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ABSTRACT
Introduction: Liposomes are nanospheres of lipid bilayer which can bind drug either in the
phospholipid membrane or in the central aqueous droplet. Liposomes loaded with a drug can
facilitate drug delivery, and empty liposomes can sequester certain drugs to reduce aqueous
drug concentrations in experimental intoxication. Therapeutic dialysis in intoxication is limited
by drug volumes of distribution and blood protein binding. In rats intoxicated with intravenous
amitriptyline, we examined adding intravenous membrane-binding 1,2-dioleoyl-sn-glycero-3-
phosphoglycerol (DOPG) liposomes to liposome supported peritoneal dialysis (LSPD) in which
liposomes in dialysate were augmented with an acidic core. The hypothesis was that a “gradient
of liposome affinity” would increase LSPD amitriptyline concentrations.
Methods: Seven control and five intravenous DOPG liposome pre-treated rats were injected
with amitriptyline, followed 10min later by a 10-min LSPD dwell.
Results: DOPG liposomes increased blood amitriptyline concentrations by 50%; control (median
[IQR] 1250 [951–1356] nmol/L; intravenous DOPG 1702 [1602–1864] nmol/L, p¼ 0.032). However,
there was no corresponding increase in LSPD dialysate amitriptyline concentrations at the end
of the dwell; control (median [IQR] 430 [334–2180] nmol/l, intravenous DOPG 414 [387–483]
nmol/L p¼ 0.75).
Conclusions: Pre-treatment with DOPG liposomes decreased amitriptyline volume of distribution
but had no significant effect on elimination of amitriptyline by LSPD.
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Introduction

Liposomes are nanosphere sacs of phospholipid
bilayer enclosing an aqueous droplet, currently in
clinical use as controlled release vectors for targeted
drug delivery. Liposomes can bind drug either
through electrostatic interaction in the membrane
(where both the phospholipid amphiphile and the
lipid tail play a role) and via entrapment of drug in
the aqueous core. Entrapment in the aqueous core is
driven by ion trapping – pH of the liposomal centre
is altered such that weak acids or bases pass through
the liposome membrane, become charged in the aque-
ous centre, and are entrapped. These pH gradient lip-
osomes generally have greater binding avidity for
drug than those which bind drug in the membrane
alone [1]. A growing body of experimental work dem-
onstrates antidotal effect when the site of liposome
drug loading is changed to in vivo [1,2]. Use of

“empty” liposomes injected intravenously has amelio-
rated drug toxicity in animal models of dabigatran,
calcium channel blocker and tricyclic antidepressant
(TCA) toxicity [3–6]. Factors such as complement
activation limit the dose (and thus binding capacity)
of “empty” intravenous liposomes and thereby limit
the effectiveness of this approach [2].

Limitations of both hemodialysis and peritoneal
dialysis include large volumes of distribution (small
fraction of drug in the blood), and significant blood
protein binding of drugs commonly taken in overdose
[7]. Liposome supported peritoneal dialysis (LSPD)
may overcome these limitations and, ameliorate
intoxication in animal models [8,9]. In LSPD dialys-
ate, capacity and avidity for drug is increased by the
addition of acidic centre liposomes. Compared to
peritoneal dialysis, LSPD increases amitriptyline con-
centrations in dialysate and appears to offset protein
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binding in blood [8,9]. One-third of amitriptyline in
peritoneal bloodflow was estimated to be extracted
into LSPD in a rat model [9], compared with reported
low single digit blood free percentages which
appeared to equilibrate with unaugmented dialysate in
previous models [9,10]. LSPD may overcome protein
binding of drug in blood flowing through the periton-
eal membrane. We proposed that intravenous nano-
particles with reversible drug-binding properties could

increase blood drug carriage and could further
increase drug concentrations in LSPD dialysate.

1,2-Dioleoyl-sn-glycero-3-phosphoglycerol (DOPG)
liposomes (negatively charged liposomes) composed
of DOPG/N-(carbonyl-methoxypolyethyleneglycol
2000)-1,2-dipalmitoyl-SN-glycero-3-phosphoethanol-
amine (DPPE mPEG2000) with a pharmacologically
inert core may bind drug via electrostatic interaction
within the membrane. Such DOPG liposomes have
bound TCA in vitro in suspensions of blood cells and
plasma proteins [11], exhibited reversible TCA bind-
ing characteristics [12], and have effected hemo-
dynamic recovery from TCA toxicity in experimental
rabbit models [5].

