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Introduction: The use of liposomes increases the therapeutic index of many

drugs, and also offers drug targeting and controlled release. The commercial

impact of liposomes is strengthened by the invention of several active drug

encapsulation methods, allowing the encapsulation of several weak base or

weak acid drugs with very high drug-to-lipid ratios.

Areas covered: In recent years, there have been reports on several new

approaches to retain more hydrophobic drugs inside liposomes, in the circula-

tion. Most of these methods apply drug precipitation inside preformed lipo-

somes, as low soluble complexes with ions or chemicals. In some cases, drug

derivatization was applied to enable active encapsulation of hydrophobic

drugs, previously not reported to encapsulate, by active or remote loading.

This review presents and compares most of the existing methods of active

drug encapsulation and outlines recent strategies to achieve stable drug

encapsulation in vivo.

Expert opinion: At present, there is no single universal encapsulation method

that offers stable encapsulation of most drugs; each drug requires a different

approach to manage all of its properties. Now is the time to combine all these

strategies to achieve the goal of a complex, but successful, anticancer therapy.

Keywords: active loading, anthracyclines, cancer treatment, ciprofloxacin, drug encapsulation,

liposomes, pH gradient, remote loading
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1. Introduction

At the start of the twentieth century, the German biochemist Dr Paul Ehrlich intro-
duced his ‘magic bullet’ concept. In his times, medical treatments were based on
therapies that were often toxic and given in overdose. After the discovery of anti-
bodies, Ehrlich realized that they could represent an ideal drug thanks to their
ability to affect only the place of action, bypassing healthy tissues [1].

His vision is now fulfilled by various drug delivery systems, including polymeric
micelles, liposomes and other similar lipid-based systems. Of these systems,
liposomes have the potential to be the best candidate for Ehrlich’s magic bullet idea.

Liposomes are microscopic lipid vesicles with a cell bilayer structure, and they can
be composed of several natural, semi-natural or purely synthetic molecules. Their
size and fluidity can be fine-tuned across a wide range of values, giving researchers
the opportunity to select the desired liposome diameter and properties to suit their
goal. For example, they can be unilamellar (possessing only one bilayer) with a size
of 20 nm (virus size) (small unilamellar vesicles [SUVs]) to even 5 µm (protozoan
size) if required (large unilamellar vesicles [LUVs]), or they can be multilamellar
(large multilamellar vesicles [MLVs]) with several internal water compartments
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separated by a lipid bilayer of up to 20 µm or more in size [2].
Such rare characteristics make liposomes very useful drug
delivery systems. The most important feature of liposomes is
that hydrophilic drug solutions can be encapsulated inside
the water compartment, which thus serves as a drug nano-
container, while hydrophobic drugs can be incorporated
into the liposome bilayer.
Shortly after the discovery of liposomes, it was realized that

they meet the requirements to act as a drug carrier. However,
this role could only be fulfilled after a huge improvement in
the various techniques of liposome preparation and loading.
The first milestone was the observation that multilamellar

liposomes, although biocompatible, are immediately cleared
by the mononuclear phagocyte system (MPS), which is
responsible for the clearance of foreign particles and organ-
isms. By contrast, much smaller liposomes (with an average
size of ~ 100 nm or less) are taken up more slowly by the
MPS [3-10]. The second milestone was the discovery that cho-
lesterol incorporation further increases the liposomes’ lifespan
in the blood. The cholesterol strengthens the mechanical
bilayer properties that inhibit protein integration with the
liposomes. Most of these proteins, called opsonins, act as
signal marks for macrophages, leading to more rapid liposome
elimination [5,6,10]. After this discovery, lipids with saturated
(and thus more rigid) side chains were used, increasing
liposome longevity yet further [11].
The next milestone was liposome production by means of

the extrusion technique, which uses high-pressure liposome
extruders equipped with polycarbonate filters. This technique
gave a commercial aspect to liposomology as it yielded the
potential to prepare high-volume liposome batches of the
desired size (depending on the pore sizes of the polycarbonate
filters) and offered a relatively high lipid concentration [12,13].
The last two milestones were achieved almost simulta-

neously. One was the invention of steric stabilization of
liposomes via the incorporation of various hydrophilic poly-
mers (the PEG-PE derivatives are the most commonly used
in liposomal technology) into the liposome surface. This
raised the liposomes’ half-life to a level not observed for the
other drug delivery systems. By incorporating usually 5% of
the PEGylated phospholipids into the liposomal bilayer, a
hydrophilic polymer shield is formed, protecting the liposome
surface from penetration and disintegration by plasma pro-
teins. Macrophage uptake also decreases remarkably [14-18].
In the case of small long-circulating liposomes, passive accu-
mulation in the organs or tissues undergoing the inflamma-
tory process was observed owing to leaky vasculature. The
enhanced permeability and retention (EPR) effect caused
considerable liposome and drug accumulation in the site of
cancer tissues or other diseased tissues [19-22]. Therefore, the
need for liposomes able to retain their encapsulated content
seems to be crucial in terms of efficient passive or active
drug targeting [23-26]. The other final milestone was the
elaboration of active methods for drug loading. This resulted
in the preparation and successful introduction of the first

commercially available PEGylated liposome product, Doxil�

(Alza, Palo Alto, CA) [27-31]. Active loading methodology is
used to fill the preformed liposomes, which have some buffers
or salt solutions inside, with drug molecules that are able to
diffuse one way only. This process yields a very low level of
drug loss, if any, and a very favorable drug-to-lipid ratio in
most cases.

Advantages of liposomes:

. biocompatible and biodegradable

. non-toxic

. Reticuloendotelial system avoiding (polymer coated)

. targetable

. high drug/lipid ratio can be obtained.

2. Active drug encapsulation methods

2.1 Limitations of conventional drug

encapsulation methods
A lipid bilayer with a thickness of ~ 8 -- 10 nm is a natural bar-
rier for many substances, including ions, charged molecules
and larger non-charged water-soluble molecules, for example
sugars and proteins. Substances such as water, gases, ammonia
and glycerol can penetrate freely through the bilayer [2,32,33].
Therefore, many hydrophilic substances, among them amino
acids, salts, antibiotics, proteins and sugars, can be encapsu-
lated inside the liposome water compartment and retained
with only negligible leakage over a prolonged period of time
in vitro. Such water-soluble substances can be encapsulated
inside the internal water compartment of the liposomes by
means of several methods [34-37]. The most commonly used
method is based on the so-called thin lipid film method. In
thin lipid films, the lipid molecules are rather randomly orien-
tated with a small degree of bilayer type caused by exposure to
traces of water. On addition of water, the molecules self-
organize to form bilayers. Then, water penetration causes
the bilayers to swell and invaginations form. These are the
so-called myelin figures, which are the basis of MLV lipo-
somes [34]. At this point, a part of the water solution with
water-soluble substances is passively encapsulated inside the
formed vesicles. The advantage of this method is its simplicity,
but only a very small percentage of a water-soluble drug can be
encapsulated in this way.

