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Abstract

Numerous drug delivery systems have been applied to the problem of providing prolonged
duration local anesthesia (PDLA). Here we review the rationale for PDLA, the desirable features
for and important attributes of such systems, and specific examples that have been developed.
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Introduction

Pain management can be categorized as systemic or local. In systemic treatments, such as
with oral or intravenous opioids (narcotics), the drug courses throughout the body, and has
most of its effects in the central nervous system. Systemic treatments therefore tend to have
many side effects: constipation, urinary retention, itchiness, and perhaps more seriously,
sedation, addiction/tolerance, and death from overdose. Moreover, prescribed opioids have a
tendency to be diverted from their intended use (i.e. sold for “recreational purposes”.) In
local anesthesia, drugs (local anesthetics) that affect axonal impulse conduction are
deposited at the desired site of action, interrupting the transmission of pain signals to the
central nervous system. This can be applied by injection throughout a tissue to be affected
(infiltration anesthesia), or on a specific peripheral nerve leading to anesthesia of all
downstream structures (peripheral nerve blocks), or on the around the spinal cord (spinal and
epidural blocks). Local anesthetics can be used to treat acute pain (e.g. perioperative pain),
or chronic pain (e.g. cancer-related pain). The use of prolonged duration local anesthesia
(PDLA) formulations to prevent the development of neuropathic pain (pain attributed to
nerve injury) has been explored, with conflicting results.[1-4] Local anesthesia generally
results in both sensory and motor (immobility) block of the affected regions. Systemic
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toxicity can occur with excessive administration or with accidental intravascular injection,
[5,6] and can result in loss of consciousness, seizures, cardiac rhythm disturbances, and
cardiovascular collapse.

The effects of local anesthetics are generally relatively short in duration, lasting for several
hours after a single injection, which is inadequate for the treatment of prolonged acute pain
and chronic pain.[7] In such instances, achieving prolonged sensory nerve blockade, lasting
days to weeks, is desirable. In current practice, prolonged nerve blockade can be achieved by
repeated injections or by placement of indwelling catheters for continuous infusions of
drugs.[8,9] Both approaches are resource intensive, necessitating skilled personnel for
administration, adjustment of drug levels, and monitoring of drug effects — both intended
(pain relief) and unintended (cardiorespiratory effect). This level of effort and monitoring
may require hospitalization and requires patients to be tethered to external devices, which
presents a risk of infection.

Design considerations (Box 1)

Prolonged duration local anesthesia requires maintenance of high (therapeutic) drug
concentrations at the nerve over an extended period without excessive systemic levels, i.e. a
good therapeutic index. Controlled release systems lend themselves naturally to achieving
such conditions; we will review some representative examples of such systems. Few have
successfully and convincingly increased the duration of local anesthesia much beyond what
can be achieved by simple local anesthetics in solution.

The generic properties of an ideal PDLA formulation are summarized in Box 1. It should be
initiated by a single injection, without needing general anesthesia or surgery. It should be
simple to administer, requiring a minimum of special tools or mixing of ingredients.
Prolonged duration local anesthesia should last for an extended period compared to
commercially available local anesthetics; the target duration would depend on the
application — perhaps a day or two for perioperative pain, days to even weeks for chronic
pain. Local tissue reaction should be benign, with minimal local inflammatory response,
acute or chronic, and no local neurotoxicity. There should be no systemic toxicity. The
delivery vehicle should be biodegradable, ideally at a rate similar to the rate of depletion of
the delivered compound, so that residual material does not persist for prolonged periods after
resolution of drug effect — which would complicate repeated injection. Where the pain is of
finite duration, and where the patient is not terminal, anesthesia should eventually wear off
completely without lasting sequelae.

The payload

In selecting materials for PDLA formulations it is important to be mindful of the chemical
properties of the amino-amide and amino-ester local anesthetics in current clinical practice
(which we will refer to as “conventional” local anesthetics). Conventional local anesthetics
share a common chemical structure containing a lipophilic aromatic ring, linked by an ester
or amide to a tertiary amine (Fig 1).[7] Protonation under acidic pH of the tertiary amine in
amino-esters (with a pKa of 9 — 10) and secondary and tertiary amines in amino-amides
(with a pKa of 7 — 8) renders the drugs hydrophilic. In clinical practice they are usually
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dispensed in acidic aqueous solutions. Acidification can be used to solubilize local
anesthetics and enable their loading into the aqueous cores of liposomes or hydrogels. The
hydrophaobic free base of local anesthetics is soluble in organic solvents and can be
incorporated into hydrophobic particles and other delivery vehicles.

