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Introduction: Esketamine, one of the few non-opioid potent analgesics, has demonstrated efficacy in the treatment of various
chronic pain, particularly neuropathic pain. However, its potential clinical applications are confined due to its short half-life and
severe side effects including delirium, hallucinations, and other psychiatric symptoms. Here, we reported a nanosized drug
delivery system for sustained-release esketamine based on polylactic-co-glycolic acid (PLGA) nanoparticles and hyaluronic acid
(HA) hydrogel.

Results: In this study, esketamine in the delivery system was continuously released in vitro for at least 21 days, and spinal nerve root
administration of the delivery system successfully attenuated (spinal nerve ligation) SNL-induced pain hypersensitivity for at least 14
days. Notably, the excitability of neurons in murine dorsal root ganglion (DRG) was inhibited and the activation of astrocytes in the
spinal cord was additionally reduced after administration. Finally, there was no obvious pathophysiological change in the nerves at the
administration site after treatment at 14 days.

Conclusion: These results indicate that the sustained-release esketamine based on the nanoparticle-hydrogel delivery system can
safely produce a lasting analgesic effect on SNL mice, and its mechanism might be related to modulating the activation of astrocytes in
the spinal cord and inhibiting the excitability of neurons in DRG.
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Introduction

Neuropathic pain closely related to peripheral neuropathy or central sensitization is difficult to manage and
treat."> Unbearable chronic pain not only brings great suffering to patients but also causes severe depression
and even suicide.® However, the therapeutic effect of neuropathic pain is restricted, and few patients achieve
sufficient remission.* General analgesic medications, including non-steroidal anti-inflammatory drugs (NSAIDs),
cannot ameliorate neuropathic pain significantly and Opioids, represented by morphine, perform in a dose-
dependent manner, and the call for de-opioidization is growing due to the common adverse effects such as
tolerance and addiction.>® Despite the recent research neuropathic pain has revealed numerous treatment targets,
with few successful clinical applications, neuropathic pain remains challenging.”*

Esketamine, the dextranomer of ketamine, is an N-methyl-D-aspartate (NMDA) receptor antagonist, and one of
the few non-opioid potent analgesics in clinic.” Recent studies have shown that esketamine has a complex
analgesic mechanism, acting on opioid receptors, monoamine receptors, M-cholinergic receptors, sodium chan-
nels, and calcium channels in addition to NMDA receptors.'® '? It plays an important role in attenuating central
sensitization associated with hyperalgesia, opioid tolerance, and chronic pain.'>'> Although it has been reported
that esketamine has a good effect on chronic pain, especially refractory neuropathic pain, its analgesic effect can

International Journal of Nanomedicine 2023:18 |131-1143 1131
Received: 8 December 2022 © 2023 Thang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http:/creati org/licenses/by-nc/3.0/). By accessing the

Accepted: 21 February 2023
Published: 7 March 2023

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-7081-921X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhang et al Dove

only last for several hours after administration due to its short half-life, inevitably requiring repeated adminis-
tration or continuous infusion, which leads to poor patient compliance and inferior treatment.'®"'® In addition,
there are certain side effects, such as delirium and hallucinations, associated with a single large dose of
intravenous esketamine.'® Therefore, it is significant to achieve sustained release of esketamine and prolong the
analgesic effect.

In the present study, the Nanoparticle-Hydrogel Delivery System was developed to enhance the sustained release of
esketamine, improve its efficacy and decrease the side effects. We explored the release efficiency of the delivery system
in vitro, verified the drug distribution after release in vivo, and the mechanical allodynia induced by SNL was examined after
spinal nerve root administration of the delivery system (Figure 1 A—C). Specifically, we inject this system around the nerve root
rather than intravenously or intrathecally. Further, we investigated the effect on neuronal excitability in DRG neurons and
changes in astrocytes in the spinal cord after administration. In the end, we evaluated the biocompatibility and safety of the
delivery system.
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Figure | Esketamine-encapsulated PLGA nanoparticles topical application diagram. Spinal nerve ligation in mice (A); ES NPs-HA: hydrogel-containing esketamine-
encapsulated nanoparticles (B); Spinal nerve root administration (C).
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Materials and Methods