The freezing-and-thawing technique (FAT), which uses a
sequence of freezing and thawing a liposome suspension,
increases the distances between the liposome layers. Ice
crystals lead to transient hole formation, yielding better
drug penetration and a greater increase in the liposome
volume [38]. These techniques have several modifications.
Using such a technique, only ~ 5 -- 20% of the encapsulated
molecules can be retained inside the liposomes. Most of
the drug solution remains outside and must be removed by
dialysis or molecular exclusion chromatography. Finally, the
drug loss is high, and the drug-to-lipid ratio is often
not optimal.

Active methods of drug loading into liposomes
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Other techniques use ethanol injections [39]. The lipid
ethanol solution is rapidly injected into an excess of drug
solution through a thin needle to form unilamellar liposomes
with a diameter that is dependent on the lipid concentration,
injection rate, lipid composition and temperature. The
encapsulation efficiency is relatively low, and the liposome
solution suffers because of dilution and the presence of
ethanol. Recently, a new, commercial-scale methodology
was introduced, offering more advantages compared with
the laboratory version [40].

The reverse-phase evaporation method yields the highest
achievable encapsulation efficiency by means of passive
loading: ~ 50%. However, this technique uses organic sol-
vents, which remain to some degree in the liposome sus-
pension, and thus is probably not feasible for commercial
production [41].

Passive drug encapsulation:

. low encapsulation efficiency in some of the cases

. non-encapsulated drug loss

. organic solvents sometimes remain

. rapid in vivo drug leakage of bilayer-permeable
drug species.

2.2 Bilayer properties, partition coefficients and

lipophilic drugs
The lipid bilayer is -- as mentioned -- a barrier to many
chemical ingredients, especially ions and charged molecules.
Unfortunately, most drugs are relatively lipophilic molecules
containing primary, secondary, or tertiary amines (or some-
times acids) that can diffuse through the liposome bilayer in
an unprotonated state. Indeed, the generality of this phenom-
enon argues that such characteristics are important for their
function [42]. The equilibrium between free bases (bilayer
diffusible) and those in a protonated state depends on the
molecules’ group(s) pK, which is in turn pH dependent. At
a neutral pH, part of the population of molecules is in a
charged (protonated) state and the remainder in an unproto-
nated (neutral) form. The more the pH differs from its neu-
tral value, the more the balance between the charged and
neutral molecules shifts towards neutral or charged species.
For several weak bases, for example, at pH 4.0, most of the
molecules are in the charged non-bilayer-permeable state. In
addition, the diffusion rate of the free base through the bilayer
correlates with the molecule oil/water partition coefficient
(Kp), which is molecule dependent. Some migrate more rap-
idly, whereas others migrate more slowly [32,43-48]. The simple,
passive encapsulation of such substances can result in very
rapid molecule leakage owing to the rapid permeation of
the non-charged drug population through the bilayer. From
these physicochemical considerations and methodological
problems, methods of active drug loading were born. The
basic concept is based on two simple phenomena. First,
a given lipophilic molecule can easily penetrate the lipid
bilayer, but it will gain a charge while entering the internal

compartment, provided the internal compartment possesses
a low pH. Second, as an ion, that molecule will no longer
be able to cross the bilayer freely. Thus, a pH gradient is the
driving force to translocate and retain the amphiphilic weak
bases and acids.

Thanks to the resulting accumulation, the intraliposomal
concentration of a drug can markedly exceed a medium con-
centration. For example, a pH gradient of 3 units is predicted
to lead to a 1000-fold higher concentration of a weak base
within the vesicle as compared with the external solu-
tion [32,49]. Thus, this high concentration markedly exceeds
the weak base or acid solubility and leads to drug precipitation
inside the liposome water compartment (see Figure 1). The
drug precipitation is usually increased by the presence of dif-
ferent ions inside the vesicles (citrates, sulfates, divalent metal
ions, or others). These are used for pH/ion gradient genera-
tion, yielding the formation of various readily soluble precip-
itates. This in turn increases further the drug accumulation by
decreasing the apparent drug concentration inside the vesicle,
and decreases the osmolarity imbalance. The practical signifi-
cance of this insolubility or low solubility of such precipitates
is discussed in the following sections, because it is one of the
most important factors by which the kinetics of, in particular,
more hydrophobic drug release from the liposomes and the
drug therapeutic index can be controlled.

2.3 An overview of active drug

encapsulation methods
Nicols and Deamer were the first to demonstrate the active
loading of amphiphilic amines, specifically catecholamines,
in liposomes [50,51]. A basic solution was added to liposomes
prepared in a low pH citrate buffer in order to elevate
the pH of the external solution and create a pH gradient
of ~ 3 units (5.0 inside and 8.0 outside the liposomes).

Later, Bally and co-workers observed the effect of the pro-
ton gradient generated when an intraliposomal solution was
changed from a 300 mm citrate buffer (pH 4.0) to a HEPES
buffer (pH 7.4) while the internal pH and composition
remained unchanged. Accumulation of biogenic amines and
anticancer doxorubicin was observed [50-52]. This so-called
citrate method is still in use, and is widely selected for the
encapsulation of various anthracyclines [53-57]. In this case,
anthracycline citrate salts, which have a low solubility, preci-
pitate inside liposomes, leading to the so-called coffee bean
liposome appearance [58,59]. Doxorubicin, idarubicin or dau-
norubicin can be loaded in a drug-to-lipid ratio (D/L) of
0.3 w/w with an encapsulation efficiency of nearly 100%
and excellent in vitro stability, especially when phospholipids
with long and saturated fatty acid chains, such as DSPC or
HSPC, are used for the liposome preparation. As PEGylated
phospholipid species are utilized in most liposomes to achieve
a long circulation effect, the drug release in vivo depends in
this case on the hydrophobicity of the anthracycline molecule:
doxorubicin is released more slowly than daunorubicin, and
the most relatively rapid release is for idarubicin, which is
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also the most hydrophobic of the three [45,54]. This method
was proposed and successfully used to encapsulate doxorubi-
cin and daunorubicin in two commercially available pro-
ducts, Myocet� (Enzon Pharmaceuticals, Inc., USA) and
DaunoXome� NeXtar Pharmaceuticals, inc. USA, respec-
tively. Their efficacy, especially that of the latter, has been
widely proved [56,57].
Haran et al. introduced an ammonium sulfate method for

