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Introduction

Management of postoperative pain remains one of the most
challenging aims of modern anesthesia. Opioids have been
the mainstay of postoperative pain management for decades;
however, they may also lead to adverse events, e.g., res-
piratory depression, tolerance and hyperalgesia. Regional
anesthesia techniques have shown their benefit by reducing
opioid use and shortening the stay in the postanesthesia care
units, thus local anesthetics represent an important alterna-
tive to the use of systemic opioids.

An ideal local anesthetic should have (1) rapid onset of
dense blockade, permitting surgery under local or regional
anesthesia, (2) persistence of dense and reliable blockade
more than 24 h, and (3) a prolonged period of partial block-
ade over the next 2 or 3 days. Since the synthesis of lido-
caine in 1943, numerous compounds have been developed
for prolonging the duration of analgesia. However, currently
available agents have a limited duration of analgesia for cov-
ering the expected time course of postoperative pain. Peri-
neural and wound catheter infusions can extend the dura-
tion of analgesia. Conversely, catheters are sometimes more
cumbersome to place compared with single-shot blocks, can
dislodge and require tethering the patient to a pump. These
limitations promoted the researchers to seek new long-acting
local anesthetics.

During the past decades, numerous efforts were under-
taken, aiming novel agents with various application strat-
egies, with the primary goal to achieve a safe, reliable
and long-lasting analgesic effect with minimal motoric
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restrictions. Here, I review the current literature to out-
line the promising strategies and discuss their benefits and
limitations.

Quaternary lidocaine derivatives: QX-314
and QX-OH

QX-314 is a quaternary lidocaine found during the early
phase of development of long-acting local anesthetics [1].
It is a permanent cationic compound without cell membrane
permeability, while enters into the neuronal cells via the
transient receptor potential vanilloid 1 (TRPV1) channel,
predominantly expressed in unmyelinated afferent nerve
fibers. TRPV1 is activated by capsaicin, resulting in long-
acting analgesic effect of QX-314 with a significantly shorter
duration of motor block. The current local anesthetics such
as lidocaine and bupivacaine also excite the TRPV1 channel,
and QX-314 in combination with these anesthetics produces
a long duration of action via the TRPV1 channels. However
local tissue toxicity mainly through activation of TRPV1 to
mediate calcium influx, and higher systemic toxicity than
lidocaine prevent QX-314 from being an ideal long-acting
local anesthetic [2].

QX-OH is a hydroxylated form of QX-314 with signifi-
cantly prolonged duration of sensory block compared with
the corresponding concentration of QX-314. Although the
onset of analgesic effect is slow, approximately 30—60 min
with QX-OH alone, a combination of QX-OH and levobupi-
vacaine significantly shortened the onset time to 10 min and
extended the sensory block time to approximately 17 h with-
out prolonging motor block time after sciatic nerve block in
rats [3]. QX-OH also induces concentration-dependent local
tissue toxicity. Both QX-314 and QX-OH remain in the cell
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for longer period of time due to their non-permeability to the
membrane, thus enhancing cytotoxic effects.

Voltage-gated sodium channel antagonists

Of the nine voltage-gated sodium channels, Na, 1.3, Na, 1.7,
Na,1.8 and Na,1.9 have been implicated in nociceptive
transmission and/or contribution to the hyperexcitability
characteristics of inflammatory and neuropathic pain con-
ductions. Of note Na, 1.7 is expressed predominantly in pri-
mary afferent nociceptive and sympathetic neurons. Spe-
cific mutations that lead to a loss of function in Na,1.7 are
associated with a congenital indifference to pain, whereas
those mutations causing a gain of function are being found
in hereditary pain disorders [4]. Thus, Na, 1.7 has become an
important therapeutic target. Aryl sulfonamides were identi-
fied as selective Nav1.7 antagonists in animal models. They
bind to the voltage-sensor region of the fourth pseudosubunit
domain (VSD4) of the voltage-gated sodium channels on the
external side of the plasma membrane [5]. Of those Na, 1.7
antagonists, PF-05089771 provided favorable analgesic
effect in subjects with inherited erythromelalgia, although
its analgesic effect for diabetic peripheral neuropathy was
less than that of pregabalin [6]. Vixotrigine is a recently
synthesized, pyrrolidine-based sodium channel blocker,
which inhibits a broad spectrum of voltage-gated sodium
channel subtypes. Oral vixotrigine is effective for reducing
pain scores in patients with idiopathic or diabetic-associated
small fiber neuropathy in a recent clinical trial [7], although
its effect on postoperative pain remains unclear.