The efficacy of local anesthetics can be greatly enhanced by co-delivery of a second or third
drug. The concurrent release of such a second drug can greatly increase the duration of
block from a sustained release system (Fig. 2). Examples include site 1 sodium channel
blockers (e.g., tetrodotoxin and the saxitoxins),[10] and glucocorticoid receptor agonists
(e.g. dexamethasone).[11-13] Site 1 sodium channel blockers are themselves ultrapotent
local anesthetics, which have the useful property of causing essentially no local tissue injury.
[14-16] They are beginning to penetrate into human clinical practice, as seen in the use of
neosaxitoxin with and without bupivacaine or epinephrine as a local anesthetic.[17,18]
Tetrodotoxin has been used systemically to treat heroin addiction and cancer pain.[19-23]
The chemistry of other drugs may not be amenable to simple co-encapsulation with
conventional local anesthetics. For example, the site 1 sodium channel blockers are
hydrophilic and may have substantial (and toxic) burst release when co-encapsulated within
polymeric microspheres in which conventional anesthetics are easily loaded. Such chemical
differences may necessitate more sophisticated co-encapsulation schemes, designing co-
solvent systems, or delivering separate populations of vehicles, one for each drug type.

Rationales for drug delivery systems

As alluded to above, local anesthetic formulations are generally deposited directly at the site
of intended use, usually by injection, where they act as a depot system. From this, it follows
that the formulations should be injectable, either as particles (or larger objects that can fit
through a needle) or as a liquid. Unfortunately, the properties of drug delivery systems that
provide the longest and slowest release of drug are not ideal for injectables. In general, the
larger the particle size, the higher the drug encapsulation, and the slower drug release. These
larger particles are likely to remain where deposited, with longer times to complete
degradation — all of which will tend to prolong potential nerve block (these properties tend
to argue against the use of nanomaterials as the depot formulation). However, the larger the
particle, the greater the probability of clogging a needle. Some delivery systems are too large
to be injected and must therefore be implanted,[24] although delivery of a shaped material
through a special needle is also possible.

Similarly, the more viscous a liquid formulation is, the more slowly drugs will be released.
Viscosity makes injectability more difficult; this has engendered a number of formulations
which are initially liquids but gel after injection.[25,26]

Biocompatibility

With many drug delivery systems, the focus is on the biocompatibility of the excipients. In
the case of PDLA formulations, it is often tissue reaction to the drug itself that is of greatest
concern. Inflammation, myotoxicity, and neurotoxicity are well established local side effects
of conventional local anesthetics. [27-30] This can be particularly problematic when local
anesthetics are delivered by sustained release systems.[31] Site 1 sodium channel blockers
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do not cause significant neurotoxicity or myotoxicity.[15] In general, the vehicle itself tends
to produce inflammation rather than actual tissue injury. The specific type and intensity of
inflammation depend on the materials (and their rates and perhaps products of degradation),
particle size, time after injection, etc.[31,32] It is unclear whether tissue reaction to the
materials per se affects toxicity from the encapsulated drugs. It is crucial to be aware that
tissue reaction to PDLA systems can be so severe as to derail otherwise promising
formulations.[31]

Systemic toxicity is an important consideration in PDLA. These systems usually contain
very large quantities of drugs that would be highly toxic if delivered too rapidly. The “burst
release seen in many drug delivery systems could therefore cause severe toxicity. This is a
particularly important consideration with the site 1 sodium channel blockers, which are
small hydrophilic molecules. Their therapeutic index is narrow and they can cause
hypotension, and profound muscular weakness and phrenic nerve blockade that can lead to
respiratory failure.[14] (Undesirable as those adverse events are, they are easy for
anesthesiologists to manage, compared to the seizures and arrhythmias seen with
conventional local anesthetics.)

Formulations

There is now a substantial literature on PDLA, in which many different devices are
described. [33-37] Here we present a subset of formulations representative of the following
general categories: injectable particles, injectable liquids, hybrid systems, macroscopic
devices, and triggerable formulations. Many ingenious and exotic formulations have not
been described here; those presented are selected for illustrative purposes and not as an
endorsement.

In theory, it should be possible to predict the duration of nerve block from given
formulations based on an understanding of their physicochemical properties (size,
hydrophobicity) and the expected effect on characteristics (such as drug release kinetics). In
practice, however, such thought experiments are rarely successful, in part because what
matters in terms of duration of effect may not be so much the duration of release, but the
time during which release exceeds some ill-defined tissue drug level. Thus, it is possible for
formulations which achieve complete release in a less than a day to have a duration of nerve
block similar to that from a formulation that releases drugs over days to weeks.[38]
Moreover, meaningful comparison of the experimental (or clinical) performance of various
formulations can be challenging. There is considerable variability in protocols to
characterize drug release and many other physical parameters. There are enormous
differences in the nature and interpretation of /n vivo experimentation because of blockade
of different nerves in different animal models, in which different amounts of formulations
are injected with different techniques and their effectiveness and toxicity assessed by
different metrics. Comparing formulations used for infiltration anesthesia vs peripheral
nerve block vs neuraxial block is difficult, as are the results in different pain models (cold,
heat, inflammation, etc.). Meaningful comparison of the intensity and duration of sensory
and motor block can be difficult, as both are greatly affected by protocol, and are operator-
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dependent. A full discussion of the study of pain is beyond the scope of this review, but
caveat emptor.