Animals and Surgery

ICR mice (3—4 weeks) were bought from Nantong University’s Animal Experimental Center (Jiangsu, China). Food and
water are freely available. The animal facility is maintained at 23°C £+ 1°C on a 12:12 h light-dark cycle. After the
surgery, the mice were allowed to recover on a warming blanket. The Nantong University Experimental Animal Center’s
Animal Care Committee gave its approval to all experimental protocols (Approval No. S20210325-933). The animal
experiments were performed in accordance with Regulations for the Administration of Affairs Concerning Experimental
Animals (Order No. 2 of the State Science and Technology Commission of the People’s Republic of China, 1988). The
welfare of the laboratory animals followed in strict accordance with the guidelines for the Laboratory animal-—Guideline
for ethical review of animal welfare {GB/T 35892-2018) .

Mice were anesthetized with pentobarbital sodium, and a paraspinal parallel incision was made after anesthesia to
expose and remove the L6 transverse process to find the L4 and L5 spinal nerves, separate the L5 spinal nerves, ligate
with 6-0 surgical silk, and expose only the L5 nerve without ligation in mice in the sham group. For spinal nerve root
administration, after exposing the L5 spinal nerve, the L5 intervertebral foramen is sought, and the administration site is
at the spinal nerve exiting the intervertebral foramen. The experiment was divided into four groups. Two groups of mice
received esketamine (60 mg/kg) injection or 0.9% saline. The latter two groups received hydrogel-containing esketa-
mine-encapsulated nanoparticles (50 pL) or hydrogel-containing 0.9% saline-encapsulated nanoparticles.

Preparation of Esketamine-Encapsulated PLGA Nanoparticles

Nanoparticles containing esketamine were obtained by using the double emulsion solvent evaporation technique as
described before,”° with some modifications. In brief, 500 uL of the esketamine solution (25 mg/mL, Jiangsu, China) was
emulsified in 5 mL of dichloromethane containing 100 mg of PLGA (65:35 lactic acid to glycolic acid ratio, molecular
weight = 40,000~75,000, Sigma-Aldrich) using a ultrasonic homogenator (Sonoplus HD 2070, Bandelin
electronic, Berlin, Germany) for 1 min over an ice bath. Next, the mixture was injected into 18 mL of 1.5% PVA
(poly(vinyl alcohol), molecular weight =14,160) to form the double emulsion. The mixture was then re-emulsified for 1
min over an ice bath and then stirred for at least 24h at room temperature to evaporate the dichloromethane completely.
The nanoparticles were collected and washed three times with distilled water by centrifugation at 15,000 rpm for 5 min.
Lastly, the esketamine-encapsulated nanoparticles were then collected and resuspended in the phosphate-buffered saline.

Synthesis of Thiol-Modified Hyaluronic Acid

Thiol-modified hyaluronic acid was synthesized by amidation reaction as described before.” Briefly, 384 mg of
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride and 230 mg of N-hydroxysuccinimide were successively
added to 80 mL of 1% hyaluronic acid sodium salt solution, then the pH was adjusted to 5.0. After stirring for 0.5h,
238 mg of 3’30-dithiobis(propionohydrazide). The resulting solution was stirred at room temperature overnight.
Thereafter, the pH of the reaction mixture was raised to 8.5. Then 772 mg of dithiothreitol was added to the above
reaction solution. The reaction was carried out at room temperature for 12 h. The reaction mixture was adjusted with
hydrochloric acid solution to 3.5. The mixture finally was dialyzed in membrane tubes (molecular weight cut-off of
12,000-14,000 Da) against acidified water (pH = 3.5) for 48 h. After dialysis, thiol-modified hyaluronic acid was
obtained by freeze-drying.

Synthesis of Polyethylene Glycol-Diacrylate

Polyethylene glycol-diacrylate was synthesized by an esterification reaction as described before.”' Briefly, dry
Polyethylene glycol (Mw 3000, 6 g, 4 mmol functional group) and triethylamine (606 mg, 6 mmol) were dissolved in
40 mL of dry dichloromethane. Acryloyl chloride (542 mg, 6 mmol) was added dropwise to the reaction solution under
stirring. The reaction is conducted in dark conditions for 12 hours. The reaction product was filtered first, then
precipitated with diethyl ether, and dried under vacuum conditions. The obtained product was further dissolved in
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water and then extracted with dichloromethane. Finally, the obtained solution was precipitated by diethyl ether again, and
the precipitate was dried under vacuum.