the generation of a pH gradient and the encapsulation of
amines. The stability of the ammonium ion gradient is related
to the low permeability of its counterion, the sulfate, which
also stabilizes the anthracycline accumulation for a prolonged
storage period owing to the aggregation and gelation of
anthracycline salt [60]. In this case, the liposomes are usually
prepared in a 300 mm solution of the ammonium sulfate
salt with a (native) pH of 5.5. By means of extraliposomal
ammonium sulfate exchange to the pH 7.4 buffer, a pH gra-
dient is generated. The higher concentration of ammonium in
the aqueous phase inside the liposomes causes the diffusion of
the neutral ammonia molecules (permeability coefficient
1.3 � 10-1 cm/s). For every ammonia molecule that leaves
the liposome, one proton is left behind. Thus, a pH gradient
is formed. The internal aqueous solution is then more acidic.
The permeability coefficient of the SO4

- is 10-13 cm/s,
so it is practically bilayer impermeable [33]. A schematic

representation of the loading process is presented in
Figure 2A [60,61]. The magnitude of this gradient is determined
by the ratio [NH4

+]med/[NH4
+]lip. The acidification of the

intraliposomal aqueous phase slows down the process by
reducing the level of NH3. Furthermore, accumulation of
the protonated base inside the liposome leads to elevation of
the internal pH, which increases the level of NH3 and there-
fore again reduces the pH, enabling more of the drug to enter.
The salting-out effect of the ammonium sulfate probably
accelerates the flocculation and gelation of the drug, thus
further improving the encapsulation and stabilizing it owing
to the mass action law [60]. The solubility of the doxorubicin
sulfate is relatively low in the pH range 4.0 -- 7.5
(1.7 -- 2.3 mg/ml), whereas in the case of doxorubicin citrate,
the solubility is about three times higher in the same pH
range [62]. This can influence the release rate and therapeutic
index of the liposomes. In fact, the drug release rate seems
to be too slow in the case of drugs such as doxorubicin with
a relatively low rate of leakage in vivo. This resolves most of
the problems associated with too fast drug leakage in the
bloodstream (observed for many drugs) and inefficient drug
accumulation in inflammatory tissue owing to the EPR effect.
The low drug leakage rate in turn causes problems with low
drug availability at the site of action, even after liposome inter-
nalization [63,64]. Therefore, several methods of active drug
release have been established, including pH-sensitive lipo-
somes, thermosensitive liposomes, and others, to release the
contents of drug loaded liposomes at (usually) tumor tissue.
For more information on this topic -- active drug release at
the site of action -- see [65,66]. The ammonium sulfate method
was used for the development of the first commercially avail-
able long-circulating liposomal doxorubicin formulation --
Doxil [27-31]. In the case of doxorubicin, the method has proven
applicability, but in the case of other drugs, especially hydro-
phobic anthracyclines, vinca alkaloids and ciprofloxacin, it
seems to fail because of fast drug leakage characteristics
in vivo [67-69]. These hydrophobic drugs require special
approaches that are emerging from current modifications of
the basic concept of drug loading by a pH gradient.

More recently, Barenholz’s group published a paper sum-
marizing their experience in terms of drug loading conditions.
They proposed a new theoretical model of drug loading into
liposomes by analyzing the results of both previously pub-
lished and new experiments. The model is based on the drug’s
physicochemical properties and on loading conditions [70].
Factors such as external medium properties (electrolytic or
non-electrolytic), external pH, gradient ions (mostly ammo-
nium and acetate are taken into consideration), loading
duration, process temperature and others were compared for
their impact on drug loading. From the other side, drugs’
properties were analyzed with the above variables. This
resulted in a decision tree formation giving the possibility of
selecting optimal drug loading conditions for a selected
drug. Owing to space considerations, the reader should refer
to the original papers for details.

200 nm

Figure 1. Idarubicin precipitates inside HSPC/Chol/DSPE-PEG

2000 liposomes visualized by the cryo-electron microscopy

technique using the EDTA ion gradient method. This

represents a typical appearance of the drug precipitates

inside liposomes. Similar results can be achieved for all

anthracyclines loaded by different pH gradient methods. In

this case idarubicin was encapsulated by the EDTA ion

gradient method in HSPC/Chol/DSPE-PEG 2000 liposomes.
Adapted from [67].
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The same principle of different permeability coefficients of
weak acid salt species is the basis of the transmembrane cal-
cium acetate method, which was developed in the same
laboratory [71]. The bilayer permeability coefficient of acetic
acids is 6.6 � 10-4 cm/s, whereas the calcium ion used for gra-
dient generation is 2.5 � 10-11 cm/s. Whereas the calcium
ions remain trapped inside the liposomes, the acetic acid mol-
ecules behave as proton shuttles. This generates a pH gradient
(high inside) to trap the weak amphiphilic acid molecules
inside the liposomes in a manner similar to that observed in
the case of weak amphiphilic bases (see Figure 2B).

The ionophore-generated pH gradient method is another
interesting example of a very versatile loading approach.
This method is based on an observation first made by

Deamer et al. that addition of nigericin to SUVs containing
potassium salts led to the generation of a pH gradient (inside
acidic) of ~ 2 units [72]. They applied this process to iono-
phores such as nigericin or A23187 to LUV, respectively,
showing transmembrane gradients of K+ or Mn2+ (Mg2+).
When the drug is added to the external medium, the uptake
is initiated by the addition of an ionophore that couples the
outward transport of the metal ion to the inward movement
of H+. This creates a pH gradient (inside acidic), which results
in the uptake of molecules with weak base characteristics. The
ionophore nigericin catalyzes a one-for-one exchange of K+

for H+, whereas A23187 transports 2H+ for every divalent
metal cation Ca2+, Mn2+, or Mg2+ [73-76]. In the case of the
divalent cations, the system also requires the presence of

Intraliposomal aqueous phase
(NH4)2 SO4

2 NH3

A.

B.