Injectable Particles

Polymeric Micro and Nanoparticles

Polymeric particles (Fig. 3) are usually prepared from synthetic hydrophobic polymers such
as poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and poly(lactic-co-glycolic acid)
(PLGA) owing to their control of drug release, biocompatibility and biodegradability.
[39,40] The physicochemical properties (such as molecular weight, polydispersity,
hydrophobicity, functional moieties) can be tuned to obtain particles of particular
composition, size, and surface-to-volume ratio, which determine the release kinetics and rate
of degradation. Polymeric particles can be prepared as a solid polymer matrix, or as core-
shell capsules (e.g. hydrophobic core with a polymer shell).[34]

Conventional local anesthetics can be easily incorporated into such polymeric materials (e.g.
by single emulsion), especially since their free bases and the polymer matrix can be
dissolved in many common organic solvents. Some amino-esters and amino-amides are
believed to form hydrogen bonding with PLA, PGA, and PLGA in agueous environments,
which may also contribute to the high loading and sustained release.[41] Hydrophobic
interactions are also likely to be very important given that both drug and polymer are often
dissolved in the same organic solvents during encapsulation.[42] Drug loadings over 70%
(w/w) have been achieved.[43] Co-encapsulation of a second hydrophilic drug can be more
complicated (e.g. requiring a double emulsion method).[44] It can be challenging to achieve
high loadings of hydrophilic drugs in polymeric particles, or to avoid burst release with
concomitant toxicity.[10]

Polymeric micro and nanoparticles have been used as carrier systems for various local
anesthetic agents. These systems can deliver relatively large quantities of drug compared to
aqueous solutions and can release them over extended periods. Increasing particle size can
allow higher drug loading, slower degradation and larger particles tend to remain where
injected.[32] PLGA microspheres 65-75 um in mean diameter have been loaded with
bupivacaine and shown to reduce pain for 3 to 4 days after a skin incision,[45] prolonging
the effect of 0.5% bupivacaine solution by more than 20-fold.

Drug combinations have been used to increase the duration of effect with this type of
formulation.[10,12,13] PLGA microspheres containing a combination of bupivacaine and
dexamethasone improved sciatic nerve block in rats from 7 hours (bupivacaine alone) to 47
hours (bupivacaine-dexamethasone combination),[12] and intercostal nerve block in sheep
from 4 days (bupivacaine alone) to 13 days (bupivacaine-dexamethasone combination). [13]
A third anesthetic, tetrodotoxin, further prolonged the duration of effect of the bupivacaine-
dexamethasone combination.[10] Unfortunately, biocompatibility issues made such
formulation commercially non-viable.[31]

Nanoparticles have also been used for the encapsulation of local anesthetic agents. Poly e-
caprolactone nanospheres have been used to encapsulate 0.5% lidocaine demonstrating a
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two-fold increase in the sensory block duration compared to that achieved with 0.5%
lidocaine solution.[46] Alginate/bis (2-ethylhexyl) sulfosuccinate (AOT) and alginate/
chitosan nanospheres were used for the entrapment of 0.5% bupivacaine hydrochloride.[47]
The duration of motor and sensory blockade in the sciatic nerves of mice was improved to 5-
fold of that obtained with 0.5% bupivacaine solution.

Polymeric delivery systems can cause generic acute and chronic inflammation after
perineural injection which eventually resolves completely.[29] However, the incorporation of
local anesthetics into polymeric systems can cause local toxicity and worsens inflammation.
[31] Previous studies have shown that /n7 vivo administration of 0.5% bupivacaine solution
caused less myotoxicity than polymeric microspheres releasing similar concentrations of
bupivacaine.[27] Myotoxicity appeared to be related to both the release kinetics of
bupivacaine (e.g. burst and duration of release) and perhaps the presence of the particles
themselves. Moreover, a drawback of many of these polymeric systems is that residual
excipient materials persist in tissues long after the drug payload has been delivered.[29,48].

