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Abstract Over the last years, the nanomedicines has been recognized as a key
element, capable of providing new and innovative medical solution to address unmet
medical needs.More specifically, Squalene-basednanoparticles haveopened exciting
perspectives for drug delivery due to their biodegradability and their non-toxicity. In
this study, it was shown for the first time, that the rapidlymetabolized Leu-enkephalin
(LENK) neuropeptide, once conjugated to the biocompatible lipid squalene (SQ)
and formulated into nanoparticles, may become pharmacologically efficient. First,
the resulting LENK-SQ bioconjugates were synthesized using different biocleavable
chemical linkers, in order to modulate the LENK release from their formulation into
nanoparticles (NPs). This nanoformulation led to new nanosystems exhibiting high
drug loadings, allowed an efficient protection to LENK from early metabolism and
conferred to the released neuropeptide a significant anti-hyperalgesic effect in a rat
model of inflammatory pain which lasted longer than after treatment with morphine.
Abiodistribution study, as well as, the use of brain-permeant and -impermeant opioid
receptor antagonists indicated that LENK-SQNPs acted exclusively through periph-
erally located opioid receptors. This study showed that LENK-SQ bioconjugates
may be beneficial in impacting the opioid crisis as these LENK-SQ NPs (i) exhib-
ited higher affinity toward δ-opioid receptors versus μ-opioid receptors, (ii) showed
exclusively peripheral activity (no BBB penetration) so no CNS addiction and (iii)
took advantage of the inflammatory process to optimize drug concentrations at the
site of injury.
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1 Introduction and State-of-Art on Nanomedicines

Conventional chemotherapy is often hampered by poor diffusion through biological
barriers such as epithelium, endothelium, cell membranes, and a rapid metaboliza-
tion and clearance from the body. In addition, it frequently leads to a non-specific
biodistribution of the drug in the body thus generating severe side effects due to drug
losses in healthy organs and tissues.

To circumvent these drawbacks, the drug can be encapsulated into nanoparticles
(NPs). This nanoparticular formulation allows protection to the drug from degrada-
tion, an efficient targeting towards diseased tissues, a better intracellular diffusion
and a controlled release (Peer et al. 2007; Wang et al. 2012). A nanoparticle is
composed of a core surrounded by a corona. Typically, the core material encap-
sulates the drug. It can be made of organic or inorganic compounds from natural
and synthetic sources, such as polymeric materials, lipids, metal oxides, etc.… The
corona, for its part, is a natural protein layer spontaneously formed around nanoparti-
cles when exposed to biological media. The corona is constituted of plasma proteins,
such as Albumin, immunoglobulin G (IgG), fibrinogen, apolipoproteins, coagulation
factors, complement proteins…The formation of the protein corona around nanopar-
ticles is dependent on physico-chemical properties of NPs including nanoparticle
size, surface charge, hydrophobicity, surface chemistry and is characteristic of the
environment in which are dispersed NPs. The corona can also be synthetic when
designed to (i) confer stealth properties to the nanoparticle against immune system
or (ii) enhance their targeting ability. In the first case, the corona is composed of
Polyethylene Glycol (PEG) chains covalently linked or adsorbed onto the surface of
the NP in order to prevent interactions between the particle surface and the plasma
proteins (thus avoiding recognition by reticuloendothelial system). In the second
case, for a better targeting, the corona may be constituted of PEG-chains grafted to
specific ligands or only specific ligands adsorbed on the surface of the nanoparticle.
The corona affects the fate of the nanoparticle in the body. It determines the rate of
clearance from the bloodstream, the volume of distribution, the organ disposition,
and the rate and route of clearance from the body.

These drug delivery nanosystems may be classified in 2 categories: organic NPs
(e.g., polymeric, liposomes, micelles, etc.) and inorganic NPs (e.g., gold, silica, iron
oxide, etc.).