Preparation of Hydrogel-Containing Esketamine-Encapsulated Nanoparticles

The esketamine-encapsulated nanoparticles embedded in hydrogel was prepared by cross-linking between thiol-modified
hyaluronic acid and polyethylene glycol-diacrylate. Thiol-modified hyaluronic acid (320 mg, 0.8 mmol of disaccharide
repeating units) was dissolved in 20 mL of phosphate-buffered saline containing esketamine-encapsulated nanoparticles.
Then, 5 mL of polyethylene glycol-diacrylate (1.2 g, 0.4 mmol) aqueous solution was added in the above mixture and
mixed for 0.5min. The formation of hydrogel-containing esketamine-encapsulated nanoparticles occurred within 0.5h.

Characterization of Hydrogel-Containing Esketamine-Encapsulated Nanoparticles

The morphology of hydrogel-containing esketamine-encapsulated nanoparticles (ES NPs-HA) was observed by scanning
electron microscopy (S-3400N; Hitachi, Tokyo, Japan). SEM: The esketamine-encapsulated nanoparticles were coated
with platinum after freeze-drying, and then, they were observed under SEM. The average particle diameter and size
distribution of esketamine-encapsulated nanoparticles was measured by DLS assay using a Brookhaven BI9000AT
system (Brookhaven Instruments Corporation, Austin, TX, USA). DLS: The esketamine-encapsulated nanoparticles
were first diluted in deionized water to a concentration of 0.1 mg/mL. The mean hydrodynamic diameter of esketamine-
encapsulated nanoparticles was then determined by cumulative analysis.

In vitro Drug Release from ES NPs-HA

First, 1 mL of esketamine solutions was prepared at concentrations of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 pg/mL.
Absorbance values were detected at 269 nm using a multimode microplate reader (Molecular Devices) and absorbance
concentration curves were plotted. 200 puL of ES NPs-HA were collected and incubated in centrifuge tubes with 1 mL of
PBS at 37°C. After collecting a portion of the mixed solution every 24 hours, replace it with a fresh PBS buffer. The
absorbance values of the collected mixed solution were measured again using the multimode microplate reader and the
daily dose of esketamine released was calculated from the absorbance-concentration curve previously plotted and
repeated three times for 21 days. The cumulative release is summed over the daily releases for the corresponding
number of days.

Encapsulation Efficiency of the Esketamine-Encapsulated Nanoparticles

We measured the mass change of esketamine in the solution before and after drug encapsulation. After encapsulation, the
amount of unencapsulated drug was present in the supernatant. The absorbance of the supernatant was measured at 269
nm using a multimode microplate reader and the amount of drug in the solution was calculated as the amount of
unencapsulated drug. The equation for calculating the encapsulation rate of nanoparticles is as follows.

mass of drug — mass of unencapsulated drug o

Encapsulation efficiency (EE)(%) = 100

mass of drug

Pain Behavior Analysis

Prior to testing, all mice spent more than an hour each day for three consecutive days getting used to the same test
environment. Mice were kept in a cage with a metal mesh floor for the duration of the test and given a half-hour window
to acclimate. To stimulate the mice, increasing von Frey gradients were applied to the surgically ipsilateral hind paw’s
plantar surface (0.02-2.56 g), and Dixon’s up-and-down method was used to calculate the animals’ withdrawal
threshold.>' The behavioral tester was unaware of the grouping of mice.

Whole-Cell Patch Clamp Recording of DRG Neurons

Briefly, surgically ipsilateral L4 DRG was rapidly removed from mice and placed in ice-cold Oxygenated artificial
cerebrospinal fluid. Artificial cerebrospinal fluid formula (in mM):124 NaCl,1.25 NaH,PO,, 26.0 NaHCOs3,1.0 MgCl,,
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2.0 CaCl,,10.0 glucose, and 5 Hepes, pH 7.4. DRG surface fibers were removed microscopically and bisected, then
transferred to a medium containing collagenase D (1.8 mg/mL; Roche) and trypsin (1 mg/mL; Ameresco) and incubated
for 35 minutes at 37 °C in a thermostat. Then add 10% bovine fetal serum and blow the ganglion with a special 1 mL
pipette tip. Dissociated neurons were seeded on poly-d-lysine coated dishes and supplemented with 10% fetal bovine
serum and 30 ng/mL nerve growth factor and transferred to 95% and 5% carbon dioxide incubators at 37 °C for 68
hours.

