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Selective non-covalent triggered release from liposomesw
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A zinc(II)-dipicolylamine coordination complex selectively associates

with anionic liposomes, including sterically protected PEGylated

liposomes, and causes rapid leakage of encapsulated contents.

Encapsulating drugs inside liposomes is a well-known method

of reducing drug toxicity and improving therapeutic efficacy.1

The current generation of government approved liposome/

drug formulations use passive diffusion processes to release the

drug, which makes it hard to regulate the delivery.2 One of the

goals of nanomedicine is to improve liposome-based formulations

by developing strategies to trigger drug release with spatiotemporal

control.3 The literature on triggered release liposomes includes

systems that leak their encapsulated aqueous contents upon

changes in local environmental factors such as temperature,4

pH,5 light,6 and ultrasound.7 There are also liposome systems

that become leaky after selective chemical bond cleavage.8

Althoughmany chemicals are known to disrupt bilayermembranes,

the concept of selective non-covalent triggered release from lipo-

somes is surprisingly underdeveloped.9 A likely reason for this

situation is the challenge to find a liposome composition that can be

selectively lysed by an exogenously added chemical that otherwise

has little affinity for the host cell membranes. Previously, we have

reported that zinc(II)-dipicolylamine (ZnDPA) coordination com-

plexes have a remarkable ability to selectively associate with anionic

bilayer membranes and not associate with zwitterionic membranes

that are characteristic of healthy mammalian cells.10 We have

utilized this membrane selectivity to develop in vivo imaging probes

that target localized populations of anionic cells, such as apoptotic

mammalian cells or bacteria, within living animal models.11 Here,

we propose a new application using ZnDPA complexes; that is, a

novel method of non-covalent triggered drug delivery (Scheme 1).

We envision a two-step dosing strategy. The mammalian subject is

treated intravenously first with appropriately functionalized,

anionic liposomes that are filled with drugs. After time to allow

liposome accumulation at the site of disease, a subsequent dose of

ZnDPA complex targets the liposomes and induces leakage of the

encapsulated drugs. A strategic advantage with this method of

triggered liposome release is that it does not require any

knowledge of the anatomical location of the site of disease.

Herein, we describe in vitro liposome studies that demonstrate

proof of the general concept.

The liposomes used in this study incorporated different ratios

of three polar lipids, phosphatidylcholine (PC, zwitterionic head

group), cholesterol (uncharged head group), and phosphatidyl-

serine (PS, anionic head group). PS was chosen as the anionic

target phospholipid for several reasons. It is typically the most

common anionic phospholipid in the plasma membrane of

healthy cells (5–15% of total phospholipid),12 but it is sequestered

almost exclusively in the inner leaflet of the plasma membrane

and not available for targeting by a hypothetical intravenous dose

of ZnDPA complex 1. In comparison, a perfused disease-site

containing a population of exogenous, PS-rich liposomes is expected

to be a distinctive and biocompatible binding target for 1.

Furthermore, it is known that association of metal cations or

Scheme 1 Triggered release from liposomes.
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cationic molecules with PS-containing liposomes can induce

membrane phase separation,13 a process that can enhance

liposome leakage.14 Thus, the initial experimental goal was

to ascertain if ZnDPA complex 1 could act as a chemical

trigger and induce selective leakage of water-soluble contents

from PS-rich liposomes.

A standard carboxyfluorescein (CF) leakage assay was

employed to measure liposome release.15 Using film hydration

and nanopore extrusion methods, the CF is trapped in high

concentration (50 mM in 5 mM TES, 145 mM NaCl, pH 7.4)

inside unilamellar liposomes (B200 nm diameter), which

produces self-quenching of the fluorescent dye. Leakage from the

liposomes leads to dilution of the CF and a large increase in

fluorescence intensity. The first leakage experiments encapsu-

lated a solution of CF inside anionic liposomes composed of

DPPC : cholesterol : POPS 67 : 28 : 5 (10 mM total lipid).z
Addition of Zn(NO3)2 or the apo-ligand of 1 (see ESIw) to a

sample of the liposomes did not induce leakage, but as shown in

Fig. 1, addition of chemical trigger 1 (10 mM) produced rapid and

substantial dye release into the external solution (Table 1, entry 1).

Negligible leakage was induced when the experiment was repeated

with zwitterionic liposomes composed of DPPC:cholesterol 67 :28

(Fig. 1 and Table 1, entry 2). This outcome was expected because

ZnDPA complexes, such as 1, hardly associate with liposomes

having zwitterionic surfaces (mimic of healthymammalian cells). In

other words, the 5 mol% of anionic PS is an essential component

for ZnDPA complexation and triggered leakage. A more subtle

result is the observation that replacing the unsaturated POPS with

saturated DPPS leads to a significant decrease in the amount of CF

release (Table 1, entry 3). This is a remarkable effect considering the

small fraction of the PS component (5 mol%) within the liposome

membrane and the very close structural similarity of DPPS and

POPS. Another important observation is that changing the

saturated DPPC to unsaturated POPC (that is, using liposomes

composed of POPC: cholesterol :POPS, 67 : 28 : 5) also eliminated

most of the triggered release effect (Table 1, entry 4).