2 NH3 + 2H+-
2 NH4 + SO4

2-

(D-NH2)SO4 D-N 2D-N + 2H+

2D-NH+ + 2CI-

2D-NHCI

External medium

External medium

D-COO- + H+Intraliposomal aqueous phase

Ca (AcH)2

Ca(D-COO-)2

Ca2+ + 2Ac-

H2O
Ca2+

D-COO- + H2O

OH- + AcH

D-COOH + OH- D-COOH

AcH

Figure 2. Schematic representation of the processes occurring during drug loading in the case of (A) the ammonium sulfate

method and (B) the calcium acetate method. Detailed descriptions of the method and processes are given in the text.
Adapted with permission from [70].
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EDTA as an external chelator to bind the cations that are
released and to drive the uptake to completion and avoid lipo-
some aggregation [73]. A schematic representation of the
method is presented in Figure 3.
This method was applied for the first time for ciprofloxacin

and vincristine loading. Both ionophores are able to generate
a pH gradient of ~ 2 -- 3 units, which is capable of driving
the drug encapsulation with 95 -- 100% efficiency at very
high drug-to-lipid ratios. Taking into consideration that the
A23187 ionophore generates a higher pH gradient, it is clear
that this ionophore wins in a one-to-one competition. Both
the encapsulation stability and the in vivo leakage rate are
much superior when an A23187 ionophore is applied.
By applying this technique, drug-to-lipid ratios as high as
1 w/w can be achieved for vincristine. Such high drug-to-lipid
ratios have not been reported previously for any other drug or
loading protocol [77].
An important aspect of the ionophore loading method is

its universality in terms of the possibility of changing the
internal ion to be transported by the ionophore. Depending
on the drug to be encapsulated, one can select calcium or
magnesium ions just to achieve a suitable pH gradient, or
for example manganese or copper ions to form metal-drug
complexes inside the liposomes [77-81]. This in turn changes
the drug release kinetics, which can be modified in a simple
way according to the treatment needs, because each drug-
metal complex has different solubility and therefore liposome
release characteristics.
During doxorubicin encapsulation via the ionophore load-

ing method, the liposome color was observed to change from
red to purple and back to red if manganese was used as the
internal bivalent metal [78]. As anthracyclines possess the
ability to form coordinate complexes with transit metal ions,
it is clear that a complexation process occurs during drug
loading in its initial stage (purple), and when the internal
pH decreases because of ionophore action, the complex dis-
sociates to release doxorubicin (red again), because the
doxorubicin-manganese complex is not stable at low pH. If
no ionophore is added to the incubation mixture, accumula-
tion of the drug is also observed, even if no transmembrane
pH gradient is established. This is because every drug mole-
cule entering the liposome lumen encounters an ion with
which a coordination complex is formed (two drug molecules
by one Mn2+ in the case of doxorubicin). This complex has
very low solubility and subsequently precipitates inside the
liposomes. Therefore, the apparent doxorubicin concentra-
tion decreases below the concentration present in the external
medium and, via equilibrium processes, further drug mole-
cules enter to reduce the formed gradient. Then new complex
molecules are formed and the drug precipitates as previously;
because the drug coordinate complex has some minimal solu-
bility, the loading process stops when the concentration
of doxorubicin outside the liposomes equals the internal solu-
ble complex concentration. The processes occurring during
doxorubicin encapsulation are presented in Figure 4.

This method was recently applied successfully for the
encapsulation of several difficult-to-retain molecules, such as
topotecan [82,83], irinotecan (copper ions [84]) and mitoxan-
trone (by copper ions [80] and nickel ions [79]). This approach
can also be very useful when pH-sensitive liposomes are pre-
pared. The liposome structure becomes disorganized in low
pH, making drug encapsulation by pH gradient at least diffi-
cult. When the transit metal gradient is applied, the drugs can
be loaded in neutral pH with no liposome destabilization.

Another useful example of the active loading method is the
transmembrane phosphate gradient, designed by Fritze et al.
The basic concept is the same as in the case of other pH
methods, as it utilizes the internal concentration of an acid
ammonium phosphate solution [62]. They observed a near
100% doxorubicin accumulation within liposomes with
D/L = 0.3, and drug precipitation was observed as in the
case of other gradients. The interesting part of the method
concerns the drug leakage characteristics, which are in this
case sensitive to the external pH. At low pH the drug release
is influenced by the extraliposomal ratio of positively charged
doxorubicin to its uncharged population. When the external
pH remains close to a physiological level, no drug leakage
from the liposomes is observed. However, when the extra-
liposomal pH changes to acidic (for example in tumor tissue
or inside the lysosomes), accelerated drug leakage is observed,
increasing the local (and effective) drug concentration.
This occurs more rapidly than in the case of the citrate or
ammonium sulfate methods. This can be important in situa-
tions where shorter-lasting but elevated drug concentrations
are required.

The last emerging active loading method is the EDTA ion
gradient method, which is another example of an alternative
to the pH gradient method. It was applied successfully to
encapsulating the relatively hydrophobic anthracycline idaru-
bicin [67]. The principle of the method relies on the formation
of low-solubility precipitates of the drug with EDTA mole-
cules at low pH. The dissolution rate of the drug precipitate
should be slower than the drug portioning through the
bilayer, therefore offering better hydrophobic drug release
characteristics in vivo. The method was applied successfully
for idarubicin encapsulation.

3. Barriers and solutions in the remote
loading methodology

3.1 Drug precipitation and the encapsulation of

hydrophobic drugs
To see how the encapsulation method can influence the drug-
retaining ability of the liposomes, ciprofloxacin and idarubi-
cin can be compared. It was previously shown that the efficacy
of liposomal formulations of certain drugs can be extremely
sensitive to drug release rates, with the most slow-releasing
systems having the best efficacy profiles [85-88].

As mentioned, during drug loading the concentration
inside the liposomes greatly surpasses its concentration in

Active methods of drug loading into liposomes
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the solution, achieving about a 1000-fold increase relative to
the external medium. This causes drug precipitate formation,
leading to:

. a decrease in the apparent soluble drug concentration
within the liposomes

. a decrease in the ionic strength across the bilayer

. a decrease in the rate of drug release in vivo.

The first and second points coordinate the entry of the
next molecules and the further accumulation of the drug.

In many situations, the formation of drug precipitates is
observed [58,59,62,68,88-90].

