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Abstract: Anesthetics, which include both local and general varieties, are a unique class of drugs widely utilized in clinical surgery to
alleviate pain and promote relaxation in patients. Although numerous anesthetics and their traditional formulations are available in the
market, only a select few exhibit excellent anesthetic properties that meet clinical requirements. The main challenges are the potential
toxic and adverse effects of anesthetics, as well as the presence of the blood-brain barrier (BBB), which makes it difficult for most
general anesthetics to effectively penetrate to the brain. Loading anesthetics onto nanocarriers as anesthetic nanomedicines might
address these challenges and improve anesthesia effectiveness, reduce toxic and adverse effects, while significantly enhance the
efficiency of general anesthetics passing through the BBB. Consequently, anesthetic nanomedicines play a crucial role in the field of
anesthesia. Despite their significance, research on anesthetic nanomedicines is still in its infancy, especially when compared to other
types of nanomedicines in terms of depth and breadth. Although local anesthetic nanomedicines have received considerable attention
and essentially meet clinical needs, there are few reported instances of nanomedicines for general anesthetics. Given the extensive
usage of anesthetics and the many of them need for improved performance, emerging anesthetic nanomedicines face both unparalleled
opportunities and considerable challenges in terms of theory and technology. Thus, a comprehensive summary with systematic
analyses of anesthetic nanomedicines is urgently required. This review provides a comprehensive summary of the classification,
properties, and research status of anesthetic nanomedicines, along with an exploration of their opportunities and challenges. In
addition, future research directions and development prospects are discussed. It is hoped that researchers from diverse disciplines will
collaborate to study anesthetic nanomedicines and develop them as a valuable anesthetic dosage form for clinical surgery.
Keywords: anesthesia, nanocarriers, blood-brain barrier, drugs

Introduction

The modern era of anesthetic medicines was pioneered by William T.G. Morton, an American dentist who, in 1846,
successfully demonstrated the use of medical anesthesia with diethyl ether through inhalation, marking a significant
turning point in surgical procedures. Since then, anesthetics have transformed surgery from a terrifying and agonizing
experience to a painless and peaceful process, saving countless lives worldwide each year. As a result, anesthetics have
become a crucial class of drugs used in clinical surgery.' Anesthesia typically involves the temporary inhibition of central
and/or peripheral nervous system function through oral, inhalational, topical, intravenous, or intramuscular anesthetics.
Electromyography studies have shown that anesthetics temporarily and reversibly disrupt the connections between
cortical and thalamic neurons. This results in the absence of pain sensation, even during invasive procedures involving
certain body tissue owing to the effects of the anesthetics.” As new medicines, biotechnologies, innovations, and drug
discoveries emerge, the development of anesthetics has continued to make significant progress.
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In clinical practice, anesthetics are currently divided into two main categories of local anesthesia and general anesthesia,
with related anesthetics also falling under these categories as local and general anesthetics.® Local anesthesia involves the
temporary numbing of a specific area of the body, typically used for minor surgical, topical or dental procedures.
Subcategories of local anesthesia include surface anesthesia, local infiltration anesthesia, intravenous local anesthesia,
peripheral nerve blocks, and spinal canal anesthesia.* Traditional local anesthetics, also referred to as surface anesthetics,
are commonly available in the form of ointments, gels, lotions, or sprays.” In comparison with general anesthetics, local
anesthetics have a lesser impact on the physiological state of the body. Therefore, the widespread use of local anesthetics can
generally meet the needs of local surgeries.® Although local anesthetics have less impact on the physiological state of the body
compared to general anesthetics, their toxicity must be taken into account.” Improper use of local anesthetics can not only
damage local tissues but also harm nerve cells.® Currently, the local anesthetics and their traditional formulations available on
the market can essentially meet clinical demand, but there is still a need to improve their efficacy and reduce their toxicity.”
General anesthetics are typically administered through inhalation of gases or vapors, known as total inhalational anesthesia, or
via a combination of inhalants and injectables, known as balanced anesthesia. Alternatively, they can be administered through
intravenous or intramuscular injections only, known as total intravenous anesthesia. These methods work by inhibiting the
central nervous system, resulting in loss of consciousness without pain.'® It is important to note that general anesthetics must
pass through the BBB to exert their effects on the central nervous system.'" As a result, the challenge of efficiently and rapidly
passing through the BBB remains a significant hurdle in the development of new and effective general anesthetics. Intravenous
injection is currently the most commonly used administration method for general anesthesia.'? Even though many general
anesthetics are effective, they may also have significant side effects and toxicity, posing risks to patients undergoing surgery.
Due to the large number of general anesthetics used in clinics, inappropriate usage can lead to severe negative effects and even
death. The risk factor increases with the dosage of anesthetics.'® As a result, a significant number of anesthesia accidents and
fatalities occur worldwide each year due to improper use of general anesthetics. Finding the balance between the toxicity,
dosage, and efficacy of anesthetics to achieve optimal anesthesia is challenging.'* Therefore, there is an urgent need to develop
new types of general anesthetics that have high efficacy and low toxicity. Additionally, improving existing general anesthetics
to reduce their toxicity and increase their efficacy presents a significant opportunity for drug research and development.

In recent years, precision medicine has emerged as a trend in the development of clinical anesthesia. Precision medicine
aims to provide personalized healthcare by tailoring medical treatment to the individual needs and characteristics of each
patient, thereby maximizing the quality of health care.'> As a result, precision anesthesia has increasingly replaced traditional
anesthesia research and development goals. Precision anesthesia aims to tailor the anesthetic treatment to the unique needs of
each patient, which requires the anesthetics to be delivered accurately to the target site. In some cases, multiple anesthetics
may need to be delivered simultaneously. However, traditional drug formulations may not be able to meet these requirements.
An alternative approach is to load the anesthetics onto nanocarriers, which can then be referred to as anesthetic nanomedicines,
to achieve the desired precision.16 Nanocarrier technology allows for the modification of the size, charge, composition, and
surface features of anesthetics, resulting in nanomedicines with specialized functionalities.'” Nanomedicine has gained
popularity due to its excellent biocompatibility and stability, high curative effect, minimal side effects, prolonged residence
period in the body, reduced injury to normal human tissue, and targeted therapy techniques that enable accurate treatment.'®
Anesthetic nanomedicines can facilitate targeted delivery of anesthetics, especially to the brain, during general anesthesia
procedures.'” They can also prolong the duration of anesthetic action, reduce toxic and side effects resulting from high
concentrations of anesthetics, and release anesthetics as needed to achieve safe and effective analgesic and anesthetic effects.?’
Anesthetic nanomedicines, which include both general and local anesthetic nanomedicines, have become a critical area of
development for precision anesthesia. However, while there has been some research on local anesthetic nanomedicines, there
are very few reports currently available on general anesthetic nanomedicines. There are several reasons why there are few
reports on general anesthetic nanomedicines. Firstly, many general anesthetics are fat-soluble small molecules that can pass
through the BBB, but their ability may be reduced after being made into nanomedicines.”’ Secondly, the choice of
nanomaterials used as carriers can impact the ability of anesthetic nanomedicines to enter the brain through the BBB, placing
higher demands on carrier materials. Lastly, the addictive effect of general anesthetics may be stronger when made into
nanomedicines, which presents a challenge for research in this field. Additionally, anesthetics have considerable toxic and
radiative effects and may become addictive with long-term use, leading to strict regulation of their use and procurement in
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many countries. Consequently, the development, production, and operation of general anesthetics nanomedicines require
specific approval and strict procedures, which makes this research relatively challenging. Therefore, the development of
emerging anesthetic nanomedicines is riddled with numerous difficulties and challenges. Furthermore, due to the high demand
for anesthetics worldwide, there is a vast market for anesthetic nanomedicines, which holds great potential for development
and numerous opportunities. Anesthetic nanomedicines with modified features, such as reduced toxicity and addiction, and
additional functionalities like imaging and multi-drug cooperation, are particularly promising. It is puzzling that anesthetic
nanomedicines are one of the emerging field, but their research methods, including theory and technology, are very traditional.
Many new theories and technologies of drugs have not been applied in this field. To fully explore this potential, it is necessary
to systematically analyze the current state of clinical anesthetics, summarize recent progress in anesthetic nanomedicine
research, identify possible future development directions, and encourage interdisciplinary collaboration among researchers in
this field. This review aims to provide a comprehensive overview of the current status of clinical anesthetics and the potential
of anesthetic nanomedicines. It will organize and analyze the existing research on anesthetic nanomedicines, highlighting their
advantages, research progress, and challenges that must be addressed. By doing so, we hope to encourage more scientists to
focus on this emerging area and collaborate to advance the development of anesthetics (Scheme 1).

