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Abstract: From a clinical perspective, local anesthetics have rather widespread application in regional blockade for surgery, 
postoperative analgesia, acute/chronic pain control, and even cancer treatments. However, a number of disadvantages are associated 
with traditional local anesthetic agents as well as routine drug delivery administration ways, such as neurotoxicity, short half-time, and 
non-sustained release, thereby limiting their application in clinical practice. Successful characterization of drug delivery systems 
(DDSs) for individual local anesthetic agents can support to achieve more efficient drug release and prolonged duration of action with 
reduced systemic toxicity. Different types of DDSs involving various carriers have been examined, including micromaterials, 
nanomaterials, and cyclodextrin. Among them, nanotechnology-based delivery approaches have significantly developed in the last 
decade due to the low systemic toxicity and the greater efficacy of non-conventional local anesthetics. Multiple nanosized materials, 
including polymeric, lipid (solid lipid nanoparticles, nanostructured lipid carriers, and nanoemulsions), metallic, inorganic non- 
metallic, and hybrid nanoparticles, offer a safe, localized, and long-acting solution for pain management and tumor therapy. This 
review provides a brief synopsis of different nano-based DDSs for local anesthetics with variable sizes and structural morphology, 
such as nanocapsules and nanospheres. Recent original research utilizing nanotechnology-based delivery systems is particularly 
discussed, and the progress and strengths of these DDSs are highlighted. A specific focus of this review is the comparison of various 
nano-based DDSs for local anesthetics, which can offer additional indications for their further improvement. All in all, nano-based 
DDSs with unique advantages provide a novel direction for the development of safer and more effective local anesthetic formulations. 
Keywords: local anesthetics, pain, drug delivery system, nanotechnology, nanocarriers, nanoparticles

Introduction
Local anesthetics serve as one of the most common strategies for anesthesia and analgesia during and after surgery, and 
induce temporary loss of pain through inhibiting transmission of nerve impulses.1–3 In combination with immunotherapy, 
local anesthetics have been shown to exert a synergistic effect on cancer, which is similar to oncolytic treatments when 
targeted to lesional areas, thereby extending their traditional indications.4,5 While local anesthetics have been extensively 
applied in the clinic over the past century, two major disadvantages, specifically, neurotoxicity and short half-time, 
significantly limit their clinical utility.6,7 The majority of drugs, such as bupivacaine, lidocaine, and ropivacaine, have 
considerable clinical impacts but are associated with relatively short duration of action, and toxicity-induced neurological 
and cardiovascular manifestations.8 Of note, many local anesthetics can induce hypertensive events and even serious 
outcomes, including refractory cardiac dysfunction, dysrhythmias, and prearrest situations due to their systemic toxicity.9 

In addition to toxicity, short duration of action is the other drawback, which needs to be improved for some particular 
conditions, as exemplified by intravertebral anesthesia. To eliminate or minimize these side-effects, drug delivery 
systems (DDSs) encapsulating local anesthetic agents have been developed for continuous release, which ensure that 
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drug release is considerably slower and analgesia is maintained for a prolonged period with lower associated 
neurotoxicity.10,11

In general, an effective DDS requires the following features: reduced tissue reaction, efficient drug release capability, 
good stability, and steady degradation rates of a biodegradable carrier.12,13 A number of DDSs for local anesthetics have 
been developed for patient use due to promising biomedical advantages, as exemplified by Exparel™ (DepoFoam 
bupivacaine), the first formulation approved by the US Food and Drug Administration (FDA) since mid-2012.14,15 

Exparel™, ie, bupivacaine encapsulated within multivesicular liposomes, is released extremely slowly over a prolonged 
duration of up to 72 hours. This unique commercial drug was primarily designed for surgical wound infiltration. 
However, special safety concerns were addressed by Burbridge and Jaffe,16 highlighting the need to obtain further 
preclinical and clinical evidence of its safety and efficiency. Optimized DDSs for local anesthetics have attracted 
significant research interest and are under active experimental investigation. More recently, biomedical researchers 
have focused on the design and development of new DDSs to achieve efficient drug targeting for pain management 
and cancer treatment.

With the increasing application of nanotechnology in medicine, nano-based DDSs have been rapidly developed that 
can deliver local anesthetic agents to target sites with high specificity.17,18 Nanoparticles, referring to nanoscale (~10–200 
nm in diameter) particles, devices, or systems, such as micelles, nanobrushes, or liposomes,19–21 are the key components 
of nanomedicine and have received widespread interest as promising DDSs for cancer treatment. In a similar vein, 
nanoparticles have been explored as DDSs for local anesthetics.17,18 Notably, nano-based DDSs have been shown to 
provide a safe and effective alternative in perioperative anesthesia treatment.22,23 Their small molecular size enables drug 
delivery to previously inaccessible body sites. However, particle aggregation and toxicity restrict their translation from 
animal models to human studies. Among the various nanosized materials investigated to date, lipid nanoparticles are the 
first nanomedicine delivery system to advance from the laboratory concept to clinical application with high clinical 
acceptance. Furthermore, the diversity of nanomaterials greatly reduces the cost and expands the potential applications of 
nanoscale DDS.24

Based on the background literature, a comprehensive overview of recent studies on local anesthetics using different 
types of nano-based DDSs is provided and their benefits and disadvantages are compared, with a view to providing 
meaningful indications for future research. With specific focus on the application of nanosized materials as drug delivery 
carriers, the latest literature in this field is summarized (Table 1). To our knowledge, the majority of current studies have 
validated the potential of nano-based DDSs in improving local anesthetic effects. However, considerable efforts are 
required to further optimize their properties. The existing limitations further highlight promising research directions in 
the clinical development of novel nano-based DDSs for therapeutic purposes.