Liposomes are lipid-based particles with an aqueous core and a lipid bilayer shell (Fig 4a).
[49,50] Lipid bilayers commonly consist of naturally occurring biocompatible amphiphilic
molecules such as phospholipids and cholesterol.[49] Encapsulation of local anesthetics into
liposomes results in slow drug release, prolonged duration of anesthetic effect, and reduced
side effects.[51,52] As with many other particle types, the duration of /n vitro release does
not necessarily correlate well with the duration of nerve block.[53]

Physicochemical properties of the lipids (such as the length of the acyl chain, the degree of
saturation of the hydrocarbon chains, the type of polar head group) determine the
encapsulation efficiency and release kinetics. Both hydrophilic and hydrophobic molecules
can be encapsulated. Hydrophilic drugs are entrapped in the aqueous phase, whereas
hydrophobic compounds partition into the lipid bilayers.[54,55] Amphiphilic molecules can
be distributed into both compartments. Electrostatic interactions between the lipids and
cationic local anesthetics have been used to improve encapsulation. The rate of drug release
depends on the permeability of the lipid bilayer. Phase transition temperature, above which a
lipid bilayer turns from a solid into a fluid with much greater mobility of lipids and thus
greater chance of permeation, is an important determinant of the release rate.[56] The phase
transition temperature varies with the molecular structure of the lipid, and the characteristics
of the surrounding media (such as pH and ionic strength). Liposomes made from lipids with
high phase transition temperature and loaded with saxitoxin demonstrated greater stability
during storage and produced longer durations of nerve blockade, compared to lipids with
low phase transition temperature (Fig. 5).[28] A number of vesicular configurations with
different sizes (varying from nano- to micrometer) have been designed for various drug
delivery (Fig. 6)

Drugs can be encapsulated during liposome formation (termed passive loading), or after the
liposome has formed (termed active or remote loading).[57] Loading efficiency refers to the
mass of drug as a percentage of the total mass of the delivery system. Ideally, loading

efficiency should be >90% to avoid the need to remove free drug (typically done by dialysis
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or molecular exclusion chromatography).[57] Passive loading efficiency for certain
hydrophobic drugs can approach 100%, due to their great solubility in the lipid bilayers.
Active or remote loading utilizes transmembrane pH or chemical gradients to drive solutes
into the lipid or aqueous compartments of the liposome.[58] Amphiphilic drugs, such as
local anesthetics, may be encapsulated within the aqueous and/or the lipid bilayer.

Aggregation or fusion of liposomes and hydrolysis or oxidation of the phospholipids and/or
encapsulated drugs may occur with some liposome formulations.[59] The use of high-
transition temperature lipids can mitigate drug efflux during storage.[60]

Tissue reaction to liposomes is generally benign. 0.5% liposomal bupivacaine resulted in
similar myotoxicity to that of 0.5% bupivacaine HCI. Liposomes with higher concentrations
of bupivacaine are less myotoxic than the corresponding bupivacaine solutions.[53]

Encapsulation of bupivacaine into liposomes protect against cardiovascular and central
nervous system toxicity after intravascular injection. A study in rabbits showed that the
doses of bupivacaine inducing seizures and ventricular tachycardia were significantly higher
for liposomal bupivacaine (22.43 + 2.63 mg kg™1) than for plain bupivacaine (15.7 + 2.5 mg
kg™1).[61] A recent report from four preclinical studies evaluating safety and
pharmacokinetics of liposomal bupivacaine in dogs confirmed that liposomal bupivacaine
has a more favorable safety profile than bupivacaine HCI.[62] The enhanced safety was
attributed to the liposome-bound nature of bupivacaine, which reduces the proportion of free
(unbound) drug available for systemic distribution. In one liposomal formulation used for
the encapsulation of local anesthetics, there was no evidence of neurotoxicity /n vitro, in
neurobehavioral studies, by high-resolution microscopy, and in analyses of gene expression
profiles in dorsal root ganglia.[28] The risk of antigenicity of liposomes is low as their
composition can be similar to that of biological membranes.[63,64] However, components
and metabolites of some liposomes have been shown to have local neurotoxicity.[65] Note
that lipid emulsions are in current clinical use as antidotes for overdose of local anesthetics
and other relatively hydrophobic drugs.[66,67] Currently, the only liposomal sustained
release formulation in clinical use is DepoFoam bupivacaine (EXPAREL®).[68-74] It
continues to be assessed in humans.

Drug combinations have been used to enhance the duration of effect of liposomal PDLA.
For example, liposomes containing saxitoxin alone provided a duration of block of ~ 2 days;
co-encapsulation of dexamethasone increased the duration of effect to 7 days.[28]

Lipospheres

Lipospheres are stable microparticles (0.01 to 500 um-diameter) consisting of a solid,
hydrophaobic triglyceride or fatty acid core containing the drug, surrounded by a monolayer
of phospholipids (Fig 4b).[75] Lipospheres were developed to address the production costs
and instability of liposomes.

