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ABSTRACT (Word Style “BD_Abstract”).:

Recently, we proposed in a paper a novel nanomedicine approach, based on a versatile
bioconjugation linkage (Amide, Diglycolate or Acylal) between the Leu-enkephalin (LENK),
an endogenous neuropeptide, and the squalene (SQ), a natural and biocompatible lipid. The
nanoformulation of the resulting bioconjugates allowed the specific delivery of LENK into
inflamed tissues for efficient pain control, after their intravenous administration. However, the
variability of the analgesic profiles exhibited by the three types of LENK-SQ nanoparticles
(NPs) remains not well understood. This study investigates the influence of the LENK-SQ
NPs composition on their supramolecular organization and their interaction with blood
proteins. To achieve this objective, a physico-chemical study was carried out using
complementary techniques such as Dynamic Light Scattering (DLS), Small/Wide Angle X-
Ray and Neutron Scattering (SAXS-WAXS and SANS), as well as Circular Dichroism (CD).
This study brought together some important information allowing to shed light on the crucial

link between nanoparticles’ structure, stability and their analgesic activity.



1. Introduction

Nanotechnology represents a very smart approach for the targeted delivery, controlled
release and protection from rapid metabolization of therapeutic agents.! However, the
understanding of the impact of the physico-chemical properties of the nanoparticles (NPs) on
their in vivo and in vitro biological activity is still challenging.” The nanoformulation of drugs
gives rise to a complex equilibrium between the in vivo behavior of the NPs (in terms of
stability, surface area and functionalization, specific interaction with plasma proteins and
other biological compounds...) and the biopharmaceutic profile and therapeutic efficacy of the
encapsulated drugs (pharmacokinetic, pharmacodynamic and biodistribution profiles).

In 2006, Couvreur et al. developed a new nanomedicine platform based on squalene, a
biocompatible and biodegradable lipid (which was already commonly used as an adjuvant of
parenteral emulsions for drug and vaccine delivery®™), used as vectorization agent.® The
squalene was coupled to a drug through a chemical bio-cleavable linkage and the resulting
bioconjugates, which are prodrugs, showed the ability to self-assemble into nanoparticles of
around 100 nm diameter with a liquid crystalline internal structure. The so-called
“squalenoylation” nanotechnology has been initially proposed for metabolically sensitive
small molecules and was further extended to macromolecules such as SiRNA.”® In general,
the squalene-based NPs allowed protection of the drugs with a better targeting in vivo, thus
enhancing their pharmacological activity and reducing their toxicity and side effects.”*

More recently, the squalenoylation was applied to Leu-enkephalin, an endogenous
neuropeptide, playing an important role in pain regulation.™

Indeed, currently, opioids and opioid derivatives are a class of drugs used for the
management and treatment of moderate to severe pain in clinics. By preferentially binding to
p-opioid receptors, these painkiller agonists or antagonists are, however, often associated with
severe side effects, such as tolerance and dependence with some risks of respiratory
depression and death.’? In this context, with a ten-fold higher affinity towards &-opioid
receptors versus p-opioid receptors, enkephalin neuropeptides appear as a promising
alternative to these addictive opioid drugs.*® In fact, compared to p-opioid receptor agonists,
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d-opioid receptor ligands have a much lower abuse potentia thus generating fewer side

effects. However, the clinical use of endogenous neuropeptides has historically been limited
because of pharmacokinetic issues including rapid plasma metabolization.'®*°
Thus, by using the squalenoylation approach, we could provide protection to the Leu-

enkephalin neuropeptide after intravenous administration and enabled the targeted delivery



into inflamed tissues for pain management.** And it was demonstrated that after conjugation
with squalene (SQ), the otherwise rapidly metabolized Leu-enkephalin (LENK) became
clinically usable. Of note, the Leu-enkephalin (LENK) was chemically coupled to the
squalene (SQ) derivative either directly through an amide bond or by using diglycolate or
acylal spacers (Scheme 1).

The three resulting LENK-SQ bioconjugates, which are prodrugs, showed the ability
to self-assemble spontaneously in water to form nanoparticles with diameters varying from 75
to 122 nm diameter. The two spacers were introduced between LENK and SQ to modulate the
LENK release from the LENK-SQ nanoparticles (NPs) in vivo. It was observed that these
squalene-based NPs enabled the neuropeptide to gain in pharmacological efficacy by
displaying a notable antihyperalgesic effect, lasting longer than after treatment with morphine.
Pain sensitivity was assessed by measuring the paw withdrawal latencies (PWLs) in response

to a hot stimulus on the inflamed hind paw of rats (Figure 1).
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Scheme 1. Chemical structures of the LENK-SQ bioconjugates. (1) Leu-enkephalin-squalene with
amide linker (LENK-SQ Am), (2) Leu-enkephalin-squalene with diglycolate linker (LENK-SQ Dig), and (3)
Leu-enkephalin-squalene with acylal linker (LENK-SQ Acyl). The amide bond is represented in green and the

ester bond in red. The NPs were prepared at a concentration of 4 mg/ml in 5% dextrose solution.**



Interestingly, the three LENK-SQ NPs exhibited different analgesic profiles, thus
allowing to manage a broad spectrum of pain types (in terms of intensity and duration). The
anti-nociceptive effect was explained by the specific accumulation of the LENK-SQ NPs in
the inflamed paw triggered by a more leaky vasculature (Figure 1B), thus bypassing the
central nervous system including the brain, known as the “reward pathway”.20
It is noteworthy that previous in vitro experiments showed that the release kinetics of LENK
peptide from the 3 LENK-SQ NPs after incubation in serum (Figure 2) were not correlated
with the observed in vivo analgesic profiles (Figure 1A)."* For instance, the LENK-SQ Am
NPs, which didn’t show any in vitro release of the peptide — unlike the other two LENK-SQ
NPs —, exhibited on the contrary a faster and higher anti-nociceptive efficacy but with a
shorter duration. On the other hand, the LENK-SQ Acyl NPs, providing rapid release of the
LENK peptide in vitro, exhibited nearly the same anti-hyperalgesic profile than the LENK-