Current Drug Delivery Systems for Local Anesthetics
The major goal for clinical application of technological innovations in DDSs is improvement of the drug therapeutic 
index. The proposed formulations are designed to decrease the dosage of the anesthetic drug while increasing its 
absorption and permeability, maintain the anesthetic at the target site for a long duration and reduce its clearance. 
DDSs are generally classified into three categories according to application, specifically, quick performing, long-term and 
high effective DDSs, which are critical for selecting DDS-based local anesthetics for different types of pain management. 
The most commonly applied anesthetics for administration via DDS are bupivacaine and lidocaine.48,49 Encapsulation of 
these drugs in advanced DDSs, such as nano- and microparticles, should facilitate improvement of retention time in the 
body and prolonged drug release rates at the target site.50 Local anesthetic delivery systems developed using a variety of 
inorganic materials (including microparticles, lipid nanoparticles, polymeric nanoparticles, or chitosan) have been 
comprehensively summarized in a recent review.11 Nano-based DDSs for local anesthetics are discussed in detail in 
subsequent sections in the current review. In this section, we have mainly focused on several other DDS types, 
specifically, microparticles, and microneedles.

Microparticles range in size between 1 and 1000 μm and nanoparticle structures vary from 1 to 1000 nm. Compared 
to microparticle-based DDS, nanoparticle-based DDS is more compatible with the nanostructured biological environ-
ment, facilitating cellular penetration, bioavailability, and retention times.22,51 However, microparticles have undergone 
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Table 1 Recent Studies Using Different Nano-Based Drug Delivery Systems for Local Anesthetics

Drug Delivery 
Systems (DDSs)

Carriers Drugs Models Main Effects Ref.

Polymeric 

nanoparticle-based 

DDSs

Alginate/AOT 

nanoparticles; alginate/ 

chitosan nanoparticles

Bupivacaine Swiss mice; fibroblasts To prolong the duration of motor 

and sensory blockades

[25]

Alginate/chitosan 

nanoparticles

Bupivacaine New Zealand white 

rabbits; Wistar rats; 
fibroblasts

To prolong the local anesthetic 

effect and altered 
pharmacokinetics

[26]

Chitosan-GP/PCL 

polymeric 

nanocapsules

Bupivacaine SD rats; fibroblasts To achieve good biodegradability 

and biocompatibility

[18]

PLGA nanoparticles 

coated with chitosan

Benzocaine Fibroblasts; 

keratinocytes

To get a prolonged local anesthetic 

therapy

[27]

PLGA nanospheres Bupivacaine Fibroblasts To prolong the anesthetic effect 

and reduce toxicity

[28]

PLGA nanospheres Ropivacaine Fibroblasts To improve the stability and 

decrease toxicity

[29]

Peptide self-assembled 

nanofibers

Site-1 sodium 

channel blockers 
(S1SCBs)

SD rats; myoblasts; 

adrenal gland 
pheochromocytoma 

cells

To prolong nerve blockade, 

reduce systemic toxicity, with 
benign local-tissue reaction

[17]

Lipid nanoparticle- 

based DDSs

Solid lipid 

nanoparticles (SLNs)

Dibucaine Fibroblasts; 

keratinocytes

To prolong DBC release and 

reduce its toxicity

[30]

Benzocaine Wistar rats; Franz 

diffusion cells

To improve the intensity and 

duration of anesthetic effect

[31]

Nanostructured lipid 

carriers (NLCs)

Butamben SD rats To improve anesthesia at inflamed 

tissues

[32]

Lidocaine SD rats; fibroblasts To achieve a prolonged and 

efficient effect

[33]

Lidocaine Kunming mice; Franz 

cells

To enhance the transdermal 

delivery of lidocaine

[34]

Bupivacaine Wistar rats; Franz 

diffusion cells

To reduce the required dose, and 

decrease the systemic toxicity

[35]

Lidocaine; 

prilocaine

Franz diffusion cells To achieve the sustained release [36]

Lipid-based 

nanoemulsion

Bupivacaine HCl Wistar rats To achieve prolonged local action [37]

Eugenol Patients To decrease cannulation related 
pain

[38]

Lidocaine Mice To achieve a higher anesthetic 
effect

[39]

15% isoflurane Dogs To maintain effective anesthesia [40]

(Continued)
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further development than nanoparticles due to technical limitations. The earliest study on application of microparticles 
for delivery of local anesthetics dates back to around 1981. Wakiyama et al52,53 encapsulated butamben, tetracaine, and 
dibucaine in polymeric systems and showed that the smaller sizes of microspheres promote faster drug release in vitro 
and in vivo. Horie et al54 subsequently examined a lidocaine-loaded poly(lactic-co-glycolic) acid (PLGA) microparticle- 
based DDS in guinea pigs, which achieved 42% encapsulation efficiency and prolonged drug duration up to 3 days, 
supporting their potential for sustained release of lidocaine. Dai et al further reported a pronounced effect of carbama-
zepine-loaded microparticle-based DDS on pain relief, even up to two weeks, using a neuropathic pain rat model. 
Importantly, no toxicological or other side-effects were observed in behavioral and histochemical analyses.55 Thus, 
microparticles continue to be a focus of research interest for the development of new DDSs for current anesthetics.

