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Nicolas Bertrand,† Céline Bouvet,† Pierre Moreau,† and Jean-Christophe Leroux†,‡,*
†Faculty of Pharmacy, University of Montreal, P.O. Box 6128, Downtown Station, Montreal, QC, Canada H3C 3J7 and ‡Institute of Pharmaceutical Sciences, Department of
Chemistry and Applied Biosciences, ETH, HCI H 301, Wolfgang-Pauli-Str. 10, 8093 Zürich, Switzerland

O
ver one million cases of drug in-
toxication are reported yearly in
the United States. Cardiovascular

drugs are among the substances most fre-

quently encountered in overdoses, and

within this class of therapeutic molecules,

calcium channel blockers (CCB) are respon-

sible for more than 30% of fatalities.1 The

clinical profile of CCB poisoning is erratic

and dose-dependent. It usually involves pe-

ripheral vasodilatation and bradycardia, as

well as arrhythmias and metabolic disor-

ders, often followed by cardiogenic shock

and death.2,3 Moreover, because of the

common availability of controlled-release

CCB formulations, the prognosis is compli-

cated by sustained absorption of the medi-

cation in the gastrointestinal tract over pro-

longed periods of time. Consequently,
patient deterioration occurs gradually and
leads to long-lasting and costly hospital
stays in intensive care. Different treatment
algorithms combine aggressive decontami-
nation with supportive hemodynamic mea-
sures and administration of calcium salts, in-
sulin, or glucagon. However, there are no
therapeutic consensuses, and CCB over-
doses remain difficult to treat, with morbid-
ity and mortality as frequent outcomes.2,3

Researchers have recently proposed an
alternative treatment for CCB overdose. It
consists of administering intravenous fat
emulsions (IFE).4�6 These emulsions are
composed of nanosized (�200�400 nm)
droplets of soy bean oil stabilized with
phospholipids (PL). Large doses of IFE are
known to reverse the toxicity of local anes-
thetics, tricyclic antidepressants, barbitu-
rates, �-blockers, and CCB in both animal
models and human case reports.7 Although
the mechanism behind the effect of these
emulsions has not been elucidated, the
most commonly accepted hypothesis is
the in situ drug uptake in the lipid droplets,
which reduces the available toxic concen-
tration at different action sites.8 Drug parti-
tioning in the lipid emulsions has indeed
been demonstrated in vitro for certain local
anesthetics.8�10 However, this uptake de-
pends on the drug’s lipophilicity and is lim-
ited by relatively fast clearance of the drop-
let from the bloodstream. Both of these
features are responsible for the use of very
high IFE doses.6 In addition to the unknown
metabolic consequences of administering
large amounts of lipids,11 other drawbacks
to IFE rescue have been recently brought to
light. For example, possible toxicity relapse
after initial improvement,12 decreased effi-
ciency during hypoxia,13,14 and probable in-
teraction with other resuscitation
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ABSTRACT Injectable scavenging nanocarriers have been proposed as detoxifying agents when there are no

specific antidotes to treat pharmacological overdoses. They act by capturing the drug in situ, thereby restricting

distribution in tissues. In the clinic, the only systems used for that purpose are parenteral lipid emulsions, which

are relatively inefficient in terms of uptake capacity. In this study, we investigated long-circulating liposomes with

a transmembrane pH gradient as treatment for diltiazem intoxication. The unique ion-trapping properties of the

vesicles toward ionizable compounds were exploited to sequester the drug in the bloodstream and limit its

pharmacological effect. After in vitro optimization of the formulation, the in vivo scavenging properties of the

liposomes were demonstrated by examining the drug’s pharmacokinetics. The reduced volume of distribution and

increased area under the plasma concentration versus time curve in animals treated with liposomes indicated

limited tissue distribution. The vesicles exerted a similar but more pronounced effect on deacetyl-diltiazem, the

principal active metabolite of the drug. This in vivo uptake of both drug and metabolite altered the overall

pharmacological outcome. In rats receiving an intravenous bolus of diltiazem, the liposomes tempered the

hypotensive decline and maintained higher average blood pressure for 1 h. The detoxifying action of liposomes

was even stronger when the rats received higher doses of the drug via perfusion. In conclusion, the present work

provided clear evidence that liposomes with a transmembrane pH gradient are able to change the

pharmacokinetics and pharmacodynamics of diltiazem and its metabolite and confirmed their potential as efficient

detoxifying nanocarriers.