SQ-Dig NPs, with prolonged effect (Figure 1).!!
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Figure 1. Analgesic profiles of LENK-SQ NPs in comparison with morphine and free LENK (left) and IVIS
Lumina scan after intravenous administration of fluorescent LENK-SQ Am NPs (right). (A) Measurement of
Paw Withrawal Latencies (PWL) in A-carrageenan—treated rats (in seconds, means + SEM of independent
determinations in five to nine animals per group) using the Hargreaves test, after the administration of LENK-SQ
NPs (in grey for LENK-SQ Am, in yellow for LENK-SQ Dig, in orange for LENK-SQ Acyl), Morphine (in
black), Leu-enkephalin (in blue). (B) Selective accumulation of DiD-fluorescently labelled LENK-SQ Am NPs
in the inflamed paw (in red) and not in the healthy contralateral paw. No fluorescence observed in the brain
(adapted from 14).

Moreover, it is also interesting to note that according to the site of bioconjugation of
SQ (on N- or C- terminal site of the LENK peptide), a net positive or negative surface charge
(zeta potential) was observed onto the surface of the NPs (Scheme 1). These parameters are
important to consider because it is well known that the composition of protein coronas

dramatically influences the colloidal stability of the NPs in vivo, and consequently the



biological responses, including NPs pharmacokinetics, biodistributions, and pharmacological
efficacy. But still more importantly, the nature of the bioconjugates may result in dramatically
different supramolecular architectures with various internal organizations and shapes of NPs
including lamellar, hexagonal, cubic and toroidal, as well as ribbons, vesicles, helical strands,
spherical or wormlike micelles and amorphous structures.”: > These parameters represent
also a key factor that determine the diffusion of enzymes into the nanoparticle core and
consequently the kinetic release of the drug from the NPs.

Thus, the aim of the current study was to shed light on how the chemical linkage between the
LENK and the SQ (i.e., direct amide (Am) bond, diglycolate (Dig) or acylal (Acyl) spacers)
could impact the physico-chemical properties of the NPs (in terms of supramolecular
organization and interaction with plasma proteins) and consequently influence the resulting
analgesic profiles. Noteworthy, only few studies have been carried out to investigate the effect
of plasma proteins on the integrity of liquid crystalline nanoparticles®*"?®
for SQ NPs.2%%

and in particular
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Figure 2. Bioconversion of LENK-SQ bioconjugates into LENK in serum. (A) Degradation over time of
LENK-SQ bioconjugates constituting the NPs. Grey, yellow and orange lines represent respectively LENK-SQ
Am, LENK-SQ Dig and LENK-SQ Acyl bioconjugates (B) Release kinetic of LENK from LENK-SQ NPs.
Yellow and orange lines represent released LENK-spacer and LENK peptides from LENK-SQ Dig and LENK-
SQ Acyl NPs respectively.

Practically, the supramolecular organization of the 3 LENK-SQ NPs was investigated
using (i) Cryogenic Transmission Electron Microscopy (CryoTEM) observation, (ii)
Small/Wide Angle X-Ray and Neutron Scattering (SAXS-WAXS and SANS) analysis and
(iii) Synchrotron radiation circular dichroism (SRCD) analysis. Afterwards, the article
examined the interaction between the LENK-SQ NPs with BSA (Bovine serum Albumin), the

most abundant protein in the plasma commonly used as a model protein and also as an
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efficient lipid binder®>“°, which makes it a good candidate to interact with squalene-based

prodrugs. These parameters were then correlated with the corresponding analgesic profiles.

2. Materials and Methods

Preparation of LENK-SQ NPs. LENK-SQ Am, LENK-SQ Dig and LENK-SQ Acyl were
all prepared using the nanoprecipitation method. Briefly, it consists in the addition of the
squalene bioconjugate, dissolved in an organic solvent, to an aqueous phase. The LENK-SQ
bioconjugates were first properly dissolved into pure ethanol (6 mg/ml). Then, 333 pul of this
solution was added dropwise into 1 mL of milliQ water under magnetic stirring (500 rpm).
The solution became spontaneously opalescent with a strong Tyndall effect, indicating the
formation of nanoparticles. Ethanol was then evaporated by concentration using a Rotavapor:
the pressure was slowly decreased to 43 mbar, the flask being immersed into a water-bath at
40°C. This step was carried out until the weight loss of the sample corresponded to the initial
amount of ethanol used to prepare the sample. Water was then added to reach the given final
bioconjugate concentration (1 to 4 mg/ml depending on the experiments). Concerning LENK-
SQ Am NPs, the characterization study required more experiments than for the 2 others
bioconjugates, using the same batch. For this reason, for the experiments dedicated to
comparison of nanostructure and interaction with BSA, the concentration of LENK-SQ Am
NPs was lower than LENK-SQ Dig or LENK-SQ Acyl NPs.

For SANS experiments, the same procedure has been followed but with D,0 instead of H,O
to increase the neutron contrast between nanoparticles and solvent. All the solutions
(ethanolic and aqueous) were filtered at 0.22 um before the nanoprecipitation process. It was
not possible to formulate stable LENK-SQ Dig and LENK-SQ Acyl nanoparticles in D,0.
The mean particle size, polydispersity index (Pdl) and Zeta potential were determined at 20°C
by Dynamic Light Scattering (DLS) using a Zetasizer Ultra Red (Malvern Instruments). The
scattering angle was 173° and the measurements were made after 1/10 dilution of the

nanoparticles’ samples in milliQ water. The measurements were performed in triplicate.

