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ABSTRACT: Liposomes are spherical-enclosed membrane vesicles mainly constructed with lipids. Lipid nanoparticles are loaded with
therapeutics and may not contain an enclosed bilayer. The majority of those clinically approved have diameters of 50–300 nm. The growing
interest in nanomedicine has fueled lipid–drug and lipid–protein studies, which provide a foundation for developing lipid particles that
improve drug potency and reduce off-target effects. Integrating advances in lipid membrane research has enabled therapeutic development.
At present, about 600 clinical trials involve lipid particle drug delivery systems. Greater understanding of pharmacokinetics, biodistribution,
and disposition of lipid–drug particles facilitated particle surface hydration technology (with polyethylene glycol) to reduce rapid clearance
and provide sufficient blood circulation time for drug to reach target tissues and cells. Surface hydration enabled the liposome-encapsulated
cancer drug doxorubicin (Doxil) to gain clinical approval in 1995. Fifteen lipidic therapeutics are now clinically approved. Although much
research involves attaching lipid particles to ligands selective for occult cells and tissues, preparation procedures are often complex and
pose scale-up challenges. With emerging knowledge in drug target and lipid–drug distribution in the body, a systems approach that
integrates knowledge to design and scale lipid–drug particles may further advance translation of these systems to improve therapeutic
safety and efficacy. C© 2013 Wiley Periodicals, Inc. and the American Pharmacists Association J Pharm Sci 103:29–52, 2014
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INTRODUCTION

It begins in the late 1950s with the discovery by Saunders and
Thomas1 and Bangham and Horne2 that simple hydration of
dry lipid film coated on a glass surface produces spherical vesi-
cles or liposomes. This basic observation not only enabled the
exploration of lipid–drug and lipid–protein interactions, but
it spurred the development of liposomes and lipid nanoparti-
cles as drug carriers to enhance therapeutic benefits. Today,
liposomes or lipid vesicles are a pivotal biocompatible and
biodegradable drug delivery and formulation platform. They
are typically constructed with a synthetic lipid bilayer mem-
brane, a biomimetic of cell membranes, to entrap drug inside
an aqueous core. Under the protection of the lipid membrane, a
well-subscribed early concept was that drug inside the aqueous
compartment could be transported to tissue, cell, or intracel-
lular targets. Incorporating drug molecules in these particles
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was proposed to shield healthy bystander tissues and cells from
drug toxicity while the drug is en route to sites of pharmaco-
logical action or disease (effect) sites. In theory, water-soluble
(hydrophilic) agents can be encapsulated in the aqueous core
enveloped by the lipid membrane or attached on the membrane
surface with lipid conjugated to soluble agents. The potential to
carry both hydrophobic and hydrophilic compounds has made
liposomes one of the favorite research topics in drug carrier re-
search for scientists across disciplines. However, it was soon dis-
covered that each liposome and lipid nanoparticle (constructed
with different lipid mixtures) exhibits distinct physical stabil-
ity, distribution, and patterns of elimination time course in the
body. Many years passed before scientists began to appreciate
the challenges of premature liposome degradation and clear-
ance, and found lipid compositions that produce stable lipo-
somes that circulate for a sufficient amount of time in the body.
Together, physical stability (in storage and in the body) and
pharmacokinetics (time course study) of liposomes intended to
reduce rapid elimination or clearance are some of the keys to
successful translation of liposome drug delivery systems into
therapeutic products.