General
anesthesia

Local
anesthesia

Anesthetic
nanomedicines

Scheme | This study primarily focuses on the introduction, applications, challenges, and future prospects of anesthetic nanomedicines.
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Local Anesthesia Nanomedicines

Current Status of Local Anesthetics

Local anesthetics are medications that can temporarily block the generation and transmission of sensory nerve impulses.
They can lead to the reversible disappearance of pain in a specific area of the body while consciousness is maintained.
The effect of local anesthetics is usually limited to the site of administration, and it dissipates quickly as the drug diffuses
away. Cocaine, which is an alkaloid extracted from coca leaves in South America, was the first local anesthetic used.
However, its use was restricted due to its high toxicity after absorption.””> Common local anesthetics have a chemical
structure composed of three parts: a lipophilic benzene ring, an intermediate carboxylic ester (-COO-) or amide (-NCO-)
chain for linkage, and a hydrophilic tertiary or secondary amine group (Scheme 1). ** The mechanism of action for
traditional local anesthetics involves the inhibition of voltage-gated sodium channels, which are responsible for
conducting neuronal impulses.”* Local anesthetics are characterized by their dual properties of lipophilicity and
hydrophobicity, as well as hydrophilicity and lipophobic. The lipophilic benzene ring of the chemical structure is
hydrophobic, while the intermediate carboxylic ester or amide chain and the hydrophilic tertiary or secondary amine
group are hydrophilic. Most local anesthetics are weak alkaline compounds with low solubility in water, so they are
combined with acidic compounds to form water-soluble salts for administration. The physicochemical properties of local
anesthetics are determined by the structure of the aromatic ring, the type of linkage chain group, and the nature of the
alkyl group attached to the amine nitrogen. Local anesthetics can be classified into two main groups based on their
intermediate chain: esters and amides.”> Ester local anesthetics are metabolized in the body to produce para-
aminobenzoic acid (PABA), which can be recognized as a foreign substance by the immune system and trigger an
allergic reaction, resulting in a high incidence of anaphylaxis. In contrast, amide local anesthetics do not undergo this
metabolism and are less likely to cause allergic reactions. Therefore, patients who are allergic to ester local anesthetics
should be administered amide local anesthetics instead.”® When multiple types of local anesthetics are mixed in a clinical
setting, the concentration is often diluted. This may result in a faster onset of the anesthetic effect, but the duration may
be shorter compared to using a single drug, due to possible competitive relationships between the same type of amide
compounds. Furthermore, the metabolism of amide local anesthetics is mainly by the liver, while ester local anesthetics
are primarily metabolized by plasma cholinesterase.”” Procaine and tetracaine are examples of ester local anesthetics,
while lidocaine, bupivacaine, and ropivacaine are examples of amide local anesthetics. Compared to esters, amide local
anesthetics have better chemical stability and a lower risk of causing allergic reactions.”® Bupivacaine and lidocaine
hydrochloride, which is also called lignocaine, are commonly used amide local anesthetics. Bupivacaine exhibits
a slower onset of action, typically occurring about 5—-10 minutes after injection, but offers a longer duration of action
(lasting between 4—8 hours), and has a greater lipophilic effect, which enhances tissue permeability and lipid solubility.
Its minimal dosage (around 0.40-0.50 mg/kg) and higher potency makes it an effective option for post-operative
analgesia in prolonged surgical procedures.”* In contrast, Lignocaine has a rapid onset of action, taking effect within
2-5 minutes of administration, and offers an intermediate duration of action, lasting up to 3 hours. It has less of
a lipophilic effect, but inherent potency and antiarrhythmic properties. Lignocaine has an average dosage of 1-1.5mg/kg,
rapid absorption in tissues, and negligible cardiotoxicity. Bupivacaine is generally administered in prolonged operative
procedures, providing better anesthetic and analgesic properties but with greater cardiotoxicity risks. Lidocaine, on the
other hand, is provided for short-term procedures with minimal post-operative risks.?

Local anesthetics are often administered directly to the affected nerve cells, producing rapid but short-lived effects. To
address this limitation, numerous preparations of local anesthetics have been developed and applied in diverse industries
and fields. These drugs find frequent use in dentistry, ophthalmology, cosmetic surgery, and other fields that involve
minor or localized procedures. The availability of different dosage forms, such as gels, sprays, creams, powders, and
injections, enables local anesthetics to cater to a wide range of market needs. Various dosage forms of bupivacaine and
lidocaine are available in clinical settings, including injectables, oral, and topical formulations such as gels, sprays,
mucilages, cataplasms, patches, creams, powders, and eye drops.”’ Each dosage form is suitable for specific symptoms
and has unique properties. For example, lidocaine hydrochloride mucilage is often used as a local anesthetic during upper
gastrointestinal endoscopy due to its ability to reduce drug and instrumental irritation, improve tissue absorption, increase
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analgesic potency, and prolong the duration of action.>* Previous studies have shown that the use of bupivacaine patches
at the targeted site resulted in a 2.34-fold increase in anesthetic effect, indicating enhanced penetration and longer
analgesic efficacy. In addition, the administration of lidocaine spray at the pulmonary target site has been found to reduce
perioperative respiratory adverse events, with a rapid onset of action and localizing effect.*’ While bupivacaine is
commonly administered through injections, both forms of local anesthetics can lead to serious health hazards if
overdosed.’® Therefore, the selection and use of local anesthetics should be based on the individual needs of each
patient. Furthermore, the ongoing development of local anesthetics with improved effectiveness and minimal side effects
is essential.

