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Background: Opioids are irreplaceable analgesics owing to the lack of alternative analgesics that offer opioid-like pain relief.
However, opioids have many undesirable central side effects. Restricting opioids to peripheral opioid receptors could reduce those
effects while maintaining analgesia.

Methods: To achieve this goal, we developed Tetl-LNP (morphine), a neural-targeting lipid nanoparticle encapsulating morphine that
could specifically activate the peripheral opioid receptor in the dorsal root ganglion (DRG) and significantly reduce the side effects
caused by the activation of opioid receptors in the brain. Tetl-LNP (morphine) were successfully prepared using the thin-film
hydration method. In vitro, Tetl-LNP (morphine) uptake was assessed in differentiated neuron-like PC-12 cells and dorsal root
ganglion (DRG) primary cells. The uptake of Tet]-LNP (morphine) in the DRGs and the brain was assessed in vivo. Von Frey filament
and Hargreaves tests were used to assess the antinociception of Tetl-LNP (morphine) in the chronic constriction injury (CCI)
neuropathic pain model. Morphine concentration in blood and brain were evaluated using ELISA.

Results: Tet]-LNP (morphine) had an average size of 131 nm. Tet]-LNP (morphine) showed high cellular uptake and targeted DRG
in vitro. CCI mice treated with Tet]-LNP (morphine) experienced prolonged analgesia for nearly 32 h compared with 3 h with free
morphine (p < 0.0001). Notably, the brain morphine concentration in the Tet]1-LNP (morphine) group was eight-fold lower than that in
the morphine group (p < 0.0001).

Conclusion: Our study presents a targeted lipid nanoparticle system for peripheral neural delivery of morphine. We anticipate Tet1-
LNP (morphine) will offer a safe formulation for chronic neuropathic pain treatment, and promise further development for clinical
applications.
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Introduction

Opioids remain the mainstay of analgesic treatment for perioperative, severe, acute, and chronic pain. However, opioid
clinical effectiveness is restricted due to adverse side effects that are mainly caused by activating the p-opioid receptors
in the central nervous system (CNS),' including sedation, apnea, tolerance, and addiction which lead to an epidemic of
overdoses, death, and abuse.? Therefore, there is an urgent need to develop novel therapeutic strategies for the manage-
ment of pain. Currently, various approaches are being explored, including focusing on p-opioid receptor (MOR) splice
variants, generating biased agonists, or targeting other receptors such as heteromers with MOR.®> Despite significant

advances, clinical translation of these strategies remains challenging. Researchers have reduced opioid side effects by
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regulating transient receptor potential vanilloid 1 (TRPV1) receptors.* However, TRPV1 antagonists may increase the
thermal pain threshold in humans, potentially increasing the risk of burn injury.’

As central effects account for the majority of opioid-related adverse effects, the use of opioid receptors only in
peripheral sensory neurons is a promising therapeutic strategy to limit central adverse effects while maintaining analgesic
effects.® There is growing evidence that peripheral sensory neurons mediate antinociceptive effects.®’” Primary sensory
neurons, with cell bodies within dorsal root ganglia (DRGs), project fibers to the peripheral terminals of sensory neurons®
and opioid receptors exist in DRG neurons of different diameters and prototypical sensory neuropeptides.” When there is
a pain signal, opioid receptors are upregulated and transported through the axons of dorsal root ganglion (DRG) neurons
to the peripheral terminals of sensory neurons.'® Therefore, selective administration of opioids to peripheral sensory
neurons and peripheral opioid receptor activation can result in analgesic effects. It has been reported that analgesia can be
reduced through local administration of opioids, as demonstrated by intra-articular morphine.'''?

Although pharmacological, genetic, animal, and clinical studies have demonstrated that peripheral opioid receptors

can mediate a significant portion of the analgesic effects produced by systemically administered opioids,' ">

systemic
delivery of morphine to peripheral neurons remains a challenge. Delivery methods based on nanotechnology appear
promising. One of the most effective nanosystems with a wide range of clinical uses are liposomes and lipid-based
nanovesicles.'® By encapsulating opioids in nanoparticles, their molecular size can be significantly increased, while the
passive diffusion of free drugs into the brain is decreased.

Unlike most of the neural targeting ligands discovered in current studies, which aimed to cross the blood-brain barrier
(BBB)'” and enter into the brain parenchyma'® for brain disease treatment. Tetl is a 12-amino acid peptide that has the
binding characteristics of tetanus toxin targeting the trisialoganglioside (GT1b) receptor in neuronal cells and a strong
affinity for differentiated PC-12 cells, primary motor neurons, and dorsal root ganglion cells.'” Many researchers have
studied and established the effectiveness of the neuronal targeting of Tetl.'* 2

Herein, we developed a peripheral neural-targeting lipid nanoparticle (LNP) for activating opioid receptors in
peripheral sensory neurons to limit central adverse effects while maintaining opioid analgesic effects. As shown in
Figure 1, the nanoplatform is composed of a typical LNP structure, which involves a phospholipid bilayer surrounding an
aqueous core, hydrophilic polyethylene glycol (PEG) chains on the outer shell, and Tetl peptide to specifically target the
peripheral nerve. The resulting nano platform displays the following unique functions after loading morphine and
systemic administration: (i) large molecular size of encapsulated morphine is hardly to go through the blood-brain
barrier (BBB); (ii) surface-modified peptide to specifically target the peripheral nerve, DRG, thus blocking ascending
pathways transmission of the pain. With the release of the loaded drug, peripheral opioid receptors are activated and
exhibit a strong and lasting analgesic effect.