The experiments were performed at room temperature. Small diameter neurons (<25nm) were selected for membrane
clamp recording. The initial resistance of borosilicate glass patch pipettes is around 4-8MQ.The pipette solution
contained (in mM):121 K-glucose, 20 KCl, 0.2 EGTA, 4.0 Na2ATP, 0.4 GTP-Tris, 2.0 MgCI2, and 10 Hepes, pH 7.3.
The bath solution is same as artificial cerebrospinal fluid formula. Data were acquired using a Multiclamp 700B amplifier
(Molecular Devices). pClamp software (version 10; Axon Instruments) was used for signal collection and analysis. Date
was filtered at 2 kHz and digitized at 10 kHz using a data acquisition interface (1440A; Molecular Devices). The resting
membrane potential and the action potential evoked by a series of ramp current stimulation (Time: 1 s; current intensity:
100, 200, and 300 pA) were recorded.

Immunohistochemistry

Animals were anesthetized by deep inhalation and perfused with saline and 4% paraformaldehyde. The spinal cord was
immediately removed from the lumbar region (L4-L6) and fixed overnight at 4°C. Sections were performed using
a cryostat at 12 pum thickness (CM1950; Leica,). Immunofluorescence staining was performed using the following
primary antibody: GFAP (mouse, 1:500, Millipore, Burlington, MA), followed by incubation with alexa488-coupled
secondary antibody (mouse, 1:1000, Jackson ImmunoResearch, West Grove, PA). Stained sections were examined using
a Leica SP8 confocal microscope.

Histology
Mice were executed 14 days after administration. Each incision site was exposed and L5 spinal nerve roots were
collected, fixed in 10% paraformaldehyde, paraffin-embedded, sectioned, and stained with hematoxylin and eosin (H-E).

Statistical Analysis

Results are expressed as mean = SEM. All statistical results were analyzed with GraphPad Prism 6. Differences between
multiple groups were determined by two-way repeated measures (RM) ANOVA. Bonferroni tests were used as post hoc
tests when the ANOVA showed significant differences. Between-group analysis was completed using an unpaired
Student’s #-test. p-values <0.05 were considered statistically significant.

Results
Characterization of ES NPs-HA

Esketamine is rapidly metabolized in vivo, so we developed esketamine-encapsulated nanoparticles employing PLGA
nanoparticles as carriers to provide continuous drug output.”> SEM was used to examine the appearance and structural
integrity of esketamine-encapsulated nanoparticles (Figure 2A). The size of their particles was 117.5 nm on average
(Figure 2B). The EE of esketamine-encapsulated nanoparticles was 72.74 + 4.11%. Then hydrogel-containing esketa-
mine-encapsulated nanoparticles were prepared by cross-linking between thiol-modified hyaluronic acid and polyethy-
lene glycol-diacrylate to increase drug release and decrease drug loss (Figure 2C). Finally, we obtained the ES NPs-HA,
which provided the framework for steady and continuous drug release (Figure 2D).

Release of ES NPs-HA in vitro

To detect the in vitro release efficiency of ES NPs-HA, we measured the absorbance of the complexes at 269 nm and plotted
the absorbance-concentration standard curve (Figure 3A). Subsequently, the daily release rate of the nanocomposite at
different pH values was measured at 37°C (Figure 3B). The release rate of ES NPs-HA was high in the first 3 days, and then
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Figure 2 The Characterization of ES NPs-HA. SEM images of the esketamine-encapsulated PLGA nanoparticles (A) Scale bar: 500 nm; Particle size distribution of
esketamine-encapsulated PLGA nanoparticles (B); SEM images of hyaluronic acid hydrogel (C) Scale bar: 5 pm; SEM images of ES NPs-HA (D) Scale bar: 5 pm.

decreased stable and slowly. After 18 days, it was close to zero. The cumulative release rate diagram of the drug showed that
the drug released more than 80% in 21 days, and most of the drugs were released in the first 14 days. The pH value (pH = 6.4)
of the simulated inflammatory environment did not affect the release of the drug (Figure 3C).