As described above, local anesthetics are classified into three main chemical groups based on their chemical structure
and pharmacology: amino esters, amino amides, and a newer group with guanidine-like structure that includes biotoxins
such as saxitoxin and tetrodotoxin. The use of biotoxins has led to the development of novel molecular structures in local
anesthetics in recent years.>>~** Biotoxins, such as saxitoxin and tetrodotoxin, possess a high affinity for sodium channels
and effectively block the influx of sodium ions in the outer surface receptor of neuronal membranes, leading to nerve
conduction occlusion. However, the clinical use and promotion of biotoxins have been limited due to the systemic
toxicity and paralysis risks that have been identified in clinical trials. An instance of the extreme toxicity of biotoxins can
be seen in the lethal dose 50 (LDsg) of tetrodotoxin, which was found to be 10.7 ng/g with intraperitoneal injection and
12.5 ng/g with subcutaneous inoculation in mice.>> Additionally, the narrow treatment window further highlights the fact
that these drugs are not ideal in terms of safety, which can be daunting for new drug developers and medical workers.

In summary, although local anesthetics are considered traditional drugs with suitable delivery methods and low
toxicity compared to general anesthetics, their potential toxic and addictive effects cannot be ignored, such as cocaine
and tetrodotoxin. Moreover, despite the availability of many different types of local anesthetics in various dosage forms,
only a few are widely used and personalized treatment options are still lacking. Hence, there is a need for continued
research into the development of high-performance, effective, and comfortable local anesthetics in diverse dosage forms.
Nanotechnology can play a crucial role in improving existing local anesthetics and advancing this field.

Local Anesthetic Nanomedicines

In contrast to traditional local anesthetics, the ideal local anesthetics would have longer duration of action, low systemic
toxicity, high potency, rapid onset, non-irritating properties, reversible effects, prominent anesthetic and analgesic effects.
To achieve this, scientists have been developing new local anesthetic nanomedicines, including lipid-based, polymer-
based, and lipid-polymer hybrid local anesthetic nanomedicines. These nanomedicines utilize various carrier materials,
such as liposomes, nanohybrid hydrogels, lipid particles, dendrimers, polymer micelles, mesoporous silica, metallic
nanoparticles, quantum dots, and polymer-based nanomaterials, as seen in Table 1.

Lipid-Based Local Anesthetic Nanomedicines

Lipid-based nanoparticles typically consist of a lipid core that contains the pharmaceutical drug (in this case, a local
anesthetic) and surfactants as stabilizers. These nanoparticles can be divided into six categories based on their structure:
liposomes, lipid nanoemulsions, solid lipid nanoparticles (SLNs), niosomes, lipid nanoparticles (LNPs), and nanostruc-
tured lipid carriers (NLCs).*> Liposomes are composed of a phospholipid bilayer surrounding an aqueous core, while
lipid nanoemulsions consist of a lipid monolayer surrounding a liquid lipid core. Solid lipid nanoparticles are composed
of a surfactant (emulsifier) layer that encloses lipids in a solid state.*® Meanwhile, LNPs have a phospholipid monolayer,
and their core consists of phospholipid molecules connected to each other and to the surfactant with the aid of
oligonucleotides.*” NLCs consist of a mixture of solid and liquid lipids, with a layer of surfactant/emulsifier covering
the outside.** Niosomes are single-layered nonionic surfactants that encapsulate a hydrophilic core. Hydrophilic local
anesthetics bind to the water-soluble regions of lipid-based nanoparticles, while lipophilic drugs bind to the hydrophobic
regions that are lipid-soluble.*” The distribution of local anesthetics within lipid-based nanoparticles is dependent on the
intended site, mode and mechanism of action. Lipid-based nanomedicines offer several distinctive benefits, such as
excellent biocompatibility, biodegradability, increased drug loading efficacy and stability, precise targeting of specific
sites, lower toxicity, simple high-yield production, improved drug permeability at the intended site, and more.
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Table | Properties of Local Anesthetic Nanomedicines

nanoemulsifying

Nanomedicines | Anesthetic Particle Size Carrier Material Anesthetic Effect References
Drugs
LA lidocaine Lidocaine 196.2 + 2.2 nm Liposome Our model was able to detect a slower recovery after liposomal lidocaine, with good [36]
reproducibility in repeated studies
LTSL-GNR-TTX Tetrodotoxin/ =700nm Liposome The total duration of anesthesia reached 46.6 hours (median) [37]
Lip-DMED Dexmedetomidine
Pentobarbital Pentobarbital 210 = 80 nm Definity-based lipid Compared with microbubbles, nanodroplets existed for up to [0min in the circulation process, [38]
nanodroplets shell hence possess long treatment window
TTC PLA-NPs, Tetracaine (TTC) 95.5+3.Inm, Nanostructured lipid The analgesic effect of TTC NLCs at 8 hours was about twice that of the other two, and the skin [39]
TTC SLNs, TTC 105.6£3.5nm, carriers (NLCs) permeability at 72 hours was about 30% higher than that of the other two
NLCs 113.7+4.1nm
Lidocaine/ < 300 nm Carbomer hydrogels Enhanced lidocaine flux across human eyelid skin by 5.2 fold cells by 5.2 folds and had reduced [40]
Bupivacaine lag time recorded as compared to EMLA
M-Bup Bupivacaine 15.1£0.4nm Micelles The local anesthesia duration of M-Bup was twice as long as that of free drug, reaching 4.5 hours [41]
LDC LPHNs Lidocaine 175 £ 3nm Hybrid lipid-polymer The injection pain was reduced and the mid-term duration of painless anesthesia was prolonged [42]
to 20h
RPV -LPNs Ropivacaine 112.3£2.6 nm Lipid-polymer hybrid The median duration of analgesia in the mouse nanogroup was 72 times longer than that in the [43]
free group, the anesthesia effect lasted for 10 hours in rats and the median duration of analgesia
in mice was recorded as 36 hours
Lidocaine Lidocaine <150nm Polymeric micelles/ Compared with SLNs (127.3+25.4 mg/cm?/h), the cumulative concentration of lidocaine after 6 [44]
SNEDDS Solid lipid/Self- hours had significant differences on PMs (345.7+23.8 mg/cmzlh) and SNEDDS (224.8+118.2 mg/

cm?/h))