Materials and Method

Materials

Lecithin and Coumarin-6 were acquired from Sigma—Aldrich. 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
N-(polyethylene glycol)-2000 (ammonium salt) (PEG,00o-DSPE), Scramble-PEG;0o-DSPE and Tetl-PEG,qo-DSPE
were purchased from Tanshtech. Tetl with the sequence HLNILSTLWKYRC, a scrambled peptide as a control with the
sequence KRWYTNILHSLL, and Cy5.5-Tetl were obtained from Tanshtech. Organic solvents (DMSO, DMF, and 75%
ethanol) were purchased from Sigma-Aldrich and were used directly. Water was prepared using a Milli-Q system
(Millipore®, Bedford, MA, USA). All other chemicals were of analytical grade and used without further purification.

Synthesis and Characterization of LNPs

Scramble-LNP (morphine) and Tetl-LNP (morphine), collectively denoted as LNPs (morphine), were prepared using
a combination of the thin-film hydration method. Briefly, to synthesis of Scramble-LNP (morphine) or Tetl-LNP
(morphine), lecithin was dissolved in chloroform and Scramble-PEG;q0o-DSPE or Tetl-PEG,00o-DSPE (10wt% of the
total lipid) was added. Chloroform was removed by rotary evaporation. Millipore grade water containing morphine was
then added, and the resulting mixture (2 mg/mL) was briefly sonicated to accelerate the formation of morphine-loaded
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Figure | Formulation of the peptide-decorated lipid nanoparticle Tet|-LNP(morphine) and schematic illustration of the Tetl-LNP(morphine) for systemic morphine
delivery and targeted pain treatment. After intravenous injection (a), the long-circulating Tet|-LNP (morphine) will not pass the BBB but target the neural cells via the
specific recognition between peptide Tetl and GTIb and accumulate in the peripheral nerve, DRG (b). After targeted cellular uptake (c), the Tet|-LNP (morphine) will
release the morphine (d), leading to effective analgesia and limiting the side effects in the brain.

LNPs. The formed LNPs were transferred to an ultrafiltration device (EMD Millipore, MWCO 100K), centrifuged to
remove free compounds, and dispersed in 1 mL of Phosphate buffer saline (PBS) solution.

Characterization of LNPs

The size and zeta potential of Scramble-LNP (morphine) and Tetl-LNP (morphine) were determined using Zetasizer
nano ZS90 (Malvern Instruments, UK).>> LNPs morphology were visualized using transmission electron microscopy
(TEM; FEI Tecnai G2 12, Eindhoven, Netherlands).

Encapsulation Efficiency
The free morphine concentration was calculated based on its relative absorption value at 280 nm using
a spectrophotometer (EVOLUTION201, Thermo Scientific, USA) equipped with matching quartz cells at a resolution
of 1 nm from 260 nm to 350 nm. The concentration of morphine in the LNP sample was calculated using the non-
encapsulated morphine in the ultrafiltration device. The encapsulation efficiency (EE) of morphine was calculated using
the following equation.

EE% (morphine) = (M1 — M2) / M1 x 100%, where M1 and M2 are the masses of the initially added morphine and
non-encapsulated morphine, respectively.

The structure of morphine prevents its coupling with fluorochromes. Hence, we substituted Coumarin-6 (C6),
a fluorescent molecule with molecular weight similar to that of morphine. We calculated the EE of C6 in the Tetl-
LNP (C6) or Scramble-LNP (C6) using the following formula:

EE% (C6) = (Amount of C6in LNPs (C6) / initial amount of C6 ) x 100%
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Stability of LNPs

To determine the stability of the LNPs, we synthesized Tet]-LNP and Scramble-LNP, as mentioned above. The Tet1-LNP
and Scramble-LNP were dissolved in PBS with 10% FBS to mimic physiological conditions. The vials were then kept in
a 37°C chamber. At the indicated time points (1, 2, 4, 8, 18, and 24 h), the size of Tet]-LNP and Scramble LNP were
assessed by DLS and recorded.

In vitro Release LNPs

Free C6, Scramble-LNP(C6), or Tetl-LNP (C6) (n = 3) was dispersed in 1 mL of PBS (pH 7.4), respectively and then
transferred to a Spectra-Por® Float-A-Lyzer® G2 dialysis device (ImL, MWCO 100kDa, USA) that was immersed in
PBS (pH 7.4) at 37°C. At the indicated time points (0, 0.25, 0.5, 1, 2, 3, 4, 6, 8, 10, 12, 24 h), 5 pL of the LNPs solution
was collected from the inside of the dialysis device and added to 95 pL. DMSO. After thorough mixing, the fluorescence
intensity of C6 was determined using a multimode microplate reader (BioTek Synergy H1, Winooski, VT, USA).

Cell Culture

PC-12 and NIH-3T3 cells were purchased from Procell Life Science & Technology Co. Ltd. (CL-0481, CL-0171). The
medium was changed every two days, and 10% Fetal Bovine serum (Gibco) and 1% penicillin and streptomycin (Gibco)
were added. The Cells were maintained at 37 °C in a humidified cell culture chamber with 5% CO,.