Improved stability of the drug in the formulation, controlled particle size, high loading of
hydrophobic drugs, controlled drug release and minimal carrier toxicity are some of the
desirable features of liposphere systems.[76]
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Bupivacaine lipospheres produced 1-3 days of reversible and dose-dependent nerve blockade
when applied directly to the sciatic nerve of rats.[77]

Some of these formulations had stability problems within days of manufacture. The use of
synthetic phospholipids and the addition of carboxymethyl cellulose yielded bupivacaine
liposphere formulations that were physically stable for more than 1 year at room
temperature. [78]

Injectable Liquids

Cyclodextrins

Cyclodextrins (CD) are hydrophilic cyclic oligosaccharides with the repeat unit of a-D-
glucopyranose connected via carbons at a- 1 and a- 4 positions.[79] Cyclodextrins have a
cone-like shape with hydroxyl groups on the outside of the cone and hydrophobic skeletal
carbons and etheric oxygens on the surface of the internal cavity, where hydrophobic guest
molecules can be hosted.[79] The hydroxyl groups on the surface of the CD cone are easily
functionalizable, for reduced toxicity and enhanced solubility in organic solvents.[80]

Therapeutic agents of different molecular weights can be encapsulated by CD with specific
cone diameters, which are determined by the number of gluocopyranose units (typically 6 to
8). Cyclodextrins can enhance the aqueous solubility and thus bioavailability of hydrophobic
drugs.[79] However, unmodified CD can produce metabolites that are nephrotoxic when
administered parenterally,[81] and may remove components of human erythrocytes that may
lead to cell membrane disruption and hemolysis.[82]

An aqueous solution of maltosyl-p-CD complexed with levobupivacaine[83] or
lidocaine[84] doubled the duration of intrathecal and sciatic nerve blockade. Similar results
were achieved by complexation of ropivacaine with hydroxypropyl-pg-CD.[85]
Hydroxypropyl-pg-CD formulations of bupivacaine and ropivacaine produced less local
anesthetic myotoxicity and neurotoxicity than did free drug injections.[86]

Injectable Liquid Polymers

Simple mixtures of local anesthetics and polymers can also achieve PDLA. These
formulations have the advantage of relatively easy administration (via injection instead of
surgical implantation, low probability of clogging).

Biocompatible and biodegradable polyesters, polyanhydrides, poly(ortho esters), and
polyphosphazenes have been studied for this purpose.[87] Biodegradability of these
compounds results from enzymatic reactions or hydrolysis and can be enhanced by
incorporation of labile groups (such as ester or anhydride) into the polymer backbone.[87]

Experiments using 10% (w/v) bupivacaine loaded in the injectable biodegradable
poly(sebacic-co-ricinoleic acid) prolonged sciatic nerve blockade from 8 to 30 h.[88]
Incorporation of anhydride bonds (which undergo hydrolysis automatically) in the polymer
backbone rendered the formulation biodegradable. /n7 vitro, 70% of the incorporated drug
was released over the course of 1 week. Bupivacaine has been incorporated into
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hydrophobic, hydrolysis-resistant polyester-poly(lactic acid-co-castor oil) at 10% (w/v),
resulting in a slower degradation rate, prolonged drug release, and 1-2 days of nerve block.
[89] However, the formulation suffered significant burst release that led to systemic toxicity.
Increasing the bupivacaine concentration to 15% (w/v) prolonged the duration of sensory
blockade to 96 h and exhibited less burst release than with 10% bupivacaine.[90] This effect
was attributed to increased formulation density and hydrophaobicity, resulting in reduced
water penetration into the drug-polymer matrix.

Naturally occurring polymers have also been used, such as hyaluronic acid.[26] Unmodified
hyaluronic acid has had variable effects on the block duration from co-dissolved local
anesthetics (including no effect at all).[26] Its effectiveness in prolonging the effect of local
anesthetics depended on the solution viscosity and polymer molecular weight which, it has
been argued, affects charge density.[91] Hyaluronic acid is anionic and therefore could bind
conventional local anesthetics which are mostly cationic at physiological pH.[26]
Hyaluronic acid has also been functionalized so as to cross-link /n situ;, such formulations
can also prolong the duration of effect.[26] Hyaluronic acid exhibits excellent
biocompatibility.

Polymer solutions viscosity tends to increase the duration of drug release. However, more
viscous solutions are often difficult to inject. Shear-thinning polymers and polymer blends,
which exhibit decreased viscosity under shear strain, have been investigated to address this
issue. For example, hyaluronic acid and hydroxypropylmethyl cellulose (HPMC) blends
demonstrated significantly higher injectability compared with that achievable with either of
the polymers alone at the same concentration.[92] The shear thinning effect was attributed to
the suppression of the high yield stress of hyaluronic acid solutions by HPMC and the flow
instabilities induced by hyaluronic acid during injection. Higher polymer concentrations can
thus be used and still remain injectable. As a result of being able to inject higher polymer
concentrations, release of drug in vivo was slower. For example a solution of hyaluronic acid
and hydroxypropylmethyl cellulose loaded with bupivacaine had a duration of rat sciatic
nerve block three times that achieved with a bupivacaine solution.[93]

