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Scavenging Nanoparticles: An Emerging
Treatment for Local Anesthetic Toxicity

Elizabeth M. Renehan, M.D., M.Sc., F.R.C.P.C., F. Kayser Enneking, M.D.,
Manoj Varshney, Ph.D., Richard Partch, Ph.D., Donn M. Dennis, M.D., F.A.H.A.,

and Timothy E. Morey, M.D.

dreaded complication of local anesthetic use in

regional anesthesia is systemic toxicity from
unintentional intravascular local anesthetic injec-
tion. Although systemic toxic reactions are not
common after peripheral nerve block, 7.5 to 20
events per 10, 000 in adults,! they can be life-
threatening and resistant to treatment.2¢ Recent
data from an American Society of Anesthesiology
Closed Claims Project demonstrate that uninten-
tional intravenous local anesthetic injection was the
second largest category of block-related regional
anesthesia claims that resulted in death or brain
damage.”

The manifestations of local anesthetic toxicity
range from local neurotoxic and myotoxic reactions
to cardiovascular collapse and coma. Central ner-
vous system toxicity presents as a spectrum that
includes shivering, muscle twitching, tonic-clonic
seizures, hypoventilation, and respiratory arrest.8
Cardiovascular toxicity primarily manifests as ar-
rhythmias and myocardial depression.®-'4 Local an-
esthetic overdose can cause a variety of arrhyth-
mias, including atrial and ventricular conduction
delays, complete heart block, asystole, ventricular
ectopy, ventricular tachycardia, torsades de pointes,
and ventricular fibrillation.8 1>

The molecular mechanisms whereby local anes-
thetics exert their toxic effects have not been fully
established and are likely complex in nature. Ex-
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perimental studies have revealed that local anes-
thetics alter a wide variety of cellular signal trans-
duction and metabolic processes. These drugs
modify ion flux at sodium, potassium, and calcium
channels.'¢-1° They also alter ligand binding to -
adrenergic receptors and, as a result, inhibit cAMP
second-messenger signaling.202! Other potential
sites of action include ion channel-linked G-protein
pathways, mitochondrial ATP production, and en-
dothelial nitric oxide release.??-2¢ Which, if any, of
these molecular mechanisms (or a combination
thereof) are responsible for the profound cardiovas-
cular depression associated with anesthetic over-
dose remains unknown. In fact, the ability of local
anesthetics to interfere with cellular function and
homeostasis concurrently at multiple levels may be
the factor that makes overdose with these drugs
potentially severe and refractory.

Traditionally, treatment of patients who experi-
ence severe local anesthetic-induced systemic tox-
icity relies on supportive measures. Rapid provision
of adequate oxygenation, ventilation, seizure con-
trol, and cardiovascular support according to ACLS
guidelines are fundamental to restoring homeosta-
sis. Less clear are the roles of specific antiarrhythmic
agents, vasopressors, and positive inotopes in the
resuscitation of local anesthetic-induced cardiotox-
icity. The results of animal studies of epinephrine,
norepinephrine, amrinone, amiodarone, milrinone,
and vasopressin in the treatment of bupivacaine or
ropivacaine-induced cardiotoxicity have not been
in complete accord.!> On the basis of the balance of
data in this setting, several authors have advocated
the use of vasopressin over epinephrine for support
of cardiac output, amiodarone over lidocaine for
treatment of severe arrhythmias, and the avoidance
of calcium channel blockers and phenytoin.!>25 A
role for emergent cardiopulmonary bypass in the
treatment of local anesthetic-induced refractory
cardiac arrest has also been proposed.2¢

In addition to these conventional therapies, three
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Fig 1. Nanoscale size comparisons.

novel treatments for severe bupivacaine cardiotoxic-
ity in animals have been published: insulin/glucose
infusion, propofol infusion, and lipid infusion.27-3¢ Of
these, the work on lipid-based resuscitation is di-
rectly relevant to the use of drug-scavenging nano-
particles in the treatment of bupivacaine cardiotox-
icity. In two studies, Weinberg et al.2° reported a
beneficial effect of lipid infusion on bupivacaine-
induced cardiotoxicity. In rats, pretreatment with a
lipid infusion increased the bupivacaine dose re-
quired to induce asystole in rats by 48% over con-
trol animals. A subsequent study in dogs showed
that a lipid infusion during resuscitation from bupi-
vacaine-induced circulatory collapse increased sur-
vival from no animals in the control group to all
animals in the lipid-treated group.3° Although these
results are promising, no published reports of lipid
use for treatment of bupivacaine toxicity in humans
exist.