Primary DRG Isolation and Culture

C57BL/6] mice aged 3—4 weeks were sacrificed and sterilized by steeping in a 75% ethanol solution. After scissoring of
the dorsal skin, the spine was completely removed and washed with PBS. Then, in a Petri dish containing cold 1 x HBSS,
1% penicillin, streptomycin, and 1% glucose, the spine was divided into two halves in midsagittal view. The DRGs were
placed in cold 1x DMEM. The epineurium of the DRGs was carefully stripped using microsurgical forceps in cryic-
DMEM, supplemented with 1% penicillin and streptomycin. The digested tissues were separated by trituration and
placed on poly d-lysine-coated (Sigma, P7280) plates. The plating medium consisted of high-glucose Dulbecco’s
Modified Eagle’s medium (DMEM, GIBCO) supplemented with 10% Fetal Bovine serum (FSP500, ExCell Biology)
and 1% penicillin and streptomycin (Hyclone). After 24 h, the medium was replaced with Neurobasal medium
(Invitrogen, 21,103,049) supplemented with B27 (Invitrogen, 17,504,044) and glutamine (Invitrogen, 25,030,081).
Cultures were maintained at 37 °C in a humidified 5% CO, atmosphere. The medium was changed every two days.

In vitro Cellular Uptake of Tetl Peptide and LNPs

PC-12 and NIH-3T3 cells were seeded at a density of 1x10° cells/well in 24-well plates. To label the cell membrane, the
cells with wheat germ agglutinin (WGA) coupled to the Alexa Fluor™ 488 fluorochrome (Molecular Probes, Inc.) for 10
min at 37°C (5 pg/mL) and washed with 1xPBS three times to remove all the unbound WGA. Cy5.5-Tetl was added to
the culture medium and incubated for 15 min, 30 min, 1 h, 2 h. After incubation at 4 °C for indicated times, the samples
were washed three times with PBS and fixed with 4% (w/v) paraformaldehyde (PFA). The nuclei were counterstained
with 1 pg/mL DAPI (Sigma, D9542) for 15 min in the dark.

PC-12 and DRG cells were seeded at a density of 1x10° cells/well in a 24-well plate. To label the cell membrane,
incubating cells with wheat germ agglutinin (WGA) coupled to the Texas Red™-X fluorochrome (Molecular Probes,
Inc.) for 10 min at 37 °C (5 pg/mL) and washed with 1 x PBS three times to remove all the unbound WGA. Scramble-
LNPs (C6) or Tetl-LNP (C6) were added to the culture medium and incubated for 15 min, 30 min, 1 h, 2 h. After
incubation at 4 °C for indicated times, the samples were washed three times with PBS and fixed with 4% (w/v)
paraformaldehyde (PFA). The nuclei were counterstained with 1 pg/mL DAPI (Sigma, D9542) for 15 min in the dark.

Flow Cytometry
PC-12 cells were seeded at a density of 1x10° cells/well in 24-well plates. Scramble-LNPs (C6) or Tetl-LNP (C6) were
added to the culture medium. After 15 min, 30 min, 1 h, or 2 h incubation at 4 °C, the samples were washed with PBS
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three times and fixed with 4% (w/v) paraformaldehyde (PFA). C6 intensity was quantified using a CytoFLEX flow
cytometer (Beckman Coulter).

In vitro Cytotoxicity

PC-12 cells were seeded in 96-well plates at a density of 5000 cells per well. After incubation in 100 pL of culture
medium for 24 h, a fixed amount of Scramble-LNP (morphine) or Tet]-LNP (morphine) was added to 100 mL of fresh
medium and the cells were incubated for another 48 h. After replacing the medium with 100 uL of fresh culture medium,
CCK-8 reagent was added to each well following the manufacturer’s protocol. After incubation for 1 h at 450 nm, the
absorbance was measured immediately, and cell viability was calculated.

Animals

Healthy male C57BL/6J normal mice (4—5 weeks old) were purchased from Zhuhai Bes Test Bio-Tech Co., Ltd. (Zhuhai,
China). All in vivo studies were performed in accordance with a protocol approved by the Institutional Animal Care and
Use Committee of the Sun Yat-sen Memorial Hospital Laboratory Animal Research Platform of Sun Yat-sen University
in accordance with the principles outlined in the National Institutes of Health Guide for the Care and Use of Laboratory
Animals. All mice were bred in the animal facility of the Laboratory Animal Research Platform of Sun Yat-sen Memorial
Hospital, Sun Yat-sen University, and received free access to water and a routine mouse diet under a standard 12:12-h
light-dark cycle in a room maintained at approximately 22 °C. The animal protocol was approved by Sun Yat-sen
Memorial Hospital, Sun Yat-sen University Laboratory Animal Research Platform (AP20230082).

Pharmacokinetics

Healthy male C57BL/6J mice (6—8 weeks) were randomly divided into three groups (n = 3) and intravenously injected
with free C6, Scramble-LNP (C6) or Tetl-LNP (C6). At specified time points, 20 uL of blood was collected and mixed
with 80 puL of water. The fluorescence intensity of C6 in blood was determined using a multimode microplate reader
(BioTek Synergy H1, USA).

