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KEY WORDS Abstract Perineurally injected nerve-blocking agents have limited capability to cross peripheral nerve
barriers (PNBs), requiring high doses to block pain signals on axons. This increases the risk of local tissue
toxicity and systemic side effects on the cardiovascular and neurological systems. To address this, we
explored carboxyl group modification to enhance the permeability of nerve-blocking agents across the

Monocarboxylate
transporter 1;
Local anesthetic;

Prodrug; PNBs through carrier-mediated transport facilitated by monocarboxylate transporters (MCTs). The
Capsaicin analogue; enhanced permeability allows for targeted drug delivery to peripheral nerve axons, resulting in a signif-
TRPV1; icant reduction in the necessary drug dosage for a long-lasting nerve block. Specifically, we developed a
Nerve barrier penetration; carboxylated prodrug of capsaicin (COOH-CAP) by conjugating it with a carboxyl group via a degrad-
Sensory nerve blockade; able ester bond. Calcium flux assays, patch-clamp recordings, and body temperature measurements
Long-lasting local collectively confirmed that COOH-CAP activates TRPV1, with potency comparable to capsaicin. In rats,

anesthesia a single sciatic nerve injection of 3.28 umol COOH-CAP produced a nociceptive-selective nerve
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blockade lasting 260 £ 83.7 h without motor impairment or capsaicin-related side effects, approximately
35 times longer than the same dose of plain capsaicin. Even at a lower dose of 1.64 pmol, COOH-CAP
still produced nociceptive-selective nerve blockade for 172.0 £ 41.3 h.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and
Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Approximately 300 million major surgeries were performed glob-
ally in 2023, with around 75% of these patients experienced
moderate to severe acute postoperative pain'2. Postoperative pain
presents a significant challenge to healthcare systems and patient
satisfaction. Opioid analgesics, long regarded as the mainstay for
managing moderate to severe postoperative pain, are increasingly
problematic due to their potential for misuse, dependence, and
addiction, fueling the ongoing opioid crisis’. Local anesthesia,
which involves injecting local anesthetics around peripheral nerves
to relieve pain, is a common worldwide practice for postoperative
pain management®. Local anesthetics work by blocking neuronal
voltage-gated sodium channels (VGSCs) and interrupting nerve
impulse propagation. Despite the effectiveness in nerve block, the
duration of action of clinically used amino-ester and amino-amide
local anesthetics typically limited to a few hours’. To extend the
duration of the nerve block, perineural catheters, adjuvant drugs, or
sustained release systems, such as liposomes or nanoparticles can
be used®'?. However, clinically used amino-ester and amino-amide
local anesthetics are intrinsically myotoxic'>!%, leading to muscle
weakness, poor physical stamina, and lack of muscle control,
particularly with prolonged use or high doses'. Additionally, once
these local anesthetics are cleared from the injection site, they can
have systemic effects, potentially causing cardiac dysfunction and
neurological syndromes such as seizures™'®.

The limited duration of action and prevalence of side effects in
peripherally injected local anesthetics can be attributed to their
low bioavailability to peripheral nerve axons. Peripheral nerve
axons are surrounded by peripheral nerve barriers (PNBs), which
include the epineurium, perineurium, and endoneurium. Among
these, the perineurium—a concentric layer of fibroblasts that en-
closes bundles of nerve fibers, is the major obstacle that local
anesthetics must overcome to permeate from the perineural in-
jection site and diffuse towards their intended site of action'”'8. It
is widely recognized that only a very small percentage (<1%) of
perineurally injected local anesthetics can penetrate the perineu-
rium and effectively modulate axonal impulse conduction'’. The
majority of these local anesthetics are instead absorbed by nearby
tissues or enter the systemic circulation, leading to off-target ef-
fects and potential drug toxicity both locally and systemically.

Monocarboxylate transporters (MCTs) are encoded by the
SLCI6A gene family and have 14 subtypes, MCT1-14'°, Endo-
thelial cells that form the blood—brain barrier (BBB) express MCTs,
with monocarboxylate transporter 1 (MCT1) being the most preva-
lent. MCT1 has a moderate affinity for lactate (K;,, = 3.5 mmol/L)
and can recognize aliphatic monocarboxylates with carbon chain
lengths of 2 to 5. This allows for the transport of monocarboxylates in
and out of cells that have high MCT1 expression under physiological
conditions>'*2. MCT1 facilitates the transport of a broad range of
monocarboxylate solutes across the BBB, including lactate, pyruvate,

and acetoacetic acid, through a carrier-mediated mechanism?®*2*.

Previous studies have also shown that certain carboxylate drugs, such
as valproic acid, benzoic acid, nicotinic acid, and $-lactam antibiotics
like benzylpenicillin, propicillin, and cefazolin can be transported into
the brain via MCT1*>?’. Importantly, MCT1 is also expressed in
multiple cell types within peripheral nerves, including the
endothelial cells of endoneurial blood vessels, Schwann cells, and
perineurial (glial) cells®®. In peripheral nerves, MCT1 is believed to
mediate the transport of monocarboxylate solutes across the restric-
tive PNBs*™>'. Furthermore, Schwann cells express additional
monocarboxylate transporters, such as MCT2 and MCT4, suggesting
that multiple MCT isoforms contribute to intracellular transport
and metabolic exchange within the peripheral nerve
microenvironment™,

In this study, we developed a carboxylated prodrug of nerve-
blocking agents by linking nerve-blocking agents with a carboxyl
group through degradable ester bond (Scheme 1). We hypothesize
that the MCT1 present on the perineurium facilitates the transport
of prodrug through the perineurium. Once the prodrug has
permeated the nerve, they are converted to their active parent drug
through the hydrolysis of chemical bonds. This transportation
mechanism significantly increases the drug availability to pe-
ripheral nerve axons. The increased drug availability allows a
higher proportion of the administered drug to produce the desired
nerve block, offering equivalent or superior pain relief effects with
lower side effects at equal or lower drug doses.

Capsaicin was selected as the nerve-blocking agent. As an
active component extracted from chili peppers, capsaicin is
clinically used as a topical treatment of neuropathic pain’.
Unlike traditional local anesthetics, capsaicin is not classified as
a local anesthetic due to its distinct mechanism of action®. It
specifically binds to and activates the transient receptor potential
vanilloid 1 (TRPV1) receptor34. Prolonged stimulation of
TRPV1 can lead to receptor desensitization, thereby alleviating
pain. Since TRPV1 is primarily expressed at the peripheral ter-
minals of sensory neurons, capsaicin can produce a selective
nociceptive nerve block without causing significant motor
impairment®>*®. The concept of selective nociceptive/nociceptor
analgesia was first introduced by Jancsé et al.*” in 1980, who
provided direct evidence for an axonal site of action of capsaicin.
Since then, perineural capsaicin application has become a widely
used experimental approach to investigate the function of
TRPV1-positive primary sensory neurons, and its potential use in
pain therapy has also been proposed*®**. However, high-doses of
capsaicin have been reported to potentially cause side effects
such as inflammation, neurotoxicity, seizures, shortness of
breath, and strong irritant effects, while the selective axonal
blockade of low-doses capsaicin has a shorter duration*®*’.
These concerns limit its broader application. The enhancement
of the effectiveness of capsaicin in nerve blocks would have a
significant impact on clinical practice.