Microneedles, representing arrays of micron-sized needles, serve as an effective carrier in DDSs due to their 
minimally invasive and self-administrable properties, especially for transdermal delivery of local anesthetics. These 
molecules have been systematically investigated for their practicability as an alternative to traditional delivery methods 
for local anesthetics.56,57 A study by Baek et al58 on lidocaine-coated poly(L-lactide) (PLLA) microneedle arrays 
revealed rapid local anesthesia in a painless manner. In their experiments, lidocaine was released into phosphate- 
buffered saline (PBS) within two minutes and remained stable for up to three weeks at different temperatures. In 
addition to local anesthetics, analgesics such as fentanyl have also been tested. Maurya et al59 evaluated the effectiveness 
of soluble fentanyl microneedles in loco-regional anti-nociceptive activity. In their study, microneedle patches induced 
the onset of analgesic activity more rapidly than the adhesive dermal patch, but drug stability was not evaluated. 
Microneedles differ from most drug delivery carriers in terms of morphology and consequent effects. Combination of 
various nanocarriers with current microneedle delivery systems is proposed to significantly extend microneedle 
applications.60,61

Table 1 (Continued). 

Drug Delivery 
Systems (DDSs)

Carriers Drugs Models Main Effects Ref.

Inorganic 
nanoparticle-based 

DDSs

Gold nanoparticles Procaine; 
tetracaine; 

dibucaine

Not applicable To characterize the interaction of 
gold nanoparticles and local 

anesthetics

[41]

Silver nanoparticles Procaine; 

tetracaine; 

dibucaine

Not applicable To characterize the interaction of 

silver nanoparticles and local 

anesthetics

[42]

Zinc oxide 

nanoparticles

Not applicable Swiss Albino mice To attenuate neurogenic and 

inflammatory pain

[43]

Magnesium oxide 

nanoparticles

Ketamine NMRI strain mice To induce analgesic and anti- 

inflammatory effects

[44]

Gold-coated magnetite 

nanoparticles

Intrinsic 

analgesic 
properties

In vitro human spine 

model

To concentrate and localize drugs 

at targeted sites

[45]

Organosilica 
nanoparticles

Ropivacaine Mice; PC12 cells To get long-lasting pain relief [46]

Hollow Silica 

Nanoparticles

Tetrodotoxin Rats; C2C12 cells To enhance the nerve blockade [47]

Abbreviations: AOT, alginate/bis(2-ethylhexyl) sulfosuccinate; DBC, dibucaine; DDSs, drug delivery systems; HCl, hydrochloric acid; NLCs, nanostructured lipid carriers; 
PLGA, Poly (lactic-co-glycolic acid); SD, Sprague-Dawley; SLNs, solid lipid nanoparticles; TAT-NLC-LID, transcriptional transactivator peptide modified lidocaine loaded 
nanostructured lipid carriers; TPGS/LID-NLC, Tocopheryl polyethylene glycol 1000 succinate-modified cationic nanostructured lipid carriers for the delivery of lidocaine.
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Overall, several drug delivery carriers for local anesthetics have been developed, which remains a hot research topic. 
However, current explorations in this field are still limited to the experimental phase. Rapid progress in the development 
of DDSs has allowed manipulation of several biopharmaceutical and pharmacological properties of local anesthetics 
leading to improved therapeutic effects, highlighting their utility as promising alternatives for delivery and clinical 
application of local anesthetic agents.62,63

Current Nano-Based Drug Delivery Systems for Local Anesthetics
While nanomedicine is a rapidly growing field, its application for delivery of local anesthetics and pain management 
remains limited in terms of the complexity of pain physiology as well as the intractable nature of chronic pain.64,65 

Nanotechnology involving the study and development of structures and/or devices within the nanometer size range plays 
a critical role in delivery of local anesthetics due to the advantages of smaller sized drug carriers.66,67 This strategy offers 
numerous benefits, especially for targeted delivery of anesthetic drugs at the required dose without affecting adjacent 
tissues.68 Encapsulated local anesthetics by liposomes, as a classical example, bring great technical advances to achieve 
targeted delivery.69 Nanoparticles have been further verified as an effective tool for postoperative pain relief with fewer 
side-effects, suggesting a promising future as DDSs for local anesthetics.70,71 Nanoparticles have multiple beneficial 
characteristics, such as small size, customizable surface, and improved solubility as well as multi-functionality,72,73 

which are helpful in the development of new biomedical applications due to improved stability, solubility, bioavailability, 
and controlled release of drugs.

Over the years, researchers have gradually engineered a number of nanoparticle-based carriers, most of which are 
combined with different anesthetics for more efficient and targeted drug delivery. The latest literature focusing on 
nanoparticles for local anesthetic delivery is classified into polymeric, lipid and inorganic nanoparticle categories in the 
sections below (Table 1). In addition, a summary of lipid-polymer hybrid nanoparticle-based DDSs is provided, 
encompassing eight recent published studies in this field (Table 2). Some metallic nanoparticles display special intrinsic 
analgesic properties, such as zinc oxide, magnesium oxide and magnetite nanoparticles, as verified in mouse models and/ 

Table 2 Lipid-Polymer Hybrid Nanoparticle-Based Drug Delivery Systems for Local Anesthetics

Published 
Year

Hybrid Carriers Anesthetics Models Effects Ref.