Depending on design, liposomes may contain a single or
multiple (onion-like concentric) bilayered lipid membrane com-
posed of natural or synthetic lipids, with diameters ranging
from tens of nanometers to micrometers.3 However, not all
lipid nanoparticles have a contiguous bilayer that would qual-
ify them as lipid vesicles or liposomes. For example, some
lipid nanoparticles may have up to 33% of drug bound to
lipid molecules.4 Although these lipid nanoparticles may be
physically stable, the membrane with high densities of drug
molecules may not behave as a liposomal membrane capable
of encapsulating aqueous contents. Thus, we qualify this vari-
ability by discussing both liposomes and lipid nanoparticles in
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this manuscript. In some cases, lipid–drug aggregates may as-
sume micelle-like structures. Micelles are thermodynamically
stable multimeric nanoaggregate structures of amphipathic li-
pidic molecules in solution about 5–10 nm in diameter. Typical
micelles contain a hydrophobic core; however, inverted micelles
have a small hydrophilic interior. Other lipid nanoparticles of
lipid–drug complexes may be prepared as water-in-oil or oil-in-
water emulsions and conform into colloidal dispersions. Lipids
and derivatives exhibiting a range of biochemical and biophys-
ical properties (size, charge, and surface structure) can be syn-
thesized and engineered to develop drug carriers for specific
therapeutic applications. This potential flexibility and associ-
ated potential number of variations in lipid–drug combinations
(because of the unique lipid–drug interactions) and therapeutic
target design result in wide-ranging lipid–drug compositions.
Thus, with no two liposomes or lipid nanoparticles being iden-
tical, it makes rigorous manufacturing control imperative.

Since their discovery, liposomes have enjoyed significant at-
tention in laboratory and pharmaceutical research because of a
number of attributes. The bilayer membrane could protect drug
from hydrolysis or oxidative degradation, thereby minimizing
toxicity (i.e., improving the therapeutic index). Prolonged drug
circulation or residence time in the body may increase drug
bioavailability (reduce clearance) and provide sufficient time
for drug molecules to arrive at disease targets. Other potential
advantages include the ability to carry multiple drugs at once;
the addition of targeting moieties, such as antibodies; and the
bio-degradable and tunable drug release in response to temper-
ature, pH, or other environmental inputs.

It took about 35 years after the late 1950s discovery to re-
alize the first clinical liposome application in drug delivery.

In 1995, Doxil (PEGylated liposome-encapsulated doxorubicin)
became the first liposome drug delivery system approved for
human use by the US Food and Drug Administration (FDA).5,6

Today, Doxil and other liposomal doxorubicin and daunorubicin
are widely used to treat ovarian cancer and Kaposi’s sarcoma
(over 300,000 patients are treated each year), and to protect pa-
tients from anthracycline cardiotoxicity.7 Moreover, Doxil was
reported to improve doxorubicin levels in Kaposi’s sarcoma tis-
sues by as much as 22-fold compared with healthy normal skin
tissues.8,9 Several drugs and molecules, such as anticancer and
antibacterial agents, imaging and probing agents, peptide hor-
mones, proteins, enzymes, vaccines, and genetic material, have
been loaded into the aqueous compartment or lipid phases of
liposomes.

As shown in Table 1, about 15 liposome and lipid-based drug
formulations are approved for human use. Six are treatments
intended for cancers; others are for fungi, microbes, preventive
vaccination, analgesia, macular degeneration, and hormone
replacement. Select lipid-based drug candidates in late-stage
(Phase II/III) clinical trials are presented in Table 2. Currently,
all human clinical trials intended for product licensing approval
by the FDA must be registered with ClinicalTrials.gov, a US
Department of Health and Human Services sponsored clinical
trial registry. According to ClinicalTrials.gov, there are 589 in-
terventional drug studies with a liposome platform as of May
2013. Interestingly, no FDA-licensed liposome or lipid nanopar-
ticle is coated with ligands or targeting moieties for homing
drug to target tissues, cells, or subcellular organelles. Such tar-
geted therapeutics (with or without precise and controlled drug
release) are an emerging area of research. These ligand-coated
particles, often referred to as actively targeted liposomes, are a

Table 1. Marketed Liposomal and Lipid-Based Products

Trade Name (Company) Lipid Platform Drug Size Indication

Anticancer
Doxil/Caelyx (Janssen) PEG–liposome Doxorubicin 100 nm Kaposi’s sarcoma, ovarian cancer, breast

cancer, combination with bortezomib in
multiple myeloma

DaunoXome (Galen) Liposome Daunorubicin 45–80 nm Kaposi’s sarcoma
DepoCyt (Pacira) Liposome Cytarabine 20 :m Malignant lymphomatous meningitis
Marqibo (Talon) Liposome Vincristine 100 nm Acute lymphoblastic leukemia
Myocet (Cephalon) Liposome Doxorubicin 80–90 nm Combination therapy with

cyclophosphamide in breast cancer

Antifungal
Abelcet (Sigma–Tau) Lipid drug particles Amphotericin B 2–5 :m Aspergillosis
AmBisome (Astellas) Liposome Amphotericin B <100 nm Antifungal, leishmaniasis
Amphotec (Alkopharma) Micelle Amphotericin B 115 nm Aspergillosis