996

Yu Wen et al.

Scheme 1
sensory neurons.

2. Results

2.1.  MCTI transporter-mediated carboxyl group-containing
fluorescein endoneurial permeation in vivo

We utilized a rat sciatic nerve permeation model to investigate
whether the MCT1 transporter can facilitate the permeation of
carboxyl group-containing drugs into peripheral nerves. Previous
studies have shown that peripherally injected fluorescein isothio-
cyanate (FITC) cannot cross the perineurium*®*°. In this study, we
studied whether the peripherally injected 5-carboxyfluorescein (5-
FAM), an analog of FITC containing a carboxyl group, can cross
the perineurium (Fig. 1A). As a control, we assessed the perme-
ability of 5-aminofluorescein (5-AFM), an amino-substituted
analogue of FITC, following peripheral administration. In addi-
tion, as a negative control, we co-administered 5-FAM with the
MCT]1 inhibitor a-cyano-4-hydroxycinnamate (CHC), referred to
as 5S-FAM@CHC, around the rat sciatic nerve. CHC is a well-
characterized inhibitor of MCT1—4 that interacts with the active
site of MCT proteins, thereby impairing their transport function®?.

Adult male Sprague—Dawley (SD) rats weighing 250—350 g
were injected with 0.3 mL of phosphate-buffered saline (PBS,
1 x , pH 7.4) solution containing equimolar amounts
(15.6 pmol/L) of FITC, 5-FAM, 5-AFM, or 5-FAM@CHC
around the sciatic nerve. Four hours after injection, the rats were
euthanized, and the sciatic nerve and surrounding tissue were
collected, cryosectioned, and observed using confocal microscopy.

As shown in Fig. 1B, fluorescence was not observed in the
endoneurium of the peripheral nerve in rats injected with FITC.
This indicates that FITC could not penetrate the perineurium to
enter the endoneurium of the sciatic nerve. Instead, FITC accu-
mulated in adjacent muscle tissue and adipose tissue around the
sciatic nerve. In rats injected with 5-AFM, fluorescence was
faintly observed within the endoneurium. This indicates that the
introduction of the amino group in 5-FAM improved the ability of
FITC to penetrate the sciatic nerve perineurium to some extent.
One possible explanation for this improvement could be the
presence of glutamate transporter in the perineurium’’. In

Carboxylated prodrug of nerve-blocking agents penetrate the peripheral nerve barrier mediated by the MCT1 transporter and act on

contrast, in rats injected with 5-FAM, fluorescence distributed
evenly both inside and outside the sciatic nerve perineurium.
There was no accumulation of fluorescein in the surrounding
muscle tissue and adipose tissue. Furthermore, co-injection of 5-
FAM with the MCT inhibitor CHC (5-FAM@CHC) resulted in
fluorescence signals primarily localized to the surrounding muscle
and adipose tissues, with minimal signal detected within the
nerve. This observation indicates that the transperineurial pene-
tration of 5-FAM is largely dependent on MCT1-mediated
transport.

Quantitative analysis revealed that the average relative fluo-
rescence intensity within the endoneurium of the sciatic nerve was
significantly higher in rats injected with 5-FAM compared to those
injected with FITC, 5-AFM, or 5-FAM@CHC, with statistically
significant differences observed (Fig. 1C and D). These results
indicate that MCT1 can effectively transport carboxyl-containing
fluorescein, injected peripherally, across the perineurium and
into the endoneurium of the peripheral nerve.

2.2.  Synthesis and characterization of the COOH-CAP prodrug

We designed the carboxylated capsaicin prodrug (COOH-CAP, 1)
by introducing the succinyl group to capsaicin through degradable
ester bond (Fig. 2A). The reason for choosing succinylation is that
after the COOH-CAP prodrug hydrolyze in tissues, they form the
parent drugs and succinic acid by-products. Succinic acid is a
naturally occurring acid that is widely present in animal and plant
tissues, as well as microorganisms, and is considered a non-toxic
acid®'?,

The synthesis of the COOH-CAP prodrug was achieved by
condensing the phenolic hydroxyl group of commercially avail-
able natural capsaicin (capsaicin: dihydrocapsaicin ratio of
approximately 3:1) with the carboxyl group of succinic anhydride
using 4-dimethylaminopyridine (DMAP) as a catalyst and pyri-
dine as a base at room temperature (Fig. 2B). The chemical shifts
of the methylene groups in the succinyl moieties of the prodrug
were readily identified in the range of 2.5—3.1 ppm by "H NMR
(Fig. 2C and Supporting Information Fig. S1). Additionally,
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Figure 1

In vivo peripheral nerve permeability. (A) Structure of FITC, 5-FAM, 5-AFM, and CHC. (B) Representative fluorescent photomi-

crographs of sciatic nerves and surrounding epineurium 4 h after perineural injection of FITC, 5-AFM, 5-FAM, and 5-AFM@CHC. The red
dotted line indicates the perineurium. (C) Relationship between normalized mean fluorescence intensity and normalized distance from the surface
of the nerve in rats injected with FITC, 5-FAM, 5-AFM, and 5-AFM@CHC. (D) Mean fluorescence intensity in the endoneurium of sciatic nerves
injected with FITC, 5-AFM, 5-FAM, or 5-FAM@CHC. Data are presented as mean £ SD (n = 3). One-way ANOVA followed by Tukey’s test;

*##%kxP < 0.0001, ns: not significant.

through Q-TOF high-resolution mass spectrometry (HRMS), we
successfully identified a peak corresponding to COOH-CAP
bound to sodium ions ([COOH-CAP + Na]t = 428.2039),
further confirming the structure of the compounds (Fig. 2D).
Hydrolysis kinetics of the prodrug were evaluated in deionized
(DI) water at 37 °C. A suspension of 5 mg of prodrug in 10 mL of
DI water was placed in an incubator at 37 °C. Samples were taken
every hour, and the hydrolysis products of the prodrug were
analyzed using UPLC. The hydrolysis experiments showed suc-
cessful conversion of the COOH-CAP prodrug into their corre-
sponding parent drugs capsaicin (Fig. 2E). The COOH-CAP
prodrug could be completely degraded within 30 h, with a half-
life of 3.94 h (Fig. 2F). Furthermore, a separate metabolic study
in rat sciatic nerve homogenate revealed a markedly accelerated
degradation rate, with a calculated half-life of 38 min, suggesting
enzyme-mediated hydrolysis of the prodrug (Supporting Infor-
mation Fig. S2). Notably, in this in vitro model, the enzyme
concentration is much higher than that in the actual local physi-
ological conditions where the prodrug is administrated. Specif-
ically, approximately 1 cm segments of sciatic nerve were
homogenized in 1 mL of 1 x PBS, leading to the complete release

and uniform dispersion of intracellular and membrane-associated
enzymes. In clinical or experimental nerve block settings, how-
ever, the prodrug is delivered into the perineural extracellular
space, where enzymatic activity is more spatially restricted and
diffusion-limited. As such, the half-life of prodrug hydrolysis after
in vivo injection around the sciatic nerve should be much longer
than 38 min.