It has been proved that the formation of drug precipitates
with very low solubility is essential to govern the slow release
of the drug in vivo, especially when the drug has a high bilayer
affinity and is therefore pH gradient-sensitive. For drugs with
a low bilayer affinity (e.g., doxorubicin), the drug leakage on
pH gradient collapse is slow. For relatively hydrophobic
bilayer-permeable drugs, the drug release is fast.

The nature of the precipitate is also very important. Its
solubility can vary, and only very low solubility precipitates
with a slow dissolution rate will serve as good candidates to
achieve an ion gradient able to retain the hydrophobic drugs
long enough for their practical use in vivo. Li et al. discussed
different doxorubicin precipitate types produced using
the citrate method and the monoanionic lactobionic acid
method [59]. It was demonstrated that whereas the two organic
acids have a similar loading ability, the polyvalent citric acid is
able to produce denser precipitates, forming well-organized
fibrous bundles. The monovalent lactobionic acid formed
only randomly orientated single fibers filling the liposome
interior. The randomly organized fibers of the drug precipi-
tate influenced rapid drug release under in vitro conditions
when compared with citrate liposomes.

Ciprofloxacin is a synthetic bacterial fluoroquinolone anti-
biotic with broad-spectrum efficacy against a wide variety of
bacteria. At a neutral pH, it has poor solubility and requires
a long infusion with the solution at a low concentration to
avoid drug crystallization at the site of administration. As
a zwitterion, it cannot be loaded simply by a citrate pH
gradient [91]. Lasik et al. demonstrated the remote loading of
ciprofloxacin for the first time by means of the ammonium
sulfate method [68]. Using a methyl ammonium sulfate
gradient, Webb et al. achieved nearly 100% encapsulation
efficiency (D/L ratio 0.3) and obtained a very stable formula-
tion in vitro, which retained 100% of the encapsulated drug
over the course of 18 weeks at 4�C [91]. Although in general
in vivo drug leakage was much slower than that for free drug
pharmacokinetics, further approaches were undertaken to
achieve slower drug release characteristics similar to those
observed for Doxil. Lasic et al. suggested that the drug preci-
pitates inside the liposomes and the relatively rapid drug
release in vitro (observed when the ammonium sulfate method
was applied) was a result of grooving of the ciprofloxacin crys-
tals, leading to liposome rupture [68]. Maurer et al. observed
liposomal formulations of ciprofloxacin to investigate the
nature of ciprofloxacin encapsulation inside liposomes by
means of the ammonium sulfate method. By applying
1H-NMR spectroscopy, they were able to conclude that cipro-
floxacin is located in the aqueous interior of the liposomes in
the form of stacks consisting of a small number of cipro-
floxacin molecules. The drug is not precipitated, although
the intraliposomal ciprofloxacin concentration can exceed its
solubility by orders of magnitude [69]. Speculation on possible
massive drug--bilayer interactions or the crystals causing

DH+

Set up ion gradient using
Sephadex G-50 column

2H+

H+

DH+

H+

H+

H+
2H+

D

D + H+

Add drug (D), EDTA (    )
and A23187 (   )

Figure 3. Processes occurring during drug loading in the

case of the ionophore drug loading method. The divalent

cations are first encapsulated inside vesicles and then the

ionophore is added to translocate cation outside. Simulta-

neously two protons are translocated into the inner water

compartment, generating the pH gradient. The EDTA

molecules bind the translocated metal cations. A detailed

method description is given in the text.
Adapted with permission from [73].
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bilayer rupture was not proved. The drug in its mostly soluble
form was then released as a result of its faster portioning
through the bilayer after pH gradient collapse.
This is a clear indication of the importance of drug precip-

itation: although the drug was encapsulated by means of
the remote loading method, its plasma concentration was
not optimal. The drug precipitation and the nature of the
precipitate have a vital impact on the drug release kinetics
in vivo. The same group published the results of a study where
the formation of intraliposomal ciprofloxacin precipitates
was finally achieved [88]. By applying the ionophore loading
method in combination with arylsulfonate calcium salts,
the authors were able to encapsulate stably ciprofloxacin
(and vinorelbin) and finally show the formation of the drug
precipitates inside the liposomes by applying cryo-electron
microscopy (cryo-EM). In Figure 5, the influence of the state

and dissolution rate of the precipitate on drug release kinetics
is presented. The denser the precipitate and the slower the dis-
solution rate of the precipitate, the slower the drug release
from the liposomes, even if the drug has strong bilayer
interaction properties.

Idarubicin is an example of an anthracycline family drug
that has been shown in vitro to be significantly more active
than daunorubicin or doxorubicin. It is more lipophilic than
daunorubicin and shows improved adsorption across the
gastrointestinal mucosa [92].

The dynamics of encapsulation of idarubicin via the citrate
or ammonium sulfate methods led to the conclusion that this
anthracycline is rapidly bilayer permeable, and thus its rapid
release from the liposomes can be observed [58,67]. Dos
Santos’s and the author’s groups’ approaches were different
in terms of achieving slower idarubicin release properties

Extraliposomal space
pH 7.4

HO-Dox-NH2

2 HO-Dox-NH2

2 HO-Dox-NH2

4 HO-Dox-NH3
+

2 HO-Dox-NH2 H2N-Dox-O- Mn2+ -O-Dox-NH2

2 HO-Dox-NH3
+2 HO-Dox-NH2

Intraliposomal space
pH 7.4

Mn2+
Mn2+

Mn2+

Mn2+

H+

2 H+

2H+

SO4
2-

SO4
2-

SO4
2-

SO4
2-

SO4
2-

Figure 4. Schematic representation of the processes occurring during anthracycline (doxorubicin, Dox) loading by means of

the transit metal ion method. Despite the lack of the proton (pH) gradient the drug is translocated throughout the bilayer

and forming low soluble coordinate complex precipitate. Additionally the released protons protonize the doxorubicin

molecules and arrest them inside of liposomes.
Adapted from [78].
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in vivo. As idarubicin has hydrophobic properties further
enhanced by anthracycline--cholesterol interactions dos
Santos et al. proposed a cholesterol-free formulation, which
showed superiority over cholesterol-containing formulations.
The drug leakage rate was slower, but only after 1 -- 4 h
post-liposome injection. The decrease of PEGylated lipid
content from 5 to 2% and citrate ionic strength from
300 to 150 mm resulted in a further increase of the drug
half-life in a murine system and increase of the drug activity
in mice bearing murine P388 WT leukemia and LCC6/WT
breast cancer xenografts in Rag2-M mice compared with
free drug injection [55]. The author’s group’s approach was
different: a cholesterol-containing PEGylated formulation
was used to find out whether the nature of the drug precipi-
tate and its dissolution rate can influence the drug release
rate even if cholesterol-containing liposomes are applied.
For this purpose, a new EDTA ion gradient method was
developed, because the EDTA-idarubicin salts possess low
solubility, and also because the salt dissolution rate seemed
low in vitro. This approach gave better results compared
with simple depletion of the cholesterol, but less pronounced
than observed in the dos Santos experiments [67]. According to