Vaccine
Epaxal (Crucell) Virosome Hepatitis A antigen 150 nm Hepatitis A
Inflexal V (Crucell) Virosome Influenza antigen 150 nm Influenza

Analgesics
Diprivan (Fresenius Kabi) Lipid emulsion Propofol 180 nm Anesthesia
DepoDur (Pacira) MV liposome Morphine 17–23 :m Postsurgical pain
Exparel (Pacira) MV liposome Bupivacaine 24–31 :m Analgesia

Other
Visudyne (QLT) Liposome Verteporfin – Age-related macular degeneration
Estrasorb (Medicis) Micelle Estradiol 600 :m Menopausal therapy

MV, multivesicular.
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Table 2. Select Lipid-Based Products in Clinical Development

Therapeutic Product Name Sponsor Indication Trial Phase

BLP-25a Stimuvax Merck Nonsmall cell lung cancer Phase III
Cytarabine CPX-351 Celator Acute myeloid leukemia Phase III
MHC Ib Allovectin-7 Vical Inc. Metastatic melanoma Phase III
Cisplatin Lipoplatin Regulon Nonsmall cell lung cancer Phase III

SPI-77 NYU Ovarian cancer Phase II
Aroplatin NYU Malignant mesothelioma Phase II

Doxorubicin ThermoDox Celsion Primary hepatocellular carcinoma Phase III
Refractory chest wall breast cancer Phase II
Colorectal liver metastases Phase II

2B3-101 To-BBB Brain metastases and glioma Phase II
Meningeal carcinomatosis Phase II

MPL/QS21c RTS,S/ASO1B GSK Malaria Phase II
Oxaliplatin MBP-426 Mebiopharm Gastrointestinal adenocarcinoma Phase II
Paclitaxel LEP—ETU Insys Breast cancer Phase II

EndoTAG-1 MediGene Breast cancer Phase II
PNU-91934 MSKCC Esophageal cancer Phase II

SN38d CPX-1 Celator Colorectal cancer Phase II
LE-SN38 C&L Grp B Metastatic colorectal cancer Phase II
MM-398 Merrimack Gastric and pancreatic cancer Phase II

aThe BLP-25 lipopeptide is a 25-amino-acid protein sequence (STAPPAHGVTSAPDTRPAPGSTAPP) containing a palmitoyl lysine residue at the carboxy terminal.
BLP-25 provides specificity of the mucin 1 (MUC1) integral membrane protein to stimulate an anti-MUC1 immune response.

bAllovectin-7 is a cancer immunotherapeutic formulated as a plasmid/cationic lipid complex containing DNA sequences encoding HLA-B7 and beta-2-
microglobulin—the heavy and light chains of the major histocompatibility complex (MHC) class I, respectively.

cRTS,S/AS01B is a recombinant hybrid peptide malaria candidate vaccine formulated as a liposome adjuvant system with immunostimulants monophosphoryl
lipid A (MPL) and QS21 (a natural saponin that is the purification fraction 21 from the bark of the South American tree Quillaja saponaria).

dSN38 (7-ethyl-10-hydroxy-camptothecin) is the active metabolite of prodrug irinotecan (CPT-11), converted through carboxylesterase enzymes.
C&L Grp B, Cancer and Leukemia Group B; GSK, GlaxoSmithKline; MSKCC, Memorial Sloan-Kettering Cancer Center; and NYU, New York University School

of Medicine.

challenge to reproduce and manufacture at clinically meaning-
ful scales, even if validated in small animals. Optimization of
physiochemical properties involved in stability, toxicity, and im-
mune surveillance, and the development of robust scale-up and
manufacturing processes could be challenging in some cases.
Although the first-generation liposome and lipid nanoparticle
therapeutic products proved this platform to be safe and effec-
tive for delivery of drugs and vaccines, their use for nucleic acid
and gene therapeutics continues to be explored.