2.3. Evaluation of TRPVI activation of the COOH-CAP
prodrug

To assess the TRPV1-activating potential of COOH-CAP, a cal-
cium flux assay was performed in human HEK293 cells expressing
TRPV1°**°, COOH-CAP induced a concentration-dependent
activation of TRPV1, with an ECs, value of 2.96 nmol/L, which
is comparable to that of capsaicin (3.73 nmol/L, P = 0.16)
(Fig. 3A). To corroborate these results, whole-cell manual patch-
clamp recordings were conducted using the same TRPVI-
expressing HEK293 cells. COOH-CAP elicited robust inward
currents in a dose-dependent manner, with an ECsg of 449 nmol/L,
closely matching that of capsaicin (408 nmol/L, P = 0.08)
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Figure 2

Synthesis route and characterization of the COOH-CAP prodrug. (A) Structure of the COOH-CAP prodrug. (B) Synthesis route of the

COOH-CAP prodrug. (C) 'H NMR (500 MHz) spectrum of the COOH-CAP prodrug. (D) HRMS signal spectrum for COOH-CAP prodrug. (E)
UPLC chromatography illustrated that the COOH-CAP prodrug was partially degraded to capsaicin after 1 h. (F) Hydrolysis kinetics of COOH-

CAP prodrug in DI water at 37 °C determined by UPLC.

(Fig. 3B—D). These findings confirm that COOH-CAP activates
TRPV1 through direct electrophysiological stimulation. The
comparable in vitro potency of COOH-CAP and capsaicin may be
attributed to the membrane-associated esterases on HEK293 cells
or, more likely, to intracellular esterases, given the MCT1-medi-
ated uptake of COOH-CAP, These esterases facilitate rapid con-
vertion of COOH-CAP to capsaicin during the assay’>">.

To further evaluate its functional relevance in vivo, we
measured core body temperature in rats after an intraperitoneal
injection of COOH-CAP (0.16 pmol in 100 pL 1 x PBS). A
transient hypothermic response was observed, with the tempera-
ture dropping to 35.3 £ 0.4 °C at 15 min and gradually returning
to baseline (36.9 £ 0.1 °C) by 120 min (Fig. 3E). An equivalent
molar dose of capsaicin produced a similar hypothermic profile,
reaching 35.6 £ 0.3 °C at 30 min, followed by recovery to
36.8 £ 0.2 °C at 45 min, confirming that COOH-CAP has the
same thermoregulatory effects as capsaicin.

To verify whether the hypothermic effect of COOH-CAP was
mediated through TRPV1 activation, we employed a pharmaco-
logical antagonist reversal strategy. Rats were first injected with
COOH-CAP (0.16 pmol), followed 30 min later by the TRPV1
antagonist AMG9810 (5 mg in 0.3 mL 1 x PBS, intraperitone-
ally). Administration of AMG9810 rapidly reversed the COOH-
CAP-induced hypothermia, elevating body temperature to
37.9 £ 0.3 °C at 45 min and stabilizing at 37.4 = 0.1 °C by 60 min
(Fig. 3F). This pharmacological reversal indicates that the hypo-
thermic response to COOH-CAP is TRPV1-dependent, further
confirming its target-specific mechanism of action.

2.4.  Sciatic nerve blockade induced by COOH-CAP prodrug

The rat sciatic nerve block model is commonly used to evaluate
the efficacy and safety of local anesthetics**%%, We selected SD

rats (250—350 g) and injected PBS solutions containing different
doses of the COOH-CAP prodrug (0.82, 1.64, and 3.28 pmol)
along with 7.5 mg of Tween 20 above the left sciatic nerve. Tween
20 was included to enhance the solubility of the prodrug for
injectable formulation®. After injection, neurobehavioral tests
were conducted to assess the functional deficits of the treated rats’
hind paws, including the nociceptive axonal blockade (using a hot
plate test to measure the tolerance time of both hind paws, with a
thermal response time greater than 7 s indicating nociceptive
axonal blockade) and motor axonal blockade (using a balance to
measure the maximum weight borne by both legs). Additionally,
capsaicin-related side effects, such as contralateral nociceptive
axon blockade in the uninjected right hind limb, irreversible
nociceptive axon blockade, seizures, and rapid breathing, were
observed post-injection. Data from a related animal experiment
using plain capsaicin as a control compound were previously
obtained in our laboratory and have been published®.

Compared to plain capsaicin, the COOH-CAP prodrug
exhibited enhanced effectiveness in nociceptive axonal blockade.
Injections of a low dose (0.82 pmol) of the COOH-CAP prodrug
and plain capsaicin did not block the nociceptive axons of the rat
sciatic nerve (Fig. 4A and B, Supporting Information Fig. S3).
However, when the dose of the COOH-CAP prodrug was
increased to only 1.64 pmol, all treated rats experienced complete
blockade of nociceptive axons on the injection side, which lasted
for 172.0 & 41.3 h. In contrast, the same dose of plain capsaicin
only achieved successful nociceptive axonal blockades in all
treated rats for 2.0 &= 2.8 h (Fig. 4A and B, Supporting Information
Fig. S4). When the dose of the COOH-CAP prodrug was further
increased to 3.28 pmol, the duration of nociceptive axonal
blockade on the injected side reached 260.0 + 83.7 h. As a
comparison, the same dose or even a higher dose (6.54 pmol) of
plain capsaicin only achieved successful blockade for 6.8 + 6.1
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Figure 3 TRPVI1 activation and hypothermic responses induced by COOH-CAP and capsaicin. (A) Dose—response curves of COOH-CAP and
capsaicin measured by calcium flux assay in HEK293 cells stably expressing human TRPV1. The fluorescence response induced by 1 pmol/L
capsaicin was set as 100%. (B) Concentration—response curves obtained from manual whole-cell patch-clamp recordings in the same TRPV1-
expressing HEK293 cells. Current amplitudes were normalized to the response elicited by 10 umol/L capsaicin. (C, D) Representative whole-cell
patch-clamp traces showing inward currents evoked by sequential application of increasing concentrations of COOH-CAP or capsaicin. Data are
presented as mean + SD. from a representative experiment performed in triplicate. ECs values were calculated using nonlinear regression fitting
to the Hill equation. (E) Core body temperature changes in rats following intraperitoneal injection of COOH-CAP (0.16 pmol in 100 pL. 1 x PBS)
or CAP (0.16 pmol in 100 pL. 1 x PBS). (F) AMG9810, a selective TRPV1 antagonist, reversed the hypothermic effect of COOH-CAP. In a
separate cohort, rats were first injected with COOH-CAP (0.16 pmol in 100 pL. 1 x PBS), followed by AMG9810 (5 mg, intraperitoneally) at