Currently, there are a number of nanomedicines that have been approved for clin-
ical use, either by the Food and Drug Administration (FDA) in the United States
(51 FDA-approved nanomedicines), or the European Medicines Agency (EMA) in
the European Union and more than 77 nanomedicines are in clinical trials (Bobo
et al. 2016) (Anselmo and Mitragotri 2016). Among FDA-approved nanomedicines,
most of organic NPs are liposomal systems and are mainly used in cancer therapy.
The first approved nanomedicine was Doxil (FDA 1995), encapsulating the doxoru-
bicin for cancer treatment (Barenholz and (Chezy) 2012). Then, other liposomeswere
also developed such as DaunoXome (daunorubicin),Myocet (doxorubicin),Marqibo
(vincristine) and most recently, Onivyde (irinotecan) (Fox 1995; Leonard et al.
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Leonard et al. 2009; Silverman et al. 2013; Carnevale and Ko 2016). The majority
of these formulations are not PEGylated, with the exception of Doxil and Onivyde
(Chang et al. 2015). Vyxeos is the first clinically approved liposome to deliver a
synergistic combination of 2 drugs, daunorubicin and cytarabine for the treatment
of acute myeloid leukemia in August of 2017 (Krauss et al. 2019). All of these
nanoformulations are passively targeted with the ability to preferentially accumulate
at tumor sites via the enhanced permeation and retention (EPR) effect (Maeda 2012).
The liposomes are also used in some others clinical applications, such as general
anesthesy with Diprivan (Cummings et al. 1984; Thompson and Goodale 2000). The
FDA-approved Visudyne, a light-activated liposome loading verteporfin, was used in
photodynamic therapy for choroidal neovascularization due to age-related macular
degeneration (Schmidt-Erfurth and Hasan 2000). For the treatment of some bacte-
rial/fungal infections, liposomes loading amphotericin B (AmBisome) have been
clinically approved as well as lipid-complexed formulations, such as Abelcet and
Amphotec (Hamill 2013; Rust and Jameson 1998). Two other liposomes Inflexal V
and Epaxal were commercialized successfully as vaccines. These virosome-based
vaccines incorporated inactivated influenza and hepatitis A virus respectively (Fan
et al. 2021). It should be noted that the virosomes Inflexal V and Epaxal have
since been phased out of the clinic. Other non liposomal organic nanoformulations
were also approved. Abraxan, is a protein nanoparticle which is used in cancer
therapy with paclitaxel formulated as albumin bound (Tomao et al. 2009). Polymeric
nanoparticles were also used, such as Copaxone as immunomodulator, Neulatsa for
chemotherapy induced neutropenia, Cimzia for the treatment of several autoimmune
diseases, Plegridy treating relapsing multiple sclerosis and adynovate for the treat-
ment of hemophilia A (Bobo et al. 2016). In the past few years, lipid nanoparticles
have emerged as one of the most advanced and efficient mRNA delivery platforms.
In that respect, the lipid nanoparticles Onpattro (Patisiran) delivering siRNA for
the silencing of a specific gene responsible for expression of transthyretin (causing
hereditary transthyretin amyloidosis), were recently approved (2018) (Adams et al.
2018). In 2020, an effective vaccine against the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) (which emerged in late 2019) was approved (Jackson
et al. 2020). The candidate vaccine mRNA-1273 is a lipid nanoparticle encapsulating
a nucleoside-modified messenger RNA (mRNA) that encodes the SARS-CoV-2
spike (S) glycoprotein. Hence, approval of the first vaccine using lipid nanoparti-
cles, highly effective against the devastating SARS-CoV-2 pandemic represents a
major milestone for nanomedicines.

Approved inorganic NPs, for their part, are mainly iron-based colloids. They
are used as iron-replacement therapies for treatment of anemia, such as Cosmofer,
Dexferrum, Ferrlecit, Injectafter, in order to increase iron concentration in the body
(Coyne and Auerbach 2010). They are also widely used as contrast agents for
Magnetic Resonance Imaging (MRI) for imaging a variety of cancers and patholo-
gies (Gupta and Gupta 2005; Wang et al. 2001; Na et al. 2009; Laurent et al. 2008).
Recently, BTXR3/Hensify a crystalline hafnium oxide nanoparticle with negatively
charged phosphate coating, received aproval in 2019 (Bonvalot et al. 2019). These
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inorganic nanoparticles enhances external radiotherapy via a physical mode of action
that relies on hafnium’s natural radioenhancing properties.

However, despite the large number of successful nanomedicines that have reached
the market, further development of new nanoformulations is still urgently needed
to address current global health challenges, which requires collaborative efforts of
scientists arising from different disciplines. In this context, Couvreur’s team devel-
oped a very promising nanomedicine plateform for the treatment of severe diseases,
using natural and biocompatible materials such as squalene lipid.