Since our last review on liposome drug delivery systems,10

research continues to fuel development of liposomes and lipid
nanoparticles that improve the pharmacokinetics and ther-
apeutic index of drugs by extending their margin of safety
and efficacy. This manuscript discusses the emerging research
and clinical developments in liposome and lipid nanoparti-
cle delivery of therapeutics. We highlight opportunities for
value-added clinical translation of compounds based on this
platform. To do so, we first discuss physiochemical proper-
ties that are key to characterize and optimize prior to in
vivo scaling.11 As recent reviews focus on biophysical and
chemical aspects of liposome preparation, characterization,
targeting, and optimization, we briefly discuss basic proper-
ties of liposomes and lipid nanoparticles.3,11–14 We next dis-
cuss scale-up considerations then in vivo delivery and cur-
rent advances in passive and active drug targeting. This is
followed by applications of liposomes and lipid nanoparti-
cles as multifunctional carriers, vaccines, gene therapeutics,
and oral drug delivery systems. We conclude with a highlight
on future directions and innovations in liposome and lipid
nanoparticle therapeutics.

BASIC PROPERTIES OF LIPOSOMES AND LIPID
NANOPARTICLES

Lipid vesicles or liposomes are colloidal particles composed of
phospholipid molecules that form contiguous membrane bilay-
ers able to entrap solute. Although liposomes and lipid nanopar-
ticles may be prepared with nonphospholipid molecules such
as cardiolipin and other synthetic derivatives, to date most all
core lipids derive from a phospholipid backbone structure. Lipid
nanoparticles, on the contrary, may have a significant fraction
of drug and other lipid-bound molecules such that thermody-
namically stable lipidic nanoparticles are formed. They may or
may not stably encapsulate a solute within the aqueous com-
partment. Although the specific composition and constituents
for each liposome or lipid nanoparticle varies, most pharmaceu-
tical formulations use synthetic products of natural phospho-
lipids and their derivatives. Some of the major phospholipids
typically used in pharmaceutical applications are presented in
Figure 1. Liposome and lipid nanoparticle-based therapeutic
drugs approved for humans typically contain phosphatidyl-
choline (PC; neutral charge) as a major membrane building
block, with fatty acyl chains of varying lengths and saturation
(Table 3). In some cases, cholesterol (∼30 mol % of total lipid) is
included to increase rigidity and reduce serum-induced mem-
brane instability because of serum protein binding.15 Cellular
and physiological mechanisms may also influence lipid parti-
cle surface charge, membrane fluidity, surface hydration, size,
and distribution and clearance of lipid-associated drug from the
body.

Depending on lipid composition, preparation methods, and
physical structure, lipidic particles may assume a configuration
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Figure 1. A schematic presentation of commonly used phospholipids. Most of the commonly used lipids are presented with hydrophobic R1
and R2 fatty acyl tail groups and a hydrophilic head group carrying a net charge at neutral pH 7. The head group determines the charge of a
phospholipid, whereas the lipid tail group contributes no charge. The lipids with head groups (oval shape shaded area) for sphingomyelin (SPH),
phosphatidylcholine, and phosphatidylethanolamine exhibit neutral net charge. Phosphatidylserine and phosphatidylglycerol carry a negative
net charge at neutral pH 7. The tail groups (R1 and R2) for each phospholipid can have various lengths (typically C14–C18) and degrees of
saturation. SPH contains a sphingoid base backbone (unshaded) and the other four phospholipids contain a glycerol backbone (unshaded). In
addition, R1 of SPH is a C15-saturated carbon chain and R2 is a fatty acid residue connected to the sphingoid base backbone through an amide
functional group. The fatty acid residues for the other four phospholipids are attached to the glycerol backbone via an ester functional group.
The detailed effects on the physical properties of phospholipids because of charge and variation in R1 and R2 are described in Table 3.

