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Abstract

Targeted drug delivery requires binding to (and subsequent uptake by) the carrier and target cell. In this paper, we calculate the work

required to bring into contact liposomal carriers and cells as a function of the liposome and cell electrostatic characteristics. We find that cell–

liposome adhesion is sensitive to the cell type and optimized at a cell to liposome charge ratio which depends on the degree of cell charge

regulation. As a result, uptake (which is dependent on the occurrence of binding) is also optimized. Incorporation of a (poly)ethylene glycol

(PEG) layer enhances liposome adhesion in cases where the cell– liposome interactions are repulsive, and suppresses adhesion in systems

where the interactions are attractive. Our results, which are in agreement with experimental observations, show that electrostatic interactions

may be designed to enable targeted drug delivery by liposomes to a specific cell population.
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1. Introduction

Recent achievements in drug development, coupled to

advances in biomaterial design, have led to the development

of new therapy approaches. One such strategy is targeted

drug delivery, whereby drugs are delivered only to a specific

cell population or tissue. Targeted delivery is expected to

increase the efficiency and effectiveness of the drug, as well

as enable the use of new (and more potent) drugs. For

example, targeted delivery may be utilized in cancer therapy

to deliver anticancer agents specifically into tumor sites,

thereby increasing efficacy and reducing the toxic effects of

chemotherapy on healthy cells. To achieve this goal, how-

ever, the drug carrier must (1) be able to efficiently bind to,

and be internalized by, the specific target cell population and

(2) have little interactions and no uptake by nontarget cells.

The unique properties of liposomes, which include a

large aqueous interior and a biocompatible lipid exterior,

make them into ideal candidates for drug delivery (see, for

example, Refs. [1–8]). This has led to intensive investiga-

tions of the interactions between liposomes and cells (see,

for example Refs. [1–3,8–14]). Liposome uptake by cells

has been directly linked to the binding stage [1–3]. Internal-

ization may occur through either endocytosis [1–3] or

fusion, depending on the liposome and cell characteristics

[8–10]. The efficacy of cell uptake (by either method) has

been shown to be quite sensitive to cell type [1–3,8–10].

Another parameter that has been shown to affect cell uptake

is the liposome charge: As a rule, cationic liposomes bind to

cells more easily that anionic cells, due to their opposite

charge.1

The use of liposomes in vivo is limited due to their short

circulation time, which has been linked to their recognition

by the immune system [1–8]. Incorporation of polymeric

(poly)ethylene glycol (PEG) chains has been shown to

increase the circulation time of these sterically stabilized

liposomes appreciably when compared to conventional

(PEG-less) liposomes.

How does the PEG affect liposome properties? Models

analysing PEG carrying liposomes divide the interaction

potential into two contributions: One arising from the direct,

van der Waals interactions between the protein (or a surface)

and the lipid bilayer surface, and another due to steric

repulsion provided by the PEG polymer layer [16–19].
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1 It should be noted that anionic liposomes have been found to bind and

be internalized in appreciable numbers by various cell types [1–3,8–15],

thereby possibly indicating the presence of nonelectrostatic mechanisms.
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Thus, these models predict that the polymer layer should

significantly suppress protein adsorption onto the liposome

surface, in agreement with experiments [20,21].

While successfully predicting the interactions between

proteins and PEG-carrying membranes, current models

[16–19] cannot explain the sensitivity of either conven-

tional or sterically stabilized liposome uptake to cell line or

the effect of liposome charge on cellular uptake. In this

paper, we examine the long-range, electrostatic interactions

between cells and liposomes, as a function of the liposome

surface charge and the PEG polymer layer thickness. Cell

properties are accounted for via the cell’s surface charge

density and its degree of charge regulation, namely sensi-

tivity to the electrochemical potential.

Contact between a conventional (i.e., PEG-less) lipo-

some and a cell is easily defined as the limit where the

separation between the liposome membrane and the cell

membrane is of order zero (see Fig. 1a). The work required

to bring the cell and liposome into contact is defined as the

work of adhesion; for repulsive interaction potentials, the

work of adhesion is positive, and for attractive interactions

negative. As may be expected, the time spent in contact

increases with decreasing work of adhesion, thereby

increasing the probability of internalization (whether by

endocytosis or fusion).