Site-1 sodium channel blockers

Site-1 sodium channel blockers bind to the outer pore of
the voltage-gated sodium channels thereby blocking impulse
generation and propagation. Saxitoxin and neosaxitoxin are
small molecules known as shellfish poison. Tetrodotoxin is
another site-1 toxin derived from puffer fish. These mole-
cules have poor affinity for the cardiac isoform of the sodium
channel, with reduced cardiotoxicity compared with cur-
rently available local anesthetics. Subcutaneous injection of
neosaxitoxin <40 pg in 10 ml saline decreased cutaneous
sensitivity to mechanical and thermal stimuli which lasted
for approximately 7 h in human volunteers [8]. However,
the maximum tolerated dose is limited because of its local
tissue toxicity. The intensity of cutaneous sensory block by
neosaxitoxin was less than that of the same volume of 0.2%
bupivacaine, and a combination with bupivacaine or bupiv-
acaine added with adrenaline was required for intense nerve
block and for prolonged effect longer than 24 h. Subcuta-
neous injection of tetrodotoxin <90 pg provided favorable
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analgesic effects for cancer pain and chemotherapy-induced
neuropathic pain [9]. Both neosaxitoxin and tetrodotoxin
are highly hydrophilic and initial rapid absorption from the
injection site resulting in an increase of plasma concentra-
tion limits the dose. Perioral numbness shortly after injec-
tion of these site-1 toxins suggests the central nervous sys-
tem toxicity, although they have been believed to devoid of
the central nervous system and cardiovascular side effects.

Controlled-release local anesthetics

Drug delivery systems encapsulating currently used local
anesthetics have been developed, with the goal of safely
extending the duration of analgesia while reducing the risk
of systemic toxicity. An effective drug delivery system
requires reduced tissue reaction, efficient drug release capa-
bility, good stability, steady degradation rates of a biode-
gradable carrier: liposomes, polymer-based carriers, metallic
particles and others have been developed for satisfying these
requirements [10, 11].

Liposomal bupivacaine (Exparel®) is the first formula-
tion approved by the US Food and Drug Administration
(FDA), which is currently applied for local infiltration anal-
gesia and for brachial plexus block. Exparel® is bupivacaine
encapsuled in multivesicular liposomes (DepoFoam®),
where bupivacaine is extremely slowly released from and
its plasma levels last for 72 h after topical application [12].
Despite its expected analgesic effect lasting up to 72 h, its
potency > 24 h after application is still controversially dis-
cussed, which has decreased initial enthusiasm [13].

One of the mechanisms of local anesthetic failure is the
reduction of its diffusion across the nerve cell membrane in
the affected area due to tissue acidity caused by the inflam-
matory process from injury, infection or surgical interven-
tion [14]. HTX-011, commercially named Zynrelef® , 18 an
extended release, dual-acting local anesthetic formulation
containing bupivacaine and meloxicam, a non-steroidal
anti-inflammatory agent. HTX-011 provides simultaneous
diffusion of the active ingredients in a controlled manner
over 72 h with a novel biological polymer technology, and
maintains physiological pH in the microenvironment in the
surgical site and reduce cytokine-induced peripheral sensi-
tization. HTX-011 can be applied to the affected tissues in
the surgical incision without a needle, producing analgesic
effect lasting for>24 h [15].

SABER—Bupivacaine® (Posidur®) is a sustained-release
formula of bupivacaine in a matrix composed of sucrose
acetate isobutyrate (SAIB) and benzyl alcohol. SABER-
Bupivacaine® was approved by the FDA for subcutaneous
injection under direct arthroscopic guidance during shoulder
surgery [16]. SABER-Bupivacaine® significantly reduced
pain and reduced the consumption of morphine over 72 h
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after arthroscopic subacromial decompression in a rand-
omized, placebo-controlled trial [17].

One of the most serious adverse effects of bupivacaine
is systemic toxicity, which is most often caused by inad-
vertent intravascular injection during administration in liq-
uid form, and formulation that safely deliver bupivacaine
over time into the surgical site for prolonged postoperative
pain is needed. XaraColl® is a bioresorbable bupivacaine
collagen-matrix implant that produces extended delivery of
bupivacaine directly at the site and avoids the risk of acci-
dental injection. It is a combination of bupivacaine and a
drug delivery component of bovine collagens designed to be
placed in the surgical site, with analgesic duration of approx-
imately 24 h [18]. It has been approved by FDA in 2021 for
analgesia following open inguinal hernia repair in adults.

In conclusion, thus far, many promising and innovative
pharmacological developments have occurred with the aim
to extend the duration for regional anesthesia. Among the
four categories of currently developing local anesthetics
described above, only sustained-release bupivacaine encap-
suled with liposomes, polymers or collagen-matrix implants
is presently available for clinical use. Although the reasons
for preventing other compounds from clinical applica-
tion seem to be complicated, they would be summarized
as follows: high systemic toxicity besides delayed onset of
analgesic action requiring adjuvants such as capsaicin for
quaternary lidocaine derivatives; relatively small analgesic
potency compared with currently used analgesics as shown
for sensory-selective analgesic agents; local tissue and
nerve toxicity as reported for site-1 toxins. Increasing costs
required for development of new agents will be reflected in
the price of them, leading to increased hospitalization cost.
Cost-effectiveness is another important theme for develop-
ment new agents.
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