integral and NMR acquisition and processing
parameters, and pulse sequences should be carefully chosen to
determine absolute concentrations.””™%* For these reasons,
signal integrals/intensities of peaks with different linewidths
cannot be directly compared without care. As a work-around,
absolute concentrations can be estimated by using a reference
sample of known compound concentrations.

As an example, the 'H spectral changes of K14P
encapsulated in sonicated liposomes with 11.8% cholesterol
and incubated at 35 °C for 70 h (Figure 9A) were further
analyzed. The 'H signals from encapsulated K14P peptides
generally decreased by 30 + 5%, suggesting that the pool of
peptides initially encapsulated into the liposome decreased by
the same amount. The initial encapsulated concentration was
340 uM, suggesting that at least ~100 yM peptides leaked
from the inner volume. At the same time, a strong downfield
signal increased. However, the difference in linewidth
precluded the direct comparison of the relative signal integrals
to extract relative OUT/IN populations. As an alternative, we
observed that the downfield signal was ~40% as intense as the
signal collected in the same buffer for Leu, methyl in a 340 uM
K14P solution devoid of liposomes (Figure 9A). Since external
K14P showed a limited spectral change upon liposome
titrations, this allowed estimating the released peptide
concentration to 0.4 X 340 = 135 uM. Such simple analysis
leads to the conclusion that most of K14P in the sample gave
visible NMR signals and that ~35 & 5% of the loaded peptide
was released in solution.

ID 'H spectra provide a direct and very convenient
approach to quantify peptide release when solutes in different

compartments have distinct chemical shifts. However, this is
not general, and even in the current example, Leus OUT/IN
signals partially overlap (Figure 9A), making quantitation
tedious. Hence, we explored DOSY-based diffusion-based
filters as an alternative, when chemical shifts are similar. Figure
10D shows the 1D trace of the DOSY experiment obtained for
high gradient strength (26 G/cm) that is sufficient to remove
signals from fast diffusing compounds. The Leuy and aromatic
signals in the filtered spectra are not polluted by the signals of
the freely diffusing species and decreased by 45 + 5% after the
heating period, in reasonably good agreement with the 35 +
5% estimate from 1D 'H spectra (see above).

3.7. Real-Time Release of the Peptide. Since 1D 'H
spectra can be collected within minutes, it is easy to follow the
real-time release kinetics in situ in a noninvasive manner. A
selection of "H NMR spectra collected during the 70 h time
course of the 35 °C thermal treatment of K14P encapsulated in
sonicated liposomes is shown in Figure 9B. Spectral
modifications for the aromatic region as well as for DSS, the
phospholipids near 5.5 ppm and in the 0.8—1 ppm region that
also contains the Leuy methyl signal, were observed. In the
latter region, a strong signal appeared just after a temperature
change from 5 to 35 °C, overlapping with the Leuy methyl
signal. This signal together with the one that appeared at 5.5
ppm originates from phospholipids and is reminiscent of
increased membrane fluidity at 35 °C. These signals
progressively decreased in intensity as a function of time
during several hours, suggesting a rapid burst in membrane
fluidity followed by a slow re-equilibration toward a more rigid
membrane. Beyond intensity changes, we also observed
progressive chemical shift variations for the IN His;, signals
over time (Figure 9B). Histidine side chain signals are
generally exquisitely sensitive to tiny pH changes around
their pK, value (~6—7): this spectral change might reveal a
time-dependent weak pH equilibration within liposomes.

The first 1D "H spectrum was collected about 15 min after
the temperature jump to 35 °C and showed immediate new
strong OUT signals (Figure 9B) that slowly changed in
intensity over time. This reveals a two-step peptide release
process starting with a rapid release during the experimental
dead time followed by a slower release. From signals with
increasing intensities during the second release process, it can
be inferred that the amplitudes of the rapid and slow process
are of the same order of magnitude (Figure 9C), suggesting
that about one third up to half of the peptide is rapidly released
and the other two-thirds or half is slowly released. In Figure
9B, we show the time fate of signal integrals for different OUT
and IN species normalized to their maximal values, as well as
the best-fitted exponential curves. Clearly, the sample
equilibrated within S h as judged from the plateau reached
for K14P, phospholipid, and DSS signal intensities. The rate
constant values could be extracted for K14P peptide (0.64 +
0.1 h™') and DSS (0.32 + 0.1 h™') release and for
phospholipid loss of fluidity (0.88 + 0.1 h™'). The current
data therefore suggest that the different processes occur at
similar timescales. This may reveal that the increased
membrane dynamics upon heating could be associated with
cargo release or vice-versa. As a possible mechanism, peptide
release might require a dynamic membrane. Bilayer stiffening
would result in stopping the release, as observed here, possibly
before total peptide release occurred and full equilibrium on
both sides of the liposomal membrane. Taken together, this
analysis shows that 1D "H NMR spectra allow the rapid and
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simultaneously extraction of kinetic parameters of cargo release
and membrane dynamics and are valuable tools to derive
mechanistic hypotheses, such as the two-step release
mechanism and coupling of liposome structural and dynamic
changes with drug release. The two-step release of the peptide
was achieved in part by a rapid burst followed by a slow (0.64
h™') rate but only reached 40% release efficiency. Sixty percent
of the peptide remained encapsulated under the current
conditions. Based on the inner liposome volume (~5%), we
would expect 95/5% partitioning of the peptide in the OUT/
IN environments for a complete release. The real-time and in
situ NMR data therefore indicated that a large fraction of
peptides was not released by the liposome formulations used
here upon heating.

We further exploited the advantage of NMR, as a
multiplexed technique, to monitor the fate of small DSS
molecules. Figure 9C shows the time-dependent integrals for
DSS IN and OUT signals in the same experiment (Figure 9B).
This demonstrates that here, DSS release occurred, as for
K14P peptides, as a two-step process with the slower step in
the 0.3 h™' range.

4. CONCLUSIONS

Peptide/liposome formulations represent drug delivery sys-
tems of significant interest for drug development.” The quality
control of liposomes is a necessary step to ensure the
reproducibility and the quality of the results. Furthermore,
optimizing formulations requires characterizing the molecular
interactions between the cargo and liposomes that dictate
encapsulation yield and release kinetics. Here, we have
illustrated the versatility of liquid-state 'H, F, and 3P
NMR spectroscopy to characterize the structure of peptides
and liposomes and their mutual interactions, in complement
with more direct but low-resolution DLS and cryo-TEM
structural techniques. In contrast to many other methods,
NMR does not need the physical purification of the different
compounds, and virtually all compounds in a sample can be
monitored in parallel in situ and in real time by the appropriate
NMR-visible spins. In addition, chemical modifications are not
required as opposed for example to fluorophore grafting, thus
avoiding unwanted effects of the modification by itself on the
properties of cargos. The characterization of the cargo and
liposomes at the molecular and atomic levels allowed
understanding of how variations in peptide structure and
liposome composition and preparation methods modulate the
encapsulation efficiency and the release yield and kinetics.
Although NMR is not as widely available as other techniques
and suffers from limited sensitivity, the wealth of information
potentially accessible makes it an attractive tool to optimize
peptide/liposome formulations, with potential applications to
other cargos and DDSs.
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