2016 Chitosan as nanoparticle core, 

coated by the lipid shell

Lidocaine SD rats; Franz 

diffusion cells

To achieve sustained release 

behavior

[75]

2017 PLGA as nanoparticle core, coated 
by the lipid shell

Bupivacaine Swiss mice; 
fibroblasts

To prolong the anesthetic 
effect with slight toxicity

[76]

2018 Hyaluronic acid as nanoparticle 
core, coated by NLCs

Bupivacaine SD rats; fibroblasts To prolong and enhance the 
anesthetic effect

[77]

2018 PCL as nanoparticle core, coated 
by SLNs

Articaine Fibroblasts To improve drug efficacy [78]

2018 Chitosan as nanoparticle core, 
coated by the lipid nanocapsule

Ropivacaine; 
dexamethasone

SD rats To achieve prolonged pain 
relief

[79]

2019 PCL as nanoparticle core, coated 
by lipid shell

Ropivacaine SD rats; BALB/c nude 
mice; fibroblasts

To achieve a higher efficiency 
and a long duration

[80]

2020 Alginate as nanoparticle core, 
coated by lipid shell NLCs

Bupivacaine Wistar rats; Franz 
diffusion cells

To improve the action of 
BVC, and keep its versatility

[48]

2020 Polymer as nanoparticle core, 
coated by the lipid shell

Dexmedetomidine; 
levobupivacaine

SD rats; fibroblasts; 
Franz diffusion cells

To get long-term local 
anesthesia

[81]

Abbreviations: BVC, bupivacaine; DDSs, drug delivery systems; NLCs, nanostructured lipid carriers; PCL, poly-ε-caprolactone; PLGA, Poly (lactic-co-glycolic acid); SD, 
Sprague-Dawley; SLNs, solid lipid nanoparticles.
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or humans.43,44 Several nanoliposomal analgesic formulations have been commercialized, such as Exparel™ for local 
anesthetic delivery. In addition to the improvement and development of novel nanosized materials as well as manufactur-
ing processes, combination of several nanocarriers and/or other materials provides an alternative strategy to improve 
therapeutic weaknesses and boost strengths. More recently, several experimental studies have focused on developing 
hybrid nanoparticle-hydrogel delivery systems for local anesthetics. For instance, Muniz et al74 developed a hybrid 
hydrogel composed of polymeric nanocapsules for topical intraoral anesthesia in Wistar rats that was co-loaded with 
lidocaine and prilocaine to achieve effective and longer-lasting superficial anesthesia. Interestingly, stability of up to 6 
months was reported for this nano-structured hydrogel formulation. Moreover, Campos et al27 evaluated the potential of 
chitosan-coated polymeric nanoparticle-thermosensitive hydrogels for benzocaine delivery in prolonging local anesthetic 
therapy in both keratinocytes and fibroblasts. The collective studies highlight the advantages of anesthetic-loaded 
nanoparticle-hydrogel hybrid systems for drug delivery purposes.

As mentioned above, nanosized materials show high efficiency in release of encapsulated drugs and significant value 
in pain control for patients. Similar to microneedles described in the previous section, nanoneedles have been engineered 
to provide new opportunities for pain management.82 However, nanoscale DDSs are associated with a number of 
drawbacks, such as poor structural stability of liposomes, high surface-volume ratio-induced burst release of nanopar-
ticles, and foreign body response of synthetic polymers.22,83–85 These limitations have encouraged increased efforts to 
further optimize nanoscale DDSs. In this review, we provide a summary of current nano-drug delivery systems with 
utility in delivery of local anesthetics, with particular emphasis on polymeric, lipid, inorganic non-metallic, metallic, and 
hybrid nanoparticles, which are described in detail below (see Figure 1 for details). Although these formulations have 
been tested in cell lines, animal models and even human specimens, the majority of studies are currently limited to the 
preclinical stage. Therefore, future research should focus on in-depth verification and clinical translation of mature 
nanoscale DDSs.

Figure 1 Currently applied nanoparticle-based drug delivery systems for local anesthetics. The four types of nanoparticle-based DDSs for local anesthetics are depicted, 
including polymeric nanoparticle-based, lipid nanoparticle-based, inorganic nanoparticle-based and hybrid nanoparticle-based DDSs. Created with BioRender.com. 
Abbreviations: DDSs, drug delivery systems; HA, hyaluronic acid; NLCs, nanostructured lipid carriers; PCL, poly-ε-caprolactone; PLA, poly-lactic acid; PLGA, poly(lactic- 
co-glycolic acid); SLNs, solid lipid nanoparticles; S1SCBs, site-1 sodium channel blockers.
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Polymeric Nanoparticle-Based Drug Delivery Systems for Local 
Anesthetics
Given their excellent applicability, polymeric nanoparticles are the most extensively studied drug delivery carriers to 
date, not only for local anesthetics,11 but also anticancer agents.86,87 Wang et al recently presented a comprehensive 
review on polymer-based delivery platforms for local anesthetics, which addressed their advantages and key future 
challenges.11 In the current review, we have focused on the different types of polymer-based nanoparticles and the 
relevant data obtained in this context. Polymer-based nanoparticles based on alginate, chitosan, poly-lactic acid (PLA), 
poly-ε-caprolactone (PCL) and poly(lactic-co-glycolic acid) (PLGA) have been tested in cell lines as well as animal 
models. Both natural and synthetic polymer systems are discussed in subsequent sections (Table 1 and Figure 1).

Natural Polymeric Nanoparticle-Based Delivery Systems
Alginate and chitosan, natural marine polysaccharides fabricated into different forms, have been utilized in biological 
applications for decades owing to their excellent mucosal adhesion, biodegradability, and biocompatibility.88,89 Due to 
the charge differences of the polymeric chains, alginate has strong electrostatic interactions with chitosan through 
ionotropic gelification, which protects drugs from the gastrointestinal tract and gastric environment.90–92 Furthermore, 
alginate/chitosan nanoparticles have been successfully formulated as oral drug carriers utilizing alginate and/or chitosan 
as shells based on the ionic gel method.92–94