KEYWORDS: detoxification · lipid resuscitation · diltiazem · pharmacokinetics ·
scavenging nanocarriers · nanomedicine
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medicines15,16 are aspects that have mitigated
the initial enthusiasm surrounding IFE deploy-
ment in CCB overdoses.

In the present work, long-circulating lipo-
somes with a transmembrane pH gradient are pro-
posed as surrogates to IFE to treat CCB intoxica-
tions. Vesicles with an acidic internal
compartment possess ion-trapping properties for
weak basic drugs (Figure 1). This feature has been
successfully applied to encapsulate various com-
pounds with remarkable entrapment efficien-
cies.17 The capture properties also appear to be
maintained under in vivo conditions, as reported
by Mayer et al., employing doxorubicin as a model
drug.18 Surprisingly, there have been no attempts
to adapt such systems as antidotes. Recently, we
reported that transmembrane pH-gradient spher-
ulites (a type of multilamellar vesicles) were highly
efficient ex vivo in reversing amitriptyline-induced
toxicity in isolated perfused hearts.19 However, be-
cause of their modest stealth properties,20 they
were not deemed ideal for in vivo application. In con-
trast, poly(ethylene glycol) (PEG)-stabilized liposomes of
less than 200 nm are known to possess biological half-
lives exceeding 15 h.21 They are generally considered
safe and biocompatible.22 These characteristics, com-
bined with the high efficiency of the pH-gradient-
loading process, make them near optimal systems for
drug detoxification. In this report, PEGylated liposomes
with a transmembrane pH gradient were investigated
to capture diltiazem (DTZ), a CCB frequently involved in
life-threatening intoxications. The liposomal formula-
tion was shown to modify the pharmacokinetics (PK) of
DTZ and its principal active metabolite (deacetyl-
diltiazem, DAD) and efficiently tempered the drug’s hy-
potensive effect.

RESULTS AND DISCUSSION
Preparation and Characterization of Liposomes. Liposomes

were composed of egg phosphatidylcholine (Egg PC),
cholesterol (Chol), N-(carbonylmethoxypolyethylene
glycol 2000)-1,2-distearoyl-sn-glycero-3 phosphoetha-
nolamine (DSPE-PEG), and citric acid, ingredients that
are already included in FDA-approved formulations. The
structures of the lipid components and DTZ are pre-
sented in Figure S1 (Supporting Information). Internal
pH and citrate buffer concentration (Figure 2 and Table
S1) were identified as the main factors affecting drug
uptake. Lowering the internal pH from 3 to 2 almost
doubled the uptake capacity (Figure 2A). However, in
the subsequent in vivo experiments, an internal pH of
3 was preferred in order to maximize stability and limit
acid-catalyzed PL hydrolysis. Figure 2B illustrates that, at
pH 3, capture capacity increased with citrate concentra-
tion until 200 mM. At this stage, the internal solution
became iso-osmolar with the external milieu (300
mOsm/kg). Above 300 mOsm/kg, uptake decreased be-

cause of the opposing force of the osmotic gradient

pressure (Figure S2) or the membrane instability caused

by the high ionic strength.23 The drug was mainly cap-

Figure 1. Rationale behind the use of transmembrane pH-gradient liposomes as
antidotes. Similarly to IFE, the vesicles act as sinks to scavenge circulating free
drugs. The transmembrane pH gradient maximizes the quantities that can be cap-
tured. Sequestration of the drug by vesicles in the blood decreases the amounts
of pharmacologically active free drug. In the equations, Cint, Cext, Ddrug, pHint, and
pHext represent the concentration of drug captured, the external drug concentra-
tion, the drug distribution coefficient, and internal and external pH values,
respectively.