Hydrogels are three-dimensional networks of hydrophilic polymers with high water content.
[94] They are generally highly biocompatible. In the swollen state, hydrogels are highly
porous. Drug loading can be tuned by the molecular weight, cross-linking density, and
hydrophilicity of the hydrogel..[94] Molecular weight and crosslinking density also affects
the degradation rate of the hydrogel /n vivo.[94,95] Despite the tunability, hydrogel
formulations yield relatively rapid drug release because of the high water content and large
pore size.[94] Also, some hydrogels are not injectable once formed, thus necessitating
surgical implantation, which limits their clinical use. Hence there is a growing interest in
hydrogels that undergo transitions from liquid to gel upon injection (e.g. by /n situ cross-
linking or reverse thermal gelation) or ones that display shear-thinning properties.[25,26,96]

Hyaluronic acid (see previous section) has been modified to aldehyde and hydrazide forms
that would crosslink upon mixing at the time of injection. With these modifications it formed
a gel /n situ, trapping co-injected local anesthetics in the vicinity of the nerve for extended
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release. Two percent (w/v) cross-linked hyaluronic acid doubled the duration of nerve blocks
when used in conjunction with 0.1%, 0.25%, and 0.5% (w/v) bupivacaine, without a
statistically significant increase in myotoxicity.[26] Tissue reaction to this formulation was
comparable to that observed with free bupivacaine at the same concentration.[26]

Poloxamer 407, a synthetic polymer that exhibits reverse-phase thermal gelation (i.e. liquid
phase at cold temperatures, gel at body temperature), has been used to extend the duration of
lidocaine release.[97] [25] It has also been used to further extend the duration of effect of
local anesthetic-loaded polymeric microparticles.[98]

Current hydrogel systems have not achieved nerve block durations on par with those
observed with microparticle-based systems. However, the duration of blockade is adequate
for many postoperative and/or dental procedures without entailing the sequelae of
microparticle injection (e.g. particle debris persisting at the injection site for weeks).

Hybrid Formulations

Different types of controlled-release systems have been combined so that they can combine
their best features (and perhaps obviate their undesirable ones). The combination of particles
and hydrogels is the most common.

Polymeric Microparticle-Hydrogel

Systems have been developed incorporating microspheres within /n siti-forming hydrogels.
The hydrogel helps to maintain microparticles at the injection site and prevents their
phagocytosis.[99] Moreover, the hydrogel can further slow drug diffusion from the
microparticles, decreasing the initial burst release and extending the duration of effect.
PLGA microspheres containing 31% (w/w) lidocaine suspended in the thermosensitive
Poloxamer 407, resulted in longer sciatic nerve block in rats than did lidocaine in
microspheres.[98]

Liposome-Hydrogel

Prolonged drug release can be achieved by combining liposomes and hydrogels, where drug-
loaded liposomes are embedded in hydrogel polymer matrices. The hydrogel provides
additional diffusion resistance while liposomes act as the drug reservoirs.[100] The
hydrogels may also play a role in keeping the particles in place, or controlling the interaction
between the particles and surrounding tissues (e.g. it the particles might have an undesirable
effect on tissue reaction).[101]

Bupivacaine-loaded multivesicular liposomes have been entrapped in a calcium-alginate
cross-linked hydrogel to form injectable beads (3-5 mm). The formulation was stable for 2
years under 4°C. At 37°C, the liposomal hydrogel formulation achieved longer duration of
nerve block than the liposomal formulation.[102]
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Macroscopic Drug Delivery Systems

Macroscopic polymeric devices can be loaded with large quantities of drug and have a low
surface area to volume ratio, so may be able to achieve very prolonged release (weeks to
months).[103] The principal disadvantage of such systems is that they may not be injectable.
Macroscopic devices are otherwise conceptually similar to other formulations. They are
placed at the intended site of action, e.g. placed adjacent to a nerve during surgery. Examples
of such devices include drug-eluting pellets[104] and sutures.[105] In theory, almost any
suitable polymer could be used; PLGA has been a common choice.[104,106-109] Analgesic
bupivacaine-loaded PLGA sutures have provided incisional analgesia in rats for 7 days
following a skin wound.[105]

On-Demand Remotely Triggerable Local Anesthesia

One potential problem with the systems described above is that once initiated they will
release drug autonomously, irrespective of the patient's condition or wishes. If a patient was
administered a formulation that would provide nerve block for 7 days, there would not be
much that could be done if she/he would like the block to be turned off on day 3. A system
that would allow the patient to determine when local anesthesia is initiated, how long it lasts,
and even the intensity of the analgesia would greatly enhance pain management

The toolkit of stimulus-responsive drug delivery could be employed to achieve that end.
[110] The basic idea is that an external stimulus (various wavelengths of light, magnetic
fields, electric fields, ultrasound, etc.) would induce a change in a drug delivery system that
would trigger drug release (Fig. 7). Triggering by near-infrared light has been the primary
modality examined to date in PDLA.