Abbreviations: LA, local anesthetic; Lipo-PS-TTX, liposomes co-loaded with PS and TTX; Lipo-DMED, dexmedetomidine loaded liposomes; P407-CM-T, Poloxamer 407-couramin-tetracaine; LTSL-GNR-TTX, low temperature sensitive
liposomes-gold nanorods-tetrodotoxin; Lip-DMED, dexmedetomidine loaded liposomes; TTC, tetracaine; PLA NPs, poly(L-lactide) nanoparticles; SLNs, solid lipid nanoparticles; NLCs, nanostructured lipid carriers; EMLA, Eriskeutectic
Mixture Of Local Anesthet; M-Bup, micellar bupivacaine; LDC LPHNSs, lidocaine hybrid lipid-polymer nanoparticles; RPV-LPNs, Ropivacaine entrapped lipid-polymer hybrid nanoparticles; Lip-GNR-TD, Lip-GNRs containing the site |
sodium channel blocker tetrodotoxin and the o2-adrenergic agonist dexmedetomidine; SNEDDS, selfnanoemulsifying drug delivery systems.
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Consequently, they are among the most widely considered biomimetic drug delivery systems, and also as one of the most
commonly utilized nanocarriers for the delivery and application of local anesthetics.>* One notable researcher in the field
of controlled release of local anesthetics using liposomes is Kohane. His team has made significant contributions to
modifying liposome nanocarriers to achieve effective and multiple controlled release of encapsulated anesthetics using
light sensitivity. Specifically, they attached gold nanorods (GNRs) to liposomes (Lip-GNRs) which can convert near-
infrared (NIR) light into heat. This phototriggered phase transition causes the lipid bilayer to undergo a phase transition,
resulting in the release of local anesthetics.’’>® Using this method could result in the quick release of anesthetics not
triggered by light, which could lead to prolonged nerve block during local anesthesia. Consequently, the research team
conducted further investigations and experiments. They connected local anesthetics to a large molecule carrier called
coumarin, producing P407-CM-T nanoparticles. Although this macromolecular prodrug is not inherently anesthetic,
when exposed to a low-power blue light emitting diode (LED), it exhibited a local anesthetic effect. According to
observations, when exposed to a light intensity of 300 mW cm—2 for 5 minutes, the duration of anesthesia can extend up
to 78.1 £ 24 minutes. The duration of the anesthesia appeared to be directly proportional to the light intensity, as
illustrated in Figure la—c). Moreover, this approach is capable of being activated multiple times, allowing the anesthetic
to be released and triggered by light up to five times after its initial effect has worn off, as depicted in Figure 1d and e.
Thus, adjusting the intensity and duration of irradiation can result in on-demand drug delivery to alleviate pain.>'
Additionally, lipid nanoparticles have evolved from the original SLNs to a new generation of NLCs. The latter are
composed of a blend of solid and liquid lipids in the core region.’*> Zhang et al employed the layer-by-layer (LBL)
technology to produce lidocaine loaded nanostructured lipid carriers (LBL-LA/NLCs). These particles exhibited nearly twice
the skin permeability of the free drug during transdermal administration. Moreover, they displayed sustained release
capabilities, providing anesthetic effects lasting up to 60 minutes, as opposed to the rapid release of free drugs, which
peaks at 10 minutes.”® As demonstrated by the examples above, the appropriate use of lipid-based anesthetic nanoparticles can
extend the duration of local anesthetics, enabling the same anesthetic effect to be achieved with a lower dosage and reduced
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Figure | (a) The duration of nerve block after administering tetracaine, along with 2-minute exposure to 300 mW/cm? irradiation immediately following injection. (b) The nerve
block resulting from the irradiation of P407-CM-T at different irradiances and exposure durations. (c) The impact of energy density on the duration of the induced nerve block (n =
4). (d) The temporal profile of nerve block elicited by several instances of light activation was assessed, where the blue arrows indicate the triggering of LED for a period of 2 minutes
at 300 mW/cm?. (e) The average duration of nerve block following each triggering event in d (n =4). Reproduced from Zhang W, Ji T, Li Y, et al. Light-triggered release of
conventional local anesthetics from a macromolecular prodrug for on-demand local anesthesia. Nat Commun. 2020;1 | (1):2323. Creative Commons.”'
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toxicity. Currently, lipid-based anesthetic nanoparticles have been well-researched and are being employed in clinical settings.
For instance, liposomal tetracaine nanoparticles (topical) were first utilized in humans in 1988, and the first successful
treatment of postoperative pain through liposomal bupivacaine injection was reported in 1994. In 2011, liposomal encapsu-
lated bupivacaine was approved by the US Food and Drug Administration (FDA) for postsurgical analgesia. Furthermore, lots
of studies have highlighted that lipid-based nanoparticles as carriers for local anesthetics offer superior analgesic duration and
enhanced invasiveness in comparison to traditional anesthetics.>*

Polymer-Based Local Anesthetic Nanomedicines
Polymeric nanoparticles offer several advantages, including the controlled release of therapeutic agents at constant doses
over prolonged periods, cyclic dosage capabilities, tunable release of both hydrophilic and hydrophobic drugs, bioimi-
tative properties, enhanced stability, targeting, increased bioavailability, and reduced side effects.>® Natural and synthetic
polymers can be combined with local anesthetics to produce polymer-based anesthetic nanomedicines. These nanome-
dicines are typically categorized into two groups based on their structure: nanospheres (matrix system) and nanocapsules
(reservoir system). The most frequently employed biodegradable synthetic polymers include polyethylene glycol (PEG),
polylactic acid (PLA), polyamino acids, polyglutamic acid (PGA), poly lactic glycolic acid (PLGA), and poly &-
caprolactone (PCL). Natural polymers such as alginate, chitosan, gelatin, cellulose, and albumin are commonly utilized
in the fabrication of polymer-based local anesthetic nanomedicines.”® Upon reaching the nerve periphery, local anes-
thetics delivered by the polymer carrier are released slowly, resulting in a prolonged nerve block and reduced total
amount of local anesthetics entering the human circulation per unit time. The release of local anesthetics from polymeric
nanocarriers enables a prolonged nerve block while also minimizing the likelihood of the drug entering the bloodstream.
A study conducted by Lalatsa et al demonstrated that the onset time of lidocaine hydrogel was significantly shorter
compared to EMLA (an anesthesia cream), and a 5.2-fold increase in the flux of lidocaine through the skin of the human
eyelid area was observed.*® Similarly, Weldon et al developed a bupivacaine micelle formulation of only 15nm (M-Bup).
M-Bup provided local anesthesia twice as long as free bupivacaine, and patients treated with M-Bup had lower levels of
bupivacaine detected in their blood, indicating less systemic toxicity.*' In addition, it was observed that liposomal
bupivacaine (L-Bup) with a size of approximately 100 nm, at the same dose as M-Bup, did not produce any anesthesia.
This demonstrates the biocompatibility and specificity of certain types of nanoparticles. Local anesthetics can be bound
to the surface of polymeric nanoparticles through chemical bonds or physically through processes such as adsorption,
dissolution, entrapment, embedment or encapsulation. Polymer prodrugs linked by chemical bonds are relatively stable,
and the release pattern and loading efficiency of drugs in polymer-based local anesthetic nanomedicines are influenced by
factors such as anesthetics ionicity, solubility nature (hydrophilic or lipophilic) and molecular mass of the polymer. The
release of anesthetics from polymeric carriers can occur through several processes, including desorption, diffusion,
biodegradation of the polymers, or a combination of these mechanisms. The anesthetics can be released through the
channels within the polymer carrier or through the decomposition of the carrier molecules. On the other hand, a polymer
prodrug that is chemically bonded is typically more stable For instance, Zhao et al demonstrated the use of a degradable
polymer, TDP [poly(triol dicarboxylic acid)-co-poly(ethylene glycol)], connected through ester bonds to tetrodotoxin
(TTX). The slow release of TTX was observed, and its derivatives acted as a chemical permeation enhancer (CPE)
(Figure 2). This allowed TTX to penetrate the neurovascular barrier into the axoplasm, resulting in the release of 80 pg of
TTX over three days. This approach significantly increased the therapeutic window for TTX, achieving high efficiency
and low toxicity.”’