Biodistribution

Free C6, Scramble-LNP (C6), or Tet1-LNP (C6) was intravenously (i.v.) injected into CCI C57BL/6J mice (n = 3 in each
group) on day 7 after CCI surgery. The injection dosage was determined based on the dosage of C6 as 1 nmol). After 24
h, the mice were sacrificed, and the main organs, brain, and DRGs were obtained and observed using an IVIS® imaging
system (Perkin Elmer, UK). The Image] software was used to quantify the fluorescence intensity of each tissue to
measure accumulation in the brain, DRGs, and organs.

Immunofluorescence Staining

Experimental mice were anesthetized and cardiac perfusion was performed with 0.9% saline, followed by fixation with
4% paraformaldehyde (PFA). The Brains were quickly isolated and post-fixed in 4% PFA at 4 °C. After dehydration with
15% and 30% sucrose solutions, the brains were embedded in optimal cutting temperature medium (OCT; Sakura) and
sectioned at a thickness of 25 um. The brain slices were blocked and permeabilized in blocking buffer (1 x PBS
containing 10% donkey serum and 0.3% Triton X-100) for 1 h. The following primary antibody and staining were used:
mouse anti-NeuN (Millipore, MAB377, 1:200) overnight at 4 °C. The brain tissues were then incubated with Alexa Fluor
647-conjugated secondary antibodies (A11126, Invitrogen, 1:200) for 2 h at room temperature in the dark. The nuclei
were counterstained with 1 pg/mL DAPI (Sigma, D9542) for 15 min in the dark. Images were obtained using
a fluorescence microscope (1X73; Olympus).

DRGs were isolated and post-fixed in 4% PFA after perfusion. Then, 15% and 30% sucrose before inclusion with
optimum cutting temperature reagent (OCT, Sakura) and 10 um sections were cut in a cryostat and processed for
immunofluorescence. After that, DRG slides were incubated with blocking buffer (PBS, 0.3% Triton) containing 3%
bovine serum albumin (BSA) for 1 h and incubated with mouse anti-NeuN (Millipore, MAB377, 1:200) overnight (4 °C).
The following day, the slides were washed and incubated with Alexa Fluor 647-conjugated secondary antibody (A11126,
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Invitrogen, 1:200) for 2 h at room temperature in the dark. The nuclei were counterstained with 1 pg/mL DAPI (Sigma,
D9542) for 15 min in the dark. Images were obtained using a fluorescence microscope (IX73; Olympus).

Chronic Constrictive Injury Pain Model

A chronic constrictive injury (CCI)-induced chronic neuropathic pain model was used, as previously described.? Briefly,
under anesthesia, a 2-cm long blunt dissection is performed on the skin overlying the area between the gluteus and biceps
femoris muscles, and expose the common sciatic nerve at the mid-thigh level, proximal to the trifurcation of the nerve.
Approximately 7 mm of the common sciatic nerve was exposed at the mid-thigh level, and three loose ligatures
(approximately 0.5 mm spacing) of 40 chromic guts around the sciatic nerve, until they elicited a brief twitch in the
respective hind limbs. Therefore, it is important to avoid interrupting the epineural flow. Subcutaneous tissue and skin
were sutured sequentially. The operation lasted for approximately 30 min. After recovery from anesthesia, the animals
were returned to their cages and raised separately. In sham-operated animals, no ligatures were tied, which meant that
sham animals, as controls, were only exposed to the sciatic nerve.

Behavioral Tests

All tests were performed during the light cycle between 8:00 a.m. and 8:00 P.M. Before testing each animal, the
apparatus was thoroughly cleaned with 10% ethanol to reduce olfactory signals. To avoid the stress that comes with the
new environment and adapt to the animals, starting 5 days before the test, the animals were placed in the test facility for 1
h per day to acclimate. Prior to the behavioral study, the mice were placed in their home cages in the room used for the
experiment for 1 h on the day of testing.

Thermal Allodynia

Thermal hyperalgesia was tested according to the Hargreaves procedure,?” slightly modified by us for the mouse. Briefly,
mice were habituated to smaller clear plexiglass cubicles placed on an elevated glass platform, which was heated to 32°C
(Plantar Test Analgesia Meter 390G, IITC Life Science). A constant intensity radiant heat source (beam diameter 0.5 cm
and intensity, 25 I.R.) was used at the mid-plantar area of the hind paw. The paw withdrawal latency (PWLs) was
recorded in seconds (s) as the interval between initial heat source activation and paw withdrawal from the target position.
Each animal was tested six times per session, with at least 10 minutes of rest on the platform between measurements.

Mechanical Allodynia

Mechanical hyperalgesia was tested according to Zhang, Chi et al.”® Briefly, mice were allowed to acclimate for 1 h. Two
von Frey monofilaments (low-force, 0.07 g; high-force, 0.4 g) were used in the Paw withdrawal frequency (PWF) method
to assess hypersensitivity to punctuate mechanical stimuli. Each von Frey filament was applied perpendicularly to the
mid-plantar region of each hind paw for 1-2 s. The stimulation was repeated 10 times with at least a 5 min interval. The
PWF was calculated as (number of paw withdrawals/10 trials) x100%.

ELISA Assay for Morphine Concentration

To directly examine the concentration of morphine released from LNPs compared to that of free morphine, we collected
blood and brain samples of CCI mice at the indicated time points (1, 3, 5, 8, 24, and 48 h) after the injection of free
morphine, Scramble-LNP (morphine), and Tetl-LNP (morphine). Free morphine, Scramble-LNP (morphine), and Tetl-
LNP (morphine) had the same absolute quantities as morphine (3 mg/kg).