The authors of the lipid-based studies speculated
that four mechanisms may play a role in the success
of resuscitation. In their primary hypothesis, the
lipid infusion may create plasma lipid droplets ca-
pable of segregating uncharged bupivacaine mole-
cules from plasma, which makes them unavailable
for interaction at their target sites. The authors sup-
ported this theory by showing that bupivacaine
molecules preferentially segregated from plasma to
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their lipid infusion in a 1:12 ratio.?® In two of the
other proposed mechanisms, the lipid acts within
tissue. Here, lipid or its component fatty acids either
interact in a clinically significant way with tissue
bupivacaine molecules or directly overcome bupiv-
acaine’s inhibitory effect on cellular metabolism by
supplying substrate for cellular energy produc-
tion.>%31 Finally, the lipid infusion may act on nitric
oxide pathways and reverse bupivacaine’s inhibi-
tory effects.2® Building on this work and assuming
that sequestration of bupivacaine is an important
aspect of resuscitation in the aforementioned lipid-
based studies, some investigators have hypothe-
sized even greater segregation of bupivacaine into
lipid may occur with large reductions in particle size
to the dimension of the nanometer.

Nanotechnology

The word nanoscience originates from the Greek
root nanos (i.e., dwarf) and was adopted by the
International System of Units (SI) to modify mea-
surement units by 107° or one billionth of a unit.
On a biological scale familiar to clinicians, a person
is about 2,000,000,000 nm tall, a red blood cell is
approximately 5,000 nm in diameter, a DNA strand
is approximately 2 nm wide, and a bupivacaine
molecule is 1.4 nm long (Fig 1).>! Nanoscience is
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the study, development, and use of matter at the
nanometer scale (1 to 100 nanometers). Originally
foreseen by physicist and Nobel laureate Richard P.
Feynman in 1959, nanoscience has vaulted into
scientific and popular awareness over the past de-
cade as the technology to create nanoscale objects
has evolved. That is, whereas engineers and others
have reduced the sizes of objects from micrometer
to nanometer size (“top-down”), chemists and oth-
ers have worked to develop mechanisms for indi-
vidual molecules to self-assemble into nanoparticles
(“bottom-up”). Nanoscience is a fundamentally
novel way of using matter because, at nanometer
size, matter develops unique, previously unrecog-
nized properties. For example, the interaction of
nanometer-sized particles with each other or with
their environment is primarily influenced by sur-
face tension and local electromagnetic effects,
rather than by gravity or electrostatic forces. Al-
though these unique physical properties and others
have not yet been fully characterized, they are be-
ginning to be applied in many economic sectors,
such as the textile industry, information technol-
ogy, the military, health care, and others.

Drug Scavenging Nanoparticles in
Bupivacaine Cardiac Toxicity

Given the experimental success of lipid-based re-
suscitation, Morey et al.32 proposed that reducing
the particle size of the bupivacaine sink would sig-
nificantly increase the aggregate surface area of the
particles. As a result, the particles’ efficiency in
extracting bupivacaine from blood would be simi-
larly increased.??33 In fact, the resulting oil-in-
water emulsion-based nanoparticles that were syn-
thesized had approximate diameters of 15 to 120
nm, roughly one quarter the size of a 400-nm di-
ameter Intralipid (Pharmacia & Upjohn, Kalama-
z0o, MI) molecule (Fig 2).3234 In addition, the in-
creases in the total number of nanoparticles of 15 to
120 nm more than compensated for the reduction
in surface area of single particles by reductions in
diameter from 400 nm. Expressing this idea math-
ematically:

( 1 ) SAAggPart = NOPart : SAPart

Pp.\’
(2) SAP,,,Z=4w( 2)

where SA ,,p. is the aggregate surface area of the
particles, Nop,,; is the number of particles, SA;,,; is
the surface area of a particle, and P, is the diam-
eter of a particle. For almost all nanostructured
materials, an important property is that the compo-
nents of the particle are essentially at the surface or

very close to the surface of the individual nanopar-
ticle. Thus, these larger aggregate surface areas
could potentially be used to sequester local anes-
thetic molecules, with subsequent “sinking” into an
interior lipid core.