The Drug Distribution of ES NPs-HA in vivo

We further validated the uptake of ES NPs-HA in vivo. Since the PLGA esketamine-encapsulated nanoparticles are not
fluorescent by themselves, we prepared rhodamine-conjugated PLGA nanoparticles with red fluorescence to follow their
cellular uptake in real-time. Fluorescence detection on a postoperative day 5 showed that the ES NPs-HA could be
absorbed by the encapsulated nerve roots (Figure 4A), a phenomenon not seen in the empty PLGA nanoparticles
(Figure 4B). DAPI staining of the nuclei also did not reveal significant necrosis or effects on the structure and number of
nuclei. This also indirectly indicates the safety of NPs-HA. Some loss may occur when nanoparticles are placed directly
around the nerve. For more effective pain relief, we use the hydrogel- nanoparticles system that enriches the nanopar-
ticles and reduces their dispersion, while the hydrogel provides a sustained release of the drug released from the
nanoparticles.

ES NPs-HA Attenuated SNL-Induced Pain Hypersensitivity
First, we established a spinal nerve ligation mouse model. As shown in Figure 5A, the drug was injected at the same time
as the nerve roots were ligated, and the mice’s pain behaviour was assessed for 21 days after the surgery. After 14 days,
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Figure 3 In vitro drug release characteristics of ES NPs-HA. Standard Esketamine release curve. (A) Daily release of ES NPs-HA. (B) Cumulative release of ES NPs-HA (C).
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Figure 4 In vivo uptake of nanoparticles. Rhodamine-conjugated PLGA nanoparticles were detected on postoperative day 5 (A); Empty PLGA nanoparticles (B). Scale bar:
50 pm.

the nerve roots were sampled for histological examination. Compared with the preoperative period, mechanical pain
thresholds were significantly lower in mice after ligation and persisted for more than 21 days (Figure 5B). Previous
studies have shown that intrathecal or intraperitoneal injections of esketamine can attenuate SNL-induced pain
behaviors.>*** However, this invasive intrathecal injection method has significant pitfalls for the spinal cord and cannot
be used routinely in clinics.”> The effect of the intraperitoneal injection is short-lived, and the dose is large. Wang et al
showed that injection of PLGA-coated bupivacaine into the DRG reduced spinal nerve compression in mice for up to 14
days.?® In the present study, we injected the drug into the spinal nerve roots. Nerve root blocks are common in the clinical
treatment of neuropathic pain.’” The nerve roots exiting from the intervertebral foramen are not only close to the DRG
but might even affect the spinal cord. After spinal nerve ligation in mice, we injected esketamine at the nerve root and
tested mechanical pain in mice 1-7 days after surgery. Mechanical pain thresholds were significantly higher in SNL+ES
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Figure 5 Effect of ES NPs-HA on neuropathic pain. Experimental timeline of this study (A) Mechanical pain threshold in mice after spinal nerve ligation (B) (n=6/group);
Effect of a single treatment of esketamine on mechanical pain in SNL mice (C) (n=8/group); The effect of ES NPs-HA administration on mechanical pain in SNL mice (D)
(n=8/group). Data are expressed as the mean + SEM. *P <0.05; Two-way RM ANOVA followed by the Bonferroni test.

group compared to SNL+NC group, but this effect lasted for only one day (Figure 5C). To assess the analgesic effect of
the ES NPs-HA, we placed it around the nerve roots outside the intervertebral foramen. Compared with SNL+NC NPs-
HA group, the mechanical hypersensitivity of mice in SNL+ES NPs-HA group was relieved from day 2 and maintained
for more than 14 days after spinal nerve ligation (Figure 5D). The above suggests that ES NPs-HA can attenuate SNL-

induced nociceptive hypersensitivity.