Under deep isoflurane anesthesia, blood samples were obtained by the intracardiac puncture, transferred to ice, and
spun down at 4 °C and 3000 rpm for 15 min. The supernatant (plasma) was collected and stored at 80 °C immediately
after centrifugation. After blood collection, cardiac perfusion was performed using 0.9% saline solution.

To collect brain samples, the mice were perfused with saline under deep isoflurane anesthesia. The brains were
removed and stored at —80°C. After thawing, approximately 250 mg of the brain into a 1.5 mL centrifuge tube, and added
750 uL RIPA Buffer containing protease inhibitors was added. The tissue was then homogenized and sonicated on ice.
Centrifuge The tube at 1600 x g for 10 min at 4°C.
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All plasma and brain samples from mice were purified and processed according to the manufacturer’s instructions
(Cayman NO.501940). To maintain the range of the standard curve, some samples (thawed blood plasma) were diluted
1:1000 with Immunoassay Buffer C from the ELISA kit. The absorbance measurements were immediately read at
a wavelength of 450 nm, and morphine concentration was calculated accordingly.

Histology

At the end of the evaluation period, the mice in each group were sacrificed after the treatment, and the brain, DRGs, and
main organs (heart, liver, spleen, lungs, and kidneys) were collected. After fixation with 4% paraformaldehyde and
embedding in paraffin, the tissue was sectioned, stained with hematoxylin and eosin (H&E), and viewed using an optical
microscope.

Statistical Analysis

Statistical analysis was performed using Prism 9.5 software (GraphPad Software, United States). The differences
between two groups were analyzed using 2-tailed, unpaired Student’s f-test, unpaired #-test with Welch’s correction, or
the Mann—Whitney test. Parametric data were analyzed using 2-tailed, unpaired Student’s f-test, or a 1-way or 2-way
ANOVA followed by the post hoc Tukey’s test for multiple comparisons, and nonparametric data were analyzed using
the Scheirer-Ray-Hare test. Statistical significance was set at p < 0.05.

Results

Preparation and Characterizations of LNPs

To examine the effect of the Tetl peptide on the cellular and DRG uptake of LNPs in vitro and in vivo, we prepared Tetl
peptide-modified LNP and Scramble peptide-modified LNP as control. These two LNPs were prepared using
a combination of the thin-film hydration method and were used for morphine delivery, denoted as Tet1-LNP (morphine)
and Scramble-LNP (morphine). The surface of the lecithin bilayer can form hydrogen bonds or electrostatic interactions
with the morphine aqueous solution, thereby encapsulating the drug in the hydrophilic core of the LNP. Hydrophilic
polyethylene glycol (PEG) chains and Tetl peptide were on the outer shell of LNP. Figure 1 shows a schematic
representation of Tet]l-LNP (morphine). The Tetl1-LNP (morphine) showed spherical morphology with an average size
of ~ 131 nm, as determined by DLS (Figure 2A). Compared with the empty Tetl-LNP (~110 nm, Figure 2B), there was
an increase of approximately 20 nm after morphine was loaded. mV, both indicated negative charge, Tet1-LNP (blank) as
—27.4 mV £ 1.84 mV and Tetl-LNP (morphine) as —25.75 mV + 1.76 mV (Figure 2C and D).

Scramble-LNP (morphine) and Tet]-LNP (morphine) showed similar encapsulation efficacy to morphine, while Tet1-
LNP (morphine) exhibited a higher encapsulation ability of morphine (Tet]-LNP: 38%; Scramble-LNP: 35%). According
to the TEM results, Scramble-LNPs (morphine) and Tet1-LNP (morphine) were spherical in shape and had an average
size of approximately 120 nm (Figure 2E and F). To check whether the LNPs were stable, their sizes were measured
using DLS. The results are shown in Figure 2G, where the diameter of the LNPs was stable at approximately 120 nm
when incubated in 10% FBS-containing phosphate buffer solution (PBS) solution for 24 h.

The release profile of LNPs were determined by encapsulation of Coumarin-6 (C6). Results showed that Tetl-LNP
(C6) and Scramble-LNP (C6) released only approximately 10%, whereas free C6 released approximately 40% within the
first four hours. During the subsequent 20 h, free C6 slowly released 95% of the C6. At the same time, the C6 release
profile indicated that Tet]-LNP (C6) and Scramble-LNP (C6) released only approximately 25% (Figure 2H).

In vitro Neural Targeting of Peptide Tetl
The in vitro neural targeting ability of Tetl was first evaluated by examining the uptake of Cy5.5-Tetl by PC-12 cells,

1,>° and NIH-3T3 cells, which is the embryonic mouse

which have been widely used as a neuronal line study mode
fibroblast cell line.*® The representative fluorescent images were shown in Figure 3A and B. Compared to NIH-3T3 cells,
the cellular uptake of Cy5.5-Tetl in PC-12 cells is much higher in different incubation times (Figure 3C), proving the

neural targeting ability of the Tetl peptide.
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Figure 2 Characterization of LNPs. (A) Size distribution of Tet|-LNP(morphine). (B) Size distribution of Tet|-LNP(blank). (C) Zeta potential of Tet|-LNP(blank). (D) Zeta
potential of Tet|-LNP (morphine). TEM image of (E) Scramble-LNPs (morphine) and (F) Tet|-LNP(morphine). (G) Size and polydispersity (PDI) of the Tet|-LNP(morphine)
or Scramble-LNP(morphine) incubated in PBS buffer containing 10% FBS for different times. (H) In vitro release profile of free Coumarin-6 (C6), Scramble-LNP (C6), and
Tet!-LNP (Cé) incubated in PBS buffer at 37 °C.