Defining contact in the case of PEGilated liposomes is

somewhat more complex, since the PEG chains prevent

direct contact between the cell and the liposome membrane.

However, it is reasonable to assume that, as in the case of

conventional liposomes, the probability of internalization is

proportional to the time the liposome spends in the close

vicinity of the cell. We therefore define, somewhat arbitra-

rily, that contact in the case of PEG-carrying liposomes

correspond to the case where the outer edge of the uncom-

pressed PEG layer is in contact with the cell membrane (see

Fig. 1b). Thus, the work of adhesion in this case is

calculated as the work to bring the liposome membrane to

within a distance D, the PEG layer thickness, from the cell.

We neglect the role of PEG compression (which has been

discusses elsewhere [16–19]), choosing to focus on the

effect of the electrostatic interactions.2

2. Model

We model the cell membrane as a hydrophobic, ion-

impenetrable core carrying a net surface anionic charge. The

curvature of the cell surface is neglected since the cell

diameter is orders of magnitude larger than any other

Fig. 1. A sketch of our system: We model the liposome as a hydrophobic, ion-impenetrable layer carrying a fixed charge, and, possibly, attached PEG polymer

chains. The polymer layer is denoted D. The cell is modeled as an anionic, ion-impenetrable layer. Contact is defined when the edge of the polymer layer comes

into contact with the cell (but is not compressed). The polymer layer is taken to be ion-penetrable, allowing free exchange of salt and counter-ions.

2 As has been shown [16–19], the PEG layer gives rise to repulsive

interactions between the liposomes and substrates. Accounting for this

resistance is essential when discussing liposome internalization through

fusion, where direct contact between the liposome membrane and the cell

membrane is required. However, in the case of endocytosis, internalization

requires only contact between the PEG layer and the cell membrane [1–8].
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length-scale in the system. The liposome is similarly mod-

eled as an ion-impenetrable hydrophobic core that may

carry a charge and/or an ion penetrable layer composed of

the attached polymeric chains, as sketched in Fig. 1. We

make several simplifying assumptions, including taking the

effective cell charge density and liposome charge density to

be relatively low, the solution salt concentration to be high,

and discuss only solutions of monovalent ions. These

assumptions allow us to apply the Debye–Huckel limit of

the Poisson–Boltzmann model [22,23], where the electro-

static potential is taken to be smaller than the entropic

energy. It should be emphasized that we focus here only

on the long-range electrostatic interactions, neglecting all

other possible contributions (e.g. van der Waals, molecular/

biochemical, or the PEG chain compression). Therefore, the

model is valid only for cell– liposome core–core separa-

tions larger than, or equal to, the grafted polymer layer

thickness, and at relatively short time scales before cellular

adjustment and molecular bonding can take place.

The electrostatic potential is defined by the Poisson

relationship. For a one-dimensional system [22]

d2w
dx2

¼ �eqðxÞ
e

ð1Þ

where w is the dimensionless electrostatic potential, e an

electron charge, q is the density of charges, x the distance

from the surface, and e the dielectric constant of the medium

(i.e. water). The charge distribution q is given by the

Boltzmann distribution, which reduces in the limit of low

potential to [22,23]

qðxÞ ¼ nð�eebw þ e�ebwÞc� 2nebw ð2Þ

where n is the overall salt concentration and b=1/kTwhere k

is the Boltzmann coefficient and T the temperature. It is

common to describe the range of electrostatic interactions in

such solutions using the Debye screening length 1/j, where
j=M(2nbe/e). Boundary conditions define the potential at

the cell surface and at the liposome surface, a function of

their charge densities [22,23].