2 The Squalenoylation Nanotechnology: An Innovative
and Efficient Nanoformulation

Squalene (SQ), a natural endogenous lipid belonging to the chemical class of triter-
penes, is formed by six isoprene units and is an intermediate metabolite in the
synthesis of cholesterol. It is widely distributed in nature and with reasonable
amounts found in shark liver oil, olive oil, wheat germ oil and rice bran oil. It
received its name because of its occurrence in shark liver oil (Squalus spp.) (Miet-
tinen and Vanhanen 1994). Because it is of biological origin and frequently used as
a dietary supplement, SQ is favourably predisposed from a toxicological standpoint;
thus, it has been extensively used as a carrier/adjuvant in therapeutic applications.
«The squalenoylation nanotechnology» involves the linkage of a fonctionnalized
SQ (squalenic acid, squalenol, squalenamine, SQ maleimide, etc.…) to therapeutic
agents using a chemical biocleavable linkage, such as ester, amide, hydrazone, carba-
mate, disulfide, etc.… The resulting SQ based bioconjugates, which are prodrugs,
are bioreversible derivatives that undergo an enzymatic and/or a chemical transfor-
mation in vivo to release the active drug. Owing to the rigid structural property of
SQ, these SQ-drug bioconjugates may self-assemble spontaneously in aqueous solu-
tions into nanoparticles without the use of any surfactant and with high drug loading.
Since its first application in 2006, squalenoylation nanotechnology has showed great
potential for the delivery of various therapeutic agents in a safer and more efficient
manner. Indeed, this new concept offers various advantages in comparison with the
conventional nanocarriers. Contrary to polymer nanoparticles or liposomes nanofor-
mulations which encapsulate physically the drugs into their matrices, the squalene-
drug conjugates NPs involve a chemical encapsulation approach, thus preventing
the “burst” release phenomenon (Couvreur et al. 2006). The supramolecular orga-
nization of these NPs allows protection to the therapeutic agents from degrada-
tion/metabolization resulting in greater plasmatic half-life, while controlling and
extending thedrug release. Furthermore, these nanosystems facilitateddrug’s passage
through biological membranes due to the lipophilic properties of SQ resulting in
an enhanced drug concentration within targeted tissues and cells and generating
significant increase in drug pharmacological activity. Proofs of this concept have
been establishedwith drugs presenting different physicochemical characteristics, like
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small hydrophilic or lipophilic molecules. Generally, the squalenoylation favorably
modifies in vivo the pharmacokinetic profile and biodistribution of the carried drug,
allowing its intravenous administration as NPs and increasing its therapeutic index
(Desmaële et al. 2012; Feng et al. 2017). Thus, this drug delivery platform opened
exciting perspectives in the drug delivery field. However, it has been a tremendous
challenge to extend the SQ-based bioconjugation approach to molecules with higher
molecular weight such as peptides, due to several obstacles in performing successful
conjugation reactions. First, peptides are unstable biomolecules. Second, they are
hydrophilic molecules, therefore, they have no affinity for lipophilic molecules such
as squalene. In addition, the chemical modification of a peptide often results in a loss
of its pharmacological activity. Thus, the chemical approach using squalenoylation
nanotechnology has overcome all these hurdles, allowing the design of a small library
of innovative neuropeptide-SQ bioconjugates for painmanagement. Thus, owing to a
simple conjugation with the lipid squalene, the rapidly metabolized Leu-enkephalin
(LENK) neuropeptide may become pharmacologically efficient.

3 Squalene-based Nanomedicines for Pain Management:
Leu-Enkephalin-Squalene Nanoparticles (LENK-SQ
NPs)

According to CDC/NCHS, National Vital Statistics System, every day, more than
115 people in the United States die after overdosing on opioids (Adams 2018). The
misuse of and addiction to opioids, especiallymorphine, represents a serious national
crisis in the US that affects public health, as well as, social and economic welfare.
This highlights the need to urgently find new painkillers devoided of severe side
effects. In this context, endogenous neuropeptides, such as enkephalins, are very
promising painkillers which unlike morphin, exhibit a higher affinity towards delta-
opioid receptors in comparison with mu (Janecka et al. 2004). This feature is of great
importance since δ-opioid receptor ligands are believed to have a much lower abuse
potential, as well as, reduced respiratory, gastrointestinal and cognitive disorders
(Contet et al. 2004; Kiritsy-Roy et al. 1989; Abbadie and Abbadie 2002; Pasternak
and Abbadie 2013; Tavani et al. 1990; Dykstra et al. 2002). However, because of
pharmacokinetic issues, and rapid plasma metabolization, the enkephalins were not
expoitable up to now.

4 Synthesis of Leu-Enkephalin-SQ Bioconjugates

In this context, in order to exploit its analgesic potential, the currently unusable
Leu-enkephalin (LENK) neuropeptide was conjugated to the SQ derivative. Thus,
various squalenoyl-Leu-enkephalin (LENK-SQ) conjugates were designed with
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Fig. 1 Chemical structures of the bioconjugates. (1) Leu-enkephalin-squalene with dioxycarbonyl
linker (LENK-SQ-Diox), (2) Leu-enkephalin-squalene with diglycolic linker (LENK-SQ-Dig), and
(3) Leu-enkephalin-squalenewith amide linker (LENK-SQ-Am). Figure reproduced fromRef. Feng
et al. (2019), © 2019 AAAS

different chemical linkers using bioconjugation approach (Fig. 1). Therefore, LENK
neuropeptide exhibits 2 potential sites for SQ conjugation: C-terminal acid and N-
terminal amine. It must be emphasized that the N-terminal of LENK is required for
binding to opioid receptors (Büscher et al. 1976). However, based on the fact that the
amide bond is susceptible to be cleaved by overexpressed peptidases within inflam-
mation site, (Viswanatha Swamy and Patil 2008) the conjugation on N-terminal
was also achieved. Thus, a simple amide bond between SQ and LENK was first
considered. Subsequently, two linkers with different sensitivity to hydrolysis were
also used in order to modulate the release kinetics of LENK from NPs. Practi-
cally, conjugation of the squalenic acid (SQ derivative) on N-terminal LENK was
performed through a simple amide bond (LENK-SQ-Am conjugate). Using digly-
colic spacer, squalenol was also conjugated to N-terminal LENK (LENK-SQ-Dig
conjugate) while through dioxycarbonyl linker the squalenic acid was coupled to
C-terminal LENK (LENK-SQ-Diox conjugate).