Cryogenic transmission electron microscopy (cryoTEM). The morphology of the
nanoparticles was observed by cryogenic transmission electron microscopy. Drops of the
solutions were deposited on EM grids covered with a holey carbon film (Quantifoil R7/2)

previously treated with a plasma glow discharge (5 mA, 30 s). The excess liquid on the grids



was blotted out with filter paper, and the grids were quickly immersed in liquid ethane to form
a thin vitreous ice film. The whole process was performed using a Vitrobot apparatus (FEI
Company). Observations were conducted at low temperature (-180 °C) on a JEOL 2010 FEG
microscope operated at 200 kV. Images were recorded with a Gatan Ultrascan 2K CCD
camera for the LENK-SQ Am sample and a Gatan K2 direct detection camera for the LENK-
SQ Acyl and Dig samples.

Small Angle Neutron Scattering (SANS). SANS experiments were carried out on the D22
spectrometer at ILL (10.5291/ILL-DATA.9-13-1028). Samples prepared in D,O were inserted
in 1 mm Hellma quartz cells and aligned using the thermostatic sample holder with a
temperature control of 20°C. The raw data were radially averaged, corrected for electronic
background and empty cell, and normalized by water scattering using the LAMP software
(https://Aww.ill.eu/users/support-labs-infrastructure/software-scientific-tools/lamp/).3*  Three
configurations were used to cover a g range going from 0.0013 to 0.27 A™ (wavelength: A =
13 A, sample detector distance D = 12 m, collimation: ® = 12.8), (A = 46 A, D = 12 m,
collimation: ® = 7.8) and (A = 4.6 A, D = 2 m, collimation ® = 7.8) for respectively small,
medium and large angles. Typical acquisition time was from 300 s to 3600 s in function of the

configurations.

Small and Wide Angle X-ray Scattering (SAXS and WAXS). Small-angle X-ray scattering
patterns (SAXS) were obtained on the SWING beamline of the SOLEIL synchrotron (Saint-
Aubin, France). The scattering vector range q of 0.002 to 2.5 A™* was obtained with an energy
of 16 keV and two sample-to-detector distances (6 and 0.50 m for the SAXS and the wide-
angle X-ray scattering ranges, respectively). The data were recorded by a two-dimensional
Eiger 4 M (Dectris) detector. Data reduction was performed using Foxtrot software (Xenocs).
The samples were placed in 1.5-mm diameter glass capillaries sealed with wax. Typical

acquisition sequence was 11 or 21 frames with acquisition time of 750 ms and 350 ms gap.

Synchrotron Radiation Circular Dichroism. Synchrotron radiation circular
dichroism (SRCD) experiments were performed on the DISCO beamline at the SOLEIL
Synchrotron (Saint Aubin, France). The samples were inserted in a CaF, cell with 55 um
pathlength. The raw spectra were acquired with a 1 nm spectral resolution. The spectra
presented in this study were treated with CDTool software®* that can be freely downloaded at

http://www.cdtools.cryst.bbk.ac.uk/. Each is the average of three spectra. A background

(water or corresponding buffer spectrum recorded under the same conditions) was subtracted.


http://www.cdtools.cryst.bbk.ac.uk/

Intensity calibration was obtained with a camphor sulfonic acid CSA scale standard sample.
Finally, intensities were converted from millidegrees (6 machine units) into Ag using the
formula Ae = 0 x (0.1 x MRW)/(3298 x I*C), where MRW is the mean residue weight of the
chiral molecule (protein weight/number of residues = 111.12 Da for Leu-enkephalin and 114
Da for BSA), | is the path length of the CaF; cell in cm and C is the protein concentration in

mg/ml. In some cases, we have added a smoothing function. The secondary structure analyses

were performed using BestSel***°, a web software (https://bestsel.elte.hu/index.php).

3. Results and discussion

3. I. Characterization of the 3 LENK-SQ NPs

In a previous study,™* 3 types of LENK-SQ NPs were designed with different
analgesic profiles. It was already shown in that study that in vitro incubation of LENK-SQ
Am NPs did not evidence the release of LENK, while LENK-SQ Acyl and LENK-SQ Dig
NPs released rapidly the LENK free and LENK-Dig fragment (LENK attached to its spacer)
respectively, followed by their progressive degradation over time (Figure 2). Based on the fact
that, in general, an amide bond is chemically and enzymatically more stable than an ester
bond,*"* these findings were not particularly surprising. Indeed, in the case of the LENK-SQ-
Dig bioconjugate, the diglycolate spacer was attached on one side to squalene moiety by an
ester bond and on the other side to the LENK through an amide bond while with the LENK-
SQ-Acyl bioconjugate, both the LENK and the SQ moieties were each linked to the acylal
spacer through an ester bond (Scheme 1), which is expected to be more sensitive to
enkephalinases enzymes. Last, as mouse serum is particularly rich in esterases, it was
expected that the release of LENK from LENK-SQ NPs mainly resulted from enzymatic
hydrolysis of the ester bond.*” However, as already explained in the introduction, based only
on the nature of the linkage between LENK and SQ, it was not possible to correlate these in
vitro experiments with the analgesic profiles in vivo.

Therefore, the morphology and structure of the LENK-SQ NPs were first
characterized before focusing on the interaction of LENK-SQ NPs with BSA.

a) Surface charge characterization of the 3 LENK-SQ NPs

The NPs suspensions (see table 1 **nanoprecipitation batch 2023 in water) were first
analyzed by DLS just after nanoprecipitation. LENK-SQ Am (1 mg/ml) and LENK-SQ-Dig
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(2 mg/ml) exhibited quite the same average diameters of around 70 nm with negative zeta
potentials corresponding to - 42 and - 36 mV respectively (Table 1). LENK-SQ-Acyl (2
mg/ml), were smaller with an average diameter of 46 nm and a positive zeta potential
corresponding to + 42 mV. The surface charge of the NPs was attributed to the free terminal
function of the peptide that was conjugated either through its N- or C- terminal site to
squalene. Indeed, free N-terminal amine function led to a net positive surface charge, while
free C-terminal acid function resulted in a net negative surface charge. The surface charge is a
very important parameter which influences the composition of the protein corona and, in turn,
strongly determines the ultimate fate of the NPs in vivo .***° The size of NPs also plays an
important role and determines the quantity of proteins adsorbed as well as the thickness of the
protein corona.** Indeed, smaller NPs display a more curved surface compared to the larger
ones, leading for each individual particle to a lower surface available for individual proteins
and less accessibility to proteins due to steric effects caused by protein overcrowding. The
large nanoparticles favor multilayers and conformation changes of the proteins, while
monolayers are more frequently observed on small nanoparticles (< 20 nm).* In their review,