30 min. Data are presented as mean + SEM (n = 6 per group).

and 4.0 £+ 2.0 h, respectively (Fig. 4A and B, Supporting Infor-
mation Fig. S5). Consistent with previous reports using the same
doses of capsaicin (0.82, 1.64, or 3.28 pumol), neither contralateral
antinociceptive effects nor other capsaicin-related side effects
were observed following the perineural injection of either capsa-
icin or the COOH-CAP prodrug (Supporting Information Figs.
S3—S6). Furthermore, a single injection of 0.82, 1.64 and
3.28 umol of the COOH-CAP prodrug did not cause motor nerve
block and capsaicin-related side effects, such as nociceptive axon
blockade on the contralateral side, seizures, and rapid breathing
(Fig. S6). After 28 days, in all rats received the injection of
COOH-CAP prodrug, the thermal response duration on the
injected side returned to baseline levels, and the maximum
weight-bearing capacity of both hind limbs and paws remained
normal (Figs. S3—S6). These results indicate that effective doses
of COOH-CAP prodrug injection do not produce irreversible

nerve block, which is a common side effect of high-dose capsaicin
and its analogs***’.

The discovery of a long-acting nerve block that selectively
blocks the sensory fibers is highly desired. It will decrease the
need for opioids postoperatively significantly and reduce the
problems related to that. Performing nerve blocks for pain control
usually does not differentiate between the sensory and motor fi-
bers. Blocking the motor nerves is undesirable, as it will delay
ambulation, recovery, and hospital discharge.

2.5. Tissue reaction

To evaluate the tissue reaction to COOH-CAP prodrug, we
euthanized rats 14 or 28 days after injecting COOH-CAP. We
collected muscle tissue and nerves near the injection site
around the sciatic nerve. We then stained and observed the
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Figure 4

Sciatic nerve blockade with plain capsaicin and COOH-CAP prodrug. Effects of drug dose on (A) frequency of successful nociceptive

axon and motor axon blockade and (B) duration of nociceptive axon blockade. Data are presented as mean + SD (n = 6). One-way ANOVA

followed by Tukey’s test; ****P < 0.0001.

muscle and nerve sections using hematoxylin and eosin (HE)
staining and toluidine blue staining, and quantified myotox-
icity and inflammation using a previously reported scoring
system °°,

As shown in Fig. 5, 14 or 28 days after injecting 0.82, 1.64, and
3.28 pumol of COOH-CAP in rats, there was no edema or
discoloration in the surrounding tissues, nor were there any

obvious signs of tissue damage. Further microscopic examination

Figure 5

revealed no significant myotoxicity or inflammation in the tissues
surrounding the sciatic nerve (scores ranged from 0 to 1)
(Table 1).

Observation of toluidine blue-stained sections revealed that the
nerve fibers in the rats injected with the COOH-CAP prodrug were
tightly arranged and encased by round or oval myelin sheaths.
There were no significant changes in axon density or myelin
structure across the groups, indicating that the injection of both

Tissue reaction to COOH-CAP 14 or 28 days after sciatic nerve injection. Representative photographs of the dissected injection site,

followed by representative H&E-stained thick sections of muscles and adjacent loose connective tissue, and toluidine blue-stained semi-thin epon-
embedded sciatic nerve sections are shown. N: epimysial connective tissue, M: muscle. Scale bar: 200 and 10 pm.
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Table 1  Myotoxicity and inflammation scores.
Group Inflammation ~ Myotoxicity
score score

COOH-CAP prodrug, 0 (0-1) 0 (0-0)
0.82 umol

COOH-CAP prodrug, 0.5 (0-1) 0 (0-1)
1.64 umol

COOH-CAP prodrug, 1(0-1) 0.5 (0-1)
3.28 pmol

Note: Inflammation score range: 0—4; myotoxicity score range:
0—6. Data for inflammation and myotoxicity are medians and
ranges, and are compared using the unpaired Mann-Whitney U
test. This method was selected because the data were ordinal.

prodrugs did not cause noticeable nerve damage (Fig. 5). It is
reported that high doses of capsaicin and its analogs may cause
degeneration of unmyelinated C-fiber and prolonged activation of
TRPV1 channels may result in irreversible calcium ion influx,
leading to C-fiber swelling®'. We used TEM to examine the sciatic
nerve sections of rats injected with 3.28 pmol of COOH-CAP
prodrug. Compared to untreated rats*’, the diameters of both
myelinated fibers and unmyelinated C-fiber in COOH-CAP pro-
drug treated rats did not significantly increase, which may be
attributed to the lower injection dose and slow hydrolysis of the
prodrug (Fig. 6A and B, Supporting Information Fig. S7).

2.6.  Enhanced nerve-blocking efficacy due to facilitated MCTI
transport

We hypothesize that the enhanced efficacy of the prodrug in nerve
blockade is due to that the carboxyl group enhances prodrug
permeability across the restrictive PNBs via carrier-mediated trans-
port by the facilitative MCT1. To confirm this hypothesis, we
designed a negative control Valeryl-capsaicin (Valeryl-CAP) prodrug.
Unlike the COOH-CAP prodrug, Valeryl-CAP lacks a carboxyl
group while preserving the same atomic length (n = 5) (Fig. 7A).
Using commercially available capsaicin and valeryl chloride as
starting materials, we successfully obtained the target product
Valeryl-CAP through amide condensation (see Supporting Informa-
tion Scheme S1 and Figs. S8—S10). Animal experiments showed that
rats receiving a single injection of 1.64 pmol Valeryl-CAP prodrug
produced nerve blockade in only 67% of the rats, lasting for
1.2 £ 1.0 h (P < 0.0001 vs. COOH-CAP alone) (Fig. 7B—D, E, and

Figure 6

Supporting Information Fig. S11). In contrast, an equivalent dose of
the COOH-CAP prodrug induced a nociceptive nerve blockade in all
treated rats, with a duration of 172.0 £+ 41.3 h.

To further validate the role of MCTs in facilitating the trans-
location of prodrugs across the PNBs, the prodrug was co-injected
at the rat sciatic nerve with the CHC. CHC exhibits moderate
inhibitory activity on human and rat MCT1 in vitro
(K = 425 pmol/L)*%. Tt is expected that adding CHC to the
COOH-CAP prodrug injection solution will reduce MCT1 trans-
port activity, thereby inhibiting the transport of the COOH-CAP
prodrug across the PNBs. Rats that received a single injection of
1.64 pmol COOH-CAP prodrug and 400 pmol/L CHC in 0.3 mL
PBS buffer showed a significantly shorter duration of nociceptive
axon blockade, lasting only 1.5 £ 2.3 h (P < 0.0001 vs. COOH-
CAP alone). In contrast, rats injected with 1.64 pmol COOH-CAP
prodrug alone experienced a duration of nociceptive axon
blockade lasting 172.0 £ 41.3 h, nearly 80 times longer
(Fig. 7C—E and Supporting Information Fig. S12).