Figure 2. Internal buffer parameters influencing DTZ capture. (A)
The greater the gradient between internal and external pH values,
the more efficient the capture (buffer concentration 150 mM, val-
ues represent means � SD, n � 3). (B) Capture increases with
buffer strength until iso-osmolarity is reached (buffer pH 3, val-
ues represent means � SD, n � 3). Values are normalized for the
amount of PL in the formulation.
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tured inside the vesicles and not adsorbed on their sur-

face as indirectly revealed by the complexation of DTZ

with encapsulated bromophenol blue inside the lipo-

somes (Figure S3) and the augmentation of uptake ca-

pacity with entrapped volume (Figure S4). The lipo-

somes were relatively stable in biological fluids with a

minimal internal pH increase when incubated in 80%

plasma at different concentrations (Figure S5). The sta-

bility of the pH gradient comes from the limited perme-

ability of charged molecules (e.g., protons) through the

hydrophobic phospholipid membrane and from the

high buffering capacity of the entrapped citrate. Simi-

larly, a complementary experiment showed that the ci-

trate buffer remained trapped in the liposomes in vivo

after intravenous (i.v.) injection, as indicated by the par-

allel blood profiles of radiolabeled lipid and citrate (Fig-

ure S6).

Uptake of DTZ and Comparison with Other Formulations. Fig-

ure 3 charts DTZ uptake in HEPES-buffered saline (HBS)

and in the presence of 50% plasma by different colloi-

dal formulations, including the commercially available

IFE Intralipid. Transmembrane pH-gradient liposomes

surpassed the IFE (Intralipid 20%) by 40-fold in terms of

capture capacity. They were also largely superior to

neutral liposomes with an internal pH of 7.4 and nega-

tively charged liposomes (prepared with anionic 1,2-

dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) in-

stead of Egg PC), which have recently been reported in

the literature to be potential detoxifying systems but

were never tested in vivo.24,25 The presence of plasma

reduced the uptake capacity of transmembrane pH-

gradient liposomes by about 35%. This was substan-

tially better than IFE which experienced a loss of more

than 3-fold DTZ uptake in plasma. The superior uptake

capacity of the transmembrane pH-gradient liposomes

over the IFE was confirmed with another, more hydro-

philic basic drug, bupivacaine (Figure S7). In a clinical

context of drug overdose, this higher capture efficiency

is of paramount importance because it would translate

into much lower administered doses, shorter adminis-

tration times, and faster onset of action. The smaller

amounts injected also reduce the risks of metabolic dis-

orders and other adverse effects potentially associated

with lipid perfusion.11

Impact of Liposomes on the PK of DTZ and DAD. When given

alone, DTZ has a high, nonphysiological volume of dis-

tribution (Vd) ranging between 1.5 and 4 L/kg in rats26

and slightly superior in humans.27 This implies that DTZ

is highly distributed in tissues and only a small fraction

circulates in the blood. The DTZ metabolite DAD pos-

Figure 3. DTZ capture by different formulations in the pres-
ence of plasma. Values represent means � SD, n � 3. Values
are normalized for the amount of PL in the formulation; # p
� 0.05 vs same formulation in HBS, * p � 0.05 vs liposomes
EPC/Chol internal pH 3 in plasma.