Latreille et al.*?

underlined the difficulties of characterization of protein corona and protein
conformation changes around large radius nanoparticles.* In addition, it must be kept in mind
that most of these observations were obtained through the study of hard, mineral NPs and that
the interaction of soft nano-assemblies, such as squalene-based nanoparticles with biological
fluids, might be different. For example, we have previously demonstrated with Adenosine-
squalene NPs that albumin could even extract the bioconjugates from the nanoassemblies and
disassemble them, while the formation of a corona remained elusive.”® Thus, the fact that
LENK-SQ Acyl NPs were positively charged may partly explain their long-lasting analgesic

effect despite the very sensitive acylal linkage.

b) Size distribution, internal nanostructure and colloidal stability of LENK-
SQ Am NPs

The combination of SAXS/SANS and cryoTEM analysis is a powerful method to
determine the size distribution and internal structure of self-assembling nanoparticles.’>* In
this section, we will initiate a comparison of these three techniques on LENK-SQ Am NPs,
which serve as our reference material. Subsequently, we will delve into the comparison of the

three bioconjugates in the following section.



Initial observations with cryoTEM showed that SQ-LENK Am NPs were spherical
and that the statistical measurement of the diameter of 39 NPs was distributed in the 15-80 nm
range (Figure 3A-B). High magnification of the nanoparticles did not reveal any membrane
structure nor a particularly organized inner structure.

LENK-SQ Am NPs (4 mg/ml) were further analyzed by X-ray and small-angle
neutrons scattering, in water and deuterium respectively and the scattered beams were
compared. As shown in Figure 3C, the scattered patterns appeared very similar, and the fits
with a lognormal distribution of spheres yielded very comparable size distributions (Figure
3D) with average radii corresponding to 36.5 nm from the SAXS fit and 34.1 nm from the
SANS fit, both exhibiting a polydispersity index of 0.35 nm. These size distributions were
also remarkably similar to those obtained from low-statistics cryoTEM analyses, which
suggests a good colloidal stability over the course of at least one month (period over which

the three analyses were performed). Consequently, in the following sections, we will mainly

use SAXS analysis.
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Figure 3 : A) Close-up (150 x 150 nm) of a cryoTEM image of a single LENK-SQ Am NPs (3 weeks post-
nanoprecipitation). B) Size distribution (radius) obtained from the measurement of 39 nanoparticles on cryoTEM
images. C) Comparison of SANS (violet circles) and SAXS (green circles) patterns of a 4 mg/ml suspension of
LENK-SQ Am. SANS and SAXS analyses were performed respectively 4 days and 4 weeks post-
nanoprecipitation. The fits with a model of a lognormal polydisperse spheres are plotted in black traces. Inset:



comparison of the WAXS pattern with the SANS pattern in the same g-range. D) Size distribution (radius)
obtained from the corresponding fits (violet trace = distribution from SANS fit, green trace = distribution from
SAXS fit). Reference to table 1 : *nanoprecipitation batch 2021 in water at 4 mg/ml

However, this case is particular considering that when the NPs components exhibit
different scattering length density contrasts from SAXS and SANS, the corresponding
patterns are clearly different and can provide complementary information on the inner
organization of the NPs.*® In the WAXS region (q > 0.5 A, see inset in Figure 3C), a weak
correlation peak was detectable at q = 0.17 A™* with a FWHM of 50.8 A™. In direct space, this
data indicates electron density fluctuations on a characteristic distance of 3.7 nm inside the
NPs. This could be attributed to the presence of water channels inside a sponge phase. The
feature is by contrast not detected in the SANS pattern. Indeed, an x-ray beam is more
focused than a neutron beam and thus provides a better resolution of the potential structural
peak relative to the inner organization of the NPs (see later Figure 4C, F & ). By contrast, a
brilliant synchrotron beam is much more prone to cause radiation damage to fragile organic
nano-assemblies than a neutron beam.*** In that respect, SAXS acquisitions were performed
on the three LENK-SQ families in different points with short irradiation times to mitigate this
potential risk (SI-1).

c) Comparison of the size distribution and internal structure of the three
LENK-SQ NPs

The 3 LENK-SQ NPs were characterized by cryoTEM and SAXS/WAXS techniques
and the results were reported in Figure 4.

First, cryoTEM allowed imaging of individual LENK-SQ NPs in hydrated conditions,
thus preserving their native structure and morphology (Figure 4 A, D, and G). The three
LENK-SQ NPs were found roughly spherical with diameters in the 70-150 nm range.
However, LENK-SQ Dig appeared a little bit deformed and somewhat elongated (Figure 3D),
which may result from a lower mechanical resistance in comparison to the two other NPs.
Again, no specific or repetitive organization of the inner structure has been observed.