These results confirmed our hypothesis that MCTs promote the
permeation of COOH-CAP prodrug into the nerves through a
carrier-mediated transport mechanism, which consequently in-
creases their effectiveness in blocking nerves.

Regarding the observation of a short-term thermal response in
some rats treated with Valeryl-CAP or COOH-CAP in the pres-
ence of the MCT1 inhibitor CHC, we propose the following
explanation: at a dose of 1.64 pmol, both Valeryl-CAP and
COOH-CAP (even in the presence of the MCT1 inhibitor CHC)
can function as ordinary prodrugs. Although these compounds
cannot utilize MCT1 to cross the perineurium, they can passively
diffuse across the perineurium, similar to plain capsaicin and local
anesthetics. Moreover, previous studies*® have shown that
1.64 pumol of free capsaicin alone can produce nerve blockade in
approximately 50% of rats even without the aid of transporter-
mediated uptake. This suggests that even limited passive diffu-
sion of Valeryl-CAP and COOH-CAP allows them to enter the
nerve, where they are subsequently hydrolysis to release free
capsaicin, and cause the short-term anesthetic effect.

2.7. Enhanced nerve-blocking efficacy due to sustained release
of capsaicin from the inactive prodrug

We hypothesize that, compared to capsaicin, the COOH-CAP
prodrug are either inactive or less effective in nerve block.
Following prodrug transport across PNBs, the inactive or less
effective prodrug is gradually converted to active drug through

Representative TEM images of dissected sciatic nerves (A) and the diameter of myelinated fibers and unmyelinated C-fibers (B) 28

days post-injection of 3.28 pmol COOH-CAP prodrug. Red arrows denote unmyelinated C-fibers and blue arrows denote myelinated A-fibers.
Scale bar: 2 pm. n = 200 fibers for diameter measurement (from 6 rats). Data are mean + SD.
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Figure 7

Effect of MCT inhibitor and absence of carboxyl group on the prodrug’s nerve-blocking efficacy. (A) Chemical structures of Valeryl-

CAP and COOH-CAP prodrugs. (B) Comparison of ipsilateral thermal latencies in rats’ post-administration with 1.64 pmol Valeryl-CAP and
COOH-CAP prodrugs. (C) Ipsilateral thermal latencies following injection of 1.64 pmol COOH-CAP with or without 400 pmol/L CHC. (D)
Percentage of rats with successful axon blockade. (E) Duration of nociceptive axon blockade. Data are presented as mean + SD (n = 6). One-way

ANOVA followed by Tukey’s test; ****P < (0.0001, ns: not significant.

linker hydrolysis, leading to sustained drug release. This sustained
drug release also contributes to enhanced efficacy of the prodrug
in nerve blockade. To study whether the prodrug itself has a nerve-
blocking effect, we designed a negative control compound,
carboxylated-ether-capsaicin (COOH-O-CAP), in which the
carboxyl region and the CAP region are bound by the ether bond
(Fig. 8A). Ether bond is not hydrolysable and can prevent disso-
ciation of the prodrug in local tissues. Specifically, COOH-O-CAP
was synthesized from capsaicin and methyl 4-bromobutanoate
through nucleophilic substitution reaction and hydrolysis of
ester group to carboxyl group (see Methods, Supporting
Information Scheme S2 and Figs. S13—S15).

Animal experiment results showed that rats injected with
3.28 umol of COOH-O-CAP did not experience sciatic nerve
blockade (Fig. 8B and Supporting Information Fig. S16). In
contrast, the same dose of COOH-CAP prodrug caused axonal
blockade, lasting 260.0 £ 83.7 h. This result indicates the COOH-
CAP prodrug itself has no nerve blocking effect until it is hy-
drolyzed into active capsaicin (Fig. 8C).

Molecular docking studies confirmed that the COOH-CAP
prodrug does not possess TRPV1 agonist activity. The published
crystal structure of the TRPV1-CAP complex (PDB: 7LPE) was
used®’. Docking calculations were performed using AutoDock
Vina, and PyMOL 2.5 was used for visualization. As shown in
Fig. 8D, capsaicin can successfully dock into the TRPV1 drug-
binding pocket. The benzene ring of capsaicin can form a m—m
stacking interaction with the benzene ring of the Y511 residue in
TRPV1, and the carbonyl group of the amide forms a hydrogen
bond with the phenolic hydroxyl group of Y511. In contrast,
although the compound COOH-O-CAP can be successfully docked

into the TRPV1 drug-binding pocket, it cannot form 7—m stacking
and hydrogen bonding interaction with the Y511 residue (Fig. 8E).

2.8.  Reduced irritancy and lowered mechanical hypersensitivity
induced by the COOH-CAP prodrug

High levels of irritancy, including sensations of burning and pain,
are significant obstacles to the broader clinical application of
capsaicin®. This irritation can lead to secondary harm to pa-
tients®*®. Previous studies have shown that this pungency is not
determined by TRPV1 agonist potency, but is instead strongly
associated with the compound’s lipophilicity®. Lipophilicity in-
fluences the activation kinetics of TRPV1, which affects the rate at
which action potentials are triggered in sensory neurons. Notably,
both excessively high and low lipophilicity can reduce activation
kinetics, leading to a slower rate of action potential initiation in
sensory neurons and consequently lower pungency.

Based on this, we expected that COOH-CAP (LogP = 3.31;
Fig. 2A) would have reduced irritancy compared to capsaicin
(LogP = 3.66) due to its less lipophilic nature. To confirm this,
we compared the irritancy of capsaicin and COOH-CAP using a
rat behavioral assay. A 10 pL solution containing 0.11 pmol of
either compound (with 0.25 mg Tween 20), or PBS, was injected
into the hindpaw of rats (n = 6). The frequency and duration of
the rats’ paw licking were then observed and recorded. As ex-
pected, after injecting the 1 x PBS solution, there was no foot-
licking behavior. After injecting the COOH-CAP prodrug, the
average frequency of foot licking was 0.5 £ 1.0 times, and the
average duration was 2.2 &+ 4.3 s (Fig. 9A and B). In comparison,
rats injected with the same dose of plain capsaicin exhibited an
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Figure 8

Assessment of the nerve-blocking efficacy of the prodrug itself. (A) Structures of the COOH-CAP and COOH-O-CAP prodrugs. (B)

Comparison of ipsilateral thermal latencies in rats’ post-administration with 3.28 umol COOH-CAP and 3.28 pmol COOH-O-CAP prodrug.
n = 6. Data are expressed as mean £ SD. (C) Percentage of rats with successful axon blockade. (D) Published binding mode of capsaicin with
TRPV1 (generated from PDB code 7LPE). The atoms of capsaicin are colored as follows: carbon, green; oxygen, red; nitrogen, blue. The cartoon
shows the protein and key residues are colored as follows: carbon, grey; oxygen, red; nitrogen, blue. Yellow dotted lines indicate H-bonds, and the
red dotted lines represent m—r stacking interactions. (E) Proposed binding mode of COOH-O-CAP with TRPV1. The atoms of COOH-O-CAP are

colored as follows: carbon, blue; oxygen, red; nitrogen, blue.

average frequency of 6.3 & 2.8 times and an average duration of
245 +£509s.