other than liposomes. As schematically shown in Figure 1,
lipids and phospholipids contain a charged or hydrophilic do-
main and two fatty acyl chains (tails) typically 14–18 carbons in
length. In solution, phospholipids and adjacent lipid molecules
interact and align to form contiguous bilayer sheets. The bi-
layer sheets in solution form enclosed vesicles analogous to
cells with a spherical membrane. Depending on the fatty acyl
chain length of lipids and lipid structure, each lipid bilayer or
lamellae assumes a thickness of 3–6 nm. Liposomes can also
have more than one lipid bilayer—multilamellar vesicles (or
MLVs) consist of several concentric (multiple onion-like) bilay-
ers and have spherical diameters of 500–5000 nm. Multivesic-
ular liposomes (MVLs)—the lipid platform for DepoDur and

Exparel (Table 1)—are structurally distinct from multilamel-
lar liposomes. They are aggregates of hundreds of water-filled
polyhedral compartments separated by lipid bilayer septa and
are 5000–50,000 nm in diameter.16,17 These large MVLs are also
known as DepoFoam.

Micelles, on the contrary, are lipid aggregates with a
lipophilic core and polar surface (Fig. 2a). In some cases, mi-
celles may contain a small polar core and lipophilic surface
exposed to aqueous environments as the thermodynamically
most favorable aggregates (Fig. 2b). These inverted micelles
are formed by phospholipids with a smaller head group, such
as phosphatidylethanolamine (PE; compared with PC with a
larger head group diameter), and a moderately unsaturated

Table 3. Attributes of Head and Fatty Acyl (Tail) Groups for Commonly Used Phospholipids

Phospholipid Property
Effect on Liposome Membrane and
Nanoparticle Characteristics Functional Attributes

Head group
SPH/choline: –(CH2)2–N(CH2)3

+ Some surface hydration Neutral charge
Ethanolamine: –(CH2)2–NH3

+ Minimal surface hydration Neutral charge
Serine: –CH2–CH(COO−)–NH3

+ Some surface hydration Negative charge
Glycerol: –CH2–CH(OH)–CH2OH Some surface hydration Negative charge
PEG (ethanolamine): –(CH2)2–NH–PEGa Enhanced surface hydration and steric

effect
Negative charge

Tail group—fatty acyl chains: R1 and R2 (C14–18 in length)
Increase in the degree of saturation More rigidity; less fluidity Elevated Tc
Increase in the chain length of R1 and R2 Increased thickness of bilayer Elevated Tc
Varying degree of saturation and chain length on

R1 and R2

Decreased order of membrane packing Reduced Tc (compared with phospholipid
with two identical fatty acyl tails)

aPEG: –[O–(CH2)2]n–OH.
Tc, lipid-phase transition temperature.
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Figure 2. A schematic presentation of lipids and derivatives that form micelles and inverted micelles. (a) Lipidic micelles (hexagonal HI) are
formed because of a large hydrophilic head group, such as a lyso-phosphatidylcholine with a choline head group and a saturated fatty acid. They
form stable molecular aggregates that resemble sheets of tubes with an internal lipidic core. (b) Inverted micelles (hexagonal HII) are formed
because of phospholipid with a neutral and small head group, such as phosphatidylethanolamine, with unsaturated fatty acyl tails that tend to
form inverted cone structures in solution (e.g., 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine or DOPE). They form stable molecular aggregates
that resemble sheets of tubes with an internal aqueous space.

fatty acid tail. In solution, inverted micelles tend to form
higher-order tube-like aggregates constructed of sheets of ex-
tended parallel stacks. These structures are known as the
hexagonal (HII) lipid polymorphic phase.18 Although liposomes
can serve as a drug carrier for tissue, cell, and intracellular
targeted delivery, micelles may act as a solubilizer for water-
insoluble drugs. Micelles enable injectable preparations of
otherwise insoluble drugs into a colloidal emulsion or solution
suitable for human administration. These small lipid nanopar-
ticles, while physically stable, may not necessarily have a lipid
membrane, nor enclosed aqueous or lipophilic core. Instead,
they may exist as a lipid matrix of one or several lipid monolay-
ers or bilayers, within or encapsulating other materials such as
polymers, quantum dots, gold, iron oxide, or silica.