The analysis of LENK-SQ suspensions by SAXS (within 24 h after nanoprecipitation)
evidenced the typical signature of NPs suspensions with a decrease of the scattering intensity
versus the wave vector q (Figure 4 B, E, and H). In the low g-range, the intensity tends toward
a plateau for the LENK-SQ Dig NPs, which agrees with non-interacting particles. However,
for LENK-SQ Am and LENK-SQ Acyl NPs, the slight increase in intensity indicates a
particle aggregation tendency. In the middle g-range range, the intensity can be fitted by a



model of a lognormal population of spheres whose distribution is shown in the insets in
Figure 4B, E and H.
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Figure 4: CryoTEM image (left panels), SAXS (center panels) and WAXS patterns (right panels) of the
different bioconjugates: LENK-SQ Am (grey circles), LENK-SQ-Dig (yellow circles) and LENK-SQ Acyl
(orange circles). The black traces are the fitting from lognormal distribution of polydisperse spheres. The
corresponding lognormal distributions are shown in the insets. The size histograms built from measurements on
cryoTEM images are shown in Figure SI-2. The WAXS patterns with Bragg peaks are shown with a linear scale.
The vertical dot-dashed lines are there to visualize the slight shift of the first order position. Reference to table 1:
**nanoprecipitation batch 2023 in water for all analysis except for the cryoTEM images of LENK-SQ Am
obtained from * nanoprecipitation batch 2021.



The average values of radii, listed in the Table 1 along with those obtained from other
analyses techniques, are of the same order of magnitude as those obtained by DLS (which
were measured just after the preparation of the NPs). This highlights the small evolution of

the nanoparticles diameter along the experimental time scale.

Table 1: Summary of the different size measurement of the three types of LENK-SQ NPs with DLS,
cryoTEM, SAXS and SANS.

LENK-SQ Am LENK-SQ Dig LENK-SQ Acyl
DLSt
Dhydro = 72 N, Dhyaro = 73 nm, Dhydro = 46 N,
PDI = 0.04** PDI = 0.01** PDI = 0.102**
Dhydro = 122422 nm, Dhydro = 75+11 nm, Dhydro = 120£6 nm,
PDI = 0.08*** PDI = 0.13*** PDI = 0.25***
cryoTEM® | Dayerage = 73 nm* Daverage = 152 nm** Daverage = 55 nm**
Dmedian = 57 nm* Dmedian = 135 nm** Dmedian = 50 nm**
STDEV = 38 nm* STDEV = 65 nm** STDEV = 24 nm**
(n=239) (n =108) (n=69)
SAXS Daverage = 73 nm, PDI =
0.35*
Daverage = 81.2 nm, PDI = Daverage = 82 nm, PDI = Daverage = 40.4 nm, PDI =
0.38** 0.33** 0.46**
SANS Daverage = 68.2 nm, PDI = no data no data
0.35*
C-potential -42 mV/** -36 mV** +42 mV**
-31410 mV*** -35+£7 mV/*** +33+4 mV/***

*the DLS measurements yield and hydrodynamic radius, including the hydration layer around the NPs.

*The size histograms built from measurements on cryoTEM images are shown in Figure SI-2.

*nanoprecipitation batch 2021 in water at 4 mg/ml; **nanoprecipitation batch 2023 in water at 1 mg/ml for
LENK-SQ Am, and 2 mg/ml for LENK-SQ Dig and LENK-SQ Acyl; ***measurements from Feng et al.! with

nanoprecipitation ay 4 mg/ml in dextrose 5%

Overall, the Table 1 shows a rather good agreement on the size measurements of the
NPs nanoprecipitated in water. Only the LENK-SQ Dig NPs seem overestimated with
CryoTEM, probably because the NPs were slightly distorted under freezing and, in fact, it was
the longest axes of the elongated NPs that were measured. Regarding the variability in size
distribution observed by DLS for the same types of NPs, it must be mentioned that
nanoprecipitations were performed either in water or dextrose 5% at different concentrations,
depending on the required experiments. Thus, the average size of the nanoparticles may vary,

but always in the 50-150 nm range.



Although no internal ordering was visible on the cryoTEM images, the WAXS
analysis, however, highlighted a correlation peak (table 2) (Figure 4C, F, and I) around 0.15
A with a g decay typical of the sponge bilayer correlation in the particles.”” While the
peaks in the LENK-SQ Am and LENK-SQ Dig are rather wide and weak, the peak in the
LENK-SQ-Acyl was thinner and yielded a higher intensity, indicating a stronger organization
of the bioconjugate molecules in the core of the NPs. Using the classical relation d = 2w /q
between the scattering vector g and the characteristic distance d, it can be concluded there is
an average distance d of the order of 4-5 nm (see values reported in Table 2) between the
electron-dense scatterers inside the NPs. This distance could be related to the size of water
channels delimited by lipid layers. This suggests that the LENK-SQ Acyl NPs are the most
hydrated and the LENK-SQ Am are the less hydrated of the series of studied NPs.

Table 2: Lorentz peak fit parameters of the correlation peak.

LENK-SQ Am LENK-SQ Dig LENK-SQ Acyl
position 0.15 At 0.145 A* 0.138 A
characteristic 4.2 nm
distance: d (2021: 3.7 nm) 4.3 nm 4.6nm
FWHM 0.051 A* 0.045 A* 0.021 A
correlation 12.3 nm
length: & (2021: 5.1 nm) 14.0nm 30.0 nm

Likewise, the relation ¢ = 2m/FWHM gives an estimate of the length over which the
electron-dense scatterers lose their correlation (“correlation length”, &) and the full width at
half maximum of the peak (FWHM). This correlation length was the longest (30 nm) for the
LENK-SQ-Acyl NPs, almost reaching the size of their diameter. By contrast, for LENK-SQ
Am and LENK-SQ Dig, this correlation length was twice as shorter (12-14 nm), thus
confirming a much less structured supramolecular organization. Overall, from this set of
LENK-SQ NPs, we identified two groups based on their structural organization. In the first
group comprising LENK-SQ Am and LENK-SQ Dig NPs, particles have both a weak inner
order, with a high tendency towards a sponge phase organization, and a second group with
LENK-SQ Acyl NPs whose inner structure is much more ordered with a tendency towards an
inverse 2D hexagonal phase. Paradoxically, the water channels inside the NPs were narrower

when the inner structure order was looser.



d) Conformational analysis of the LENK moiety in the 3 LENK-SQ NPs by
circular dichroism
In order to monitor a possible modification of the molecular conformation of the