The LENK-SQ-Diox conjugate was synthesized by alkylation of the carboxy-
late function of the peptide with the chloromethyl ester of squalenic acid, which
resulted from the treatment of squalenic acid with chloromethyl chlorosulfate. Prior
to react with the chloromethyl ester of squalenic acid, the LENK was protected by
Alloc (allyloxycarbonyl) group on its N-terminal amine, in order to avoid N-terminal
conjugation. Subsequent deprotection of Alloc-LENK-SQ under neutral conditions
was then achieved by catalytic transfer hydrogenation method using triethylsilane
and 10% Pd-C (Mandal and McMurray 2007), affording pure LENK-SQ-Diox in
9.5% yield (Fig. 2). The LENK-SQ-Dig prodrug was obtained from the conjugation
between LENK and squalene diglycolic acid, activated by ethyl chloroformate. The
squalene diglycolic acid resulted from a reaction between the squalenol and digly-
colic anhydride. The LENK-SQ-Dig was obtained with 69% yield (Fig. 3). It was
expected that the oxa moiety of the diglycolate linker enhances the susceptibility to
hydrolysis by increasing the distance between LENK and SQ and so the accessibility
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Fig. 2 Synthesis of Leu-enkephalin-squalene with dioxycarbonyl linker (LENK-SQ-Diox). Figure
reproduced from Ref. Feng et al. (2019), © 2019 AAAS

to the linkage by enzymes. Direct conjugation between LENK and squalenic acid
via amide bond was achieved by acid activation using ethyl chloroformate, affording
LENK-SQ-Am in 73% yield (Fig. 4) (Feng et al. 2019).

It was expected that LENK-SQ-Diox released faster the LENK than LENK-SQ-
Dig, and LENK-SQ-Am was supposed to trigger the slower release as reported in
the literature (Sémiramoth et al. 2012).

5 LENK-SQ Nanomedicines: Preparation
and Characterization

The LENK-SQ bioconjugates were then formulated as nanoparticles using simple
nanoprecipitation technique without the aid of any surfactant. In that respect, LENK-
SQ ethanolic solutions were nanoprecipitated in dextrose solution (2 mg/mL) and
exhibited impressively high drug payloads (i.e. 53 to 59%) in comparison with
conventional nanoparticles or liposomes which amounted to a maximum of 5%
(Betageri et al. 1997; Chen et al. 2008). The size of the NPs varied from 61 to
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Fig. 3 Synthesis of Leu-enkephalin-squalene with diglycolic linker (LENK-SQ-Dig). Figure
reproduced from Ref. Feng et al. (2019), © 2019 AAAS

Fig. 4 Synthesis of Leu-enkephalin-squalene with amide linker (LENK-SQ-Am). Figure epro-
duced from Ref. Feng et al. (2019), © 2019 AAAS
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Fig. 5 NP characterization. Representative cryo-TEM images showing the formation of NPs from
different bioconjugates: A LENK-SQ-Diox NPs, B LENK-SQ-Dig NPs, and C LENK-SQ-Am
NPs. Scale bars, 100 nm. Physicochemical characteristics of NPs [i.e., size, polydispersity index
(PDI), zeta potential, and% drug loading] are shown in the table. Figure reproduced from Ref. Feng
et al. (2019), © 2019 AAAS

112 nm, depending on the conjugation site and also the linkage between SQ and
enkephalin (Fig. 5). The NPs displayed spherical and monodisperse structures with
net positive or negative surface charge (Fig. 5),which could be attributed to the freeC-
or N-terminal function of the peptide depending on the bioconjugationmode. Indeed,
in case of the LENK-SQ-Diox bioconjugate, the net positive charge was due to free
N-terminus site (primary amino group) of the bioconjugate, resulting from SQ conju-
gation on the C-terminus of LENK peptide. Conversely, the zeta potential became
negative when the conjugation with SQ was performed on the N-terminus LENK
peptide (LENK-SQ-Dig and LENK-SQ-Am). The sizes and the surface charges of
the LENK-SQ NPs were found to be quite stable at+4 °C during several days (Feng
et al. 2019).