Regardless, it suffices to say that most liposome and lipid
nanoparticle formulations use synthetic products of natural
phospholipid carrying fatty acyl chains of various lengths and
degrees of saturation. Although a mammalian cell membrane
contains about 500–1000 different lipid species,19 liposome
therapeutic products are constructed with one or two phospho-
lipids in the final composition to simplify characterization and
scale-up preparation of licensed products. A simple and min-
imalist approach to selecting a lipid composition is necessary
for clinical translation. The key consideration is to select a set
of physical characteristics that provide optimal liposome and
lipid nanoparticle stability in storage as well as specified clin-
ical pharmacokinetic (disposition in vivo, particularly plasma
clearance) characteristics. Such a focused approach has proved

successful for developing therapeutic products based on this
drug delivery system.

Surface Charge

Depending on the lipid composition and the head group of lipids,
liposomes and lipid nanoparticles may carry a negative, neu-
tral, or positive net charge (Fig. 1, Table 3). The overall net
charge of the particles is typically expressed as surface or zeta
potential. Particles without charge have higher tendency to ag-
gregate than those with net charge. In solution, surface charge
of particles depends on the lipid head group composition, salt,
and pH. At physiologic pH 7.4, therapeutic liposomes and lipid
nanoparticles composed of sphingomyelin (SPH), PC, or PE
carry a neutral net charge, whereas phosphatidylserine (PS)
and phosphatidylglycerol (PG) exhibit one negative net charge
(Fig. 1).

The nature and density of the surface charge may impact
stability, pharmacokinetics, biodistribution, and cellular affin-
ity and drug internalization. Upon entering the circulation,
negatively charged liposomes are subjected to opsonin protein
binding (liposome opsonization). Although opsonization of bac-
teria and viruses (which often carry a negative net charge)
reduces the electrostatic surface repulsion between invading
microbes and phagocytic cells (macrophages) of the mononu-
clear phagocyte system (MPS), whether this mechanism is
key to the observation that negative charge enhances cellular
uptake in vivo is not clear. Nevertheless, negatively charged
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particles containing PS or PG have been shown to enhance
cellular uptake through endocytosis at a faster rate and to a
greater extent than neutral counterparts.20,21 Moreover, nega-
tive surface charge is recognized by receptors found on a vari-
ety of cells, including macrophages.20,22 Inclusion of glycolipids,
such as the ganglioside GM1 or phosphatidylinositol signifi-
cantly reduces uptake by macrophages and MPS cells, resulting
in prolonged blood circulation times. A small amount of neg-
atively charged lipids may stabilize neutral liposomes against
an aggregation-dependent phagocytic uptake mechanism.23 On
the contrary, when positive charges are not fully neutralized by
negatively charged DNA, cationic liposomes and lipid nanopar-
ticles with net positive charge have a tendency to interact with
proteins in serum. These interactions may potentially lead to
compliment activation by certain serum proteins adsorbing to
the particle surface. In some instances, this process may also
enhance uptake by the MPS and cause eventual clearance by
the lung, liver, or spleen.24

Recently, it was reported that macrophage uptake of polysac-
charide nanoparticles with 150 nm diameter increases when
negative and positive charge density increases; however, up-
take of particles with positive charge appeared to be nearly
twofold higher than negative particles.25 Thus, for equivalent
and larger particles, carrying net positive charge tends to en-
hance macrophage and other phagocytic uptake. At high lipid
doses, cationic liposomes activate the classical complement
pathway, and negatively charged liposomes activate the alter-
nate (lectin) pathway.26,27 Interestingly, complement activation
is sensitive to the negative charge on the phosphate head group
and appears to be linked to the charge on phosphate. Negative
liposomes without a phosphate group failed to induce comple-
ment activation.28,29 Thus, not all negatively charged liposomes
have complement-activating potential. Taken together, posi-
tively charged liposomes increase plasma protein adsorption
and exhibit higher tendency for untoward effects because of a
higher rate of nonspecific cellular uptake. Negatively charged
lipid particles are common to most FDA-approved therapeutic
lipid–drug formulations.