In vitro Neural Targeting of Tet|-LNP
The in vitro neural targeting ability of Tetl-LNP was evaluated by examining the uptake of Tetl-LNP (C6) by PC-12
cells (Figure 4A) and the primary DRG (Figure 4B). Due to the presence of specific recognition between Tetl and neural
cells, the cellular uptake of Tetl-LNP (C6) is much higher than Scramble-LNP (C6), both in PC-12 cells (p < 0.05) and
DRGs (p < 0.0001) (Figure 4C and D). Quantitative analysis using flow cytometry further supported the neural-targeting
ability of Tet1-LNP. As shown in Figure 5A and B, Tetl decoration resulted in a 2-fold increase in cellular uptake (p <

0.001). These results suggested that Tet]-LNP exhibited good neural-targeting ability in vitro.
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Figure 3 FV3000 confocal laser scanning microscope image of the PC-12 cells(A) and NIH-3T3 cells (B) incubated with Cy5.5-Tet| peptide for 15 min, 30 min, | hand 2
h. The nuclei, cell membrane, and Cy5.5-Tet| were stained by blue, green, and red fluorescence, respectively. (Scale bar = 20 um) (C) Quantification of the data shown in
(A) and (B). n = 3 per group. ¥***p < 0.001 by one-way analysis of variance (ANOVA).

In vitro and in vivo Toxicity of Tet|-LNP

To investigate the in vitro neural cell growth inhibition ability of LNPs, PC-12 cells were treated with different
concentrations of free morphine, blank LNPs, and morphine-loaded LNPs for 24h before cell viability was measured.
As shown in Figure 5C, free morphine, blank LNPs, and morphine-loaded LNPs did not significantly inhibit the growth
of PC-12 cells at concentrations ranging from 0.005 uM to 1 uM.

To further evaluate in vivo safety, the LNPs were injected intravenously at a dose of 3 mg/kg per mouse into C57
mice. After 24 h, the major organs were taken for H&E staining to investigate the tissue damage. Compared with the
control group, H&E staining showed no noticeable histological changes in the tissues, including the heart, liver, spleen,
lung, or kidney of LNP-treated mice (Figure 6), revealing that Tet]1-LNP is safe in vivo. In addition, our immunofluor-
escence staining results showed that LNPs were not toxic to neurons, as the staining distribution of NeuN, which labels
neurons, did not change in C57 mice treated with LNPs (Figure 8A and B).

Pharmacokinetics and in vivo Targeting Efficacy of Tet|-LNP

To evaluate the circulation stability of LNPs, we investigated their pharmacokinetics. As shown in Figure 7A, after
intravenous injection, the Scramble-LNP (C6) and Tet1-LNP (C6) groups both showed long blood circulation times with
a half-life (t1/2) of ~7 h, which was far longer than that of the free C6 group (t1/2 ~30 min).
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After validating the in vitro neural-targeting ability of Tet1-LNP, we evaluated the in vivo peripheral neural-targeting
ability of this nanoplatform. To further investigate the biodistribution of LNPs and the in vivo neural targeting ability, C6
was loaded into Scramble-LNP and Tetl-LNP, and intravenously injected into C57 mice on day 7 after chronic
constrictive injury (CCI) surgery. The brains, DRGs, and main organs were harvested at 24 h post-injection. As shown
in Figure 7B, the Tetl-mediated neural targeting, Tetl-LNP (C6) group showed a much higher accumulation of DRGs
than the free C6 group (p < 0.001, n = 3) or Scramble-LNP (C6) group (p < 0.001, n = 3), whereas the Tetl-LNP (C6)
group accumulated less C6 in the brain than the free C6 group (p < 0.01, n = 3). Compared to the free C6 group, the
Scramble-LNP (C6) group also accumulated less C6 in the brain (p < 0.05, n = 3). The fluorescent image of the main
organs of the mice was showed in Figures 7C.

Immunofluorescence staining analysis of the brains (Figure 8 A) and DRGs (Figure 8B) also supported the peripheral
neuron-targeting ability of Tet1-LNP, and the fluorescence of the Tetl-LNP (C6) group accumulated more in DRGs than
in the free C6 group (p < 0.001, n = 3) and Scramble-LNP (C6) group (p < 0.0001, n = 3) (Figure 8C), but less in the
brain than that of the free C6 group (p < 0.01, n = 3) (Figure 8D). The Scramble-LNP (C6) group also accumulated less
fluorescence in the brain than did the free C6 group (p < 0.05, n = 3) (Figure 8D).
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Figure 6 Histological analysis of tissue sections of main organs. Histological sections of the major organs, including heart, liver, spleen, lung and kidney of the mice after
systemic treatment of the PBS, Scramble-LNP (morphine), and Tet|-LNP (morphine). Hematoxylin-eosin. (scale bar = 200 pm).