TABLE 1. PK Parameters for DTZ and DAD in the Presence
and Absence of Liposomes (Mean � SD, n � 7�8, * p �
0.05 vs Control)

control liposomes
difference

(fold)

DTZ Cmax (ng/mL) 2421 � 871 33698 � 8135* 14
AUC(0�6h) (ng · h/mL) 1520 � 445 9188 � 1671* 6
t1/2 (h) 0.86 � 0.48 0.92 � 0.38
Vd (mL/kg) 2141 � 548 105 � 37* 20
Cl (mL/h) 1091 � 276 180 � 34* 6

DAD Cmax (ng/mL) 2430 � 1032 30583 � 8045* 13
AUC(0�6h) (ng.h/mL) 1213 � 605 30951 � 13459* 26
t1/2 (h) 0.59 � 0.22 0.72 � 0.75

Figure 4. Plasma concentrations of DTZ and DAD in control and
liposome-treated rats. (A) Influence of liposomes on DTZ is seen
mostly during the distribution phase. (B) Liposomes also cap-
tured DAD, and the effect was more prolonged than with DTZ.
Mean � SD (n � 7�8), lines are used as eye-guides only.
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sesses around 25�50% of the pharmacological activity
of the parent drug.28,29 It is produced by lung, liver, and
blood esterases.30�32 Its PK profile in rats is similar to
that of DTZ, with high Vd and rapid plasmatic clearance
(Cl).26,29,30 The large Vd, combined with high plasma
protein binding (70�80%) of DTZ and DAD, explains
the inadequacy of conventional hemodialysis and he-
moperfusion detoxification techniques.33 It also justifies
the need for effective circulating colloidal detoxifying
agents to limit distribution toward the peripheral com-
partments.34 The in vivo experimental procedure fol-
lowed in this article was aimed at characterizing the in
situ uptake of DTZ.

DTZ was administered intravenously to avoid exten-
sive metabolism via the first-pass effect and to allow
the determination of main PK parameters. Figure 4,
Table 1, and Table S2 show the PK profiles and param-
eters of DTZ (A) and DAD (B) in the absence and pres-
ence of a preinjected bolus of transmembrane pH-
gradient liposomes. Due to the rapid distribution of
intravenously injected DTZ, the antidote was adminis-
tered before the drug. This allowed a better monitoring
of the uptake process. It is clear, however, that in an
oral overdose context, the liposomes would be given
after drug ingestion. In the control group, the PK of i.v.-
injected DTZ and DAD was similar to that reported in
the literature for similar doses.26,29,30 The impact of lipo-
some administration on the blood profile of DTZ was
predominant in the early distribution phase of the drug,
with a maximum plasma concentration (Cmax) 14-fold
higher than in the control group (Figure 4A and Table
1). This resulted in a 20-fold lower Vd and a 6-fold in-
crease in the area under the plasma concentration ver-
sus time curve (AUC(0�6h)). The increment of plasma
drug exposure reflected early confinement in the blood
compartment. The action of liposomes on DTZ PK de-
clined over time until 2 h after the injection. After that
time, the blood levels in both groups were superim-
posed. Hence, the terminal elimination half-lives (t1/2)
remained similar, and the decrease in Cl can be mainly
explained by the reduced Vd.

Interestingly, the outcome of liposome pretreat-
ment on DAD exposure was much more pronounced
(Figure 4B). Liposomes enhanced the Cmax and AUC(0�6h)

by 13- and 26-fold, respectively. Although Vd could not
be calculated because DAD is not the sole metabolite of
DTZ, these findings confirm that the most important ac-
tive metabolite of DTZ could also be captured and se-
questered in the blood compartment. The effect of lipo-
some pretreatment on the metabolite was maintained
for more than 2 h after DTZ injection, resulting in the
higher increase in AUC(0�6h) compared to the parent
drug (6- versus 26-fold increase for DTZ and DAD, re-
spectively). This difference in effectiveness is difficult to
rationalize as DTZ and DAD have the same pKas (7.57
� 0.05 for DTZ and 7.68 � 0.05 for DAD), the same af-
finity for plasma proteins and their capture in liposomes

in vitro was found to be identical (Figure S8). However,

it can be hypothesized that, by heightening the concen-

tration of drug in the blood pool, liposomes may aug-

ment the DTZ exposure to the blood esterases, making

the newly formed metabolite readily available for cap-

ture by circulating liposomes. Indeed, Figure S9 sup-

ports such a mechanism. In this experiment, DTZ was

loaded into liposomes and the latter were incubated in

whole blood for 4 h. During that period, intravesicle

DAD concentration rose by 4-fold, while that of DTZ de-

creased. Such an effect was not observed for DTZ-

loaded liposomes incubated in HBS.

