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ABSTRACT

Because of its ability to create structures of nanoscale dimension with large aggregate particle surface area-to-volume ratios, nanotechnology
offers new opportunities to treat drug poisonings. Emulsion-based nanoparticles (diameter: 118.4 nm) extracted bupivacaine from the aqueous
phase in a physiological salt solution and attenuated the drug’s cardiotoxicity in guinea pig heart to a greater extent than did a macroemulsion
(432.0 nm). Additionally, nanoparticles sequestered bupivacaine from the aqueous phase of human blood and merit further investigation in
animal models of intoxication.

Nanotechnology has been heralded as a means to improve
health care by providing revolutionary advances in medical
diagnostics and therapeutics.1-5 One medical application of
nanotechnology revolves around the potential ability of
nanoparticles to mitigate the effects of toxic concentrations
of pharmaceuticals. The promise of using particle technology
to treat drug overdose emerged when Weinberg and col-
leagues demonstrated that treatment of rats with submicron
lipid particles markedly increased the dose of bupivacaine,
a potent local anesthetic, necessary to cause in vivo hearts
to cease beating (i.e., cardiac asystole) in rats.6 The reduction
in free bupivacaine concentration was attributed to partition-
ing of the anesthetic from the aqueous phase in plasma into
the oil core of the macroemulsion where the drug could not
exert a pharmacological effect. We hypothesize that smaller
emulsion particles (i.e., nanoemulsions) will even more
effectively partition local anesthetics from an aqueous
environment into the lipid core or onto the surface interface.
For constant oil content, the smaller radii of nanoemulsion
particles create a much greater aggregate interfacial area
between the particles and their environment than is present
for macroemulsions. Greater interfacial area should lead to
more rapid and effective portioning of lipophilic drugs onto
the oil/water interface and ultimately into the oil core. While
sequestered on the surface or core of nanoparticles, a drug
will be inactive and unable to cause cardiac toxicity (e.g.,
inhibition of sodium ion channels in the heart).

Nanoemulsion Synthesis and Characterization.A soy-
bean phosphatidylcholine nanoemulsion was synthesized as
previously described because infusions (0.5 mL/kg) in
rodents did not cause any adverse physiological effects.7

Intralipid, a commercially available macroemulsion, was
obtained from Baxter Healthcare Corporation (Deerfield, IL).
The effective particle size and polydispersity of the na-
noemulsion and Intralipid solutions were measured by the
dynamic light scattering method using a submicron particle
size analyzer (90Plus, Brookhaven Instruments Corporation,
Holtsville, NY). Particle population diameter densities were
fitted to a three-parameter Gaussian distribution equation
(GraphPad Prism 2.01, GraphPad Software, Inc., San Diego,
CA):

wherey is the absorbance of a population of particles with
diameterx, area is the area under the intensity curve,σ is
the standard deviation of the population, andµ is the mean
diameter of the particles. The macroemulsion (432.0(30.2
nm) and nanoemulsion (118.4(49.5 nm) particle size
distributions (mean(S. D.) were normally distributed and
significantly different (Figure 1). Based on the graphical and
numerical data, minimal-to-no overlap of particle size
occurred as the midpoint dimension (i.e., 275 nm) between
the mean particle diameters was>3 and >5 standard
deviations for nanoemulsion and macroemulsion particles,
respectively.
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Extraction of Bupivacaine in Phosphate Buffered Saline
(PBS). Samples were prepared by spiking blank PBS (g/L:
NaCl 8.0, KCl 0.2, Na2HPO4 1.44, and KH2PO4 0.24 with
pH adjusted to 7.40 using NaOH or HCl) with a stock
bupivacaine solution (2 mg/mL) to yield three bupivacaine
concentrations (1, 25, 200µM). Following equilibration (37
°C, 1 h) ultrafiltration was performed to remove nanoemul-
sion or macroemulsion particles using micropartition cen-
trifugation tubes (Amicon Centrifree, Millipore, Inc., Bed-
ford, MA; 30 kDa cut off) spun at 1800× g for 1 h.
Chromatographic analysis was performed in quadruplicate
for bupivacaine in the ultrafiltrates using a HPLC (Alliance,
Waters Inc., Milford, MA) with a 2695 separation module
with online degassing and an automated injection and
sampling system, coupled to a photodiode array detector
(Waters 996). Samples were run on a C18 column (4.6×
250 mm i.d., Waters, Inc). A 10-min, isocratic elution with
a mobile phase consisting of acetonitrile (HPLC Grade,
Sigma Chemical Corp.)/phosphate buffer (pH)3.5, 50 mM)
in a ratio of 30:70 v/v was employed. The flow rate was 1.5
mL/min with UV detection at 210 nm. At constant concen-
tration of oil for the nanoemulsion or Intralipid, the na-
noemulsion removed a significantly greater fraction of
bupivacaine than did Intralipid (P < 0.001) for all concentra-
tions of bupivacaine studied. At 1, 25, and 200µM
bupivacaine, the nanoemulsion sequestered 62.2(8.0,
73.8(4.2, and 75.4(0.02% of the anesthetic, whereas
Intralipid extracted 52.8(7.1, 56.6(0.6, and 55.4(0.1%