Lipid-Polymer Hybrid Local Anesthetic Nanomedicines

Lipid-polymer hybrid nanoparticles (LPHNPs) are a type of core-shell nanocarrier consisting of biodegradable polymer
nanoparticles as the core and a lipid shell as the outer layer.’® Based on their structure, LPHNPs can be classified into five
groups: monolithic LPHNPs, polymer core lipid shells, hollow core-shell nanoparticles, erythrocyte membrane camou-
flaged biomimetic lipid-polymer hybrids, and polymer-caged liposomes. Local anesthetics can either be covalently
embedded on the lipid shell surface or encapsulated within the polymer core. Drug release is regulated by a variety of
factors, such as the matrix composition, microenvironment pH, and surrounding temperature.”® As a delivery carrier for
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Figure 2 A polymer-TTX conjugate, which contains a high concentration of TTX and is designed for slow release, is positioned near a nerve. The delivery system includes
a chemical permeation enhancer that facilitates the entry of TTX into the nerve. The hyperbranched structure of the polymer-TTX conjugate shown here has a TTX loading
capacity that is significantly greater than the conjugates produced in the current experiment. Reproduced from Zhao C, Liu A, Santamaria CM, et al. Polymer-tetrodotoxin
conjugates to induce prolonged duration local anesthesia with minimal toxicity. Nat Commun. 2019;10(1):2566. Creative Commons.>’

local anesthetics, LPHNPs offer the advantages such as small particle size, high encapsulation efficiency, and good
biocompatibility. Furthermore, the polymer core of LPHNPs can enhance the sustained release effect of drugs, provide
excellent storage stability, enable on-site drug delivery, and facilitate facile preparation. LPHNPs also offer significant
prolonged duration of local anesthesia.

In a study by Li et al, lipid-polymer hybrid nanoparticles (LPHNPs) were synthesized using poly real (ethylene
glycol)-distearoylphosphatidylethanolamine (PEG DSPE) as a hydrophilic lipid shell and PCL as the hydrophobic
polymer core. Ropivacaine (RPV) was encapsulated in LPHNPs to create RPV-LPHNPs. Results from in vitro trans-
dermal assays showed that RPV-LPHNPs had a cumulative RPV permeability of 907 + 35ug/ cm? after 48 hours, which
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was 2.6-fold higher than that of RVC injection (344 + 23pg/cm?). In vivo experiments conducted by Li et al demon-
strated that single administration of RPV-LPHNPs significantly prolonged the duration of analgesia in mice compared
with RPV solution. The median duration of analgesia was 36 hours and 0.5 hours for RPV-LPHNPs and RPV solution,
respectively.*® Additionally, Wang et al utilized the nanoprecipitation method to create lipid-polymer nanoparticles
(LDC-LPHNPs) loaded with lidocaine (LDC). In vitro cytotoxicity experiments showed that LDC@LPHNPs reduced
the cytotoxicity in mouse embryonic fibroblast NF-3T3 cells. Moreover, in vivo experiments demonstrated that LDC-
@LPHNPs reduced injection pain and prolonged the mid-term duration of painless anesthesia to 20 hours, which was
superior to LDC-@NPs or free LDC (Figure 3).*

The above examples demonstrate that local anesthetic nanomedicines have shown promising results in achieving
satisfactory anesthetic effects that meet the needs of local anesthesia. Nanotechnology offers several advantages for local
anesthetics, including reducing drug toxicity by modifying the physicochemical properties to improve its anesthetic effect
and lower dosage, which can result in less systemic toxicity. Prolonged anesthesia can be achieved by using anesthetic
nanomedicines that effectively overcome biological barriers and allow the anesthetics to work more efficiently, leading to
a longer duration of analgesia and numbness. Furthermore, nanomedicines can provide targeted and controlled release,
allowing the anesthetic to be released on demand at a specific site after the corresponding stimulation, resulting in higher
potency and minimal drug flow in the blood or surrounding areas, and reduced toxicity. The speed of drug release in
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lidocaine for local anesthetics effect. 333—-340, copyright (2021), with permission from Elsevier.*?
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anesthetic nanomedicines, whether they are fast or slow, have their corresponding clinical applications, and there is no
inherent superiority or inferiority for clinic use. The advantages of anesthetic nanomedicines lie in their ability to
decrease drug metabolism, allowing more drugs to reach the target site and reducing drug waste. In general, during
clinical surgeries, it requires rapid onset of anesthesia, precise control of anesthesia maintenance duration, and swift
recovery. Therefore, for surgeries require prolonged anesthesia, employing sustained-release anesthetic nanomedicines
are excellent choice. This approach achieves both effective anesthesia and reduced toxicity. For surgeries with shorter
duration, we utilize nanomedicines with effective control and release of drugs. Upon a specific external stimulus, these
nanomedicines rapidly release the drug, achieving optimal anesthetic effects with minimal drug dosage, while enabling
a quick return to the normal state. Besides traditional local anesthetics, modified biotoxins can also be utilized for local
anesthesia. Nanotechnology-modified anesthetics are not only more efficient and safer but also easier to handle. With
mature technology, their usage can significantly lower risks and labor costs associated with local anesthetics. This
approach also holds promising clinical translation value and excellent research prospects.”® However, when applying
local anesthetics, the metabolism of carrier materials should be carefully considered. If injected into muscle tissue or
subcutaneous sites, drug metabolism may be slower and more challenging. Improper dosages may result in inflammation,
proliferation, and other side effects.”® Another limitation in the field of local anesthetic nanomedicine is the limited
variety of nanocarrier materials available. Currently, the materials used in this area are largely derived from those that
have been established in other fields, and although they can enhance the anesthetic effect to some extent, significant
breakthroughs have been difficult to achieve. Additionally, there has been a lack of research into combining local
anesthetics with other innovative technologies. As a result, further exploration and research are needed in this area to
fully tap into its potential. Overall, compared to other areas of drug research, the field of local anesthetic nanomedicine
has not yet been extensively explored. Based on the aforementioned discussion, although local anesthetic nanomedicines
have demonstrated some improvements in targeting, permeability, retention, and side effects, there have been no major
breakthroughs. To meet the growing market and clinic demands for local anesthetics, further progress is required in drug
design, novel drug formulations, combination therapies, and the application of advanced nanotechnologies in local
anesthetic nanomedicines.

General Anesthesia Nanomedicines

Current Status of General Anesthetics

General anesthetics can be administered via three primary methods: intravenous, intramuscular, and inhalational. In some
cases, a combination of intravenous and inhalational methods may be used as an adjunct.'' Intravenous general
anesthetics are further sub-divided into various groups based on their chemical structure, pharmacokinetics and
pharmacodynamics. These groups include barbiturates (such as sodium thiopental and methohexital), hydroxy acids,
alkylphenols, phencyclidines, imidazoles, benzodiazepines (such as midazolam, lorazepam, and diazepam), alpha 2
adrenergic agonists, phenothiazines, butyrophenones, and aldehydes, as shown in Table 2.°° Inhalational anesthetics
are typically divided into gaseous and volatile liquid anesthetics. Nitrous oxide and xenon are examples of gas
anesthetics, while volatile liquid inhalational anesthetics include chloroform, sevoflurane, isoflurane, ethane, halothane,
ether, desflurane, enflurane, and methoxyflurane, among others.®' Sevoflurane, halothane, desflurane, and isoflurane are
currently the most commonly used volatile inhalational anesthetics due to their rapid onset of action and elimination from
the body, reduced dosage requirement, and less negative impact on the respiratory system. However, some inhalational
anesthetics have a pungent odor and can cause environmental pollution and global warming, especially desflurane, which
requires high protocol equipment, making their use challenging at times.®* Because inhalational anesthetics do not
require carriers and are easy to administer with little impact on the body, this review will mainly focus on intravenous
anesthetics.