It has been well established in previous studies that intraplantar
injection of capsaicin or its analogs reduces mechanical with-
drawal thresholds, reflecting enhanced mechanical sensitivity®’.
Consistent with this, mechanical hypersensitivity tests in rats,
assessed using the von Frey up-down method®® showed that
intraplantar injection of 10 pL of 1 x PBS solution containing
either 0.11 pmol of COOH-CAP, 0.11 umol of CAP, or PBS alone
induced different levels of mechanical sensitivity. The injection of
COOH-CAP induced mild sensitivity, with the threshold returning
to baseline by 45 min (Fig. 9C). In contrast, the injection of
capsaicin induced a significant and prolonged decrease in the 50%
withdrawal threshold, which recovered after 150 min. These re-
sults are consistent with the findings from the paw licking assay,
further supporting that COOH-CAP induces significantly less
sensory irritation compared to capsaicin.

In addition to its lower lipophilicity, the reduced irritancy of
COOH-CAP may also be attributed to its slow-release behavior,
which leads to a lower effective concentration of free capsaicin at
the site of injection over time, thereby avoiding acute spikes in
local capsaicin concentration that typically cause strong sensory
irritation.

This reduction in irritancy does not compromise nerve block
efficacy, as TRPV1-mediated irritation and nerve block arise
through distinct mechanisms. These two effects also occur at
different stages of TRPV1 activation. Acute irritation results from

rapid TRPV1 activation on nociceptive neurons, which induces
immediate depolarization and action potential firing. This irrita-
tion is confined to the early phase of activation—from initial re-
ceptor binding to peak TRPV1 opening. Compounds with
excessively high or low lipophilicity tend to exhibit faster receptor
activation kinetics, thereby efficiently triggering neuronal excita-
tion and the release of neuropeptides such as substance P and
CGRP. This cascade underlies the observed pungency and pain
response following TRPV1 agonist administration®®. The pro-
longed nerve block is mediated by downstream effects such as
calcium overload, mitochondrial dysfunction, and neuropeptide
depletion. These effects emerge after the initial activation phase
and represent the later intracellular response stage. These cellular
events lead to defunctionalization—a prolonged loss of sensory
function in peripheral TRPVI1-expressing nociceptive termi-
nals®>®. This mechanistic dissociation explains why brief irrita-
tion can coexist with sustained analgesia, as exemplified by the
8% capsaicin patch, which causes short-term burning yet provides
pain relief for weeks®*. Similarly, COOH-CAP induces only mild,
short-lived irritation while achieving long-lasting nerve blockade.

3. Discussion
The prolonged duration of capsaicin-induced nerve block highlights

a fundamental difference between TRPVI1-targeting agents and
conventional local anesthetics. Unlike sodium channel blockers
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Figure 9

Evaluation of the irritancy of capsaicin in the hindpaw of rats. Licking frequency (A) and licking duration (B) during the first 5 min

after intraplantar injection of 10 pL of 1 x PBS solution containing 0.11 pmol of COOH-CAP, 0.25 mg of Tween 20, 0.11 pmol of CAP and
0.25 mg of Tween 20, or a 1 x PBS solution in the hindpaw of rats. (C) Mechanical sensitivity assessed using the von Frey up-down method
following intraplantar injection of the same formulations. Data are presented as mean + SD (n = 6). One-way ANOVA followed by Tukey’s test;

R < 0.0001.

such as bupivacaine, which require continuous presence at the nerve
site to maintain efficacy, capsaicin produces long-lasting nerve
block even after the drug is cleared from the tissue. Capsaicin-
induced nerve block persists far beyond its pharmacokinetic half-
life and does not rely on sustained receptor occupancy®®. This
prolonged effect is mediated by the process of defunctionalization,
in which TRPV1-positive nociceptive neurons undergo functional
silencing following intense or sustained activation.

Upon binding to TRPV1, capsaicin triggers a sustained cal-
cium influx into nociceptive neurons, initiating a cascade of
intracellular events including mitochondrial dysfunction, cyto-
skeletal collapse, and neuropeptide depletion (e.g., substance P).
These changes disrupt the ability of nociceptive terminals to
propagate action potentials, thereby leading to a long-lasting loss
of sensory function. Importantly, this effect is independent of the
drug’s residence time in local tissue. For instance, the 8% high-
concentration capsaicin patch has a reported subcutaneous half-
life of only 1.64 h, yet it can produce pain relief lasting for
several weeks®.

This mechanistic distinction is reflected in their markedly
different durations of action. In our previous studies, a single in-
jection of 1 mg capsaicin into the sciatic nerve produced a sensory
block lasting approximately 6.8 h*’, whereas 1.5 mg of bupivacaine
administered via the same route produced a much shorter block of
only 1.7 h®. These results emphasize that the efficacy of capsaicin
is not governed by its pharmacokinetics but by the irreversible or
slowly reversible effects it induces at the cellular level.

Based on this understanding, we propose that the prolonged
duration of action observed with COOH-CAP arises not only from
the slow conversion of the COOH-CAP prodrug to capsaicin, but
also from the downstream defunctionalization of nociceptive neu-
rons. In addition, its ability to penetrate the perineurium via MCT1
transport further contributes to the extended duration of nerve block.

4. Conclusions

We have shown that functionalizing nerve-blocking agents with a
carboxyl group through hydrolysable ester bond is an effective
method for enhancing their effectiveness in nerve block and
reducing their side effects. The carboxyl group utilizes the MCT1-
mediated transport mechanism to enhance drug transport across
the PNBs and permeation into the endoneurium. This leads to an
increased bioavailability of nerve-blocking agents to peripheral
nerve axons. Additionally, the slow hydrolysis of ester bond
achieves a sustained release of the active drug. This helps maintain
effective and safe drug concentration for an extended period.