from free, aqueous form. Based on these measurements,
several binding parameters of nanoemulsion or macroemul-
sion for bupivacaine were calculated (Table 1).

Extraction of Bupivacaine from Human Blood. Human
blood (n ) 6) was aspirated by phlebotomy into heparinized
syringes and divided into 1 mL samples. Bupivacaine (1000
µM) was spiked into blood in a manner similar to that
described previously for PBS media. Samples were placed
in a temperature-controlled (37°C) gyrotory water bath
shaker (model G 76, New Brunswick Scientific, Edison, NJ)
and mixed for 10 min at 3 Hz. The tubes were then removed
from the bath and spun at 2500 rev/min for 15 min in a fixed-
angle centrifuge (Marathon 8K, Fisher Scientific) to separate
the tissue into cellular and plasma phases. The plasma
supernatant was aspirated and centrifuged in micropartition
tubes in order to obtain ultrafiltrate free from plasma protein
or particles. The nanoemulsion extracted a significant fraction
of bupivacaine in a concentration-dependent manner with
greater fractions of bupivacaine (10.4(0.2, 25.8(0.1,
29.2(0.2, 35.2(0.4%) being extracted with an increasing
concentrations (1.0, 1.5, 2.0, and 2.5%, respectively) of
nanoemulsion. In this data, the nanoemulsion concentration
was calculated based on the fraction of the system composed
of oil (weight in weight).

Attenuation of Cardiotoxicity in Guinea Pig Heart.
Rodent hearts were extracted and instrumented similar to
previous reports from this laboratory.8 In this model, we used
electronic cursors to measure the QRS interval of the
electrogram that represents the summation of all sodium ionic
currents in the ventricles. The QRS interval served as a
“biosensor” of free bupivacaine concentrations because it
depends on Na+ channel conductance that is blocked by
bupivacaine in a concentration-dependent manner. The
baseline QRS intervals were 26.0(1.7 and 25.8(1.5 ms for
the nanoemulsion (n ) 5) and macroemulsion (n ) 5)
groups, respectively (P ) 0.85). Administration of bupiv-
acaine (5µM) significantly increased the QRS interval for
both groups of hearts to a similar extent (Figure 2). Treatment
of the bupivacaine-intoxicated hearts with either a nanoemul-
sion or macroemulsion significantly reduced the QRS
interval. However, the effect of the nanoemulsion was
significantly greater and more rapid than that of the mac-

Table 1. Binding Parameters of Nanoemulsion-Based Nanoparticles or Macroemulsion (Intralipid) for Bupivacaine in Phosphate
Buffered Salinea

bupivacaine (µM) Pc

total bupivacaine
molecules bound in

incubation media (1 mL)
bupivacaine molecules

bound per particle

particle interfacial
area (nm2) occupied

per bupivacaine molecule

nanoemulsion
1 165 3.746 × 1014 33 1,359

25 281 1.111 × 1016 961 45.8
200 307 9.089 × 1016 7,863 5.60

macroemulsion
1 113 3.192 × 1014 1,342 437

25 131 8.529 × 1015 35,540 16.4
200 81 5.373 × 1016 225,800 2.60

a Note: See Supporting Information for mathematical derivations.