A series of experiments with these emulsion-
based nanoparticles investigated whether their re-
duced size translated into a measurable improve-
ment in bupivacaine extraction. In a simple
phosphate-buffered saline solution, the smaller
nanoparticles sequestered a greater mass of bupiv-
acaine from the free phase than did Intralipid.>*
Removal of bupivacaine was markedly enhanced by
addition of fatty acid sodium salts that resulted in
greater oil/water interface area, increased columbic
interaction between bupivacaine and fatty acids so-
dium salt, and greater surface activity.>* Extraction
of bupivacaine increased approximately 4-fold as
the alkyl chain was lengthened from 0 to 18 carbon
atoms, although this effect maximized at 14 carbon
atoms. In addition, the coblock Pluronic (BASF,
Florham Park, NJ) polymer type and concentration
also significantly affected bupivacaine extraction,
probably by the variance in the total number of
hydrophobic moieties and the ratio of hydrophobic:
hydrophilic blocks within a specific polymer used.
Pluronic polymers are symmetric triblock copoly-
mers of propylene oxide (PO) and ethylene oxide
(EO). The polypropylene oxide block is sandwiched
between the more hydrophilic polyethylene oxide
blocks. The block copolymer is denoted by the
(EO)«(PO),(EO),, where x and y are the number of
units of EO and PO, respectively. Furthermore, the
fractional occupancy of these particles can be cal-
culated as

Drugmoles
(3) vOmme(%)=3.15-104%.z;

where Z, is the diameter of drug in nm, Y is the
concentration of particles, and Drugmolesy;; is the
measured moles of drug in or on the particles.
Given a constant amount of oil and surfactant, the
fractional occupancy of the particles by bupivacaine
increased dramatically from 2.0% to 40.3% with
reductions in particle diameter from 430 =10 nm
(Intralipid) to 29 =2 nm (experimental nanopar-
ticles).>#4 Interestingly, the mass of oil had minimal
to no effect on bupivacaine extraction compared
with the quantity and exact characteristics of both
the fatty acid and coblock polymer surfactants in a
buffered phosphate solution. In human whole
blood, these nanoparticle emulsions also reduced
the free concentration of bupivacaine and did so in
a concentration-dependent manner. Subsequent
refinements in design showed that increases in the
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Fig 2. Extraction of bupivacaine by nanoparticles.
Shown is an oil-in-water emulsion-based nanoparticle
composed of an oil (yellow core) and 2 surfactants in a
normal saline bulk medium. The surfactants incorporated
into the nanoparticle are a coblock nonionic polymer
composed of ethylene oxide (black threads) and pro-
pylene oxide (red threads), as well as the ionic surfactant
sodium caprylate (polar purple circles with aliphatic gray
tails). The blue circles represent drug molecules, such as
bupivacaine, and are shown partitioning from the hydro-
philic medium into the nanoparticle’s hydrophobic core.
(Redrawn from Varshney et al., J Am Chem Soc 2004;126:
5108-5112. Used by permission.)

mass of ionic surfactant allowed even more effica-
cious extraction of bupivacaine with concurrent re-
ductions in nanoparticle size.>?

The hypothesis that decreasing the bupivacaine
sink particle size leads to more efficient bupivacaine
extraction has also been validated in an isolated
heart model of bupivacaine cardiac toxicity.?2 In
this model, the intraventricular conduction time
(QRS interval) of isolated guinea pig heart acts as a
biosensor of local anesthetic concentration. As the
free bupivacaine concentration in the solution
bathing the heart increases, so does the QRS inter-
val. This relationship between QRS interval and
bupivacaine concentration exists because intraven-
tricular conduction time depends on sodium-chan-
nel ion flux, which, in turn, is blocked by local
anesthetics in a concentration-dependent manner.
When the nanoparticle emulsions were compared
with Intralipid in this model, the nanoparticles at-
tenuated bupivacaine toxicity more effectively and
more rapidly. That is, whereas the QRS interval
prolongation caused by bupivacaine was attenuated
approximately 25% by Intralipid, it was completely
abolished by nanoparticles after 5 minutes.>> Addi-
tional studies to determine the effects of these
nanoparticles in living rodent intoxicated with local
anesthetic are ongoing. However, use of similar
nanoparticles to treat animals poisoned with an-
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other sodium-channel antagonist, amitriptyline,
have been conducted. In these experiments, nano-
particles attenuated amitriptyline-induced prolon-
gation of the QRS interval to a significantly greater
extent than did Intralipid.>¢ On the basis of the in
vitro and in vivo evidence, nanoparticles do seem to
sequester these lipophilic sodium-channel blockers
(i.e., bupivacaine and amitriptyline) to a greater
extent than does Intralipid and to attenuate the
cardiac effects of these drugs.

The therapeutic application of nanoscience as a
potential treatment for the cardiotoxic effects of
local anesthetics may be useful in the future. A
large amount of ongoing research exploring thera-
peutic and diagnostic applications for this technol-
ogy is underway in both academic and private set-
tings. We believe the nanotechnology revolution
will fundamentally change many aspects of health-
care delivery and the practice of medicine.
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