DOPG liposomes in blood reversibly bind amitrip-
tyline, and it is possible that amitriptyline bound in
these liposomes could move into a higher affinity
dialysate (Figure 1). The hypothesis tested in this
study is that increased blood amitriptyline concentra-
tions caused by binding to intravascular DOPG lipo-
somes will lead to increased amitriptyline
concentrations in LSPD. If successful, this technique
would offer a potential mitigant to current limitations
of dialysis in poisoning.

Materials and methods

Liposome/dialysate preparation

Liposomes were batch prepared in the School of
Pharmacy laboratory, University of Auckland one
week prior to use. Pure lipids (54% dipalmitoylphos-
phatidylcholine [DPPC], 45% cholesterol and 1% 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (DSPEmPEG
2000); and 95% DOPG 5% DPPEmPEG, respectively
as molar ratios) were dissolved in a 75:25 volume
ratio of chloroform and methanol at a final total lipid
concentration of 30mg/ml. Total lipid weight was
1000mg for DPPC and 400mg for DOPG based lipo-
somes. Lipids were dried in the vial under a stream of
nitrogen in a water bath at 40 �C until formation of a
dry thin layer of lipid on the vial walls. Citric acid
solution was made by addition of citric acid to deion-
ized water until the target pH of 2 was reached. The
DPPC/cholesterol/DSPE2000 lipid film was rehydrated
with a volume of citric acid solution (pH2) equal to
that of the initial organic solvent to form liposomes.
Bath sonication at 35 kHz of the coarse liposomes was
undertaken for 60min to reduce the size of liposomes
and suspend any particulate matter. The liposome
suspension was then extruded once through a 200 nm
filter (10ml LIPEXTM Extruder (Northern Lipids Inc.,

Figure 1. (a) Amitriptyline in blood exists as protein bound
and unbound. Unbound amitriptyline equlibrates between
blood and peritoneal dialysate. (b) Addition of liposomes with
acidic core in peritoneal dialysate increases the gradient from
blood to dialysate. Protein-bound amitriptyline is in equilib-
rium with unbound amitriptyline and releases amitriptyline in
the blood. (c) Amitriptyline-binding DOPG liposomes in the
blood increase the blood amitriptyline concentration. Study
question: Does addition of amitriptyline-binding DOPG lipo-
somes in the blood promote extraction of amitriptyline
into dialysate?
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Burnaby, Canada) at 400–500 psi at room tempera-
ture. The DOPG/DSPEmPEG2000 lipid film was
hydrated using phosphate buffered saline pH 7.4 to
concentration of 20mg lipid per ml. This was soni-
cated until all lipids were suspended, and then passed
three times through a 100 nm filter. Particle size was
measured using a Malvern Nano ZS Zetasizer
(Malvern Instruments, UK).

Immediately prior to use, DPPC liposomes were
pelleted by centrifugation at 20,000g for 30min, and
then resuspended in peritoneal dialysate solution with
a final concentration of total lipids of 3mg/ml.
Peritoneal dialysate was prepared using commercially
available compound sodium lactate (20ml) with
60mg lipid load of liposomes in suspension. The pH
of dialysate was adjusted to a pH of 7.5 by dropwise
addition of NaOH solution pH 12.8.

Location

The animal study was conducted at the Ruakura
Animal Research facility, Hamilton, New Zealand.
The Ruakura Animal Ethics committee reviewed and
approved all study protocols.

Animals

Fourteen female Sprague–Dawley rats were studied,
all born from January to March 2017 with an age
range of 119–222 days and weight range 310–435 g.
Animals were kept in single gender enclosures with
no chance of pregnancy. Twelve-hour light-dark
cycles (lights on/off at 07:00/19:00 h) and climate con-
trol were maintained. Access to feed and water was
allowed ad libitum until the day of animal utilization.