LENK moiety within the NPs, circular dichroism (CD) analyses were performed on the 3
LENK-SQ NPs suspensions at a concentration of 2 mg/ml and compared with a single
solution of the LENK peptide free at the same concentration. Although the dichroic signal
was rather weak, the free LENK peptide spectrum clearly exhibited a negative band at 185 nm
and two positive bands at ~200 nm and ~220 nm (Figure 5A). These features could roughly
be found in the CD spectra of the NPs suspensions but with various relative intensities and
sometimes a slight shift. For example, the positive band in the LENK-SQ Am spectrum was
stronger than its 220 nm counterparts or its equivalent in any other spectrum. By contrast, it
was absent from the LENK-SQ-Acyl spectrum.
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Figure 5: A) Synchrotron radiation circular dichroism spectra of the three NPs suspensions along with
the spectrum of free LENK in solution (2 mg/ml). Blue trace: free LENK, grey trace: LENK-SQ Am,
yellow trace: LENK-SQ Dig and orange trace: LENK-SQ Acyl. B) Secondary structure analysis of the
spectra performed with the BestSel online software.*>*

The secondary structure analysis of these spectra defines two groups of NPs: a first
group with LENK-SQ-Acyl whose secondary structure content was very similar to that of the
free peptide and a second group with LENK-SQ Am and LENK-SQ Dig where 10% of the
overall secondary structure was converted from random conformation to antiparallel B-sheet
(Figure 5B). This suggests that in these LENK-SQ Am and LENK-SQ Dig nano-assembled
NPs an extra hydrogen bond between peptide chains is holding the organization along with
the hydrophobic interaction between lipid chains.



Overall, the physico-chemical characterization of the three LENK-SQ NPs shows that,
despite strong chemical similarities between the three LENK-SQ bioconjugates that only
differ in the linkage between the LENK and SQ moieties, the resulting NPs appear not strictly
equivalent. Indeed, LENK-SQ-Acyl NPs exhibited specific features not shared by the other
two NPs: not only they displayed a positive surface charge but they also appear to have a
more ordered structural organization. Yet, they also seem to be more hydrated than the other
two. In addition, the LENK-SQ Am were found to be the less hydrated NPs but also the more
disordered. If we now specifically look at the conformation of the LENK peptide incorporated
in the NPs, here again, the LENK-SQ-Acyl NPs stand out. Indeed, the secondary structure of
the peptide moiety appeared very similar to that of the free peptide in solution, i.e., mainly
random conformation (in addition to a turn and intramolecular H-bonds), while in the two
other bioconjugates, a small part of this random component was transformed into a p-sheet
conformation. This reduced degree of liberty could be related to the slightly more confined
water channels in the LENK-SQ Am and LENK-SQ Dig NPs, comparatively to the LENK-
SQ Acyl NPs. Nevertheless, the peptide conformation was only marginally modified in the
three different NPs, and such a small change is unlikely enough to affect their biological

activity.

3. 1l. Study of LENK-SQ NPs interaction with BSA

a) SAXS and WAXS analysis of LENK-SQ NPs after interaction with BSA

To better understand the behavior of the 3 LENK-SQ NPs in the blood circulation, an
in vitro study was performed by incubating these NPs with serum albumin, which accounts
for 55% of the protein content in the plasma.”®*° The NPs were then characterized by SAXS
and WAXS techniques. Figure 6 illustrates the behavior of the SAXS patterns for the 3
LENK-SQ NPs (at a fixed concentration) with increasing BSA concentrations; the curves in
black correspond to the NPs suspensions free of BSA. As described above, the scattering
intensities increased at scattering vectors below q = 0.02-0.01 A™. By contrast, the scattering
of BSA molecules, which was smaller, occurred in the 0.01-0.3 A™ g-range.® The scattering
intensity below q = 0.01 A™ was, therefore, only arising from the NPs and its modification
was then a direct consequence of a change in the NPs size/number/morphology, at least as
long as the scattering signal was above 10 cm™ (Figure 6, left panel). There was, however, an
overlap between the WAXS internal structural peak of the NPs and the BSA signal (Figure 6,

right panel) that rendered the analysis less straightforward and required a deconvolution of the



signals arising from the NPs structure and the BSA (which could also be modified by the
interaction). In all cases, the addition of BSA induced a significant modification of the overall
SAXS/WAXS signals, both by addition of a scattering signal arising from the BSA and by

decreasing the scattering of the NPs.
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Figure 6: SAXS/WAXS patterns for the three NPs (LENK-SQ Am (A-B), LENK-SQ Dig (C-D) and LENK-
SQ Acyl (E-F)) for a constant SQ concentration ([LENK-SQ Am]= 0.75 mg/ml, [LENK-SQ Dig]= 1 mg/ml,
[LENK-SQ Acyl] = 1 mg/ml) and increasing BSA concentration from 1 to 10 mg/ml (black trace = NPs without
BSA, blue = 1 mg/ml BSA, dark green = 2 mg/ml BSA, light green = 3 mg/ml BSA, yellow = 4 mg/ml BSA,
orange = 6 mg/ml BSA and red = 10 mg/ml BSA). The left side are the SAXS patterns in logarithmic scale and
the right side are the WAXS patterns in linear scale.

For LENK-SQ Am NPs (analyzed at a concentration of 0.75 mg/ml), the NPs

signature at low angles decreased and even disappeared in the presence of 3 to10 mg/ml of



BSA (Figure 6 A). Taking this into account, two scenarios could be considered: either a
disassembly of the NPs or, on the contrary, an expansion of the NPs volume. Generally, a
significant growth of NPs induces a shift of their SAXS signatures at a lower g, thus leading
to their destabilization, but this was not observed here. Therefore, it seems obvious that the
LENK-SQ Am NPs disassembled in the presence of BSA. Of note, the Bragg peak of the NPs
was not visible in the presence of BSA at a 3 mg/ml concentration, hidden by the scattering of
the BSA.