6 In vitro Release Study of LENK from LENK-SQ
Nanoparticles in Serum

The chemical stability of the different linkers (i.e., direct amide or dioxycarbonyl
or diglycolate spacers) was studied after incubation of the LENK-SQ NPs with
mouse serum in order to ascertain that free LENK peptide could be released from
the LENK-SQ nanoparticles (Fig. 6). The study clearly showed that only LENK-SQ-
Diox andLENK-SQ-Dig released thepeptide. In the case ofLENK-SQ-DioxNPs, the
experiments highlighted the gradual decrease of bioconjugate concentration in favour
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Fig. 6 In vitro bioconversion of LENK-SQ bioconjugates into LENK in the presence of serum. A
LENK-SQ with dioxycarbonyl linker, B LENK-SQ with diglycolic linker, and C LENK-SQ with
amide bond. Solid lines and dashed lines represent the bioconjugates and the released peptides,
respectively. Figure reproduced from Ref. Feng et al. (2019), © 2019 AAAS

of a progressive release of the free LENK peptide which was subsequently slowly
degraded by the peptidases of the serum, but still lasted beyond 10 h post-incubation
(Fig. 6A). LENK-SQ-Dig NPs, for their part, decreased in serum until completely
disappearance at 2 h, but no presence of free peptide was detected. Interestingly,
the RP-HPLC analyses evidenced a slow release of the peptide still attached to its
linker. The peptide-linker fragment reached amaximum at 45min before undergoing
progressive degradation but it could still be detected over 10 h (Fig. 6B). On the
contrary, LENK-SQ-Am NPs remained stable in serum during 48 h, and no peptide
was released thorough the experiment (Fig. 6C) (Feng et al. 2019). Interestingly,
with the LENK-SQ-Diox bioconjugate, both the LENK and the SQ moieties were
each attached to the dioxycarbonyl linker through an ester bond. In the case of the
LENK-SQ-Dig bioconjugate, the diglycolate linker was linked on one side to SQ
moiety through an ester bond while on the other side it was linked to the LENK
through an amide bond. With regards to the LENK-SQ-Am bioconjugate, the LENK
was directly connected to the SQmoiety through an amide bond. Given that generally
amide bond is chemically and enzymaticallymore stable than ester bond, the absence
of release of LENK from LENK-SQ-Am was not surprising (Simões et al. 2009;
Wong and Choi 2015). Moreover, because LENK-SQ-Am and LENK-SQ-Dig are
linear peptides, their N-terminal modification increased peptidase resistance (Oliyai
1996). Finally, as mouse serum is extremely rich in esterases, it is most likely that the
release of LENK fromLENK-SQNPswas due to enzymatic hydrolysis of ester bond
(Simões et al. 2009). Despite these in vitro data showing that depending on the type
of linker, whether or not the LENK peptide was released, all the 3 bioconjugates were
recruited for experimental algesimetry. It was expected that within the inflammation
site, the more aggressive in vivo enzymatic medium, particularly rich in proteolytic
enzymes, will contribute to the release of LENK from all the bioconjugates. Indeed,
it was reported that the presence of high concentrations of proteolytic enzymes like
chymotrypsin, cathepsin D and other proteases in inflammatory exudates play a
crutial role in the inflammatory process (Viswanatha Swamy and Patil 2008).
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7 Assessment of the Analgesic Activity of LENK-SQ NPs
in vivo