Animal manipulations

On the day of study animals were sedated with keta-
mine at 50mg/kg (Mayne Pharma Ltd., Auckland,
New Zealand), and xylazine at 4mg/kg (Bayer
HealthCare, Leverkusen, Germany) via intraperitoneal
injection. Animals were then placed on a warming
board at 38.5 �C. An intravenous (IV) cannula was
placed in the tail vein using a needle over catheter
technique (24G� 0.75 in Insyte, BD, Switzerland).
Following dissection of the anterior neck, a tracheos-
tomy tube (14G� 1.77 in Insyte, BD, Switzerland)
was placed under direct vision. Mechanical ventilation
using a small animal ventilator (Inspira ASV, Harvard
Apparatus, USA) was then undertaken with oxygen as
the inspired gas admixed with 2% isoflurane (Merial,

Auckland, New Zealand) via a vaporizer (Somnosuite
Small Animal Anesthesia System, Kent Scientific
Corporation, Torrington, USA) to maintain anesthe-
sia. Electrocardiograph (ECG) electrodes (MLA1213
Needle Electrodes, AD Instruments, Bella Vista,
Australia) were placed in three limbs of the subject
for continuous ECG monitoring (Animal Bio Amp,
AD Instruments, Bella Vista, Australia).

A carotid arterial line was placed under direct
vision using a catheter over needle technique and tied
off (24G� 0.75 in Insyte, BD, Switzerland) allowing
for arterial blood sampling and monitoring of arterial
pressure (BP Amp, AD Instruments, Bella Vista,
Australia). Anaesthesia, mechanical ventilation, and
blood pressure and ECG monitoring were continued
for the duration of the experiment. Hemodynamic
metrics were recorded on a standardized template at
predetermined time points in the experiment.

A 1 cm incision was made in the ventral midline
2 cm below the xyphisternum for placement of a peri-
toneal dialysis catheter. The abdominal muscles were
grasped and elevated with subsequent dissection into
the peritoneal space. A 10 cm fenestrated catheter was
directed into the right lower quadrant and the inci-
sion in the abdominal wall and peritoneal space
sealed by clamping.

Experimental protocol

Following completion of animal manipulations and
collection of baseline metrics, subjects were randomly
assigned to receive either IV DOPG liposomes
100mg/kg lipid load or an equal volume of com-
pound sodium lactate prior to administration of ami-
triptyline. Amitriptyline (Sigma-Aldrich, St. Louis,
USA) dissolved in 0.9% NaCl (2.5mg/ml) was
injected into the tail vein over 2.5min at a dose of
5mg/kg. The end of amitriptyline injection was nomi-
nated time zero (T0).

At 10min following drug administration (T10)
blood was drawn for measurement of amitriptyline
concentrations. Simultaneously 20ml of dialysate/lipo-
some suspension was injected into the peritoneal cav-
ity over 30 s and manually agitated.

At 15 and 20min (T15 and T20) a further blood
sample was drawn for amitriptyline concentration
measurement. Peritoneal dialysate was drawn at T20
for measurement of dialysate amitriptyline
concentration.

At the end of the experimental period mechanical
ventilation was ceased and a terminal bleed was taken
from the carotid arterial line. Death was confirmed by
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absent respiratory efforts and examination of the
ECG trace.

As in previous work by our group [9] a post hoc
estimation of the proportion of amitriptyline from
peritoneal blood flow extracted into peritoneal dialys-
ate was made for each group, termed estimated
extraction ratio (ERest). Total amitriptyline in dialys-
ate was calculated as (20ml)�(concentration in
dialysate at the end of dwell [nmol/mL]), dialysate
volume being considered constant throughout the
dwell period for the purposes of calculation. To esti-
mate drug delivery to the peritoneal membrane,
assumed values for cardiac output in anaesthetized
rats and percentage of the cardiac output to periton-
eum were sourced from the literature at 200ml/min
and 1.5% of cardiac output [13,14]. Over the dwell
time of peritoneal dialysate peritoneal blood flow was
thus estimated at 30ml. ERest was calculated as esti-
mated amount in peritoneum at end of dwell/esti-
mated amitriptyline delivery = (20 � peritoneal
amitriptyline concentration)/(30 � average blood con-
centration for peritoneal dwell).

Amitriptyline assay

Amitriptyline concentrations were measured using a
liquid chromatography-mass spectrometry method
(Sciex 3200 MSD Aglient 1200 series LS, Sciex
[Redwood City, USA]) with isotope matched internal
standards. The whole blood sample was prepared by a
protein crash with acetonitrile, followed by centrifuga-
tion after which an aliquot was presented to the
instrument for analysis. A four-point matrix-matched
standard curve was used to calibrate the analyser for
each run with two levels of quality control.