For LENK-SQ Dig NPs (analyzed at a concentration of 1 mg/ml), the same trend was
observed with a decrease of the NPs signature at low angle (Figure 6 C). However, the
signature remained still higher than that observed with LENK-SQ Am NPs, and a continuous
decrease of NPs signature with increasing BSA concentrations was observed. For the two
lowest BSA concentrations (1 mg/ml and 2 mg/ml), the intensity in the low g range tended
towards a plateau with a decrease in intensity value. This indicates a decrease of the volume
fraction of these NPs, probably associated with their disassembly. With increasing the
concentrations of BSA to 4 mg/ml, the decrease in intensity at low q was associated with a
modification of the shape of the scattering curves in the low g range. The intensity did not
tend towards a plateau but increased. The NPs shape or the interactions between the
nanoparticles was, therefore, altered in the presence of BSA at concentration above 4 mg/ml.
At larger g, the Bragg peak of the NPs was still visible at BSA concentrations of 1 and 2
mg/ml, although less intense than in the absence of BSA, while it was no more visible for
higher BSA concentration (Figure 6 D). Overall, the influence of BSA on LENK-SQ Dig NPs
appeared to be less important than for LENK-SQ Am NPs. However, because the
concentration of LENK-SQ Am was lower than for LENK-SQ Dig (0,75 mg/ml versus 1
mg/ml), the conclusion about the effect of BSA on LENK-SQ-Am was completed by SANS
analysis. Indeed, the sensitivity of SANS for lipid nano-assemblies is higher than that
obtained by SAXS, due to a higher scattering length density contrast between the solvent and
the squalene (Ap = 6 vs 1 cm™). Figure 7 illustrates the respective strengths of SAXS and
SANS when studying mixtures of LENK-SQ Am NPs and BSA. As we can see, with SANS
technique (Figure 7 B), the scattering of these NPs was still perfectly detected, even at lower
concentrations (0.5 mg/ml of LENK-SQ Am NPs). We retrieve the trends observed in a
former study for SQ-Adenosine NPs in the presence of BSA.?® The SANS patterns of LENK-
SQ Am NPs could be fitted by combining the SANS patterns of BSA (used at the same
concentration) with a fraction of the SANS patterns of LENK-SQ Am NPs at initial

concentration, and the resulting coefficient allowed to quantify the disassembly of LENK-SQ



Am NPs. Hence, the volume fraction of LENK-SQ Am NPs (initially at 0.5 mg/ml) decreased
by 20, 45 and 73 % when BSA concentration was equal to 3, 6 and 10 mg/ml respectively
(see Figure SI-4 and Table SI-1). From SAXS (Figure 7 A), the sensitivity was not enough (at
0.75 mg/ml of LENK-SQ NPs) to quantify the percentage of the NPs disassembly.

1000 1

‘B

SAX
Scattering intensity / (cm)
SANS
Scattering intensity / (cm)

0.1 3

001 L s o1 -
0.001 0.01 0.1 0.001 0.01 0.1
Scattering vector g (A1) Scattering vector g (A1)

Figure 7: Comparison of SAXS and SANS patterns of LENK-SQ Am. A) SAXS patterns of SLA at 0.75
mg/ml with BSA at different concentrations (green trace = 3 mg/ml, orange trace = 6 mg/ml and red trace = 10
mg/ml). B) SANS patterns of SLA at 0.5 mg/ml with BSA at different concentrations (green trace = 3 mg/ml,
orange trace = 6 mg/ml and red trace = 10 mg/ml)

For LENK-SQ-Acyl NPs, the behavior was quite different. While pristine LENK-SQ-
Acyl NPs showed a slight tendency to form aggregates, as indicated by the increase signal at
low g (black trace on Figure 6E), when BSA was added the intensity tended towards a plateau
(green, orange and yellow traces on Figure 6E). This informs about a finite size of non-
interacting NPs, thus suggesting that BSA stabilized the LENK-SQ-Acyl NPs. As can be
seen, the value of the intensity at low q slightly decreased with increasing the concentrations
of BSA, which suggests that the volume fraction of the LENK-SQ-Acyl NPs was slightly
decreasing with the addition of BSA. Here again, this information highlights NPs
disassembly, albeit lower in magnitude than for the 2 other NPs. Indeed, this time, the Bragg
peak signature from the internal structure of the NPs was still visible even in the presence of
high concentrations of BSA (10 mg/ml), thus suggesting that LENK-SQ Acyl NPs were much
less perturbed by the presence of BSA than LENK-SQ Am and LENK-SQ Dig NPs.

b) Circular dichroism study of LENK-SQ NPs after interaction with BSA



To monitor the interaction between BSA and nanoparticles at the molecular level, !