The antinociceptive properties of LENK-SQ NPs were evaluated using a
carrageenan-induced paw edema model in rats. The inflammation was generated
by intraplantar injection of λ-carrageenan into the right hind paw thus inducing
a local inflammatory response characterized by marked edema, hyperthermia, and
hyperalgesia restricted to the injected right hind paw. Baseline measurements of paw
withdrawal latencies (PWL) to a noxious thermal stimulus were first performed prior
to carrageenan injection using Hargreaves test (Oliyai 1996) and presented a mean
value ± SEM (n = 8) of 6.65 ± 0.37 s. Then, thermal sensitivities were evalu-
ated 3 h after carrageenan injection, which corresponded to the peak inflammatory
response, leading to amean decrease of 52.48% of PWL compared to the basal PWLs
in naïve rats (Fig. 8). Anti-hyperalgesic effects were assessed using the same test
at various times during 4 h, after acute intravenous administration of the different
drug treatments at this 3 h inflammation peak (Fig. 7). The acute treatment with
morphine which was used as positive control (1 mg/kg), reduced the thermal hyper-
algesia as shown by the resulting significant increase in PWLs. Indeed, the PWL
reached 12.87± 1.38 s, 10 min after morphine injection, while it remained at 3.05±
0.20 s after treatment with a control dextrose solution (Fig. 8A). However, morphine
analgesic activity disappeared rapidly and no longer significant effect was observed
from 100 min post-morphine administration (Fig. 8A). Then, the anti-hyperalgesic
effect of LENK-SQ NPs with the 3 different linkers was evaluated (Fig. 8C–H). All
LENK-SQNPs displayed a significant anti-hyperalgesic effect on inflamed hind paw
leading to a significant reduction of thermal hyperalgesia, as expressed by a dramatic
increase of respective AUC values in comparison with λ-carrageenan-treated rats
injected with either the free LENK peptide or the blank SQ NPs (Fig. 8D, F, H).
The anti-hyperalgesic effect was less intense than after morphine administration,
but LENK-SQ NPs exhibited a much longer lasting effect. More specifically, the
anti-hyperalgesic activity was notable during two hours from 10 to 130 min in rats
injected with LENK-SQDiox NPs or LENK-SQAmNPs (Fig. 8C, G). Surprisingly,
LENK-SQ-Am NPs, which were supposed to release the LENK slower than the
two other NPs, have proved to be more potent but with a shorter duration, probably
because the enzymatic capability in serum is not predictive of the enzymatic content
in the inflamed paw. For their part, LENK-SQ-dig NPs also displayed a significant
anti-hyperalgesic effect (Fig. 8E) which lasted twice as long as morphine. Indeed,
LENK-SQ-dig NPs exhibited a maximum increase in PWL from 10 to 130 min
post-injection, followed by a progressive decrease down to baseline at 220 min. It is
interesting to note that the maximal PWL values corresponding to LENK-SQ NPs
administration in λ-carrageenan-treated rats were comparable to basal PWL values
measured in control naïve rats, before λ-carrageenan treatment (Fig. 8C, E, G), thus
revealing a pure anti-hyperalgesic action of these NPs. However, the PWL values
corresponding to the injection of morphine in λ-carrageenan-treated rats were twice
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Fig. 7 Experimental design for algesimetry. The antinociceptive effect of NPs was tested in a
pathophysiological context induced by an intraplantar carrageenan injection (2% saline, 100 μL).
Involvement of central or peripheral opioid receptors was performed using a brain-permeant opioid
antagonist, naloxone (Nal), and a brain-impermeant opioid receptor antagonist, naloxone methio-
dide (Nal-M). NP suspensions or control solutions were injected intravenously with a dose volume
of 10mL/kg during 30 s. The Hargreaves test was performed 10min after the NP administration and
then every 30 min up to a period of 250 min. The dose of LENK-SQNPs (20 mg/kg) was equivalent
to LENK (11.48 mg/kg) and to SQ NPs (8.28 mg/kg) and corresponded to 20.66 mmol/kg for both
LENK-SQ and LENK. s.c., subcutaneous; i.pl., intraplantar. Figure reproduced from Ref. Feng
et al. (2019), © 2019 AAAS

as high as those found in control naïve rats (Fig. 8A), which confirme the well estab-
lished analgesic effect of the opiate agonist in addition to the anti-hyperalgesic effect.
Furthermore, the absence of anti-hyperalgesic activity with blank SQ NPs (without
the LENK) (Fig. 8), confirmed that the antinociceptive response to LENK-SQ NPs
administration were due to the released LENK peptide. All these results seem to indi-
cate that LENK-SQNPs are particularly effective to treat hyperalgesia and are devoid
of analgesic properties as with morphine. However, further studies are required to
evaluate this hypothesis (Feng et al. 2019).

8 Effects of Opioid Receptor Blockade Using Naloxone
and Naloxone Methiodide

For the purpose of establishing the involvement of central or peripheral opioid recep-
tors during the anti-hyperalgesic effect ofLENK-SQNPs, opioid receptor antagonists
such as naloxone (Nal, central and peripheral antagonist) or naloxone methiodide
(Nal-M, peripheral antagonist) (Buller et al. 2005)were administered subcutaneously
15 min prior to the injection of NPs (Fig. 7). Pre-administration of either brain-
permeant Nal or brain-impermeant Nal-M, abolished the anti-hyperalgesic effect of
the three LENK-SQ NPs (Fig. 8C–H). Indeed, Nal pre-treatment resulted in a reduc-
tion of 66%, 105%or 73%of theAUCvalues compared to these found in rats injected
with LENK-SQ-Diox, LENK-SQ-Dig and LENK-SQ-Am NPs alone, respectively.
In the sameway, pre-treatmentwithNal-M caused a reduction of 81%, 99%and 96%,
respectively, showing that the selective blockade of peripheral opioid receptors only
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Fig. 8 Antihyperalgesic effect of LENK-SQNPs and morphine. Antihyperalgesic effects of acute
treatment with morphineA and B, LENK-SQ-Diox NPsC andD, LENK-SQ-Dig NPsE and F, and
LENK-SQ-Am NPs G and H in λ-carrageenan–induced inflammatory pain injected rats. Admin-
istration of morphine, LENK-SQ NPs, Nal, Nal-M, LENK, blank SQ NPs, or dextrose solution
(vehicle) was performed (arrows, 0 on abscissa) 3 h after λ-carrageenan injection into the right hind
paw. Morphine (A), LENK-SQ-Diox NPs (C), LENK-SQ-Dig NPs (E), and LENK-SQ-Am NPs
(G) induced an increase in PWL (in seconds, means ± SEM of independent determinations in five
to nine animals per group) in the Hargreaves test. *P < 0.05, **P < 0.01, ***P < 0.001, compared
to dextrose solution or LENK solution; ###P < 0.001, compared to morphine; $P < 0.05, $$P <
0.01, $$$P < 0.001, compared to LENK-SQ NPs. Two-way analysis of variance (ANOVA) with
repeated measures, Bonferroni post test. Nal or Nal-M was administered 15 min before morphine
or LENK-SQNP injection. Basal on abscissa: Control (naïve) rats (before λ-carrageenan injection).
(B, D, F, and H) Bars are the means± SEM of AUCs (seconds×minutes) of the cumulative dura-
tions derived from the time course changes (A, C, E, and G) in PWL after the various treatments.
*P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA, Tukey post test, compared to dextrose
(vehicle) or LENK solution; $P < 0.05, $$P < 0.01, $$$P < 0.001, compared to LENK-SQ NPs.
Two-way analysis of variance (ANOVA)with repeatedmeasures, Bonferroni post test. Nal orNal-M
was administered 15 min before morphine or LENK-SQ NP injection. Basal on abscissa: Control
(naïve) rats (before λ-carrageenan injection). (B, D, F, and H) Bars are the means± SEM of AUCs
(seconds × minutes) of the cumulative durations derived from the time course changes (A, C, E,
and G) in PWL after the various treatments. *P < 0.05, **P < 0.01, ***P < 0.001, one-way ANOVA,
Tukey post test, compared to dextrose (vehicle) or LENK solution; $P < 0.05, $$ < 0.01, $$$ < 0.001,
compared to LENK-SQ NPs Figure reproduced from Ref. Feng et al. (2019), © 2019 AAAS
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was enough to abolish the anti-hyperalgesic effects of LENK-SQ NPs. It is inter-
esting to note that in the case of morphine, pre-administration of Nal abrogated the
amplitude and the duration of the anti-hyperalgesic effect of morphine in comparison
with the morphine group while pre-treatment with Nal-M only marginally decreased
the morphine’s effect (by 13%) (Fig. 8A and B) showing that morphine acts mainly
through central and, to a lesser extent, peripheral opioid receptors.