Alginate/chitosan nanoparticles have also been evaluated for their utility in local anesthetic delivery, both separately 
and in conjunction. Grillo et al25 prepared bupivacaine-loaded polymeric alginate nanoparticles using two different 
techniques and showed stability of both formulations for up to 30 days. Furthermore, low cytotoxicity, enhanced 
intensity, and prolonged duration were achieved by alginate nanoparticles in cytotoxic and pharmacological assays, 
supporting the potential of alginate nanoparticles as efficient vehicles for bupivacaine delivery. Cereda and coworkers 
conducted a preclinical evaluation of alginate/chitosan nanoparticle-based DDSs in loading of bupivacaine. Their data 
showed that this encapsulation prolonged the local anesthetic effect after infraorbital nerve blockade and altered the 
pharmacokinetic profile of the drug in New Zealand white rabbits in vivo.26 Notably, bupivacaine-loaded alginate/ 
chitosan nanoparticles significantly improved the total analgesic effect (by 1.4-fold) compared with bupivacaine 
solution, as demonstrated using the infraorbital nerve blockade test.26 Moreover, Deng et al18 constructed chitosan 
(CS) with genipin (GP) hydrogels as the hydrophilic lipid shell-loaded PCL nanocapsules as hydrophobic polymeric 
core composites (CS-GP/PCL) to deliver bupivacaine with the aim of prolonging anesthesia and pain relief 
(Figures 2A and B). There was no obvious tissue damage in any of the test groups. Their other data demonstrated 
that the CS-GP/PCL polymeric hydrogel loaded with bupivacaine can improve the response to pain for at least 7 days 
compared to the control group. Overall, the clinical value of alginate/chitosan nanoparticle-based DDSs for local 
anesthetics has been preliminarily validated in vitro and in vivo. However, the safety issue requires further evaluation. 
Overall, alginate/chitosan nanoparticles dramatically improve the drug loading efficiency relative to the single 
component systems.

Synthetic Polymeric Nanoparticle-Based Delivery Systems
In addition to natural polymers, synthetic biodegradable polymers, such as PLA, PCL, PLGA, and peptide-drug 
conjugates, have been extensively studied in the context of tissue engineering and drug delivery.95–97 In terms of pain 
management, PLGA remains the most attractive polymer for target-specific and controlled delivery of local anesthetics 
owing to its excellent biocompatibility, biodegradability and mechanical properties.27–29,98 Moreover, in combination 
with hydrogels, lipids, and polyethylene glycol (PEG), hybrid PLGA nanoparticle systems present a promising delivery 
strategy for prolonged local anesthetic therapy.

Campos and coworkers examined the utility of chitosan-coated PLGA polymeric nanoparticle-thermosensitive 
hydrogels as a benzocaine delivery strategy. Compared to nonencapsulated drug, both nanoparticles and hydrogels 
could regulate the delivery of benzocaine and increase its permeation rates. Furthermore, this effect was enhanced by the 
incorporation of limonene. The collective results support the efficacy of hydrogel-PLGA nanoparticle hybrids as an 
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efficient delivery system to prolong the local anesthetic effects of benzocaine.27 In 2007, Moraes et al29 initially 
formulated PLGA nanospheres containing ropivacaine via the nanoprecipitation method and examined their physico-
chemical properties, cytotoxicity and stability.29 Afterwards, the same research team characterized the functional 
properties of bupivacaine-loaded PLGA nanospheres, showing that the formulation decreased the toxicity of bupivacaine 
in 3T3 fibroblasts in vitro. Compared with microspheres, incorporation of bupivacaine into nanospheres can additionally 
generate monodisperse particles, which is regarded as its main advantage.28

The final type of synthetic polymer for targeted drug delivery briefly discussed in this subchapter is peptide-drug 
conjugates,99,100 which offers a good choice for long-term accumulation of local anesthetics at the lesion site. Recently, Ji 
et al17 reported a self-assembling delivery system for site-1 sodium channel blockers (S1SCBs), as exemplified by 
tetrodotoxin and saxitoxin, based on the specific interactions with two peptide sequences on the sodium channel. These 
targeted peptides were modified with hydrophobic domains and assembled into nanofibers. In their study, S1SCB- 
carrying nanofibers were shown to prolong nerve blockade and reduce systemic toxicity in the sciatic nerves of rats. In 
a similar vein, Zhao et al101 showed that polymer-tetrodotoxin conjugates prolong the duration of nerve block, 
concomitant with minimal side-effects, in the same rat model. Thus, PLGA and peptide-drug conjugates serve as useful 
biocompatible polymers with broad applications for local anesthetic delivery.

Figure 2 Representative study shows the potential of polymeric nanoparticle-based drug delivery systems for local anesthetics. (A) SEM micrographs of PCL nanocapsules 
(a) and CS-GP/PCL polymeric hydrogel (b). a. scale bar, 500 nm; b. scale bar, 2 μm. (B) Histopathological evaluation of the anti-inflammatory effects of bupivacaine-loaded 
CS-GP hydrogel and CS-GP/PCL polymeric hydrogel on 7, 14, and 21 days were stained with Masson’s trichrome stain. Cytoplasm and muscle fibers stain red, nuclei stains 
black, and collagen displays blue coloration. There was no obvious tissue damage in any of the test groups. Scale bar, 100 μm. Reproduced from Deng W, Yan Y, Zhuang P, et 
al. Synthesis of nanocapsules blended polymeric hydrogel loaded with bupivacaine drug delivery system for local anesthetics and pain management. Drug Deliv. 2022;29 
(1):399–412. Creative Commons.18 

Abbreviations: BPV, bupivacaine; CS, chitosan; GP, genipin; PCL/PC, poly-ε-caprolactone; SEM, scanning electron microscope.
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Lipid Nanoparticle-Based Drug Delivery Systems for Local Anesthetics
Several comprehensive reviews have summarized lipid-based formulations for local anesthetics with extensive applica-
tions in skin, mucosa or parenteral injection, as well as potential treatment of pain control.102–104 Here, we focused on the 
utility of lipid nanoparticle-based DDSs. Currently applied lipid nanoparticles for local anesthetics mainly include solid 
lipid nanoparticles (SLN), nanostructured lipid carriers (NLC), and lipid nanoemulsions, with evidence of promising 
prospects over the past decade. In addition, their morphology has been shown in Figure 3. Original studies on the 
different types of lipid nanoparticle-based DDSs for local anesthetics are discussed in this section, with a view to 
providing an update on recent advances in this field.