The force (per unit area) between two surfaces is given,

in this low potential, Debye–Huckel limit, by [22–24]

pbcnw2
0 ð3Þ

where w0 is the potential at the point where dw/dx=0. The
work of adhesion, namely the work required to bring the

two surfaces into contact or semicontact (defined as the

point where the separation between the liposome surface

and the cell surface is equal to the thickness of the

unperturbed polymer layer) is given, therefore, by

Wc
Z l

0

pdx ð4Þ

The net charge on the cell surface is not fixed, however,

but is charge regulated. That means that the surface ionic

groups are subject to an equilibrium between dissociated

and nondissociated states determined by the electrochemical

potential. The fraction of dissociated charges, a, depends
therefore on the electrostatic potential, given in the Debye–

Huckel limit by [24]

aca0 þ a1 ebws ð5Þ

where a0, a1 are constants, a function of the ionization

equilibrium coefficient, and ws is evaluated at the appro-

priate surface. Thus, the effective charge of the cell surface

is given by Rc=Rc*(1+a1ebws/a0), where Rc* is the surface

charge on an isolated cell (namely, when ws=0).

3. Results

We first calculate the work of adhesion required to bring

a conventional liposome (namely, one that is not carrying a

PEG polymer layer) into contact with a cell, as a function of

the nominal liposome to cell surface charge density ratio RL/

Rc*.

W ¼
a0Rc*

RL
Rc*

þ 1
h i2

þ2A RL
Rc*

� A2 RL
Rc*

h i2� �

2a1b
2e2n2ð1þ AÞ

ð6Þ

where A=ja1Rc*/2a0n. We see that the work to bring into

contact such surfaces is infinite in the case of nonregulating

cell surface where a1=0 and A=0, unless the surface charges

exactly match so that RL/Rc*=�1. This is in agreement with

the calculations of Parsegian and Gingel [25] who examined

the interactions between two solid, nonregulating charged

surfaces. For a given surface charge ratio, the work of

adhesion decreases rapidly with the degree of the cell charge

regulation, namely A and a1. It should be noted that the

work of adhesion may be repulsive (namely, positive) even

if the cell and the liposome are oppositely charged so that

RL/Rc*<0.

Examining the effect of the polymer layer thickness, D,

on the work to bring into contact a cell with an uncharged

liposome we find

W ¼ Rc*

enb

� �2 j
2nð1þ AÞðð1þ AÞe2jD þ A� 1Þ ð7Þ

Thus, in the case of uncharged liposomes, increasing the

layer thickness decreases the work required to bring the

liposome and cell to contact.

The work to bring a liposome carrying a relatively thin

PEG polymer layer into contact (as defined in Fig. 1) with a

cell is plotted in Fig. 2 as a function of the liposome to cell

charge ratio. We see that the minimum in the work is not

obtained when the liposome charge is exactly opposite to

the cell charge (namely, when RL/Rc*=�1). Calculating the
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charge density ratio at which the minimum work occurs, we

find

RL

Rc*

� �
min

¼ �ejD

ð1� AÞ ð8Þ

and the corresponding work is given by

Wmin ¼ � Rc*

enb

� �2 j
2nð1� A2Þ ð9Þ

Thus, accounting for either the PEG layer thickness or the

cell’s charge regulation shifts the location of the minimum

in the adhesion energy from the symmetrical case

(RL=�Rc*) to an asymmetrical one where the charge density

on the liposome is higher than the (nominal) charge density

of the cell. However, the work associated with the optimal

liposome surface charge, Wmin, is independent of the PEG

polymer layer thickness.

From Eq. (9), we see that the work of adhesion at the

optimal liposome to cell surface charge ratio is independent

of the PEG polymer layer thickness. However, in most

cases, the liposome charge is unlikely to be the optimal

one. What role does the PEG layer play? In our model

(which applies only for uncompressed layers), the polymer

layer acts as a barrier. Thus, the smallest distance between

the liposome membrane and the cell membrane is defined

by D, and the work of adhesion calculated as the integral

over the potential up to that point. In Fig. 3a, we plot the

pressure, or interaction potential, as a function of membrane

separation. We see that for similarly charged liposome–cell

pairs, the repulsion increases exponentially with decreasing

separation. As a result, the work of adhesion for this system

(see Fig. 3b) increases with decreasing PEG layer thickness.