All these results clearly demonstrated that all three LENK-SQ NPs acted
exclusively through peripherally located opioid receptors (Feng et al. 2019).

9 Biodistribution of LENK-SQ NPs

In order to investigate the ability of LENK-SQ NPs to address the neuropeptide
towards the inflamed tissue, biodistribution studieswere performedusing in vivofluo-
rescence imaging. The in vivo biodistribution of LENK-SQ-Am NPs was assessed
after intravenous injection of DiD-fluorescently labeled LENK-SQ-Am NPs in a
murine λ-carrageenan-induced paw edemamodel (right hind paw). The fluorescence
in tissues was tracked up to 24 h, non-invasively, from the abdomen side using an
IVIS Lumina device (Fig. 9). After intravenous injection of fluorescent LENK-SQ-
AmNPs, the real-time in vivo imaging showed a remarkable increase of fluorescence
within the inflamed paw by 2–3 times of the average radiant efficiency in comparison
with the healthy paw (Fig. 9A, D, F). In order to ensure that the accumulation of
fluorescence in the λ-carrageenan-inflamed paw was not due to the local hind paw
injection per se, normal mice were injected locally with saline in the hind paw and
then intravenously treated with fluorescent LENK-SQ NPs (non-inflamed control).
The absence of significant accumulation of fluorescence at hind paw level confirmed
that the NPs accumulation is related to inflammation process induced by carrageenan
(Fig. 9B, E). The intravenous injection of a single DiD solution (without NPs) in λ-
carrageenan administered mice, didn’t reveal, here again, significant accumulation
of fluorescence in the inflamed paw (Fig. 9C, F).

With the aim of showing that the NPs reached intact the inflamed tissues, the
LENK-SQ NPs containing two fluorescent probes, a the fluorescent DiD dye and
a fluorescent DiR quencher, were incubated in serum. A progressive appearance of
fluorescence indicated a relatively slow dissociation of the NPs in serum (20% after
5min and 50%after 30min) suggesting that under our in vivo conditions, a significant
proportion of intact NPs could reach the inflamed tissues (Fig. 10).