Compared to inhalational anesthetics, intravenous anesthetics offer certain advantages such as rapid onset, ease of
equipment use for induction and resuscitation, and strong analgesic effect. However, the processes of drug metabolism
and post-operative recovery are slower.”>’* The mechanism of action for general anesthetics involves passing through
the BBB or the placental barrier and inhibiting presynaptic voltage-gated sodium channels in glutamatergic synapses,
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Table 2 Properties of General Anesthetics
Category Drug Structural Formula Solubility Half-Life Adverse Reaction | Reference
Period
Barbiturates Sodium thiopental o Water and 3-8h Respiratory [63]
Fat depression, cough,
N\ . larynx and
>7S‘ bronchospasm, etc.
NH
0o
Hydroxy acids Sodium gamma- Water 0.5-1h Extrapyramidal [64]
hydroxybutyrate o reaction, nausea,
\/\)J\ N vomiting, mania, etc.
HO Na
o
Alkylphenols Propofol Fat 0.5-1h Respiratory and [65]
circulatory
depression, injection
pain, etc.
HO
Phencyclidines Ketamine o a Fat 3.1h Mental agitation, [66]
dreams, abnormal
vision, etc.
NH
P
Imidazoles Etomidate Fat 2.9-5.3h Muscle cramps, [67]
o injection pain,
thrombophlebitis,
o N etc.
\_|
Benzodiazepines Midazolam Fat 1.7-6.4h Respiratory [68]
N
= depression, etc.
Cl I —
9
Alpha 2 Dexmedetomidine Fat 2h Hypotension, [37]
adrenoceptor bradycardia, dry
agonism N S mouth, etc.
\/NH
(Continued)
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Table 2 (Continued).

Category Drug Structural Formula Solubility Half-Life Adverse Reaction | Reference
Period
Phenothiazines Promethazine N~ Fat 16—19h Drowsiness, blurred [69]

vision, dizziness, etc.

$es

Butyrophenones Haloperidol Fat 12.6-22h Extrapyramidal [70]

Aldehydes “ reaction, depression,

increased heart rate,

N
F

Droperidol H Fat 1.7-2.2h Extrapyramidal |
©[}:o reactions,

Q-T interval

Vi prolongation, etc.

Barbiturates Chloral hydrate OH Water and 7-10h Nausea, vomiting, [72]

Fat inhibition of
Cl .
myocardial
HO

cl contractility, etc.

primarily in the thalamus region of the brain, while analgesia is usually achieved at the spinal cord level. As shown in
Table 2, the majority of anesthetics are highly lipophilic, which facilitates their easy delivery through the BBB to the
target site.”” Table 2 highlights that most general anesthetics are lipophilic, but for intravenous administration, they are
formulated as hydrochloride or sulfate salts to aid their stability in hydrophilic environments. Examples of such
anesthetics include ketamine, midazolam, dexmedetomidine, promethazine, haloperidol, and droperidol."”77
Additionally, some general anesthetics are administered in the form of fat emulsions, where the anesthetics are
encapsulated by liposomes to reduce toxicity or irritation and improve their solubility. Examples of such highly lipophilic

fat emulsion general anesthetics include propofol, etomidate, and flurbiprofen axetil.”®

Table 2 indicates that regardless of
the type of general anesthetics, clinical usage and solubility features, adverse effects such as cardiac arrest and the
possibility of nerve injury still exist. According to Global Info Research, the enormous annual consumption and demand
for general anesthetics is evident, with global revenue already reaching $774.28 million in 2021 and projected to reach
$925.67 million in 2028.7° Anesthetic agents directly target neurons through intravenous injection or inhalation and can
result in common side effects such as nausea, vomiting, hypotension, shivering, temporary confusion, interim memory
loss, respiratory depression, and arrhythmia.®® Improper administration can cause severe damage to the central nervous
system, vital organs, or even death, making accurate handling with professional measures essential. Therefore, further
research and improvements to develop targeted, sustained, and controlled release of general anesthetics with minimal

side effects, easy resuscitation, and prevention of adverse reactions are imperative.
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As previously discussed, due to the intravenous route of administration for most general anesthetics, safety measures
and dose precision are critical, resulting in limited drug variety and a relatively uniform formulation. Nevertheless, the
widespread use and extensive market demand for general anesthetics present both an advantageous opportunity and
a challenging dilemma for researchers. Various general anesthetics exhibit evident toxicity and radiation concerns that
significantly restrict their clinical utility. Recently, some encouraging progress has been made in nano-modifications of
general anesthetics, offering potential benefits on the future.

General Anesthetic Nanomedicines

Recent studies have shown significant progress in the practical application of general anesthetic nanomedicines, as
highlighted in Table 3. These nanomedicines primarily include propofol and etomidate, and they utilize carrier materials
made of biodegradable synthetic polymers or natural biomacromolecule materials such as PEG, PLA, polyamino acid,
PGA, alginate, starch, amino acids, liquid crystal materials, micelle, among others.®' However, in comparison to local
anesthetic nanomedicines, general anesthetic nanomedicines have not gained the traction in FDA approved applications,
thus providing ample opportunities for further research, analysis, and future market applicability of these novel
formulations.

To date, propofol and etomidate, two commonly used general anesthetics, have been the focus of research as general
anesthetic nanomedicines.”® General anesthetic nanomedicines can enhance drug solubility, stability, and permeability,
reduce injection pain, deliver anesthesia specifically to the target site, increase potency, and reduce the required dosage,
thereby minimizing toxic effects.

Propofol Nanomedicine

Propofol lipid emulsion has been a reliable choice for more than 30 years in clinical settings, but it has some drawbacks.
While it boasts several benefits, such as effective anesthesia, it can also cause a range of side effects, including
respiratory distress, blurred vision, hypertriglyceridemia, and a decrease in arterial blood pressure. Injection pain during
administration is also a common complaint among patients, affecting up to 28% to 90% of individuals, as per previous
research.”’ The lipid components present in the emulsion can also be a breeding ground for bacteria, leading to iatrogenic
infections. Furthermore, prolonged and large infusions of propofol lipid emulsion can lead to hyperlipidemia, hyperch-
olesterolemia, and glycerin toxicity, which in turn can cause acute pancreatitis, renal failure, and potentially fatal

Table 3 Properties of General Anesthetic Nanomedicines

Nanomedicine Particle Size Carrier Material Effect References

Propofol nanoparticles 180£1.2 nm Octanol-alginate nanoparticles - [82]

Propofol nanodroplets 317.6£148.2 nm Polyethylene glycol- Ultrasound can double the rate of drug [83]
b-polycaprolactone and release

perfluorocarbon

Propofol loaded 55+ 12 nm Propionylated amylose helix The induction time was 0.22 times of that the [84]
propionylated amylose propofol emulsion group;
helix The recovery time was 0.20 times that of the

propofol emulsion group

PROP- GQY, ET-GQY, 165.6x11.93nm Peptide GQY GQY can be used as a high loading fat-free [85]
ET26-GQY carrier material
126-138 nm Hemifluorinated dibranched - [86]
polymers
Propofol-LCNP =200m Self-assembled lipid liquid - [87]
crystalline
Eto-SOPM 109.23+0.81 nm Poloxamer micelles The rats recovered from the loss of righting [88]

reflex 10% faster than the free group
ETM-ILE 168.0+£0.3nm Lipid - [89]

Abbreviations:GQY, Gly-GIn-Tyr; PROP, propofol; ET, etomidate; ET26, an analog of etomidate; LCNP, Liquid crystalline nanoparticles; Eto-SOPM, etomidate-loaded
poloxamer micelles; ETM-ILE, etomidate intravenous lipid emulsion.
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propofol infusion syndrome.** These side effects have been linked to the specific lipid emulsion used, highlighting the
need for modifications to the propofol agentia.