Analgesic Effect Assessment

As shown in Figure 9A, the mice were taken 1-hour adaption to the test environment for five days before CCI or sham
surgery. CCI was induced by loose ligation of the sciatic nerve using three 4/0 chromic silk sutures. CCI mice exhibited
a significant decrease in thermal paw withdrawal latencies (PWLs) in the affected hind paws; however, this decrease was
absent in sham-surgery animals (Figure S1A in Supporting information). A significant increase in the mechanical paw
withdrawal frequency (PWF) was observed in the affected hind paws, whereas this increase was absent in sham-treated
animals (Figure S1B and S1C in Supporting information). To assess the analgesic effect, on day 7 after CCI surgery, after
measuring the PWLs and PWF, free morphine, Scramble-LNP (morphine), and Tet1-LNP (morphine) were intravenously
injected into mice that underwent CCI or sham surgery. The dosages were calculated to contain the same absolute
quantity of morphine (3 mg/kg), and the amount of morphine in the LNPs(morphine) was quantified by spectro-
photometry. Thermal hyperalgesia and mechanical hyperalgesia behavioral tests were taken 1 h, 3 h, 5 h, 8 h, 24 h,
32 h, 48 h after injection.
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Figure 7 Pharmacokinetics of LNPs. The circulation time of Tet]-LNP(C6) and Scramble (Cé6) after i.v. injection to mice via the tail vein. (A) Blood circulation profile of C57 mice of
the free Coumarin-6 group, the Scramble-LNP (Cé) group, and the Tet!-LNP (C6) group. (B) Quantification of the data obtained from (C). (C) Overlaid fluorescent image of the
main organs of the mice after respectively i.v. injection of free Coumarin-6, the Scramble-LNP (C6) or the Tet!-LNP (Cé) 24 h. (n = 3, * p < 0.05, ** p < 0.01, *** p < 0.001).

As shown in Figure 9B, PWLs of the CCI group after thermal stimuli were significantly increased within 5 h after the
injection of free morphine, scramble-LNP (morphine), and Tet]-LNP (morphine), whereas PWLs of sham-operated mice
did not increase after injection. In the CCI mice group, the analgesia of the LNPs groups were significantly longer than
that of the free morphine group. In particular, the PWLs of the Tet]l-LNP (morphine) group were notably longer, for
almost 32 h, while PWLs of the free morphine group turned out to be the same as before the injection after 5 h.

In sham operation group, 0.07 g PWF and 0.4 g PWF showed no obvious increase after the injection of free morphine
and LNPs (morphine) (Figure 9C and D). As for mechanical hyperalgesia in the CCI group, the 0.07 g PWF of free
morphine was significantly decreased within 5 h after the injection, whereas 0.07 g PWF of the Scramble-LNP
(morphine) group decreased within 24 h, and that of the Tetl-LNP (morphine) group decreased for 32 h (Figure 9C).
Furthermore, 0.4 g PWF of the free morphine group only decreased within 3 h after injection, when 0.4 g PWF of
Scramble-LNP (morphine) group decreased for 24 h and the Tet1-LNP (morphine) group decreased for 32 h (Figure 9D).
Moreover, 0.4 g PWF of the Tet]-LNP (morphine) group showed a noticeable decrease from 8 to 32 h after adminis-
tration compared with that of the Scramble-LNP (morphine) group (p < 0.05; Figure 9D). These results suggest that Tet1-
LNP (morphine) could induce better thermal and mechanical analgesia and last longer than free morphine and Scramble-
LNP (morphine).

International Journal of Nanomedicine 2024:19 https: 4771
Dove:


https://www.dovepress.com
https://www.dovepress.com

Yang et al Dove

DAPI Coumarin-6 NeuN Merge

Free C6

Scramble-LNP(C6) [

Tet1-LNP(C6)

B DAPI Coumarin-6 NeuN Merge

Free C6

Scramble-LNP(C6)

Tet1-LNP(C6)

c D
4k k c
1 —
© o 1007 LB 8 © 150, s
o O c o I
5% o 20 —
o 8 [ free C6 3 <
g £ [] ; 100
= © 60 =
go 0 Scramble-LNP(C6) S o
=5 40 =0
23 H Tet1-LNP(C6 Q'S 501
= et1-LNP(C6) >
35 2] 52
EE I ]
“T T : @ S o . .
free C6  Scramble-LNP(C6) Tet1-LNP(C6) T free C6  Scramble-LNP(C6)Tet1-LNP(C6)
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Figure 10 Concentrations of free morphine in blood (A) and brain (B). After i.v. injection of morphine (n = 6) or the Scramble-LNP (morphine) (n = 8) or Tet|-LNP
(morphine), respectively. (equivalent to 3 mg/kg free morphine, ¥ p < 0.0001).

In vivo Concentrations of Free Morphine in Circulating Blood, and Brain

We obtained blood and brain samples from CCI mice at designated times to directly compare the amount of morphine
released from LNPs to that of free morphine. Morphine concentrations were determined using an enzyme-linked
immunosorbent assay (ELISA). All the samples were purified and processed according to the manufacturer’s instructions.
As shown in Figure 10A, the mean peak morphine concentration in blood for the free morphine group was 6780 ng/mL,
586 ng/mL for the Scramble-LNP (morphine) group, and 489 ng/mL for the Tetl-LNP (morphine) group. We then
examined the mean peak morphine concentration in the brain. The mean peak concentrations of morphine are up to 246
ng/mL in morphine group, while 32 ng/mL for Scramble-LNP (morphine) group and 28 ng/mL Tetl-LNP (morphine)
group (Figure 10B). The Tet1-LNP (morphine) group concentration of morphine in the brain is eightfold lower morphine
concentration in that of the free morphine group. These results suggest that the Tet]-LNP (morphine) platform developed
in this study can be used as a safe and efficient pain treatment method.