Solid lipid particulate systems encompassing SLNs, lipid microparticles and lipospheres are considered alternative 
carriers for therapeutic peptides, proteins and antigens. Among these, SLNs, the first generation of lipid nanoparticles and 
the most extensively studied drug carriers, are prepared using biodegradable and biocompatible lipids or lipid 
molecules.102,105,106 Optimized pharmacokinetic and biological properties of local anesthetic-loaded SLNs have been 
determined for lidocaine, bupivacaine, prilocaine, dibucaine, and articaine. Basha et al31 characterized benzocaine-loaded 
SLNs as a fast-acting and long-lasting topical formulation, both in vitro and in vivo. Using a tail-flick analgesiometer, 
more potent anesthetic effects were observed with benzocaine-loaded SLN hydrogels relative to benzocaine-loaded 
hydrogels, suggesting a remarkable improvement in both the intensity and duration of anesthetic effects with application 
of SLN. In addition, SLNs achieved sustained release of dibucaine with reduced intrinsic cytotoxicity and prolonged 
anesthetic effects, as established via a cytotoxicity test using fibroblasts and tail flick experiments on rats by Barbosa 
et al30 These results collectively suggest that SLNs are safe carriers with significant potential in extending the 
applications of various local anesthetics via enhancing bioavailability.

NLCs are well-characterized second-generation lipid nanoparticles that serve as robust systems for the sustained 
release of local anesthetics. The major difference between SLNs and NLCs is the lipid core composition. SLNs contain 
solid lipids, whereas NLCs comprise a blend of solid and liquid lipids at room temperature, which can effectively prevent 
drug expulsion over time.107,108 Wang et al34 constructed transcriptional transactivator peptide-modified lidocaine-loaded 
NLCs (TAT-NLCs-LID) that promoted the transdermal delivery of lidocaine by decreasing the pain threshold in mice, 
indicating their potential as a topical anesthetic system. Transdermal local anesthetic delivery, has several advantages, 
such as unaffected drug absorption, elimination of hepatic first-pass metabolism, and prevention of other adverse 
reactions caused by excessive accumulation in blood. Consistent with the findings of Wang et al, the group of Ribeiro 
reported NLCs as a promising system for topical lidocaine-prilocaine release, particularly in dental applications. This 
NLC formulation showed the best sustained release profile in studies on Franz diffusion cells, with release of 59% 

Figure 3 Morphology of different types of lipid nanoparticles for local anesthetic delivery. (A) TEM micrographs of the SLN formulations SLNCPDBC, prepared by high-pressure 
homogenization, at two different magnifications: 100,000x (left) and 60,000x (right). Scale bar, 200 nm. Reproduced from de M Barbosa R, Ribeiro LNM, Casadei BR, et al. Solid lipid 
nanoparticles for dibucaine sustained release. Pharmaceutics. 2018;10(4):231. Creative Commons.30 Licensee MDPI, Basel, Switzerland. (B) TEM images of optimised NLC 
formulation without (a) and with bupivacaine (b). Magnification, 60,000x. Scale bar, 200 nm. Reprinted from Int J Pharm, 529(1-2), Rodrigues da Silva GH, Ribeiro LNM, Mitsutake H, 
et al. Optimised NLC: a nanotechnological approach to improve the anaesthetic effect of bupivacaine. 253–263, Copyright 2017, with permission from Elsevier.35 

Abbreviations: CP, cetyl palmitate; DBC, dibucaine; NLCs, nanostructured lipid carriers; SLNs, solid lipid nanoparticles; TEM, transmission electron microscope.
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lidocaine and 66% prilocaine after 20 h.36 Of interest, Franz diffusion cells are usually utilised to perform the drug 
diffusion tests. Rodrigues et al35 reported a formulation of NLCs containing bupivacaine (BVC) S75:R25 with the 
introduction of products with enantiomeric excess (NLCBVC) that showed good stability for 12 months. Importantly, 
in vivo analgesia tests revealed a reduced dose of anesthetic and decreased systemic toxicity in rats administered 
NLCBVC. One year later, Zhao and coworkers engineered tocopheryl polyethylene glycol 1000 succinate (TPGS)- 
modified cationic NLC (TPGS-NLC) as a transdermal delivery system for lidocaine and investigated its effects in rats. 
TPGS-NLC induced higher rates and longer times of anesthesia compared to free lidocaine, inducing the maximum 
possible therapeutic effect.33 More recently, da Silva et al32 developed butamben-loaded NLCs to improve anesthesia in 
inflamed tissues, ie the sciatic nerve and gastrocnemius muscle of Wistar rats. This formula prolonged the release of 
butamben and reduced its cytotoxicity in vitro, with no toxic alterations in vivo. These findings validate the utility of 
NLCs in local anesthetic delivery.

Lipid-based nanoemulsions or nanoscale-sized emulsions were additionally examined as a thermodynamically stable 
system for drug delivery.109,110 Rachmawati et al explored the utility of castor oil-based nanoemulsions for the sustained 
delivery of bupivacaine hydrochloric acid (HCl),37 which could present a new potential avenue for pain treatment. In 
addition, Natalini and coworkers have displayed that 15% isoflurane-loaded nanoemulsion showed an effective property 
to maintain general anesthesia in dogs.40 And Kang et al demonstrated the self-nanoemulsifying effect of glycerol 
monostearate (GMS), leading to the increased release of lidocaine from the ointment.39 Meanwhile, Maghbool et al 
investigated the local anesthetic effect of eugenol, a major ingredient of clove, in hemodialysis patients through 
a controlled cross-over trial, and revealed that eugenol nanoemulsion may obviously relieve pain.38 These above- 
mentioned studies together stress the potential of lipid-based nanoemulsions in local anesthetic delivery.