Liu et al developed a peptide-based carrier material called GQY, using atypical hydrophobic amino acids (HAAs), which
contained many hydrophobic pockets for encapsulating highly concentrated hydrophobic anesthetics like propofol to form
a stable suspension. The PRO-GQY formulation had greatly reduced the pain on injection effect compared to traditional
propofol lipid emulsion. GQY was not only as effective as lipids in drug loading but also achieved anesthetic efficacy
equivalent to lipid-based formulations while reducing the probability of side effects due to lipid-based formulations. Figure 4
illustrates the mechanism of the PRO-GQY formulation.® The biocompatibility of GQY was tested using NRK-49F and L929
cells to assess its potential cytotoxicity. The results showed no significant cytotoxicity, indicating the safety of the peptide as
a carrier material. Additionally, GQY did not exhibit in vitro hemolytic activity, further indicating its safety for intravenous
injection. The anesthetic efficacy of GQY-based formulations was found to be superior to that of lipid or propylene glycol-
based emulsions. These findings suggest that GQY, as a lipid-free carrier, holds promise as a hydrophobic anesthetic carrier.
Assani et al developed a simple method to create a carrier system for water-insoluble anesthetics. They combined octanol with
alginates to generate octanol-grafted alginate (Alg-C8), which was then utilized to produce nanoparticles for encapsulating
propofol. The resulting propofol nanomedicines are transparent liquid with a particle size of less than 80 nm, smaller and more
uniform than commercial lipid emulsions. The research showed that the nanomedicines exhibited superior chemical and
physical stability at room temperature for at least 6 months, compared to the currently used lipid propofol emulsions. The
study concluded that Alg-C8-encapsulated propofol nanomedicines could be the promising clinical intravenous general
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Figure 4 (A) GQY’s chemical structure. (B) Chemical structure of pyrene and general anesthetics, such as propofol, etomidate, and ET26. (C) Schematic depiction of GQY
drug injection. The hydrophobic side chains of glutamine and tyrosine are depicted in purple. Reprinted with permission from Dove Medical Press. Liu J, Peng F, Kang Y, et al.
High-loading self-assembling peptide nanoparticles as a lipid-free carrier for hydrophobic general anesthetics. Int | Nanomedicine. 2021;16:5317-5331.%°
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anesthetics for delivering poorly soluble propofol.** In our previously research of general anesthetic nanomedicines, we has
developed a method for rapid transport across the BBB. To accomplish this, propofol was loaded into propionylated amylose
helix (HLPAH) nanoclusters to create propionylated amylose helix (HLPAH), which utilizes phosphatidylethanolamine-
triggered release. The results indicated that the released propofol was able to cross the BBB of the central nervous system
(CNS) through a concentration gradient and lipophilicity, as shown in Figure 5. The study comparing propofol loaded in
PLPAH nanoclusters to propofol lipid emulsion group showed that the total amount of propofol in the former was only 0.13
times that of the latter. However, the induction time of the nanocluster group was 41 + 10s, which was 0.22 times faster than
that of the propofol emulsion group. Moreover, the recovery time of the nanocluster group was 50 = 10s, which was 0.20 times
faster than the propofol emulsion group. These results indicate that HLPAH nanoclusters possess high BBB permeability and
specificity, rapid onset, short maintenance time, rapid recovery, and require a small drug dosage. Hence, they have the potential
to be used in the treatment of central nervous system diseases.** Additionally, researchers are exploring the use of ultrasound
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technology to achieve more efficient and rapid controlled drug release for general anesthesia. For example, Airan et al
developed an ultrasound-gated nanodroplet of propofol, consisting of a polyethylene glycol-B-polycaprolactone encapsulat-
ing copolymer matrix, a liquid perfluorocarbon core, and propofol.*> The nanodroplets underwent a liquid-to-gas phase
transition and released the drug when exposed to ultrasound. Experiments confirmed that ultrasound doubled the release rate
of propofol without causing any harm to the brain tissue or disrupting the BBB. In addition, the nanoparticles induced potent
neuromodulation using non-invasive focused ultrasound. This approach shows promise for achieving precise control of brain
activity with spatial accuracy of millimeters and temporal accuracy of minutes, paving the way for clinical applications.

Etomidate Nanomedicine

Etomidate is an intravenous general anesthetic that has lipophilic properties and unique advantages, such as minimal impact on
breathing and circulation, as well as notable hemodynamic stability, making it especially suitable for anesthesia induction in
elderly patients.”> However, its side effects include suppression of corticosteroid synthesis in the adrenal cortex, and it can be
highly lethal for critically ill patients. Moreover, the lipid emulsion of etomidate used in clinical practice has a high probability
of catching bacterial contamination, and it is not easy to store for a longer time.”> Therefore, researchers have conducted
relevant research to improve the efficacy and storage stability of these lipid-soluble general anesthetics.

Zhao et al developed a novel lipid emulsion, named ETM-ILE, for the intravenous administration of etomidate using high-
pressure homogenization. The aim of the study was to compare the efficacy of ETM-ILE (a nanoformulation) with ETM-SOL
(a commercially used etomidate injectable solution). Results indicated that ETM-ILE showed highly improved stability and
drug loading efficiency, as well as reduced cytotoxic reactions compared to ETM-SOL. Furthermore, ETM-ILE exhibited
long-term stability when stored at 4 + 2 °C or 25 + 2 °C for 12 months. The pharmacokinetic studies of both formulations were
almost similar, but ETM-ILE was found to be safer, as it did not undergo hemolysis, showed no irritation to blood vessels, and
had faster onset and clearance properties. Overall, the study concluded that ETM-ILE nanoemulsion has considerable potential
for clinical applications.®” Wu et al investigated not only the stability but also the anesthetic properties of etomidate
nanomedicines. They developed etomidate-loaded poloxamer micelles (Eto-SOPM) using a thin-film hydration method and
enhanced its encapsulation with soybean oil (SO) to obtain etomidate nanomedicines. The release rate of this nanomedicine
was found to be greater than that of the lipid emulsion, while maintaining the potency of etomidate. The speed of rats from loss
to recovery of righting reflex was also 10% faster compared to the free group, resulting in a shortened action period of Eto-
SOPM nanomedicines. These promising results suggest that further research into the potential of Eto-SOPM nanomedicines is
warranted.® In addition, A 2020 study demonstrated the development of a novel sequential nanoprecipitation technique to
create ketamine-encapsulated single polymer PEG-PLGA nanoparticles and double polymer PEG-PLGA/shellac nanoparti-
cles with a high drug loading of 41.8%. These drug-loaded nanoparticles showed sustained-release characteristics for over 5
days following intravenous injection in mice and for up to 21 days in vitro.*®