Additional leakage studies were conducted to shed light on the

release mechanism. Previously, we have reported that a structurally

different family of ZnDPA complexes can promote CF transport

across liposome membranes using an anion counter-transport

mechanism that involves direct coordination of the anionic

CF with the lipophilic ZnDPA complex.15 In that case, CF

transport was inhibited by the presence of anionic phospho-

lipids. In contrast, the leakage process under study here

is promoted by anionic phospholipid. Additional evidence

that 1 does not employ the same anion counter-transport

mechanism is the data in Fig. 2 showing that 1 triggers the

leakage of uncharged glucose.16 The observation of glucose

release is not only mechanistically important, but practically

significant, as it suggests that 1 (or a next generation version)

can trigger the leakage of any encapsulated water soluble

analyte regardless of its charge. Another experimental result

with important practical implications is the observation that 1

can trigger leakage from liposomes that are coated with long

polyethyleneglycol (PEG) chains. It is well known in the drug

delivery literature that circulation lifetime in the blood stream is

greatly extended if the liposomes are PEGylated; that is, they

incorporate a small fraction of amphiphilic DPPE-PEG2000 to

sterically block self-aggregation of the liposomes and interaction

with serum proteins.17 In the case of PS-rich liposomes, extensive

steric protection is needed to prevent association with high-affinity

blood coagulation proteins and liposome uptake by the mono-

nuclear phagocytic system.18 But a potential strategic drawback

with steric protection is diminished ability to release the liposome

contents.8f However, entries 5–8 in Table 1 indicate that 1 can

Fig. 1 Percent CF release induced by addition of 1 (10 mM) at 60 s to

liposomes (10 mM total lipid containing 50 mM CF) in 5 mM TES,

145 mMNaCl, pH 7.4, followed by liposome lysis with 20% (v/v) Triton

X-100 (20 mL) at 420 s. (red squares) Anionic DPPC :Cholesterol : POPS,

67 : 28 : 5; (blue crosses) Zwitterionic DPPC :Cholesterol, 67 : 28.

Table 1 Percent release of CF from liposomes upon exposure to
chemical trigger 1a

Entry

Membrane composition

DPPC POPC DPPS POPS DPPE-PEG2000 Chol. % Rel.b

1 67 0 0 5 0 28 55
2 67 0 0 0 0 28 3
3 67 0 5 0 0 28 4
4 0 67 0 5 0 28 9
5 67 0 0 5 2 28 63
6 67 0 0 5 8 28 84
7 67 0 0 0 2 28 24
8 67 0 0 0 8 28 19

a Percent release at 120 s after addition of chemical trigger 1 in buffer

(5 mM TES, 145 mM NaCl, pH 7.4); [total lipid] = [1] = 10 mM;

37 1C. b Uncertainty o10% of the number.

Fig. 2 (red squares) Percent glucose release induced by addition of 1

(10 mM) at 0 s to anionic liposomes (DPPC:Cholesterol :POPS, 67 :28 :5;

10 mM total lipid containing 0.3 M glucose) in 5 mM TES, 145 mM NaCl,

pH 7.4, followed by liposome lysis with 20% (v/v) Triton X-100 (20 mL) at
580 s. (blue crosses) Identical experiment but with no addition of 1.
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trigger CF leakage effectively from sterically protected PEGylated

liposomes containing DPPE-PEG2000. Indeed the presence of

DPPE-PEG2000 actually increases the amount of triggered release.

This is not surprising since DPPE-PEG2000 contains an anionic

phosphate diester head group that can promote membrane associa-

tion of lowmolecular weight, chemical trigger 1. The fact that 1 can

trigger leakage from sterically protected liposomes suggests that the

leakage mechanism does not involve a liposome fusion process.19

Furthermore, dynamic light scattering measurements of liposomes

treated with 1 show no significant change in the hydrodynamic

diameter, which is not only evidence against liposome fusion but

also against a lysis process that converts the liposomes intomicelles.

The data indicates that the ternary mixture of cholesterol,

saturated DPPC, and unsaturated POPS is a key factor for efficient

triggered release by ZnDPA complex 1. The membrane phase

behavior of this type of ternarymixture has been studied extensively

and phase separation is a common phenomenon.20 It is known that

binding of externally added Ca2+ to liposomes composed of

cholesterol, saturated PC, and unsaturated PS induces phase

separation and internal membrane budding.21 In the present case,

DSC scans of liposomes composed of DPPC:cholesterol :POPS

67 :28 :5 show that the presence of chemical trigger 1 induces a

weak transition at about 44.5 1C (see ESIw). We propose that

association of cationic ZnDPA 1 with the anionic POPS head

group induces domain formation and perhaps phase separation.

This creates line tension and mismatched membrane thickness at

the domain interfaces, which promotes liposome leakage.14

Consistent with this model is the observation that triggered CF

leakage from liposomes composed of DPPC:Cholesterol :POPS

67 : 28 : 5, decreases substantially upon warming from 25 1C

to 65 1C (Table S3, ESIw). At increased temperature, the

DPPC :Cholesterol : POPS 67 : 28 : 5 liposome membrane is

more disordered (similar to entry 4, Table 1) and less suscep-

tible to domain formation induced by association of 1 with the

POPS head groups.

All the above results were obtained using 10 mM of chemical

trigger 1, however, concentrations as low as 2 mM can induce

decreased but significant amounts of liposome leakage (Table S2,

ESIw). A goal for future study is to optimize the structure of the

chemical trigger and also the liposome membrane composition

for efficient triggered release under pharmaceutically relevant

conditions. A final point is the possibility of toxicity induced by

the chemical trigger. Standard cell vitality assays showed that

chemical trigger 1 is not toxic to human cells (see ESIw) which
agrees with the lack of toxicity seen in previously published cell

and animal imaging studies using ZnDPA probes. This work was

supported by the NIH (USA) and the University of Notre Dame.
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