Inorganic Nanoparticle-Based Drug Delivery Systems for Local 
Anesthetics
Since their introduction as drug carriers, inorganic nanoparticles have been extensively investigated for local anesthetic 
delivery, including metallic,41–45 and non-metallic46,47 nanoparticles. In addition to their activity as drug carriers, 
inorganic nanoparticles have emerged as a promising strategy for cancer therapy with the capacity for combination 
with other therapeutic agents.111,112 Due to a number of important traits, for example, particle size distribution, higher 
affinity for pathologic cells, and controlled delivery properties, inorganic nanoparticles are considered an indispensable 
strategy for targeted local anesthetic delivery.111,113

Metallic nanoparticles have several advantages, such as high biocompatibility, non-toxicity, simple synthesis, and 
effective functionality, supporting the potential of this innovative technology for local anesthetic delivery. Gold and silver 
nanoparticles are considered superior to other types of metal nanoparticles. Mocanu et al41,42 gradually generated gold 
and silver nanoparticles and analyzed their interactions with procaine, tetracaine, and dibucaine. Initially, the group 
demonstrated that gold nanoparticles confer specific interactions to generate different self-assembly patterns, displaying 
remarkable differences in their behavior with the three anesthetics.41 Subsequently, interactions between silver nano-
particles and these three anesthetics were evaluated,42 providing a theoretical basis for the application of metal 
nanoparticles in local anesthetic delivery.41,42 However, no in vitro and/or in vivo functional experiments were conducted 
in this regard, which is the main limitation of their study. Subsequently, Lueshen et al45 explored the value of gold-coated 
magnetite nanoparticles in a human spine model. Their results suggest that intrathecal magnetic drug targeting is 
a promising technique for concentrating and localizing drugs at target sites to achieve enhanced therapy for chronic 
pain and other diseases. Further experimental studies are needed to validate the efficiency of gold and silver nanoparticles 
for local anesthetic delivery, which could accelerate clinical applications of these formulations.

Metal oxide nanoparticles, such as zinc oxide (ZnO) and magnesium oxide (MgO) nanoparticles, have additionally 
been directly or indirectly examined in the context of local anesthetic delivery.43,44 Jahangiri et al demonstrated that MgO 
nanoparticles elicit greater analgesic and anti-inflammatory effects in mice via central and peripheral mechanisms 
compared to conventional MgO. Moreover, MgO nanoparticles potentiated the effects of ketamine, which could be 
mechanistically linked to the effect of magnesium on ketamine activity as an N-methyl-D-aspartate (NMDA) receptor 
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blocker.44 On the other hand, Wang et al43 demonstrated that ZnO nanoparticles reduced neurogenic and inflammatory 
pain induced by chemicals and heat in Swiss Albino mice. This study highlighted the pharmacological properties of ZnO 
nanoparticles in different models of mice with nociceptive pain. ZnO nanoparticles have several advantages, such as 
inexpensive synthesis, lower toxicity, and multifunctional properties, supporting their application for targeted drug 
delivery.114,115 While metal oxide nanoparticles have not been assembled with local anesthetics in studies to date, 
these nanomaterials may serve as a promising alternative for local anesthetic delivery.

Non-metallic nanoparticles have additionally been introduced as safe drug delivery vehicles. Among inorganic non- 
metallic nanoparticles, hollow mesoporous organosilica nanoparticles (HMONs) have been extensively explored with 
regard to delivery of both local anesthetics,46,47 and anticancer drugs.116,117 Gao et al46 further constructed ropivacaine- 
loaded HMONs, which promoted more controlled and sustained release of ropivacaine compared to single free 
ropivacaine injection in a mouse model of incision pain (Figure 4A). Tetrodotoxin encapsulation in hollow silica 
nanoparticles promoted tetrodotoxin-induced nerve blockade (Figures 4B and C), as shown by Liu et al.47 Fluorescent 
staining of frozen sections of rat nerves disclosed that hollow silica nanoparticles penetrate nerves in a size-dependent 
manner. In addition, low neurotoxicity and high biocompatibility of HMONs were observed in nanoparticle-mediated 
analgesia, providing a safe strategy for pain management.

Hybrid Nanoparticle-Based Drug Delivery Systems for Local Anesthetics
Multiple hybrid nanocarriers, such as lipid-polymer hybrid nanoparticles (LPNs), inorganic hybrid nanoparticles, and 
metal-organic hybrid nanoparticles, have been comprehensively investigated.118–120 Compared to non-hybrid nanocar-
riers, these hybrid counterparts have the capability of encapsulating multiple cargos and/or targeting agents.121–123 

Therefore, it is necessary to discuss about these hybrid nanoparticle-based DDSs for local anesthetics in this section, 
with a special emphasis on LPN-based DDSs.