The above reports indicate that research on general anesthetics is still in the early stages, and there are relatively
fewer studies on non-propofol general anesthetics compared to propofol. Moreover, in propofol research, the focus has
been on the overall properties of synthesized nanomedicine formulations rather than exploring the anesthetic effect. It is
noteworthy that most general anesthetics are small molecules and lipid-soluble, with high BBB penetration rates when
administered as nanomedicines. It should be noted that some hydrophilic anesthetics, like 4-Hydroxybutanoic acid
sodium salts, face difficulties in crossing the BBB. How to better balance anesthesia effect and toxicity, the principle is to
use fewer doses of anesthetics to achieve better anesthetic effects. At present, there are mainly two methods, one is the
combined use of multiple anesthetics, through the combined use of two or more anesthetics, reduce the toxicity of
a single anesthetic to specific organs of the body, and achieve better anesthetic effects. The second is to use nanome-
dicines that have the ability to decrease the metabolism rate of anesthetics, allowing a greater accumulation of these
drugs at the target site. For example, targeted molecules like lactoferrin, special carriers such as starch carriers, surface

94796 and technical means

modified ligands like apolipoprotein E derived peptide (ApoE), angiopep 2 peptide, transferrin.
like ultrasound can be utilized to enhance drug delivery. Additionally, nanomedicines can extend the duration of drug
action. As a result, we can significantly reduce the dosage and toxicity of anesthetics without compromising the
anesthesia effectiveness. This approach aligns with the objective of minimizing toxicity while maximizing efficacy. By

leveraging these new nanocarriers, technologies, and methods, it may be possible to achieve improved analgesic and
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anesthetic effects while reducing toxicity, which represents an important goal for future research. However, the effect of
these methods is not very satisfactory now, so it needs to continue to explore.

Opportunities, Challenges and Prospects

In recent years, the focus on precision medicine has grown among doctors and patients alike. In surgery, the need for
precise dosage and targeted delivery of anesthetics has become increasingly important, but current preparations and
methods are falling short. Nanofabrication of anesthetics has emerged as a crucial method for improving their effective-
ness. However, research on general anesthetics is still limited, with only a few studies focusing on nano-sized local
anesthetics. This presents unprecedented opportunities for the development of emerging anesthetic nanomedicines for
several reasons. Firstly, there are numerous theoretical and practical problems in the study of anesthetic mechanisms that
require urgent solutions. Secondly, anesthetics have vast clinical applications and offer significant market potential for
research and development. Finally, the use of nanomedicines can help overcome existing anesthesia techniques’
limitations, such as BBB penetration. The field of anesthetics presents both opportunities and challenges:

1. The significant challenge is the lack of understanding of the mechanism of action of anesthetics and the scarcity of
research on the mechanism of general anesthetic nanomedicines. Such research is crucial for the advancement of
human medicine and warrants further exploration.

2. The BBB is the main obstacle, which restricts the entry of lipophobic general anesthetics into the brain, resulting
in wastage. While ultrasound has shown promise in opening the BBB, it has yet to be combined with anesthetics
for targeted drug delivery to the brain. The limited research and development of anesthetics and the difficulty in
developing new anesthetics due to their long development cycle also pose significant challenges.

3. Most general anesthetics are small-molecular drugs, making them difficult to load during the preparation of
nanomedicines. Further exploration is needed for nanotechnology specifically designed for small molecules of
anesthetics.

4. The adverse effects of general anesthetics, including their toxicity, necessitate research on reducing their side
effects. Addressing this issue is a crucial direction for scientific research and development, as well as for the
clinical application of anesthetics.

Therefore, immediate improvement in both anesthetics and anesthetic nanomedicine research is necessary. To address the
challenges and opportunities in this field, several potential research directions and challenges can be explored.

1. Continued exploration of the effects of general anesthetics is necessary. The mechanism of general anesthetics
remains uncertain, and it is a crucial issue in the field of anesthesia research.’’ This theoretical matter could lead to
the development of novel anesthetics, which would help to identify the most suitable drugs for general anesthesia
and enable accurate drug administration to patients.

2. To further advance the field of anesthetics, it is essential to investigate the combined effect of anesthetics
nanomedicines and other approaches. General anesthetics act on the brain, but the BBB poses a challenge for
most nanomedicines to pass through. To overcome this, researchers can explore a combination of biochemical or
physical methods in addition to nanomedicines modifications. For example, incorporating biological targeting
molecules such as lactoferrin on the surface of nanomedicines can facilitate more effective targeting of the BBB by
anesthetics.”® Alternatively, researchers can investigate the use of ultrasound and other techniques to safely and
effectively open the BBB, allowing large quantities of anesthetics to enter the brain.’” This approach can
significantly reduce the required dosage of anesthetics, thereby mitigating their toxicity.

3. Exploring different nanocarriers is crucial in the development of effective anesthetic nanomedicines. Most
anesthetics are small molecules with few functional groups, making it difficult to coat or combine them with
nanocarriers. Currently, the available types of nanocarriers for local or general anesthesia are limited, and research
on nanocarriers for general anesthesia is even more scarce. Moreover, the study of nanocarriers should focus on
their compatibility, modification, adaptability, and efficacy within the brain environment. For instance, some
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studies have shown that starch carriers are released after contact with the BBB.** It can also bind to active targeted
molecules to the BBB, including glucose, L-dopa, L-carnitine, monoclonal antibodies (Mabs), peptides, transferrin
receptors, insulin receptors, nicotinic acetylcholine receptors and many other biomolecules.'” Additionally,
nanocarriers can be used for synergistic therapy, opening up new avenues for research and development of
nanomedicines. Therefore, future research should prioritize the development of new nanocarriers, new technolo-
gies, new theories, and mechanisms of action for more effective brain delivery of general anesthetic
nanomedicines.

4. To enhance the development of anesthetic nanomedicines, it is crucial to integrate them with modern advanced
technologies. Studies have shown that using smart materials such as sound-controlled, light-controlled, and heat-
controlled release materials can improve nanomedicines administration by enabling on-demand drug delivery.
However, the current research in this area is limited and needs to be further developed to meet therapeutic
requirements and achieve personalized anesthetics administration goals. Moreover, an integrated anesthesia
medical system that combines diagnosis and therapy is necessary. Such a system can effectively monitor the
level of anesthesia and the amount of anesthetics released, providing clinicians with real-time feedback and
improving patient outcomes.

5. Reducing toxicity and improving the performance of anesthetics is crucial, especially with the increasing demand
for anesthetics in aging populations. Precise targeting of the brain is a promising approach for achieving this goal.
For example, propofol is known to cause respiratory depression, which is a significant side effect. By adminis-
tering propofol through nanomedicines, it can be targeted precisely to the site of action in the central nervous
system, while avoiding the potential damage to other systems. Each group of general anesthetics has its own
toxicity level, dosage capability, and potency, and further research is needed to explore ways to reduce toxicity and
increase efficacy of these anesthetics.

In conclusion, the emerging field of research on anesthetic nanomedicines is full of challenges and opportunities. By
fostering collaboration among researchers from diverse areas. Meeting opportunities and overcome challenges, we can
minimize the toxicity, increase the diversity, and enhance the efficacy of anesthetic nanomedicines, leading to a reduction
in medical errors and improved surgical outcomes, which will make new contributions to the development of anesthetics.
Ultimately, these efforts will benefit humanity by advancing the field of anesthesia and improving patient care.
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