In the case of oppositely charged liposomes of identical

charge density, the attraction increases with decreasing

separation, so that the work ‘gained’ by liposome adhesion

to the cell decreases with increasing D.

The most interesting case, perhaps, is that of oppositely

charged liposomes where the density of liposome charges is

very different from that of the cell. As can be seen in Fig.

3a, the interaction between the liposome and the cell is

attractive for large separations, but switches to a strong

repulsion at shorter distances. Therefore, the work of

adhesion favors contact for liposomes with large polymer

layer thicknesses, and inhibits contact in systems where D is

small.

In Fig. 3c, we translate the work of adhesion into a

Boltzmann probability that may be taken to describe either

the probability of contact, or, alternately, the ‘residence’

time distribution of liposomes at contact with the cell. As

expected, the probability of contact (or residence time)

increases with D for oppositely charged cell– liposome pairs

and increases with D for similarly charged pairs. In the case

of oppositely charged but mismatched pairs, the probability

peaks at a finite PEG layer thickness.

4. Discussion

In this paper, we examine the effect of liposome charge

density and the thickness of the PEG polymer layer on the

long-range electrostatic interactions with cells. Specifically,

Fig. 3. The effect of the polymer layer thickness on the (a) pressure, (b)

work and (c) the probability of adhesion. The solid line denotes RL=Rc*, the

dashed line RL=�Rc* and the dot–dash line RL=3Rc*. The work is given in

arbitrary units, and the probability is normalized to unity. a1=0.1. Note that
in 0.1 M solutions, j=1 nm�1.

Fig. 2. The work of adhesion for liposomes carrying a thin polymer layer as

a function of the liposome to cell charge ratio. The work is given in

arbitrary units, and the cell degree of charge regulation a1=0.1. jD=1/2 so

that in a solution of 0.1 M, D=5 nm.
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we focus on the work of adhesion, namely the work required

to bring the liposome into contact with the cell. Our model

predicts that liposome internalization should be sensitive to

the cell surface charge and degree of charge regulation,

parameters that have been shown to vary not as a function of

cell and/or bacteria type, but also for different strains of the

same type (see, for example, Ref. [26]). Thus, accounting

for electrostatics can explain the marked differences in the

uptake of a given liposome by different cells [1–11].

Examining the effect of (conventional, PEG-less) lip-

osome charge on the interactions with a specific cell line, we

find that the work is most attractive at a finite charge ratio,

and can be repulsive even for oppositely charged cell–

liposome pairs [24]. Plotting the effect of the charge ratio on

the probability of adhesion, we see (Fig. 4) that the

probability peaks at a finite charge ratio. Outside the peak

area, there is a large range of liposome to cell charge ratios

(both positive and negative) where uptake is rather insensi-

tive to the liposome charge. This is in qualitative agreement

with the experiments of Miller et al. [11], who found that

liposome uptake by either human ovarian carcinoma cells

(HeLa) or by mononuclear macrophage cells (J774) is

similar for both anionic and cationic liposomes. An excep-

tion was observed in the case of HeLa cells, where a peak in

uptake was obtained for a specific cationic lipid content,

which may correspond to the optimal cell– liposome charge

ratio3 [11].

Pires et al. [27], find that uptake of cationic liposomes by

monocytic THP-1 cells is only slightly higher for 100%

cationic lipid content relative to 50%, but is significantly

lower when the cationic lipid content was further reduced to

33%. Is it possible that reducing the liposome cationic

charge by a factor of 2 would not affect uptake significantly,

but a factor of 3 would? Examining Fig. 4 we see that,

indeed, such a behavior is possible; for example, if the fully

cationic liposomes correspond to a liposome–cell charge

ratio of (�1.4), their uptake would be only slightly higher

than that of liposomes with only half that charge (�0.7),

while the uptake of liposomes with a third that value

(�0.45) would be very low4.