ES NPs-HA Reduced the Excitability of Neurons in the DRG of SNL Mice

A key factor in the emergence of neuropathic pain is the dorsal root ganglion.”® The neurons in DRG are the
primary sensory neurons of pain transmission.?’ Spinal nerve root administration of ES NPs-HA significantly
enhanced the analgesic effect on SNL mice. It is possible that esketamine acts on the damaged peripheral nerves
and affects the occurrence of spontaneous action potentials of DRG neurons and the development of mechanical
ectopic pain. Of course, this requires further experiments to determine the diffusion of esketamine in vivo. In this
study, we recorded the neurons of DRG in mice by patch clamp and compared evoked action potentials (APs) of
neurons in DRG. The APs were substantially more responsive to 100, 200, and 300 pA ramp current stimulation
following SNL compared to the Sham group. However, ES NPs-HA significantly reduced the increase in the
number of APs caused by SNL nerve injury, at 200 pA and 300 pA ramp currents (Figure 6A). This suggests that
ES NPs-HA can inhibit neuronal excitability by blocking axonal conduction directly or acting indirectly on the
DRG. Figure 6B-E show the representative traces of action potentials in responding to 100, 200, and 300 pA
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Figure 6 Effect of ES NPs-HA on the excitability of DRG neurons in SNL mice. The number of Aps in DRG neurons of mice receiving ES NPs-HA treatment was recorded,
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ramp current stimulation. After ligation, the number of action potentials (APs) was significantly lower in the
Sham group (Figure 6B) than in the SNL group (Figure 6C). This suggests that spinal nerve ligation affected the
excitability of the neurons. There was also a significant decrease in the number of APs after injection of ES NPs-
HA (Figure 6D). The saline encapsulated only did not have the same effect (Figure 6E). These are consistent with

the statistical results in Figure 6A.

ES NPs-HA Inhibited Excessive Activation of Mouse Spinal Astrocytes

Astrocytes are the most abundant glial cells in the nervous system, and when peripheral nerves are damaged, astrocytes
are activated to participate in neuroinflammatory responses and pain sensitization.’*' Therefore, in this study, we
examined the activation of astrocytes in the ipsilateral spinal dorsal horn after SNL. In SNL group, 5 days after spinal
nerve ligation, immunofluorescence staining for astrocytes in the ipsilateral dorsal horn of the spinal cord increased
significantly (Figure 7A and B). On the other hand, compared with SNL group, the immunofluorescence reaction of
astrocytes in the ipsilateral spinal dorsal horn of SNL + ES NPs-HA group was significantly reduced (Figure 7C).

The Safety of ES NPs-HA

At 14 days after surgery, the wound healing at the surgical site of the mice was normal. To evaluate the biological safety
of the complexes, we performed HE staining on the nerve wrapped by ES NPs-HA. Compared with the control group
(Figure 8A), there was no obvious inflammatory reaction in ES group (Figure 8B) and ES NPs-HA group (Figure 8C).
The cells in the nerve root were evenly distributed, and there were no abnormal changes such as swelling or atrophy in
the axons. This indicates that esketamine solution or ES NPs-HA has no significant effect on normal nerve tissue and the
biocompatibility is well.

Sham SNL SNL+ES NPs-HA

Figure 7 Effect of ES NPs-HA on spinal astrocytes in mice. On day 5 postoperative, L4 spinal sections were taken and incubated with anti-GFAP antibodies. Sham (A); SNL
(B); SNL+ES NPs-HA (C). Scale bar: 100 pm.

* Control ES ES NPs-HA

Figure 8 Tissue reactions of ES NPs-HA. HE staining of nerves |4d after treatment with (A) Control: 0.9% NaCl, (B) ES: esketamine, or (C) ES NPs-HA: hydrogel-
containing esketamine-encapsulated nanoparticles. Scale bar: 100 um.
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Discussion
As the exteroceptor of ketamine, the NMDA receptor is generally considered to be the main molecular target of
esketamine.>® This receptor is widely distributed in neuronal cells, closely influences neuronal development, and
forms a prominent role in neuropathic pain and other CNS pathologies.> > There are a lot of reports on the effects
of ketamine on neurons, and Zeilhofer et al reported the effects of ketamine on NMDA receptor currents in cultured
neurons.*® In addition, ketamine can also inhibit neuronal excitability by blocking sodium and potassium channels
inhibiting neuronal excitability.'’>” In the present experiments, we recorded changes in the action potential of DRG
neurons after administration, but further studies are needed on the targets of esketamine action on neurons. Further, more
and more reports suggest that the effects of ketamine on the nervous system are not limited to neurons, but glial cells also
play an important role. In cellular experiments in vitro, esketamine may alleviate pain by inhibiting calcium-activated
potassium channels in microglia.*® In a neuropathic pain model, a study reported that intrathecal ketamine injection
inhibited SNL-induced astrocyte activation not inhibited by intraperitoneal ketamine.” In addition, it was shown that
rapid morphological changes and serum BDNF levels in hippocampal astrocytes were associated with the injection of
esketamine.”® Ketamine has been repeatedly reported to inhibit astrocyte activation, in the central nervous system.
Therefore, in the present experiments, we preliminarily verified the effect of ES NPs-HA on astrocytes in the spinal cord.
The analgesic targets of esketamine are numerous and involve multiple signaling pathways. With continuous research, it
has been one of the most promising drugs for the treatment of neuropathic pain.®'>'¢