Figure 1. Size dispersion of nanoemulsion and macroemulsion
particles. Shown is the intensity normalized to maximal intensity
plotted against the particle diameter. The nanoemulsion and
macroemulsion particle populations are noted in gray and white
colors, respectively.
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roemulsion. At time 5 min, the QRS interval for hearts treated
with the nanoemulsion did not significantly vary from the
value measured during control conditions (P ) 0.92).

The marked differences in the attenuation of QRS interval
prolongation between nanoemulsion and macroemulsion
observed in isolated heart are greater than might be expected
from the extraction experiments in PBS detailed previously.
Based on findings from the PBS experiments, one would
expect that the nanoemulsion and macroemulsion particles
would extract 62-74% and 53-57% of 5µM bupivacaine,
respectively, from the buffered Krebs-Henseleit solution
used to perfuse the isolated hearts. Since QRS interval
prolongation reflects the free bupivacaine concentration, the
relative changes in the QRS interval would be expected to
be similar to proportional decrements in the free bupivacaine
due to extraction by particles. Probably, this difference
between PBS and isolated heart experiments is primarily due
to the shape of the concentration-response curve for
bupivacaine to prolong the QRS interval and to the exact
concentration of bupivacaine selected for this investigation.
At 5 µM bupivacaine, small changes in the free concentration
of bupivacaine lead to relatively large changes in the QRS
interval (i.e., steep section of the concentration-response
curve) compared to bupivacaine concentrations<1 µM
(Figure 3).

In this letter, we demonstrated that modulating the size
and therefore interfacial area of particles for a fixed oil
volume markedly alters the kinetics and magnitude of
bupivacaine partitioning into an engineered system of nano-
particles. This change attributed in part to particle size not
only significantly reduced the concentration of free bupiv-
acaine in PBS and human whole blood but also reversed
QRS prolongation in perfused rodent heart. Furthermore, the
reductions in bupivacaine concentrations and cardiotoxicity
were superior to Intralipid, a submicron emulsion heralded
as a possible antidote to clinical bupivacaine intoxication.6,9

Although these experiments were limited to a single local
anesthetic, an understanding of how nanoparticles interact
with molecules targeted for scavenging and with biological
systems may offer a theoretical framework to guide the

development of solutions to rapidly detoxify other anesthetics
and drugs from different classes (e.g., tricyclic antidepres-
sants). Such an understanding may enable progression of
novel nanotechnological-based therapeutic approaches to treat
local anesthetic toxicity that may compliment or supplant
traditional therapy.
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Figure 2. Time-dependent attenuation of bupivacaine (5µM)-
induced QRS prolongation in guinea pig isolated heart by either a
macroemulsion (n ) 5, 1% w/w oil content) or a nanoemulsion (n
) 5, 1% w/w oil content). Data shown is the mean(standard
deviation. P < 0.05: *, compared to 0 min; †, compared to
macroemulsion. Repeated-measures analysis of variance followed
by Student-Newman-Keuls testing was used to analyze multiple
comparisons for QRS prolongation. Hearts were paced at 200 beats/
min.

Figure 3. Concentration-response relationship for bupivacaine to
prolong the QRS interval in guinea pig isolated heart perfused with
Krebs-Henseleit solution. Data shown is the mean(standard
deviation for four hearts.P < 0.05: *, compared to 0µM
bupivacaine; †, compared to the immediate lesser concentration of
bupivacaine (e.g., 3µM compared to 1µM). Repeated-measures
analysis of variance followed by Student-Newman-Keuls testing
was used to analyze multiple comparisons for QRS interval. Hearts
were paced at 200 beats/min.
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