Finally, in a separate experiment, the biodistribution of the fluorescence in
different organs was performed. Thus, 4 h after the intravenous injection of fluo-
rescent NPs or DiD solution, mice were euthanized and transcardially perfused with
saline to eliminate the fluorescence which was in the blood circulation. The collected
organs indicated a strong ex vivo fluorescence signal which was observed again in
the inflamed paw, but also in the liver, the spleen and the lungs. Interestingly, no
fluorescence was detected in the brain of the animals (Fig. 11) thus confirming that
the anti-hyperalgesic effect resulted from the targeting of LENK-SQ NPs toward
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Fig. 9 IVIS Lumina scan of mice and of their organs after intravenous administration of fluorescent
LENK-SQ-Am NPs or control fluorescent dye solution (ventral view). A Biodistribution of fluo-
rescent LENK-SQ-Am NPs in mice with inflamed right hind paw. B Biodistribution of fluorescent
LENK-SQ-Am NPs in mice with non-inflamed hind paw (saline injected only into the right hind
paw). C Biodistribution of free dye in mice with inflamed right paw. D Zoom of group A at 2 h.
E) Zoom of group B at 2 h. (F) Quantitative analysis of the paws with the same region of interest
(ROI). R, right hind paw; L, left hind paw. Figure reproduced from Ref. Feng et al. (2019), © 2019
AAAS
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Fig. 10 In vitro colloidal stability ofLENK-SQ-AmNPs inmouse serum.AControls:Whendiluted
in 5% dextrose LENK-SQ-Am NPs remained assembled (DiD: reporter dye; DiR: quencher). They
disassembled in ethanol; B LENK-SQ-Am NPs (DiD: reporter dye; DiR: quencher) incubated in
mouse serum (1:4). The fluorescence emission was measured to assess the progressive disassembly
of the nanoparticles Figure reproduced from Ref. Feng et al. (2019), © 2019 AAAS

peripheral opioid receptors in inflamed tissue, rather than central opioid receptors
(Feng et al. 2019).

10 Toxicity Study

Given that not negligible fluorescence was detected in some organs, indicating the
potential presence of NPs in these tissues, the overall toxicity of LENK-SQ NPs was
investigated 24 h and 48 h after their intravenous administration (20 mg/kg) in rats
and compared to control animals injected with 5% dextrose solution. Concerning the
liver, the levels of aspartate transaminase (AST) (Fig. 12A) and alanine transaminase
(ALT) (Fig. 12B) were not increased in the LENK-SQNPs group in comparison with
control group, thus indicating no toxicity towards the liver. This was confirmed by
histological analysis of this tissue at 24 h and 48 h (Fig. 12C–F). The histology of
the spleen (Fig. 12G–J), the kidneys (Fig. 12K–N), the lungs (Fig. 12O–R) and the
heart (Fig. 12S–V) didn’t reveal any morphological anomaly after LENK-SQ NPs
administration, too. All these results confirmed the safety of the LENK-SQNPs upon
systemic intravenous administration at the therapeutic dose of 20 mg/kg (Feng et al.
2019).

11 Conclusion

We describe here a novel nanomedicine approach based on the bioconjugation of
endogenous LENK neuropeptide to biocompatible SQ, allowing the specific delivery
of LENK for efficient pain control associatedwith inflammatory events. It was shown
that LENK-SQ NPs exhibited an anti-hyperalgesic activity which lasted even longer
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Fig. 11 Biodistribution of fluorescent LENK-SQ-Am NPs or control fluorescent dye solution in
mice with or without inflamed paw. 4 h after λ-carrageenan or saline injection into the right paw,
fluorescent LENK-SQ NPs or free dye were intravenously introduced into the mice. At different
time points, mice were deeply anesthetized with a mixture of ketamine (100 mg/kg, i.p.) and
xylazine (10 mg/kg, i.p.) before euthanasia by transcardiac perfusion of 40 ml saline (8 mL/min),
until the fluid exiting the right atrium was entirely clear. Then, liver, spleen, kidneys, heart, lungs,
brain, and inflamed right hind paw were excised and immediately imaged with the imager. The
fluorescence emitted was quantified with Living Image software over the region of interest (ROI)
with the threshold of 20%. (A) Ex vivo fluorescence imaging of the harvested brain, heart, kidneys,
lungs, liver and paw from fluorescent NPs or free dye-injected SWISS mice. (B) Average radiant
efficiency of these organs after 4 or 24 h injection of NPs or free dye. Figure reproduced from
Ref. Feng et al. (2019), © 2019 AAAS

thanwithmorphine, by activation of peripherally located opioid receptors. The exper-
imental approach to prepare theseNPs is simple, safe and easy,which should facilitate
further pharmaceutical development and clinical translation.Although further studies
are needed to more precisely determine how the pharmacodynamics of LENK-SQ
NPs may affect the clinical outcome, this study opens a new exciting perspective for
an efficient treatment of intense pain, devoid of severe side effects associated with
morphine or related synthetic opioids.
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Fig. 12 Toxicity study of LENK-SQ-Am NPs upon systemic administration. LENK-SQ-Am NPs
(20 mg/kg) were intravenously administered in rats. The AST (A) and ALT (B) levels in plasma
showed no differences compared with dextrose solution (data presented as mean UI/L± SED, N=
3 animals per group). Histological analysis of organs after intravenous administration of LENK-SQ-
AmNPs (20 mg/kg) did not show any signs of cell or tissue damage at 24 h and 48 h, comparatively
to a control 5% dextrose solution. Liver (C-F), spleen (G-J), kidneys (K-N), lungs (O-R) and heart
(S-V). All tissue images were analyzed by microscopy at 10× magnification except for kidneys
which were at 5 × magnification (Zeiss). Figure reproduced from Ref. Feng et al. (2019), © 2019
AAAS
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