Impact of Liposomes on the Pharmacological Activity of DTZ.

In subsequent experiments, the influence of liposomes

on the hypotensive activity of DTZ was monitored for

60 min (Figure 5 and Table S3). The first set of experi-

ments examined the effect of an i.v. bolus of 5 mg/kg

DTZ (Figure 5A), while the second studied the hemody-

namic response to a bolus (5 mg/kg) followed by con-

Figure 5. Influence of liposomes on the hypotensive effect of DTZ. (A)
After a bolus injection of DTZ, the liposomes minimized the drop in blood
pressure. (B) Effect of liposomes was more pronounced when higher DTZ
doses were perfused over 1 h. Mean � SD (n � 5�6).
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tinuous i.v. perfusion (8 mg/kg/h) (Figure 5B). This sec-
ond dosing schedule was chosen to evaluate if
liposomes were able to maintain their efficacy when
higher DTZ doses were administered. Figure 5A shows
the relative variation of mean arterial blood pressure
(MAP) after a single bolus of DTZ. A significantly lower
maximum pressure drop (�Max) was seen when lipo-
somes were injected into rats. Likewise, the mean hy-
potensive action of DTZ, assessed by the area under the
relative pressure versus time curve (AUC(0�60min)), also
decreased significantly. After the initial drop in blood
pressure, the recovery profiles were parallel, in agree-
ment with the PK data, suggesting that liposomes ex-
ert most of their effect during the distribution phase
when DTZ concentrations are high. Figure 5B illustrates
the hemodynamic profile when rats were continuously
perfused with DTZ, following the administration of a
bolus. These conditions allowed the administration of
higher drug doses with a dosing schedule that could be
related to the blood exposure observed with sustained
DTZ oral absorption. Once again, liposomes attenuated
the hypotensive effect of DTZ, as revealed by 1.5- and
1.7-fold decreases in �Max and AUC(0�60min), respec-
tively. These findings suggest that the sequestration of
DTZ and DAD can partially abrogate the pharmacologi-
cal activity of DTZ. Likewise, even when higher doses
are administered in a sustained fashion, long-circulating
liposomes maintain their detoxifying properties.

CONCLUSION
Stable liposomes with a transmembrane pH gradient

were designed to trap DTZ and its active metabolite both

in vitro and in vivo. In a simple i.v. model, the formulation

was shown to diminish the pharmacological hypotensive

effect of the drug after a single bolus injection and sus-

tained perfusion. On the basis of this optimistic proof of

concept, further studies are anticipated to focus on ex-

perimental designs closer to a clinical intoxication con-

text. However, the unique properties of liposomes, which

combine well-established innocuousness, long circula-

tion properties, and efficient drug capture, strengthen the

belief that they could be a viable alternative to IFE and

other scavenging particulate systems in

development10,35,36 for the treatment of CCB overdose.

Moreover, because the ion-trapping phenomenon ap-

plies to most ionizable molecules, it is believed that the

versatility of the formulation could straightforwardly

transpose to a variety of other drugs.34 The latter feature

is particularly important, given recent interest in develop-

ing pluripotent universal antidotes.37 Finally, one impor-

tant issue that will have to be addressed in the future is

the necessity of PEGylating the liposomes. Intoxication

with sustained release oral formulations of CCB will prob-

ably require scavenging formulations that remain in the

circulation for prolonged periods of time. However, while

PEG-phospholipids are useful to provide the liposomes

with stealth properties, they have also been associated

with complement-activated pseudoallergic reactions.38,39

In the context of drug overdose, the relatively large dose

of liposomes that may be given to treat the intoxication

may obviate the need to PEGylate the liposomes given

that the saturation of the MPS might suffice to increase

their biological half-life.40

METHODS
Preparation of PEGylated Liposomes with Transmembrane pH Gradient.