Discussion

Opioids are vital treatments for chronic pain owing to their powerful analgesic effects. However, the use of opioid drugs
is restricted because of side effects, such as addiction, tolerance, and respiratory depression, which result from the
activation of p-opioid receptors (MORs) in particular brain regions.>'* As pain can be effectively inhibited by activating
peripheral opioid receptors,'>* we synthesized LNPs to deliver morphine towards peripheral opioid receptors and avoid
the side effects of opioid receptor activation in the brain.

LNPs are the most common carriers for drug delivery, allowing drugs to accumulate in target tissues, while
minimizing systemic toxicity, and LNPs are unable to cross the BBB and enter the brain due to their large size (100
nm).***3 In our research, we successfully kept morphine outside of the brain as the size of the Tet]-LNP (morphine) was
averaged out to 131 nm. By encapsulating inside the LNPs, morphine will not be non-specific uptake into the brain,
reducing the passive diffusion of free morphine.*® Our data showed that, after intravenous injection of Tetl-LNP
(morphine), morphine barely crossed the brain (Figures 8B and 10B). At the same time, the size of Tetl-LNP (morphine)
is above the kidney filtration threshold (approximately 10 nm) to reduce the obstacle of renal excretion,’” and a diameter
of less than 200 nm might reduce activation of the complement system and prolong circulation time.*® Tetl-LNP
(morphine) are ideal for stability, good loading capacity, and low BBB penetration.

In the peripheral nervous system, opioid receptor expression has been demonstrated in nerve terminals, peripheral
axons, and nociceptive neurons in the dorsal root ganglia (DRG).>® The presence of these receptors suggests the potential
significance of the peripheral nervous system in analgesic effects. Recently, a novel 12-amino-acid peptide, Tetl, has
been found capable of competing with tetanus toxin for trisialoganglioside (GT1b) receptor binding and has been
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successfully used as a molecular conjugate to target neurons.'>*° In this study, Tetl-mediated peripheral nerve targeting
by nanoparticles was demonstrated in vitro (Figure 4B) and in vivo (Figures 7C and 8A), which is consistent with
previous studies.'®?® In contrast to previous studies that employed Tetl-modified nanoparticles to construct a targeted
delivery system for CNS tissues,*® this indicates that after modification by the Tetl peptide, the Tet]-LNP (morphine)
mainly targets towards peripheral nerves, rather than entering the brain. In addition, this system may be utilized in studies
related to the peripheral mechanisms of neuropathic pain. In our study, Tetl-LNP (morphine) was harmless both in vitro
and in vivo, which is in accordance with the fact that lipid nanoparticles have already established clinical safety for
in vivo application.*'

Our data showed that after intravenous injection, the Tet1-LNP (morphine) group showed good analgesia in CCI mice
while maintaining a longer analgesic time than the free morphine group according to the behavioral test (Figure 9B-D).
These results indicate that in the chronic neuropathic pain model, after intravenous injection of Tetl-LNP (morphine),
morphine was slowly released into the targeted tissue, DRG, and accumulated, leading to a solid and prolonged analgesic
effect. Our findings are consistent with previous studies demonstrating that tissue injury, such as inflammation or
neuropathy, increases the analgesic efficacy of peripheral opioids.*” The powerful analgesic effect may be due to the
upregulation, accessibility, and increased functionality of peripheral opioid receptors, consistent with numerous experi-
mental and clinical studies that have suggested that analgesic effects also arise from the activation of peripheral neuronal
opioid receptors.'%'*1543745 In addition, the Tet]-LNP (morphine) group exhibited lower peripheral blood and morphine
concentrations in the brain (Figure 9B), which could not only reduce the central side effects of morphine but also avoid
potential side effects acting on peripheral non-neural tissue opioid receptors. Furthermore, it is necessary to investigate
the abuse potential of Tet]-LNP (morphine) in detail.

This study had certain limitations that may require further research. Firstly, although our experiments suggest that
morphine in the Tet]-LNP (morphine) group spares across the brain, additional approaches, such as head-out plethysmo-
graphy to noninvasively monitor lung function, are needed to further confirm that Tet]1-LNP (morphine) can limit the side
effects of opioid-induced respiratory depression. In addition, further research is required to determine how blocking
peripheral receptors produces a stronger analgesic effect. The specific milieu of inflamed tissue has been reported to
increase the efficacy of opioid agonists by enhancing G-protein coupling and increasing neuronal cyclic adenosine
monophosphate (cAMP) levels.

In summary, we developed a morphine-loaded Tetl peptide-modified lipid nanoparticle system. Our in vitro findings
suggest that Tet]-LNP (morphine) exhibits long-lasting stability, high peripheral nerve targeting, and is harmless. In the
CCI model, Tetl-LNP (morphine) had good analgesia, lasted for a long time, and hardly entered the brain, with minimal
central side effects. Taken together, Tet]-LNP (morphine) could potentially be used as an alternative opioid analgesic and
could be easily translated into clinical applications. In addition, this system may be utilized in studies related to the
peripheral mechanisms of neuropathic pain.
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