COOH-CAP was confirmed to activate TRPVI in human
HEK?293 cells expressing TRPV1, with an ECsq of 2.96 nmol/L in
calcium flux assays and 449 nmol/L in patch-clamp recordings,
which is comparable to that of capsaicin. In addition, in vivo
thermoregulation studies demonstrated that COOH-CAP induced
transient hypothermia through TRPV1 activation, which could be
reversed by the TRPV1 antagonist AMG9810, further confirming
a TRPVI-mediated mechanism. In rat studies, the injection of
COOH-CAP prodrug around the sciatic nerve resulted in a
significantly longer duration of nerve block compared to an
equivalent dose of plain capsaicin. Notably, a single injection of
3.28 umol of the COOH-CAP prodrug in a rat sciatic nerve model
led to a sensory nerve blockade lasting 260.0 £ 83.7 h, without
causing significant motor impairment or any capsaicin-related side
effects or toxicity. Even at a lower dose (1.64 pmol), COOH-CAP
prodrug still produced a sensory nerve blockade lasting
172.0 £ 41.3 h. The enhanced permeability of the nerve-blocking
agents will allow for smaller doses of drugs and prolong the effect.
Using smaller doses has many benefits, including better safety in
case of an intravascular injection and the ability to block several
nerves without the fear of overdose.

5. Experimental
5.1. Materials

All chemicals and solvents were purchased at the highest purity
available on the market. Natural capsaicin (capsaicin: dihy-
drocapsaicin ratio of approximately 3:1), succinylated derivatives,
potassium carbonate, pyridine, valeryl chloride, valeryl chloride,
and triethylamine were supplied by Sigma—Aldrich (St. Louis, MO,
USA). DMAP, silica gels, PBS buffer (pH 7.4), FITC, 5-FAM, 5-
AFM, CHC and other organic solvents were purchased from VWR
International Ltd (Radnor, PA, USA). High-resolution mass spec-
trumetry (HRMS) was acquired using a Waters ESI-TOF high-
resolution mass spectrometer. Proton nuclear magnetic resonance
(lH NMR) spectra were recorded at 500 MHz, while carbon-13
nuclear magnetic resonance ('*C NMR) spectra were recorded at
101 MHz. Chemical shifts were expressed in delta (§) units in parts
per million (ppm), with the ¢ 0 signal from tetramethylsilane and
the 6 7.26 signal from CDCI3 serving as internal standards.

5.2.  Synthesis and characterization

Experimental details of the synthetic works were included in the
Supporting Information
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5.3.  Measurement of chemical stability and metabolic
degradation

To evaluate the chemical stability of COOH-CAP, 5 mg of the
compound was dissolved in 10 mL of Milli-Q water and incubated
at 37 °C on a heating block. At predetermined time points (1, 2.5,
3.5,4.5,55,6.5, 8.5, 10.5, 12.5, 24.5, and 26.5 h), 80 pL aliquots
were collected and directly analyzed using a UPLC system (Wa-
ters, Milford, MA, USA).

For the metabolic degradation study, fresh rat sciatic nerves
(~1 cm segments) were homogenized in 1 mL of ice-cold
1 x PBS using a glass tissue grinder. COOH-CAP (5 mg) was
added to the homogenate, and the mixture was incubated at 37 °C.
At designated time points (30, 45, 60, 75, and 90 min), 200 pL
aliquots were withdrawn and immediately quenched with an equal
volume of ice-cold acetonitrile. The samples were centrifuged at
14,000 rpm (Eppendorf 5810R Refrigerated Centrifuge, CT, USA)
for 10 min, and the resulting supernatants were analyzed by high-
resolution mass spectrometry (HRMS) to quantify the remaining
parent compound.

5.4.  Calcium flux assay and patch-clamp electrophysiology

A calcium flux assay was conducted by Creative Biolabs (Shirley,
NY, USA), a contract research organization, using HEK293 cells
stably expressing the human TRPV1 receptor (hTRPV1). Cells
were seeded into 384-well plates at a density of 1.2 x 10* cells per
well in 25 pL of culture medium and incubated for 16—20 h at
37 °C in a humidified atmosphere with 5% CO,.

On the following day, the assay was performed using the
FLIPR Calcium 6 Assay Kit. The culture medium was removed,
and each well was loaded with 40 pL of 1 x dye loading buffer.
Plates were incubated in the dark at 37 °C for 2 h. Test compounds
were diluted in DMSO and transferred to the assay plate via
acoustic dispensing (100 nL/well), followed by the addition of
20 pL of assay buffer. Compounds were tested in triplicate using a
10-point, 3-fold serial dilution starting from 10 pmol/L. Capsaicin
(positive control) and 0.1% DMSO (vehicle control) were
included in parallel.

After the addition of 10 pL. compound solution to each well,
fluorescence signals were measured in real-time over 5 min using
a FLIPR instrument (excitation: 470—515 nm, emission:
515—575 nm). Data were processed in GraphPad Prism using
nonlinear regression to generate dose-response curves and calcu-
late ECs values. Assay performance was evaluated by calculating
signal-to-background ratio (S/B), coefficient of variation (CV),
and Z'-factor.

Whole-cell patch-clamp recordings were conducted By Sci-
line (Beijing, China), a contract research organization, on
HEK293 cells stably expressing TRPV1. Cells were seeded onto
glass coverslips and used after adherence. The extracellular so-
lution contained (in mmol/L): 137 NaCl, 1 MgCl,, 4 KCI, 10
glucose, and 10 HEPES (pH 7.4). The intracellular pipette solu-
tion contained (in mmol/L): 50 CsCl, 60 CsF, 10 HEPES, 20
EGTA, and 10 NaCl (pH 7.2).

Recordings were performed using an EPC-10 amplifier and
PatchMaster software. Cells were voltage-clamped at —80 mV,
and a ramp from —120 to +120 mV over 200 ms was applied
every 10 s. COOH-CAP was applied cumulatively at increasing
concentrations (1 nmol/L to 30 umol/L), and inward currents were
recorded. Data were analyzed by normalizing peak current re-
sponses relative to baseline and maximum response.

5.5.  Animal studies

The animal experiments were conducted in accordance with a
protocol approved by the University of Alabama’s Institutional
Animal Care and Use Committee (Protocol Number: 19-11-
2992). This study utilized adult male Sprague-Dawley rats, each
weighing between 250 and 350 g, which were acquired from
Charles River Laboratories in Wilmington, Massachusetts, USA.
The rats were kept in pairs within each cage under a 12-h light/
dark cycle. Prior to drug administration, the rats were briefly
anesthetized with isoflurane delivered via a face mask. The drug
formulations, including COOH-CAP, AMGY9810, Valeryl-CAP,
COOH-CAP@CHC, and COO-O-CAP, were initially dissolved
in methanol containing a Tween 20 solution. Afterward, the
solvent was removed through vacuum evaporation. These for-
mulations were then re-dissolved in 0.1 or 0.3 mL of 1 x PBS
buffer to achieve the desired drug concentrations and were
thoroughly mixed with 7.5 mg of Tween 20 using a vortex mixer
before injection.

For the thermal responsiveness study, injections were admin-
istered into the left leg of each rat using a 23 G x 3/4” needle
inserted from the posterior medial aspect of the greater trochanter,
directing the needle anteriorly and medially. Upon contacting the
bone, 0.3 mL of the formulation was injected. Neurological as-
sessments were performed at defined time points post-injection in
a single-blinded manner. The right leg served as a control to assess
potential systemic effects.