Figure 4 In vivo imaging of inorganic nanoparticles for local anesthetic delivery. (A) In vivo fluorescence imaging of cy5.5@HMONs with or without two cycles of 
ultrasound irradiation around the sciatic nerve. Reproduced with permission from Gao X, Zhu P, Yu L, Yang L, Chen Y. Ultrasound/acidity-triggered and nanoparticle-enabled 
analgesia. Adv Healthc Mater. 2019;8(9):e1801350. Copyright © 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.46 (B) Representative fluorescence images of sciatic 
nerves and surrounding tissues 4 h after injection of FITC-SN10 (~10 nm) (a, b) and FITC-SN70 (~70 nm) (c). The red dotted line indicates the nerve perimeter. Scale bars, 
200 μm. (C) Histology of rat tissues injected with free TTX and TTX-HSN30. Mild myotoxicity and inflammation was observed at 4 and 14 days after injection in animals 
administrated with free TTX and TTX-HSN30. (a−d) Representative H&E stained sections of muscles at the site of injection 4 and 14 days after injection. Scale bars, 200 μm 
(left), 50 μm (right). (e−g) Representative toluidine blue-stained sections of sciatic nerves from animals without (e) and with (f and g) injection of TTX-HSN30. Harvested 4 
days after injection (f) and 14 days after injection (g). Scale bars, 100 μm. Reprinted with permission from Liu Q, Santamaria CM, Wei T, et al. Hollow silica nanoparticles 
penetrate the peripheral nerve and enhance the nerve blockade from tetrodotoxin. Nano Lett. 2018;18(1):32–37. Copyright © 2018, American Chemical Society.47 

Abbreviations: FITC, fluorescein isothiocyanate; HMONs, hollow mesoporous organosilica nanoparticles; HSN, hollow silica nanoparticles; TTX, tetrodotoxin.
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Lipid-Polymer Hybrid Nanoparticle-Based Drug Delivery Systems
As one of the most common hybrid nanoparticles, LPNs consisting of polymer cores and single or multiple lipid shells 
have been extensively applied in the delivery of local anesthetics (Table 2 and Figure 1). LPNs effectively combine the 
advantages of polymeric and lipid nanoparticles to achieve enhanced therapeutic efficacy.118,124

Wang et al75 showed efficient skin permeation ability and anesthetic effects of lidocaine-loaded LPNs, as confirmed 
from skin permeation experiments utilizing Franz diffusion cells and the tail flick latency test. In their study, the scheme 
(Figure 5A) and the transmission electron microscope (TEM) images (Figure 5B) of lidocaine-loaded LPNs were 
displayed. In a similar vein, Ma et al evaluated the local anesthetic effects of bupivacaine-loaded LPNs using fibroblasts 
in vitro and mice in vivo. In addition to prolonging the duration of anesthetic, LPNs showed good stability and slow drug 
leakage, concomitant with lower toxicity.76 Subsequently, Khanal et al used chitosan as the nanoparticle core coated by 
a lipid nanocapsule to load ropivacaine and dexamethasone for musculoskeletal pain management. A significant 
improvement in pain response was observed with these nanocomposite carriers, supporting their clinical potential in 
controlling post-operative and neuropathic pain.79

In the same year, Melo et al78 characterized a hybrid formulation of articaine-loaded polymeric nanocapsules and 
SLNs in hydrogels as potential nanoparticulate systems for skin delivery, which significantly improved drug efficacy. In 
addition, a prolonged antinociceptive effect was mediated by hyaluronic acid (HA)-modified NLCs developed for 
transdermal bupivacaine delivery by Yue and coworkers compared with free bupivacaine.77 Rodrigues et al48 constructed 
a hybrid alginate-NLC formulation, which successfully extended the anesthetic effect of bupivacaine. Interestingly, 
a long-lasting anesthetic effect elicited by ropivacaine-loaded LPNs has been reported in both rats and mice, providing 
robust evidence of the clinical benefits of LPNs.107 A recent comparison by Li et al81 of the effects of NLCs and LPNs on 
the targeted delivery and efficacy of local anesthetics validated the superiority of the two systems in some respects. In 
summary, LPNs present a promising prospect for local anesthetic delivery.

Other Hybrid Nanoparticle-Based Drug Delivery Systems
In the last paragraph, we would like to briefly mention other hybrid nanoparticles used for local anesthetic delivery, 
mainly including inorganic hybrid nanoparticles as well as metal-organic hybrid nanoparticles. Even though these two 
kinds of hybrid nanoparticles have been rarely studied so far, they show a certain potential to improve structural and 
biological properties further, which is worth investigating.

Conclusions and Perspectives
For the design of novel DDSs for local anesthetics, a desirable system with a controllable and sustainable drug-releasing 
performance for an adequate analgesic effect is vital. The safety concern is particularly important, since effective delivery 

Figure 5 The application of lipid–polymer hybrid nanoparticles for local anesthetic delivery. (A) Scheme of the lidocaine-LPs and lidocaine-LPNs. (B) The TEM images of 
lidocaine-LPs and lidocaine-LPNs. Scale bar, 100 nm. Reproduced with permission from Wang J, Zhang L, Chi H, Wang S. An alternative choice of lidocaine-loaded liposomes: 
lidocaine-loaded lipid-polymer hybrid nanoparticles for local anesthetic therapy. Drug Deliv. 2016;23(4):1254–1260. Copyright 2016, Drug delivery. Journal website: www. 
tandfonline.com.75 

Abbreviations: CS, constructed chitosan; LA, lidocaine; LPs, liposomes; LPNs, lipid-polymer hybrid nanoparticles; TEM, transmission electron microscope.
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of anesthetic drugs is essential for patient safety. Tremendous breakthroughs have been made in the controlled release of 
local anesthetics to achieve longer duration of analgesic effects and better safety profiles, leading to the successful 
approval of Exparel™ in a clinical setting. The application of polymeric, lipid and inorganic nanoparticles, as well as 
various hybrid nanoparticles, has provided a wide range of choices for carrier selection and optimization. These 
personalized delivery systems endow both an extended range and opportunity to prolong the duration of action for 
each agent, with consequent maximization of local anesthetic effects.
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