Liposomes were prepared by the film hydration/extrusion
method.41 Briefly, Egg PC, Chol, and DSPE-PEG (58:38:4 mol %)
(NOF Corporation, Tokyo, Japan) were dissolved in chloroform.
After evaporation of the solvent, the dried film was hydrated for
at least 1 h with a buffer solution of citrate and extruded through
400 and 200 nm polycarbonate membranes with a LiposoFast
manual extruder (Avestin, Ottawa, ON, Canada) to yield �200
nm vesicles (PdI � 0.2, as determined by dynamic light scatter-
ing). The pH gradient was generated by replacing external citrate
buffer by isotonic HBS (20 mM HEPES, 144 mM NaCl) or normal
saline solution (150 mM NaCl) either by size exclusion chroma-
tography (SEC) on a Sephadex G-50 (Sigma, St. Louis, MO) col-
umn (25 cm height, 1.5 cm width) or by dialysis for �6 h on a
Spectra/Por membrane with a molecular weight cutoff of 300
kDa (Spectrum Laboratories, Rancho Dominguez, CA). For the in
vivo experiments, liposomes were concentrated by ultrafiltration
on Amicon-4, 300 kDa centrifugal filter units (Millipore, Billerica,
MA). Lipid concentration was quantified by the phosphorus
assay.42

In Vitro Uptake Studies. Liposomes were incubated at 37 °C un-
der horizontal shaking in buffer in the presence of [3H]-DTZ
(60�87 Ci/mmol, Perkin-Elmer, Waltham, MA, and [3H]-DAD for
experiments in the Supporting Information). After 1 h of incuba-
tion, they were separated from the free drug by SEC on a Sepha-
dex G-50 or Sepharose CL-4B (Sigma) column (20 cm height, 1.5
cm width) with HBS, pH 7.4, as mobile phase. Fractions of 1 or 2
mL were collected (up to 34 mL total volume), and radioactivity

in each fraction was assessed by scintillation counting (Liquid
Scintillation Analyzer, Tri-Carb 2100TR, Packard, Meridan, CT).
The fraction of drug captured was determined by the ratio of
the area under the radioactivity versus elution volume curve for
liposome-containing fractions (7 to 12 mL) over the total area un-
der the curve. The quantity of drug captured was normalized
by the amount of PL in solution. The default incubation buffer
was isotonic HBS, pH 7.4, except when 50% rat plasma/HBS, pH
7.4, was included. The default drug concentration was 1 mM with
a drug-to-PL molar ratio of 0.4 (liposome concentration of 2.5
mM of PL).

PK Studies. All animal studies conducted were approved by
the Animal Welfare and Ethics Committee of the University of
Montreal in accordance with Canadian Council on Animal Care
guidelines. Male Sprague�Dawley rats (300�350 g) (Charles
River, Montreal, QC, Canada) were injected in the subclavian vein
with liposomes (275 mg/kg), followed 2 min later by DTZ (5 mg/
kg), under isoflurane (2%) anesthesia. From each rat, 500 �L
blood samples were collected in EDTA-coated Microtainer (BD,
Franklin Lakes, CT) via the subclavian vein, under anesthesia, at
5, 15, 30 min, 1, 2, 4, and 6 h. Plasma was separated immediately
from blood cells by centrifugation at 2000g for 10 min, and
samples were kept at �20 °C until further use. Seven and 8 ani-
mals were included in the control and treatment groups,
respectively.