Thermal latency, defined as the duration the rats could endure
placing their hind paw on a heated plate set at 56 °C (Model 39D
Hot Plate Analgesia Meter, IITC Inc., Woodland Hills, CA,
USA), was measured. To prevent injury, the paw was removed
after 12 s. Each time point was tested three times, and the
average result was calculated. Motor function was evaluated by
measuring the extensor postural thrust, which recorded the
maximum weight a hind paw could support without the ankle
touching the scale.

The duration of sensory blockade was determined by the time
it took for thermal latency to return to 7 s, considering the baseline
thermal latency was approximately 2 s, with 7 s representing the
midpoint between the maximum latency of 12 s and the baseline.
The duration of the motor blockade was defined by the time
required for the weight-bearing capacity to return to 50% of its
initial value (additional experimental details are provided in the
Supporting Information).

For the thermoregulation study, core body temperature was
monitored in adult rats after intraperitoneal injection of the test
compounds (e.g., COOH-CAP or capsaicin). On the day of the
experiment, rats received an intraperitoneal injection of the
compound at an equivalent molar dose dissolved in 100 pL of
1 x PBS containing 0.25 mg of Tween 20. Baseline core tem-
perature was recorded using a digital rectal thermometer (PTM1
Portable Temperature Monitor, Physitemp Instruments, Clifton,
NIJ, USA) prior to injection, and subsequent measurements were
taken at defined time points (e.g., 15, 30, 45, 60, 90, 120, 150,
and 180 min post-injection). To verify TRPV1-mediated effects,
a TRPV1 antagonist (AMG9810, 5 mg) was intraperitoneally
administered 30 min prior to the injection of the test compound
in selected animals. Core body temperatures were recorded at
defined time points, and temperature changes over time were
compared between groups with or without AMG9810 pre-
treatment to confirm the TRPV1 dependency of the hypother-
mic responses induced by the compounds.
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5.6.  Molecular docking

Import the protein PDB file into AutoDock Tools, add hydrogens,
and save it as a PDBQT file. Next, load the small molecule file in
MOL2 format, verify its structure, adjust torsional bonds as
necessary, and save it as a PDBQT file. After preparing both the
receptor and ligand files, load them into AutoDock Tools, define
the docking box parameters, and save the configuration file. Place
vina.exe, the configuration file, and the receptor and ligand files in
the same directory. Execute AutoDock Vina to perform the
docking process. The output will automatically display binding
energies ranked from lowest to highest. Select the conformation
with the lowest binding energy and create the complex with the
protein. Finally, use PyMOL 3.1 for visualization and detailed
analysis of the results.

5.7.  Invivo distribution of FITC, 5-AFM, 5-FAM, and 5-
FAM@CHC

While under anesthesia with isoflurane and oxygen, a 0.3 mL test
solution containing FITC, 5-AFM, 5-FAM, or 5-FAM@CHC in
PBS buffer was injected near the sciatic nerve. The injections
were carefully administered to ensure each compound was
delivered at an equal molar concentration. After a 4-h interval, the
sciatic nerves were harvested and embedded in OCT compound
for the preparation of frozen sections. A coverslip was then
applied to the sections, which were subsequently imaged using a
Leica TCS SP2 confocal microscope.

To evaluate the depth of penetration of the injected compounds
within the nerve, a quantitative analysis of the confocal fluores-
cence images was performed. The nerve was segmented into 10
equally spaced concentric zones based on its morphology, and the
fluorescence intensities across these zones were quantified using
ImageJ software.

5.8.  Tissue harvesting and histology

If continuous sensory blockade was not evident, rats were eutha-
nized either 14 or 28 days after the injection. The sciatic nerve,
along with surrounding tissues, was harvested to evaluate potential
chronic inflammation and nerve degeneration. Muscle tissues were
preserved in 10% neutral buffered formalin and prepared for
histological analysis using standard techniques. Hematoxylin and
eosin staining was performed on the slides, after which the muscle
tissues were scored for inflammation on a 0—4 scale and myo-
toxicity on a 0—6 scale®. Histological evaluations of inflamma-
tion and myotoxicity were conducted in a single-blinded manner.
Inflammation severity was assessed subjectively based on the
extent of immune cell infiltration. Myotoxicity was evaluated
according to two hallmark features of local anesthetic-induced
damage: nuclear internalization and muscle fiber regeneration.
Nuclear internalization was defined as the presence of centrally
located nuclei within otherwise normal-appearing myocytes,
deviating from their typical peripheral position’’. Regenerating
fibers were identified by their reduced size and basophilic cyto-
plasm, indicative of active tissue repair*>®%7! The scoring
system was as follows: 0 = normal; 1 = perifascicular inter-
nalization; 2 = deep internalization (>5 cell layers);
3 = perifascicular regeneration; 4 = deep regeneration;
5 = hemifascicular regeneration, 6 = holofascicular
regeneration.

To evaluate neurotoxicity, the sciatic nerve samples were fixed
in Karnovsky’s KII Solution (comprising 2.5% glutaraldehyde,
2.0% paraformaldehyde, and 0.025% calcium chloride in 0.1 mol/
L cacodylate buffer, pH 7.4). Post-fixation was carried out with
osmium tetroxide for 2 h, followed by dehydration in a graded
series of ethanol concentrations (30%, 60%, 90%, 100%, 100%,
and 100%) for 10 min each. The dehydrated nerves were then
infiltrated with a mixture of ethanol and Epon resin at ratios of
1:1, 1:2, and finally pure resin. The nerves were sectioned using a
diamond knife on an ultramicrotome, producing 800 nm sections,
which were stained with toluidine blue for light microscopy.
Additionally, 100 nm sections were examined under a trans-
mission electron microscope (TEM, Hitachi H-7650), and nerve
diameters were measured using ImagelJ software.

5.9.  Evaluation of irritancy and mechanical hypersensitivity

Male rats (n = 6 per group) received a single intraplantar injec-
tion (10 pL) into the hindpaw of either COOH-CAP (0.11 pumol,
with 0.25 mg Tween 20), capsaicin (0.11 pmol, with 0.25 mg
Tween 20), or 1 x PBS as a control. Immediately following the
injection, paw-licking behavior was monitored for 5 min to assess
acute irritancy, with both licking frequency and duration recorded.
Mechanical sensitivity was assessed using the von Frey up-
down method at designated time points (0 to 210 min post-in-
jection)®®. A set of calibrated von Frey filaments was applied
perpendicularly to the plantar surface of the injected hindpaw until
slight bending occurred. Each trial was recorded as a positive (X,
withdrawal) or negative (O, no withdrawal) response. Testing
continued until the first change in response pattern (e.g., from X to
O or O to X) was observed. Starting from the response immedi-
ately before this change, a total of six consecutive respon-
ses—including the change point and four subsequent trials—were
recorded. The 50% paw withdrawal threshold was calculated
using Dixon’s up-down method based on these six responses.
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