the citrate and EDTA-idarubicin salts solubility test, a large
portion of the unprecipitated idarubicin should be present
inside the citrate liposomes, whereas in the EDTA liposomes
most of the drug forms a low solubility precipitate. What
emerges from the two approaches is that a formulation of
EDTA-loaded cholesterol-free liposomes should be examined
in terms of the optimized drug release properties. As can be
seen, optimal bilayer composition along with low solubility
precipitate form can contribute to obtaining a suitable lipo-
somal formulation, especially in the case of hydrophobic
drugs such as idarubicin, where its liposome retention is still
not optimal to accumulate efficiently in the tumor tissue by
the EPR effect.

In the case of a cholesterol-free formulation, other anthra-
cyclines can also be applied, but unlike idarubicin, doxo-
rubicin cannot be loaded at 37�C [54]. For doxorubicin
loading, 60�C is needed. This causes a problem connected
with the sharp phase transition temperature of the pure
liposome lipids. The high cholesterol content abolishes the
transition where the bilayer permeability reaches its peak.
For cholesterol-free liposomes, the encapsulation of liposomes
near 60�C will cause rapid solute leakage and pH gradient
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Figure 5. Scheme representing the difference of fast bilayer permeable drug release (proposed for relatively hydrophobic

ciprofloxacin) in the case when the drug is (A) in the soluble form and (B) in the form of a low solubility precipitate. The

greater the quantity of drug remaining in the form of the precipitate, the slower its release. A detailed scheme discussion is

given in [88].
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collapse. Therefore, an ethanol-induced loading method was
developed by the same group to make the platform of
cholesterol-free liposomes complete [54]. Dos Santos et al.
examined the influence of the presence of 10% v/v ethanol
in the incubation mixture on doxorubicin loading into lipo-
somes. At 4 and 23�C, practically no drug accumulation
was observed in the DSPC/DSPE-PEG 2000 95:5 mol/
mol liposomes, but when the temperature was increased to
37�C, > 90% encapsulation efficiency of the doxorubicin
was observed at the initial D/L ratio of 0.2 [54]. This platform
seems to be a very useful tool in the case of thermosensitive
liposomes where no cholesterol-containing vesicles are com-
monly in use. Recently this problem was solved by applying
a different approach -- drug loading at temperatures just below
the phase transition temperature of the main lipid so the use
of ethanol seems to be redundant [93].

3.2 Transition metal complexation
The transition metal ion encapsulation methodology seems to
be not only interesting but also very helpful for achieving a
high drug payload within liposomes in situations where other
methods have failed. It is important to mention that this
approach not only allows the encapsulation of the drug at a
high D/L ratio, but also can be a method to obtain the proper
drug release properties in the case of relatively hydrophobic
drugs. As ciprofloxacin does not produce low solubility com-
plexes with transition metal ions, other drugs were selected for
this type of encapsulation. Besides doxorubicin (an anthracy-
cline), which can be loaded using this technology, other drug
classes also possess coordination sites capable of complexing
transition metals. These drugs are: bleomycin, amikacin,
non-steroidal anti-inflammatory drugs (NSAIDs) and camp-
tothecins [83]. The main difference between the other encapsu-
lation systems and the drug complexation with the transition
metal ions is the lack of a pH gradient, which is the driving
force in the other methods.
Amandeep Taggar et al. investigated copper-mediated

topotecan encapsulation. They applied the DSPC/Chol
55:45 liposomal formulation to encapsulate the water-
soluble analogue of the topoisomerase I inhibitor camptothe-
cin [83]. Of several selected transit/transition metal gradients
(Co2+, Mn2+, Cu2+ and Zn2+), only the copper ions were
able to drive the drug uptake with no pH gradient. Earlier
investigations showed high drug loading in the presence of
pH gradients, but the results did not seem to satisfy the
research group [89]. A D/L ratio of 0.15 was achieved
with > 80% encapsulation efficiency. The drug precipitation
inside the drug loaded vesicles was observed as monitored by
the cryo-EM technique.
Others have investigated mitoxantrone loading by applying

this technique. The drug was efficiently loaded by complexa-
tion with copper and nickel ions with very high stability
both in vitro and in vivo. Despite very good stability, a lower
activity against L1210 murine tumor cells compared with
the free drug was observed. It was concluded that faster drug

leakage is needed when mitoxantrone is used in a liposomal
system [79,80].

3.3 The drug-to-lipid ratio influences the drug

therapeutic index
Besides liposomal drug accumulation at the site of cancer
tissue mediated by EPR phenomena, another factor also
emerges from several observations that drug release rates are
also important at the tumor site. It was demonstrated that
for the cell cycle-specific drug vincristine, the release rate
can influence the liposome activity in vivo [94,95]. This arises
from the prolonged exposure of cells to cell cycle-specific
agents, resulting in greater cell death in vitro and enhanced
antitumor activity in vivo [77]. Johnston et al. examined the
influence of a vincristine liposomal formulation with the
drug encapsulated at different D/L ratios [77]. As shown
in Figure 5, the rate of bilayer-permeable drug release is dom-
inantly correlated with its precipitate state. The precipitate
can be dense with a single crystal appearance (bundle) or
diffused as separates fibers inside the liposome [32]. The pre-
cipitate drug dissolution rate can then be slower or faster
depending on the precipitate form and its solubility. The ini-
tial drug content (D/L ratio) influences the proportion of the
free drug population inside the liposomes and the precipitated
form of a slowly dissolved drug deposit. At a low D/L, most of
the drug will be in the free form, but at high D/L the amount
of free drug in the internal solution will potentially be the
same, with a significantly increased portion of the precipitated
drug. In the case of vincristine, the ionophore loading method
was selected as offering the advantage of achieving very high
drug-to-lipid ratios, promoting the formation of a dense
drug precipitate [77]. The study showed that an increase in
the D/L ratio from 0.1 to 0.3 w/w resulted in an increase in
the half-life for the drug release of more than a factor of
two. The ionophore loading gave the possibility of assessing
the hypothesis that very high D/L results in the formation
of internal drug precipitates. Indeed, at a D/L of 1.0, some
structures with a grainy appearance were observed. One of
the main conclusions arising from the study is that the half-
life of vincristine release from the liposomes is linearly depen-
dent on the drug-to-lipid ratio. This was observed both
in vitro and in vivo, and it is a good example showing that
the optimal liposomal formulation must be comprehensively
elaborated to find all of the possible relationships between
the drug encapsulation method, the optimal D/L ratio,
the drug characteristics (the drug action mechanism) and the
liposome formulation. In the case of very high D/L, only a
low lipid dose is administered with a given drug amount.
To overcome the problem of the rapid elimination of
liposomes, as the rate of elimination is lipid dose-dependent,
the MPS was pre-saturated with empty liposomes to avoid
drug-containing liposomes being taken up by liver or
spleen macrophages. Formulations with different D/L ratios
were finally administered to the mice with a human MX-1
xenograft model at a dose of 1.5 mg/kg of both free
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and liposomal (SM/Chol 55/45 mol/mol) vincristine. As
expected, the liposomes showed increased antitumor activity
over the free drug, but the optimal liposomal activity
was not achieved for the higher D/L (0.6) used in the study
but for a much lower one (0.1). This suggests that at least
in this cancer model, the D/L ratio yielded slow release
properties that were far from optimal [77].