additional experiments were performed using circular dichroism spectroscopy. This
methodology enables to focus on the protein counterpart involved in this interaction by
tracking its conformational changes, whether the protein is adsorbed on the surface of the
NPs* or forming a complex with the bioconjugate.?® Indeed, LENK-SQ NPs are soft
nanoassemblies that can potentially act as reservoirs from which LENK-SQ monomers can be
extracted during their interaction with blood plasma components, such as BSA or lipoprotein
(LDL, HDL).2%3%°%%% |n the present case, it was observed that the NPs themselves exhibited a
small dichroic signal of only a few millidegrees for a LENK-SQ Am NPs solution (2 mg/ml)
(Figure 5A), in comparison with that of a BSA solution (4 mg/ml) which was of the order of
50 millidegrees. The overall dichroic signal of a mixture of NPs and BSA was thus
overwhelmed by that of the protein, as can be seen in Figure 8A and Figure Sl 4. Figure 8A
shows the CD spectra of a mixture of 4 mg/ml BSA solution in the presence of a molar excess
of LENK-SQ Am NPs (1/10 : BSA/NPs molar ratio). This mixture was then subjected to a
temperature ramp from 25° to 79° in steps of 3° and the thermal denaturation of BSA was
then monitored and compared with that of a single BSA solution. To compare the stability of
BSA in these different mixtures, the ratio of the intensities of the negative bands at 209 and
220 nm were plotted as a function of the temperature in Figure 8B. The figure shows that the
denaturation of the BSA in the presence of LENK-SQ Acyl NPs follows the same trend as the
free BSA (progressive increase of the 1209/1220 ratio), which suggests that in this case there
is no specific interaction of BSA with the LENK-SQ Acyl NPs or corresponding
bioconjugates. By contrast, the denaturation curves of BSA in the presence of LENK-SQ Dig
or Am NPs follow a different trend. Indeed, the 1209/1220 ratios remained mostly constant up
to 60° (although the absolute intensities decrease) and finally brutally dropped above 70°C.
This trend suggests a possible stabilization of the BSA conformation in the presence of the
LENK-SQ Dig or Am bioconjugates or NPs, thus indicating that BSA species were possibly
involved in a complex with these bioconjugates.
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Figure 8: A) Circular dichroism monitoring of thermal denaturation of BSA in presence of an excess of LENK-
SQ Am NPs (the corresponding CD graphs in the presence of LENK-SQ Dig and LENK-SQ Acyl are presented
in Figure SI-3). The temperature is increased from 25° to 79° in steps of 3° (traces from violet (25°) to red
(79°)). B) Plot of the CD-intensity ratio at 209 nm and 220 nm during the thermal denaturation of BSA in
solution (red trace) and in the presence of LENK-SQ NPs Am (grey), Dig (yellow) and Acyl (orange),
respectively.

3. 111. General discussion

In this study, several factors have been identified that may affect the in vivo behaviour
of the three LENK-SQ NPs, differing only by the nature of the chemical linkage between the
neuropeptide and the squalene. The morphology and structure of the three LENK-SQ NPs
were first characterized by different complementary techniques such as DLS, CryoTEM,
SAXS, WAXS, SANS and CD. All the LENK-SQ NPs were found roughly spherical in a
same range of size. However, the LENK-SQ NPs with an acylal spacer displayed particular
features not shared by the other two LENK-SQ NPs (Am and Dig). First, LENK-SQ-Acyl
NPs exhibited a positive surface charge and a reinforced inner supramolecular organization
with a structure tending toward an inverse hexagonal phase, with the presence of water
channels inside the NPs core. This strong structural organisation may partly explain the
unpredictable long lasting analgesic effect previously observed, due to a slow release of the
LENK. Indeed, it is known from literature that the internal nanostructure of self-assembled
prodrugs NPs can control the drug release rates, in particular when prodrugs release depends

on the activity of enzymes such as esterases as demonstrated by Sagnella et al for 5-



fluorouracil (5-FU) lipid prodrugs.®® However, to our knowledge, the influence of the nature
of the linkage of the prodrug on the internal structure of nanoassemblies and therefore its
impact on drug release was never described from a physico-chemical point of view.

Additionally, the presence of a positive global charge onto the surface of the LENK-
SQ-Acyl NPs (in comparison with the two other NPs exhibiting a negative charge) evidently
suggested a different interaction with plasma proteins. Using BSA as a model protein, SAXS
and WAXS analysis showed that LENK-SQ-Acyl NPs were less perturbed in the presence of
BSA than LENK-SQ Am and LENK-SQ Dig NPs. This was confirmed by circular dichroism,
which has not established a specific interaction of BSA with the LENK-SQ Acyl NPs (or
corresponding bioconjugates). All this information may explain why LENK-SQ NPs with an
acylal spacer did not produce the expected immediate in vivo analgesic effect, as anticipated
by the high sensitivity of the acylal moiety to the enzymatic activation, and as also observed
experimentally in vitro after measuring the bioconversion of the LENK-SQ Acyl prodrug in
the presence of serum (Figure 2). In comparison, LENK-SQ Am and Dig presented a rather
different supramolecular organization. They both exhibited a weaker inner structural order,
with a high tendency to a sponge phase organization with slightly more confined water
channels. Interestingly, in these NPs, an extra hydrogen bond between the peptide chains was
shown to hold the organization along with the hydrophobic interaction between the SQ lipid
moieties. These NPs exhibited both a negative surface charge and are more sensitive to the
presence of BSA, particularly LENK-SQ Am NPs. Indeed, SAXS technique indicated that
both LENK-SQ NPs disassembled in the presence of BSA, especially the NPs with amide
bond. This was obviously confirmed by circular dichroism that suggested a stabilization of the
BSA conformation in the presence of the LENK-SQ Am or Dig bioconjugates or NPs, by
forming a complex with these prodrugs. Thus, the strong interaction of LENK-SQ Am NPs
with BSA, which triggered the disassembly of the NPs provided an easier access of enzymes
towards the bioconversion of the LENK-SQ Am bioconjugates, which probably explain the
previously observed strong and rapid analgesic effect (Figure 1).

All these experiments emphasized the necessity to perform an in-depth physico-
chemical study of the self-assembled NPs to fully understand their fate in the body and to
better appreciate their pharmacological efficacy. The shape, charge, internal structure of the
NPs, as well as their interaction with plasma proteins are, indeed, crucial information to better
understand their activity. Beyond the disassembly phenomena of the NPs induced by the

presence of protein, the crucial question of the precise mechanism of this interaction through



the formation of a protein corona requires more investigations based on molecular

dynamics.>*

4, Conclusion

The design of lipid prodrug nanomedicines with self-assembly properties represents an
emerging chemotherapeutic approach for the treatment of severe diseases.** It is generally
accepted that tailoring the chemical link of the prodrug allows to finely control the drug
release profile into the body. This study shows that the supramolecular structural organization
of the nanoparticles represents also a key parameter, often underestimated, which may also
significantly influence the pharmacological activity. By using bovine serum albumin as a
model protein and three different lipid neuropeptide prodrugs, it is shown that the structure of
the resulting nanoparticles may dramatically impact the interaction with the protein corona,

with the consequence to importantly affect the drug leakage and bioavailability.
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