In one approach a photosensitizer capable of releasing singlet oxygen in response to near
infrared (NIR) light was incorporated into liposomes. The singlet oxygen caused
peroxidation of unsaturated lipids in the liposome, which made the liposome membrane
more permeable so that drug was released. Such liposomes containing tetrodotoxin caused
an untriggered nerve block immediately after injection. Once the initial block wore off,
irradiation with 730 nm light caused release of TTX and produced effective nerve blockade.
The triggered nerve block was repeatable, and its duration and intensity were tunable by
adjusting the irradiance and duration of irradiation.[111]

In an alternative approach, gold nanoparticles (nanorods) were conjugated to liposomes
containing tetrodotoxin and dexmedetomidine. Exposure to 808 nm light caused heating of
the gold nanorods by surface plasmon resonance, which increased liposomal permeability. /n
vivo, triggered drug release led to repeatable infiltration anesthesia (Fig 8).[112]

Phototriggered systems are limited by the depth of tissue penetration that can be achieved,
and the irradiance and/or duration of exposure that is required to achieve a given effect at a
particular tissue depth. High irradiances can cause thermal injury [113,114]. Moreover, light
outside of the NIR range has relatively poor tissue penetration, and in the case of UV light
may be carcinogenic. Phototriggered systems have been reviewed.[111,112]
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Oscillating magnetic fields have also been used for triggered release of local anesthetics.
[115] A triggerable membrane was created which acted as a drug reservoir. It was composed
of an impermeable ethylcellulose matrix containing an interconnecting network of
thermosensitive poly(N-isopropylacrylamide) (poly NIPAAM) nanogels and, separately,
superparamagnetic ferromagnetic nanoparticles. Under an oscillating magnetic field, the
ferromagnetic nanoparticles heated up, causing the nanogels to collapse, opening pores in
the membrane that allowed flux of bupivacaine [115]. Effectiveness /n vivo was not
demonstrated for PDLA, but was shown for control of hyperglycemia in diabetic rats using a
very similar system where gold nanoshells were used instead of the ferromagnetic
nanoparticles and NIR light was used as the stimulus instead of magnetic fields.[113]

and Prospects

Prolonged duration local anesthesia has been achieved by a wide range of drug delivery
systems, albeit with widely differing effects in terms of duration and intensity of anesthesia.
In some cases, systemic toxicity is problematic, but local toxicity is a bigger issue with

most, particularly with delivery of amino-amide and amino-ester local anesthetics. As has
been the case for decades, comparison of results from different preclinical formulations in
preclinical work will remain difficult. The hope that such studies will become standardized —
or that the same will happen in human trials — is likely a forlorn one.

As PDLA formulations start to enter the market, emphasis will be not only on intensity and
duration of nerve block but also on local tissue reaction. It is likely, at least for conventional
local anesthetics, that efficacy and tissue reaction will be related. That being said, there is
relatively little literature on the biocompatibility of local anesthetic products in clinical
development.

Despite the substantial number of formulations that have been developed, few have
progressed to clinical trials or commercialization. Recent examples have included a
liposomal bupivacaine formulation (Exparel®) from Pacira Pharmaceuticals; [68-74]
bupivacaine formulation (Posimir®) described as an esterified sugar derivative on the Durect
website;[116] a poly(ortho ester) formulation of bupivacaine and the anti-inflammatory drug
meloxicam (HTX-011) from Heron Therapeutics;[117,118] and a collagen-based
implantable bupivacaine release system (XaraColl ®) from Innocoll.[119-121] A review
focused on the engineering of sustained release systems is not the best place to review the
comparative merits of commercial products, their tribulations with regulatory bodies, or to
review clinical trials. Moreover, the abovementioned difficulties in comparing formulations
in animals can be true of human trials as well. Irrespective of the clinical prospects of
products under development, the fact that relatively many are currently under development is
a clear indication of a perceived need in the clinical community.

This need is likely to drive innovation: as sustained release local anesthetics enter standard
clinical practice, there will likely be both clinical and economic pressure for better, more
differentiated products. This may take the form of formulations that are optimized for
specific medical indications or anatomic locations, or that provide specific intensities of
anesthesia, or specific durations (e.g. ultra-prolonged nerve block for chronic pain). As local
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anesthetic systems evolve, they may allow some controversial subjects to be revisited, such
as the role of PDLA in preventing the development of neuropathic pain.[1-4] They may also
be used to provide extended yet reversible treatment of other excitable tissues (heart, brain,
etc.).[122]

Conversely, independent advances in the general field of drug delivery are likely to become
applied to PDLA formulations. Therefore, as drug delivery systems become more
sophisticated, it is likely that those developed for PDLA will become so also. Systems that
provide on-demand local anesthesia in response to patient needs are already being
developed. It can be envisioned that electrically and/or chemically responsive systems
capable of delivering compounds in response to abnormal electrical or chemical signals will
be able to control pain autonomously, perhaps acting through closed-loop systems. The
introduction of new types of drug delivery systems may also introduce new and relatively
exotic materials (e.g. inorganic nanomaterials), which may bring with them attendant
biomedical and regulatory issues.
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Box. 1. Desirable Features in Prolonged Duration Local Anesthesia
— Simple to administer to patients
— It should be safe and reliable
— Initiated by a single injection
— Adequate shelf life

— Biodegradable vehicle, with a degradation rate similar to the rate of depletion of
the therapeutic compound.