Recently, Noble et al. proposed a new approach to retain
the vincristine and vinblastine inside Doxil-like liposomes
using a triethylammonium sucrose octasulfate that forms an
electrostatically stabilized complex with these drugs. The for-
mulation showed very good vincristine pharmacokinetics
with drug retention similar to Doxil liposomes and good
vinblastine retention. To increase drug internalization,
both liposomal formulations were prepared as immunolipo-
some formulations with anti-HER2 antibodies attached to
PEG terminals. These targeted versions showed much supe-
rior activity in mice bearing the human BT474-M2 tumor
xenograft model. In this case a high drug-to-lipid ratio
was not necessary to achieve the proper drug retention, but
similarly to the above example, a low drug leakage rate was
essential [96].

3.4 Active encapsulation of water-insoluble drugs
A totally new strategy is now emerging from the work
published recently by Zhigaltsev et al. [90]. In the author’s
opinion, the next milestone of liposomology was achieved
by the demonstration of active loading of water-insoluble
drugs. The taxane representative docetaxel was selected as it
possesses slightly more hydrophilic properties than paclitaxel.
Docetaxel is a representative of the two-member taxane
family, which has broad anticancer activity against a
variety of cancers, and is administered as a micellar Tween
80 formulation as Taxotere� (Sanofi Aventis, USA).

Both drugs are totally water insoluble, and for their admin-
istration they require a hydrophobic carrier. Both drugs can
be liposome formulated, but very low stability is observed
for liposomal taxane formulations due to drug crystallization
in the external solution [97]. The crystallization process can
be fast or slow, depending on the bilayer properties. For lipo-
somes with relatively fluid bilayers, the taxane stability can be
extended up to several months, but with a relatively low D/L
ratio. For rigid liposomal formulations, the overall stability,
understood as the time before crystal formation, is very short
and can be counted in days, hours or only minutes [98]. The
drug crystallization is caused by dimer formation of the tax-
anes preceded by hydrogen bond formation between the two
taxane molecules. Balasubramanian and Straubinger demon-
strated that 2.8 mol% is the maximal bilayer taxane capac-
ity [99]. Above that, the dimer formation accelerates and the
drug is released from the bilayer to form crystal precipitates
in the liposome suspension. In this light, achieving a thera-
peutically optimal drug concentration using liposomes seems
impossible. Because of the above problems associated with
the low stability of liposomes combined with a low D/L ratio

and a rather fast drug release in vivo, the possibility of active
encapsulation of taxanes is very welcome.

As neither taxane possesses ionizable groups and they cannot
be directly loaded by a pH gradient, Zhigaltsev et al. prepared
a weak base docetaxel derivative by derivatization of the
hydroxyl group in the C-2¢ position to form an N-methyl-
piperazinyl butanoic acid ester. The resulting docetaxel pro-
drug could then be described as water soluble (1.7 mg/ml at
pH 7.4) and possessing amphiphilic properties, which is com-
monly required for active encapsulation. Indeed, the prodrug
was actively loaded by an ammonium sulfate gradient into
DSPC or DPPC or DMPC/Chol 55:45 mol/mol liposomes
at 60�C. The encapsulation efficiency was nearly 100% at an
initial drug-to-lipid ratio of 0.4. The liposomal formulation
was stable during 4-month storage at 4�C. Inside the lipo-
somes, the drug needles were visualized using cryo-EM. Direct
comparison of the parent docetaxel formulation (Taxotere)
with DSPC/Chol prodrug formulation showed drastically dif-
ferent drug pharmacokinetics with excellent drug retention for
the liposomal formulation. Also, in vivo animal studies on the
NDA435/LCC6 human breast carcinoma model (at a dose of
25, 40 or 88 mg/kg for the liposomal docetaxel prodrug and
25 mg/kg for micellar docetaxel) showed the superiority of
the DSPC/Chol formulation versus Taxotere or other tested
liposomal formulations [90].

This is the first evidence that hydrophobic drugs can be
modified to form a labile prodrug and then actively loaded to
achieve the high D/L ratio required for optimal drug activity.