Incorporating a PEG polymer layer mitigates the electro-

static interactions, and thus, moderates the work of adhesion

(Fig. 3); in the case of either similarly charged cell–lip-

osome pairs, or uncharged liposomes (Eq. (7)), increasing

the PEG layer thickness increases the volume available to

the confined counter-ions, thereby reducing their osmotic

pressure and the work required to bring them into contact.

In the case of cationic liposomes with surface charge

density similar to that of the cell (namely, in the vicinity of

the optimal value where attraction is maximal), the strength

of attractive interactions decreases with increasing PEG

layer thickness. However, if the cationic liposomes are

overcharged compared to the cell, the probability of adhe-

sion is maximized at a finite polymer layer thickness. Ross

and Hui [12] examined the effect of PEG incorporation on

the adhesion of liposomes to Chinese hamster ovary cells,

finding that adhesion increased with increasing PEG content

for both cationic and anionic liposomes, in agreement with

our predictions (assuming that the cationic liposomes were

overcharged). Our predictions are also in agreement with

Miller et al. [11] who find that HeLa cell uptake of

moderately cationic liposomes increased slightly upon the

incorporation of PEG chains. It should be noted that our

model cannot account for the PEG-induced suppression of

anionic liposome uptake (see, for example, Refs. [11,13])

since the attractive interaction, leading to adhesion, is not

electrostatic in these systems.

In a recent paper, Carignano and Szleifer [28] developed

a molecular model for the effects of electrostatics on the

adsorption of charged proteins onto uncharged surfaces

carrying grafted polymer chains. This system is similar to

our analysis of the interactions between uncharged, PEG

carrying liposomes interacting with a (charged) cell. They

find [25] that the adsorption of proteins on top of the

polymer layer (i.e., adhesion by our definition) is enhanced

by the polymer layer, in agreement with our Eq. (7).

In conclusion, we present here a simple model for the

electrostatic interactions between liposomes and cells,

focusing on the work of adhesion as a function of the

liposome–cell charge ratio, the cell’s degree of charge

regulation, and the thickness (if present) of the PEG

polymer layer. We show that the probability of adhesion is

sensitive to the cell type, as expressed through its charge

density and degree of charge regulation. We also find that

cationic liposomes may not effectively bind to anionic cells

if their charge ratio is high. The optimal liposome–cell

charge ratio varies with the cell’s degree of charge regu-

3 A minimum uptake was observed in J774 cells and neutral liposomes,

which cannot be explained by our model [11]. However, this minimum

seems an anomaly when compared to either very weakly cationic or weakly

anionic liposomes.
4 Pires et al. [27] find that lipid chemistry significantly affects uptake, a

phenomena that cannot be described by our purely electrostatic model.

Fig. 4. The probability of adhesion as a function of the liposome to cell

charge ratio, for conventional liposomes where no polymer layer is present.

a1=0.1.
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lation and the PEG layer thickness. Incorporation of a PEG

layer reduces the barrier for adhesion for mismatched cell–

liposome pairs, thereby increasing uptake of anionic lip-

osomes or highly cationic ones. However, the PEG layer is

predicted to reduce the attraction, and therefore uptake, in

systems where the liposome charge is opposite to, and of the

same magnitude, as that of the cell.

How do these results relate to the design of liposomes for

targeted delivery? As mentioned in the Introduction, tar-

geted delivery requires efficient internalization of drug-

carrying liposomes by the target cell population only. Thus,

it requires suppression of any nonselective adhesion, and

maximization of selective uptake (e.g., through specific

ligand incorporation into the liposomes). Generally, it was

assumed that electrostatics work against these requirements:

Cationic liposomes will bind nonselectively to all cell types,

while anionic ones would suffer from low efficiency due to

the long-range electrostatic repulsion. Our calculation shows

that designing conventional cationic liposomes so that their

surface charge matches the optimal value for delivery for a

specific cell type (Fig. 4), or manipulating the PEG polymer

layer thickness of overcharged, sterically stabilized cationic

liposomes so that it matches the maximal value (Fig. 3) can

lead to optimization of delivery to a specific cell population,

where delivery to other types of cells would be largely

suppressed.
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