Statistical analysis

The experiment was powered on the expectation of a
100% increase in average blood amitriptyline concen-
tration over the peritoneal dwell with IV liposomes.
This increase was based on that seen with intravenous
lipid emulsion after oral dosing of amitriptyline [15].
The standard deviation of amitriptyline concentration
in LSPD dialysate in previous work was 30% of the
measured concentration [8]. The hypothesis tested in
this study is that increased blood amitriptyline con-
centrations caused by binding to intravascular DOPG
liposomes will lead to increased amitriptyline concen-
trations in LSPD. We powered for a doubling of
expected dialysate concentrations. The experiment
was powered to 80% at an alpha of 0.05 to detect a

doubling of peritoneal dialysate concentration with
eight subjects in the control group and six in the IV
liposome group [16]. We used nonparametric statis-
tical tests (Kruskal–Wallis and Mann–Whitney) as
appropriate. We made no correction for multiple
comparisons.

Results

Liposome characteristics

DPPC liposomes

Mean DPPC liposome size was 430 nm with a poly-
dispersity index (PDI) (a measure of spread of lipo-
some size) of 0.48 and a mean zeta potential (the
surface charge of liposomes in an aqueous environ-
ment) of �14.5mV. Mean DOPG liposome size was
119 nm with a PDI of 0.1 and a mean zeta potential
of �33.0mV.

Baseline and physiologic data

One animal inadvertantly received one-fifth the dose
of intraperitoneal liposomes in the control group, and
one animal died during experimental manipulation in
the IV liposome group. These were excluded
from analysis.

The dose of amitriptyline was sufficient to cause
hypotension in both groups. A Kruskal–Wallis com-
paring within group mean arterial pressure (MAP)
pre amitriptyline injection, immediately post amitrip-
tyline injection, and at T10 was significant for both
control and IV liposome groups (p¼ 0.032 and 0.007
for control and IV liposome groups, respectively).
There were no statistically significant between group
differences in baseline metrics nor MAP at any time-
point (Mann–Whitney) (Table 1).

Effects of DOPG liposomes on blood and dialysate
amitriptyline concentrations

Intravenous pre-treatment with DOPG liposomes
sequestered amitriptyline in the blood. Total blood

Table 1. Baseline and physiologic data (shown as
median [IQR]).

Control (n¼ 7) IV liposomes (n¼ 5)

Age (days) 210 (171–222) 210 (191–210)
Weight (gm) 360 (342–380) 400 (373–403)
MAP pre amitrip (mmHg) 74 (66–92) 83 (83–90)
MAP post amitrip 58 (56–62) 64 (60–66)
MAP 10min post amitrip 63 (61–66) 73 (63–74)

Pre-amitrip¼ timepoint immediately prior to amitriptyline injection.
MAP post amitrip¼ timepoint immediately post completion of amitritpty-
line injection.
MAP 10min post amitrip¼ timepoint 10min post completion amitriptyl-
ine injection.
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amitriptyline concentrations were higher at all time-
points measured (Figure 2), though differences were
not statistically significant (p¼ 0.07 at T10 and
p¼ 0.051 at T15 and T20, Mann–Whitney). Average
blood concentration of amitriptyline over the period

of dialysate dwell (T10–T20) in the DOPG group was
greater than for controls (median [IQR] 1250
[951–1356] nmol/L for control group; 1702
[1602–1864] nmol/L for DOPG group; p¼ 0.032,
Mann–Whitney; Figure 3).

Figure 2. Blood concentrations of amitriptyline over the time period of the peritoneal dwell.

Figure 3. Average blood amitriptyline concentration over the period of the peritoneal dwell, and dialysate concentration of ami-
triptyline at the end of the peritoneal dwell.
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While IV DOPG liposomes prior to amitriptyline
injection increased blood concentrations there was no
corresponding increase in extraction of amitriptyline
into dialysate. Dialysate concentrations being control
(median [IQR]) 430 [334–2180] nmol/l, intravenous
DOPG 414 [387–483] nmol/L; p¼ 0.75,
Mann–Whitney, Figure 3).

The ERest was greater in controls than in DOPG-
treated animals, but this difference did not reach stat-
istical significance. Median ERest (IQR) was 0.30
(0.2–1.05) for control animals, and was 0.14
(0.14–0.24) for IV DOPG-treated animals (p¼ 0.07,
Mann–Whitney, Figure 4).