3.5 Active drugs’ co-encapsulation
A very interesting opportunity is emerging from the fact that
two drugs can be co-encapsulated together within the struc-
ture of a single liposome. There is considerable evidence
that more and more recent curative cancer treatments are
using drug combinations to overcome the natural tendency
of cancer cells to develop a resistance mechanism against a sin-
gle medication. The possibility of achieving resistance against
two drugs in combination is less likely, so the probability of
successful treatment is higher. By introducing two or even
three anticancer agents there is more room to overcome the
natural lines of defense of the cancer cells. As mentioned ear-
lier, liposomes have the potential to administer much higher
drug amounts to the cancer tissue compared with other drug
carriers, owing to passive vesicle accumulation at the site of
the inflammatory process, always correlated with cancer pro-
gression. This is further enforced by a very high drug payload
achieved by active drug loading. Tardi et al. investigated the
appropriate dosing of the two anticancer agents floxuridine
and irinotecan to achieve the optimal drug/drug balance
having the most beneficial anticancer effect [84]. It was earlier
discovered that for a given drug combination, the activity can
be dramatically dependent on the molecular drug ratios.
Some ratios of drug combination can be synergistic, whereas
other ratios of the same drugs can be additive or even
antagonistic [100,101].
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This observation created the opportunity to elaborate a lipo-
somal formulation of the optimal drug/drug molar ratio for-
mulation combined with an equal drug in vivo release. By
applying a modified transition metal encapsulation procedure,
the researchers [84] were able to co-encapsulate irinotecan by its
complexation with copper ion inside the vesicles with nearly
80% encapsulation efficiency and 0.18:1 drug-to-lipid ratio
without a pH gradient being established. The floxuridine was
passively loaded simultaneously with irinotecan encapsulation
at 50�C. As a result of co-encapsulation ~ 80% of the initial
irinotecan dose was encapsulated, while 50% encapsulation
efficiency of the floxuridine (equilibrium of the drug concen-
tration from both bilayer sides) was achieved. As the initial
floxuridine medium concentration was higher than the irinote-
can concentration, the inside of liposomes reached an almost
equimolar concentration compared with irinotecan, as
required for synergistic drug activity in the cancer cells [84].
As in the case of idarubicin, the cholesterol content was inves-
tigated in terms of the influence of drug retention in vivo [58].
It was then found that in the case of floxuridine, rapid drug
leakage was noted for DSPC/Chol/DSPG 70:10:20 mol/mol
liposomes, whereas when instead of cholesterol a 20 mol% of
DSPG was used, the drug release was slow. In contrast to flox-
uridine, irinotecan required at least 10 mol% of cholesterol
content to retain the drug inside the liposomes. Finally, the
DSPC/Chol/DSPG 70:10:20 m/m formulation was the com-
promise needed to retain both drugs at the same optimal
1:1 molar level during in vivo circulation. Ultimately, if the
trend presented in the cited papers generates wider feedback
in the field of liposomology, then the need for more sophisti-
cated methods of drug co-encapsulation will be essential. If
this path is followed, the next step could be a similar approach
utilizing other drug cocktails at optimized drug ratios, giving
an optimized drug ratio at the tumor site but also possessing
the properties of selective targeting of the active drug or its
liberation on demand.

4. Expert opinion

Since their discovery, liposomes have become an important
drug delivery system that offers rare characteristics, including
small size, long circulation life, the so-called EPR effect and a
very high drug-to-lipid ratio for drugs loaded via an active
process. When the next generation of targeted liposomes
finally reaches the production level, it will certainly cause a
new revolution in cancer therapy, as was observed after the
introduction of Doxil. Without doubt, these systems require
further intensive research, but browsing the literature one
can be certain that essential progress in liposome preparation
techniques, drug encapsulation and targeting has already been
achieved. Now is the time to wait for the first fruits of the next
generation of liposomes.
The active loading techniques are very important in this

liposomal revolution. Without high drug-to-lipid ratios the
activity of the liposomes would be limited. From this review,

one conclusion is clear: there is no single universal encapsula-
tion method that offers stable encapsulation of most drugs.
Each drug requires a different approach to manage all of its
properties. The ammonium sulfate method is one of the
best, as it is able to retain most of the weak bases, but in the
case of ciprofloxacin and some vinca alkaloids, it seems to
fail. The ionophore method allows the encapsulation of a
similar drug range, but by juggling different metal ions, it is
better able to withstand some lipophilic drug leakage. The
highest D/L ratio (1.0) was observed for this method.

The author’s personal candidate for future drug encapsula-
tion is the methods based on the formation of insoluble (or
rather low solubility) complexes inside the liposomes. Each
drug requires the elaboration of a specific method or set of
methods to maintain the desired drug leakage rate, but the
final effect can be worth the effort of such an undertaking.
As observed in the case of ciprofloxacin, which is difficult to
retain long enough in vivo, it was not until arylsulfonate salts
were applied that optimal retention capabilities were achieved.
Active encapsulation required an extra driving force, iono-
phore loading, so the final methodology was rather complex.
The transition metal ion complexation method belongs to
this group of encapsulation methods, and it does offer these
special features. Unfortunately, only a limited number of
drug families can be encapsulated this way. The most impor-
tant thing is that in most cases the drug should be precipitated
in the form of a crystal-like structure to slow down its release.

For water-soluble substances, which have a structure that
does not predestine them to be actively loaded, there is a
way out, allowing the achievement of similar drug precipita-
tion and thus slower release. In the case of at least some drugs,
their solubility is pH dependent (e.g., methotrexate). This
drug can be co-loaded by passive encapsulation (e.g., the
new equilibrium method) with a specific salt solution that
leaks counterions from the liposome interior, decreasing
the pH value (e.g., ammonium sulfate or ammonium phos-
phate) [102]. Unless I am mistaken, the drug should be precip-
itated inside the vesicles as a response to the lowering of the
environmental pH value. In the case of certain drugs, the
ionophore loading method can be utilized, albeit in the oppo-
site direction. The transition ions can be actively loaded (as
already demonstrated) to form internal drug precipitates
with molecules encapsulated using passive methodology.
This may offer some of the advantages of the active loading
methodology for water-soluble drugs [103]. As mentioned in
the Section 3.4, the new drug range can now be loaded via
gradient methods by simple derivatization. This will alter
our way of approaching the liposome problem, leaving most
of the recent problems concerning hydrophobic drugs behind.
To follow this idea, the water-soluble drugs (at least some of
them) can also be derivatized to form lipophilic cleavable
derivatives able to accumulate inside in response to a pH or
ion gradient. If this vision is successfully fulfilled, then most
drugs can be loaded inside liposomes to achieve the optimal
therapeutic level.
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There is still one question, of whether the old and
new methods of drug loading will fulfil the criteria of
increased liposomal drug activity. A detailed look at the
recent strategies and achievements clearly demonstrates
that to ‘accomplish the mission’ the methods of simulta-
neous drug targeting and then release inside cancer cells
are needed to make liposomal therapy complete. At present
many liposomal formulations suffer from fast drug release,
but at least in the case of liposomal doxorubicin,
whose retention seems to be optimal, there is certainly a

need for its increased internalization and then triggered
release after accumulation by the EPR effect. Now is the
time to combine all these strategies to achieve the goal of
a complex but successful anticancer therapy. The new era
of liposomology has just begun.
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