— Does not require general anesthesia or surgery to initiate

— Prolonged duration of nerve block (as needed for the particular context)
— Relatively zero-order release

— Favorable ratio of sensory and motor blockade

— Acceptable local inflammatory response

— No local myotoxicity and neurotoxicity

— Favorable therapeutic index (minimal systemic toxicity)

— Fully reversible (i.e. wears off)

— Easy to make from available materials

— Cost effective
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Figure. 1.

Chemical structures of amino-ester (i.e., procaine) and amino-amide (i.e., lidocaine,

bupivacaine) local anesthetics.
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Figure 2.

Rats were injected at the sciatic nerve with polymeric (poly(lactic-co-glycolic acid)
[PLGA]) microspheres containing tetrodotoxin (TTX) and/or bupivacaine and/or
dexamethasone. Two-compound formulations had a longer duration of effect than did single-
compound ones, and microspheres containing all three compounds had an even longer
duration of effect (>9 days from a single injection). Reprinted with permission from
Lippincott Williams. [10] Copyright 2003.
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Drug

Polymer
shell

Schematic representation of (a) a solid polymer matrix sphere, in which the drug is dispersed
throughout the polymer matrix and (b) a capsule, in which the drug is in solution and
surrounded by a shell-like wall. Adapted with permission from Springer. [35] Copyright

2014.

Mater Today (Kidlington). Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Santamaria et al.

a Liposome b Liposphere

Aqueous
core

Phospholipid
4« bilayer

Cationic
LA+

°*\N&1tral

Figure 4.

Page 22
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Schematic of (a) a liposome loaded with an amphiphilic local anesthetic drug partitioned
into either the internal aqueous space as a charged cation (LA+) or the hydrophobic lipid
bilayer as a neutral base (LA). (b) A liposphere comprised of a solid hydrophobic core
matrix impregnated with local anesthetic neutral base. Adapted with permission from

Springer. [35] Copyright 2014.
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Figure 5.

Duration of sensory and motor block following sciatic nerve injection with 75 mg of
liposomes loaded with bupivacaine, saxitoxin, and/or dexamethasone. “Fluid” liposomes are
composed of low-temperature phase transition lipids, whereas “solid” liposomes are
prepared with high temperature phase transition lipids. Solid liposomes prolonged the
duration of nerve blockade more than did fluid liposomes. Additionally, at lower
concentrations dexamethasone greatly extended the duration of nerve blockade, whereas at
higher concentration dexamethasone altered the stability of the liposome, resulting in
“leakage” and rapid release. Reprinted with permission from the National Academy of
Sciences. [28] Copyright 2009.
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Figure 6.
A schematic representation of the common vesicle size and lamellarity classification system

of liposomes. Small unilamellar vesicles are less than 100 nm in diameter and large
unilamellar vesicles are between 100 and 1000 nm. Multilamellar vesicles have more than
one membrane layers, and multivesicular vesicles encapsulate smaller vesicles. Adapted
with permission from The Royal Society of Chemistry. [50] Copyright 2013.

Mater Today (Kidlington). Author manuscript; available in PMC 2018 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Santamaria et al.

Page 25

d
Gold
Drug
—o— Burst release —0— 141 mW/cm?
b —o— 272 mW/ecm? —e— 75 mW/em?
¥
2 100
[¥%)
2
5_ 75
“
“a
2 5
E&
=~ - | 1 |
§ 25 Inj Trigger #1 'i\ Trigger #2 Trigger #4
= |
ES ] .S —— S—
0 12 24 36 48 60 72 84 96 108 120
Time (h)
Figure 7.

Light-triggered release from thermoresponsive liposomes coated with gold nanoparticles.
Irradiation with 760 nm light induced local heating, which released encapsulated drug from
the liposome. (b) Triggerable local anesthesia in the rat footpad following injection (Inj) of
thermoresponsive liposomes. Subsequent irradiation (purple arrows) with an 808 nm
continuous wave NIR laser at 75, 141, and 272 mW/cm? for 10 min led to adjustable degrees
of local anesthesia. Local anesthesia is presented as % maximum possible effect. Reprinted
with permission from the National Academy of Sciences [111] and the American Chemical
Society. [112] Copyright 2015 and 2016 respectively.
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