Discussion

Liposomal augmentation of peritoneal dialysate has
been shown to increase dialysate drug concentration
in previous models [8,9]. We investigated whether the
addition of less avidly binding liposomes to blood
would further increase dialysate drug concentrations.
Our results showed an increase in blood amitriptyline
concentrations and decreased the volume of distribu-
tion for amitriptyline, but no difference in end dialys-
ate concentrations for the DOPG pre-treated group.
Taken together, these results suggest that pre-treat-
ment with DOPG liposomes increases blood amitrip-
tyline carriage, but amitriptyline in intravascular

liposomes did not move into dialysate meaning there
was no net effect on dialysate amitriptyline
concentration.

Experimental conditions herein differ from those
of clinical intoxication in which the route of intoxica-
tion is predominantly oral and intravenous drug
binders would be given after, rather than before
exposure. While these results are not directly applic-
able to other dosing scenarios, they do suggest that
extra amitriptyline in blood carried in DOPG lipo-
somes was minimally available for exchange into peri-
toneal dialysate. Pharmacologic parameters which
merit consideration for hemodialysis in intoxication
(a volume of distribution less than 2 l/kg and extract-
able fraction of >20%) seem unlikely to be achievable
with this combination of blood/dialysate nanoparticles
for amitriptyline [11,17].

Future work may uncover a blood/dialysate nano-
particle combination holding more promise for even-
tual clinical utility. Lower affinity blood lipid based
particles such as lipid emulsion (e.g. IntralipidVR ),
higher pH acidic centre liposomes, or intravenous
albumin multimers may improve drug extraction
into LSPD.

Given a pKa of 9.7, greater than 99% of amitrip-
tyline is ionized at physiologic pH [18], with signifi-
cant potential for binding to negative amphiphile
liposomes. DOPG liposomes bind amitriptyline in

Figure 4. Estimated extraction ratio for amitriptyline from peritoneal bloodflow into dialysate for controls and IV DOPG liposome
pre-treated subjects.
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the presence plasma of proteins and red blood cells
in vitro and augment recovery from TCA toxicity in
vivo [5,11]. Average concentration results are con-
sistent with TCA sequestration by DOPG lipo-
somes. While we observed no physiologic effects,
our study was not powered to these endpoints.
Further investigation of intravenous negative
amphiphile liposomes as drug binding antidotes is
warranted with some caveats. Intravascular drug
binders present during the absorptive phase of an
enteric intoxication may diminish first pass metab-
olism, paradoxically increasing toxicity [15,19].
Additionally, the binding mechanism of negative
amphiphile liposomes is only moderately selective.
Endogenous molecules with both polar and hydro-
philic domains (e.g. serotonin and other mono-
amines) could theoretically be bound.

This experiment has other limitations. The small
sample size comes with the risk of type II error.
There was, however, no signal for effect for intraven-
ous DOPG liposomes to augment LSPD. We regarded
average blood amitriptyline concentrations as the a
priori measure of interest for effect of DOPG lipo-
somes. A caveat in interpreting this result is differen-
ces did not reach statistical significance at any
discreet timepoint and we did not correct for multiple
comparisons. We used low doses of small intraperito-
neal liposomes relative to other experiments [8],
which may have biased against effect. However,
median ERest was the same as previous work for
LSPD [9] and was similarly greater than ERest for
unaugmented dialysate from that study. This suggests
that dialysate augmentation was effective in the pre-
sent work. Peritoneal dialysis has limited clinical use
in treating drug intoxication partly due to lower
bloodflow relative to hemodialysis.

Future work exploring the use of nanoparticle
drug carriers in ameliorating intoxication could
follow a number of avenues. The use of intraperi-
toneal enzyme containing liposomes to effect
detoxification through metabolism rather than
sequestration is a promising experimental strategy
[20]. Albumin augmented hemodialysis may
increase extraction of protein-bound drugs [21].
Similar hemodialysis experiments could use the
combination of high affinity dialysates/high flux
membranes (HAHF).

Conclusions

Pre-treatment with intravenous DOPG liposomes
increased the time-averaged blood concentrations of

amitriptyline but did not increase LSPD dialysate
concentrations.
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