In the clinic, there are numerous sustained-release painkillers available, including tablets of diclofenac sodium,
tramadol hydrochloride, and morphine hydrochloride. Lamotrigine loaded with PLGA as a drug carrier was utilized to
demonstrate the analgesic impact of the drug in animal models, according to Lalani et al.** Additionally, it was shown by
Kim, Shin et al that duloxetine nanoparticles might extend the analgesic effects of medications by improving microglial
targeting.*’ Nanomaterials have emerged as a new direction in the development of pain medications.** Notably,
Hyaluronic acid, used in a variety of biomedical research areas, is now a successful sustained-release method in drug
delivery technology.* Nanoparticles in granular form, when applied topically, do not completely surround the nerve root
and there is partial loss, which can be avoided to some extent with hydrogels. Hydrogels have some adhesive properties
that allow nanoparticles to concentrate around the nerve, reducing drug loss and potentially showing better local effects.
Also, Hydrogels can be drug release prolongers. Of course, more convincing evidence would require further research to
prove this. To find a suitable encapsulation dose, we refer to the effective dose of intraperitoneal administration.
Although the behavior of mice showed a good analgesic effect, this may not achieve the maximum benefit of the
drug. The drug release curve was drawn by in vitro drug release detection and compared with PLGA, Nanoparticles-
Hydrogel system showed a longer sustained release period. In addition to the slow-release properties, drugs encapsulated
by nanoparticles have high delivery efficiency, especially in the blood-brain barrier of the central system.***> A new
approach to treating central disease-related neuropathic pain is provided by nanotechnology.*®

Although intrathecal administration of esketamine relieved pain in SNL mice, it was potentially toxic to the brain and
spinal cord.”> Ketamine has been found to significantly increase synaptic apoptosis during brain development.*” At the
same time, we recognise that intrathecal drugs carry certain risks that are not taken into account in most animal testing,
and it has been empirically observed that people with chronic cancer pain who take intrathecal ketamine exhibit severe
histologic abnormalities.*® These restrict the use of esketamine intraspinal. To treat neuropathic pain while minimizing
unneeded side effects, medication sustained-release agents are inserted into the intervertebral foramen. This allows the
medicine to travel to the invading nerve roots or ganglia and even to the nerve cells of the DRG. It might introduce fresh
approaches to the existing management of intractable peripheral neuralgia, which could be useful in the treatment of
conditions including postherpetic neuralgia, phantom limb pain, and postoperative pain.**->°

Only a few nanomedicines have received FDA approval, even though nanoparticles now hold considerable promise
for pain management.’' Its safety is frequently questioned. In this experiment, tissues in various regions of the body,
including the spinal cord, should fall within the detection range in addition to detecting the local inflammatory reaction to
the drug. More research is still needed to determine the safe encapsulation dose of nanomedicines, including an accurate
assessment of drug concentrations in various organs. In addition, due to the particularity of the central nervous system,
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the nanoparticles might be preferentially engulfed by microglia after the nanoparticles enter the central nervous system,
which provides a new strategy for achieving targeted drug release and reducing the side effects of systemic application.>>

In conclusion, we developed a novel esketamine/nanoparticle-hydrogel system. By injecting the system around the
nerve root, it successfully reduced the pain caused by spinal nerve ligation in mice, and it is worth noting that the nano
complex may produce an analgesic effect by affecting the excitability of neurons in the DRG and inhibiting the activation
of astrocytes in the spinal cord. Our study is expected to provide some support for the clinical application of
nanotechnology in neuropathic pain.
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