Calculations of PK Parameters. PK data were treated by noncom-
partmental analysis of plasma concentration versus time pro-
files. Cmax corresponded to the maximum concentration meas-
ured, while C0 was extrapolated as the Y intercept of linear least-

A
RT

IC
LE

VOL. 4 ▪ NO. 12 ▪ BERTRAND ET AL. www.acsnano.org7556



squares regression on the semilog plot of the plasma
concentration versus time curve using the first 3 to 4 points of
the curve. Vd was determined by dividing the injected dose by
C0. The apparent first-order terminal elimination rate (Kel) was es-
timated by linear least-squares regression on the semilog plot
of the plasma concentration versus time curve with the last 3 to
4 points of the curve; t1/2 was assessed as ln(2)/Kel. AUC(0�6h) val-
ues were calculated by the trapezoidal method from 0 to 6 h. Ar-
eas under the blood concentration vs time curve from time zero
to infinity (AUC(0-	)) were calculated by adding AUC(0�6h) to the
ratio of the last measurable concentration to Kel. Total Cl was
quantified as the injected dose (5 mg/kg) divided by AUC(0-	).

DTZ Extraction and High Performance Liquid Chromatography (HPLC).
The extraction method was adapted from a previously pub-
lished study.43 Fifty microliters of a 10 �g/mL solution of imi-
pramine was spiked as internal standard to 220 �L of thawed
plasma. After alkalinization of the plasma (with 50 �L of 0.1 N
NaOH), DTZ was extracted twice with 1 mL of diethyl ether. The
organic phase was evaporated to dryness under mild heating
(50�60 °C), dissolved in 100 �L of diethylether, and back-
extracted with 85 �L of acetate buffer, pH 5.5 (50 mM acetic
acid). DTZ content in 60 �L of the aqueous phase was meas-
ured at 237 nm by reverse-phase HPLC in a system equipped
with a 1525 binary pump, a dual wavelength absorbance detec-
tor, mounted with an Ascentis C18 column (15 cm 
 4.6 mm, 3
�m) and Breeze chromatography software version 3.3 (Waters,
Milford, MA). The flow rate was set at 1 mL/min for H2O/acetoni-
trile (ACN) gradient elution of 30¡70% ACN in 25 min, fol-
lowed by a return to initial conditions over 2 min. Trifluoroace-
tic acid 0.1% (v/v) was added to the mobile phase as a charge
stabilizer. Elution times of DAD, DTZ, and the internal standard
were 6.0, 8.8, and 10.7 min, respectively. Linearity of a 12-point
calibration curve was achieved for concentrations ranging from
10 to 10 000 ng/mL with a quantification limit above 10 ng/mL
for DTZ and 50 ng/mL for DAD. For mean calculations, values un-
der the quantification limit were set at 0 ng/mL.

Pharmacological Activity of DTZ. The pharmacodynamic study of
DTZ was carried out on Sprague�Dawley rats with left femoral
vein and artery catheterized with polyethylene-10 tubing (Folio-
plast SA, Sarcelles, France) under pentobarbital anesthesia (65
mg/kg). Arterial access was connected to a pressure transducer
for continuous measurement of systolic and diastolic blood pres-
sures by Chart software version 5.5.6 (AD Instruments, Colorado
Springs, CO). MAP was calculated as (2/3 diastolic � 1/3 systolic
pressure). During hemodynamic monitoring, the animals were
maintained under continuous isoflurane (2%) anesthesia. After
recording basal hemodynamic parameters for at least 20 min,
venous access was used for the injection of identical volumes of
either normal saline solution or pH-gradient liposomes (275 mg/
kg), followed by DTZ (5 mg/kg) 2 min later. After each bolus in-
jection, the catheters were rinsed with 300 �L of heparinized
normal saline (100 UI/mL). In the perfusion experiment, DTZ 1
mg/mL solution was initiated at 8 mL/kg/h right after DTZ bo-
lus. Pressures were measured for 1 h after DTZ dosing. Five rats
were included in all groups except in the liposome perfusion
group where 6 animals were studied.

Statistical Analysis. Statistics were computed with SigmaPlot
11.0 software (SPSS, Chicago, IL) (Table S4). Differences in group
means were calculated by standard unpaired t-test,
Mann�Whitney U test on ranks, or Kruskal�Wallis test on ranks
followed by Student-Neuman-Keuls test. Nonparametric tests
were used when samples failed tests for equality of variance
and/or normality with the Kolmogorov�Smirnov test. A value
of p � 0.05 was considered significant.
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