Fluidity of Lipid Membrane and Lipid Nanoparticles

Organized in a thermodynamically most stable bilayer struc-
ture, lipid molecules in liposomes and lipid nanoparticles may
exhibit a well ordered or gel phase below the respective lipid
phase transition temperature (Tc), and a disordered or fluid
phase above Tc. The Tc is measured by a number of method-
ologies including fluorescence probe polarization, calorimetry,
and electron spin resonance of membrane spin probes. The Tc is
sometimes referred to as the lipid melting temperature or Tm.
At the Tc, equal proportions of the two phases coexist. Because
of the formation of segregated gel and fluid domains within the
bilayer at Tc, a maximum in liposome leakiness is observed.30

Overall, the phase behavior of a liposome membrane deter-
mines permeability, aggregation, protein binding, and to a
lesser degree, fusion of liposomes. As outlined in Table 3,
the Tc of each lipid molecule depends on the length and na-
ture (saturated or unsaturated) of its fatty acid chains. Thus,
by selection and appropriate combinations of lipids, the fluidity
of lipid bilayers can be predicted for physiological temperature
(37◦C). For instance, liposomes with distearoylphosphatidyl-
choline (DSPC; Tc = 55◦C) with its 18-carbon fatty acyl chains
would exhibit the gel phase, whereas dimyristoylphosphatidyl-

choline (DMPC; Tc = 24◦C) with two symmetrical 14-carbon
fatty acyl chains would be in the fluid phase at physiological
temperature. The intermediate 16-carbon saturated fatty acyl
chain containing dipalmitoylphosphatidylcholine (DPPC; Tc =
41◦C) would form mostly the gel phase at 37◦C. Introduction of
a double bond or unsaturated fatty acid to DPPC, that is, di-
oleoylphosphatidylcholine (DOPC) with its two oleoyl C18:1c9,
reduces the Tc to −17◦C. Incorporation of other lipidic molecules
such as cholesterol (up to 30% of the total amount of mem-
brane PC) into a PC bilayer may lead to an increase in mem-
brane fluidity and broaden the temperature range in which
the lipid membrane goes into transition.31 In other words, such
addition has a buffering effect on the Tc. More recently, addi-
tional derivatives of cholesterol including chimera cholesterol–
PC derivatives have been reported to further improve mem-
brane stability.32

Phase transition behavior of lipid bilayers has been exploited
to enhance liposome aggregation, lipid transfer, and drug re-
lease. It is important to note that while desirable, fusion be-
tween liposomes and cells requires high activation energy be-
cause of membrane-bound water. Thus, fusion is a rare event
without the help of fusion proteins or significant energy input
such as pH, temperature, or other environmental sources. In
contrast, liposome aggregation (requiring a lower energy) could
mediate membrane destabilization that leads to the release
of encapsulated drug. Following administration, the tempera-
ture of gel phase liposomes or lipid nanoparticles accumulated
in local tissue can be raised to Tc with external heat sources
such as infrared, microwave, ultrasound, or lasers. However,
such strategies must account (compensate as necessary) for the
Tc depression because of drugs bound to lipid membranes or
protein-bound lipid membranes. In some instances, drug bind-
ing may abrogate the phase transition behavior altogether.33,34

Additionally, binding of serum proteins may influence the phase
transition behavior and also the premature release rate of drug
trapped within the aqueous compartment of liposomes.35 More-
over, fluidity, in particular liposomes that exhibit phase transi-
tion behavior at or near physiologic temperatures (37◦C), may
enhance the activity of cell surface phospholipases that degrade
lipids and generate lysophospholipids (by deacylation at the A1

or A2 positions of phospholipids). In another scenario, the for-
mation of micelles within the lipid bilayer because of increasing
concentrations of lysophospholipids may accelerate the drug
release rate because of the surfactant property of lysolipid mi-
celles. Intrathecally administered lysophospholipids have been
shown to elicit neurobehavioral toxicity in rats.36 Collectively,
appropriate lipid compositions that provide fluidity necessary
to maintain lipid structure, as well as physical properties at
physiological temperature, are key considerations in designing
liposome and lipid nanoparticle drug delivery systems.

Surface Hydration or Steric Effect

It has been known for quite some time that the degree of hydra-
tion on the membrane surface plays a role in liposome aggrega-
tion. Increasing the hydration shell on the membrane tends
to reduce liposome aggregation and phagocytic cell uptake.
Thus, in the 1980s, attempts were made to increase membrane
hydration to reduce aggregation and avoid recognition of the
MPS by coating the membrane surface with hydrophilic poly-
mers. Initial efforts used glycolipids and gangliosides, such as
GM1 or lipids that are chemically conjugated to hygroscopic or
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hydrophilic polymers, including various lengths and branching
of polyethylene glycol (PEG) and polymeric glycosytic chains. It
was later found that lipid-conjugated PEGs of varying lengths
with a long-standing human safety profile are cost-effective,
and provide a sufficient degree of surface hydration for phar-
maceutical product development. The technology using PEG-
modified liposomes and lipid nanoparticles is similar to protein
PEGylation. For liposome incorporation, PEG can be conju-
gated to the terminal amine of PE, instead of conjugating PEG
to therapeutic proteins such as adenosine deaminase (Alderase,
for treatment of severe combined immunodeficiency syndrome)
to reduce immune recognition and rapid clearance.37 PEG can
also be conjugated to molecules such as cholesterol that an-
chor into the lipid bilayer, which has been explored for folate
targeting.38 These PEG–cholesterol derivatives and PEGylated
lipids are commercially available from several suppliers. PEGy-
lated liposomes, sometimes referred to as sterically stabilized
or stealth liposomes, were first described by Allen and Chonn.39

PEGylated liposomes greatly reduced macrophage binding and
recognition as foreign particles, as well as phagocytic clearance
by cells of the MPS through spleen and liver elimination. Sys-
tematic study results indicate the optimum PEG polymer size
and the density of PEG is MWavg = 1000–2000 (Ref. 40) and
5–10 mol % total lipid. Depending on the length and density
of the PEG polymer, PEG on the liposome membrane occupies
an additional 5-nm surface hydration thickness41 without sig-
nificantly modifying the overall charge property of liposome
membranes.

PEGylated liposomes have greatly increased the plasma
half-life of doxorubicin and have consequently allowed devel-
opment of the liposomal doxorubicin product Doxil for cancer.
The extended circulation plasma half-life achieved with PEG in
lipid membranes allows the encapsulated drug, doxorubicin, to
eventually accumulate in tumors through leaky blood vessels
that supply tumor targets,42–44 a phenomenon known as the en-
hanced permeability and retention (EPR) effect.45 It should be
noted that the EPR effect is not uniformly present in all tumors
and has significant heterogeneity within and between tumor
types. When present, it is a slow process that requires liposomal
drug to be in the blood circulation for extended times. Without
extension of the plasma lifetime of liposome drugs with PEG,
the utility of the EPR effect would have been missed. Other
water-soluble polymers46–51 have been explored to increase cir-
culation time by resisting protein adsorption. However, PEG
polymers appear to be more robust with acceptable safety data
essential for product development considerations. Indeed, the
long-standing human safety data on the use of PEG as an excip-

ient for parenteral preparations are one of the key advantages
of using PEG-conjugated lipid. Initially, there were concerns
regarding heterogeneity of long-chain PEG polymers, purified
from petroleum products. However, this issue has been solved
with availability of synthetic homogeneous PEG polymer by
Shearwater.52 One should be aware, however, that extremely
large PEG polymers may exhibit slow renal clearance and thus
could accumulate in the liver and remain in the body for quite
some time.53 There are a number of reports that have raised
concerns about the immunogenicity of PEGylation54 and asso-
ciated accelerated blood clearance effect.55,56 However, many of
these studies are carried out with liposome-bound PEG with
various molecular weights and branching structures to elicit
immunogenic response in animals. Also, well-validated assays
for anti-PEG antibodies are lacking. Therefore, at present, it
is difficult to draw definitive conclusions on the immunogenic-
ity of PEG and potential clinical impacts.57 Regardless, surface
hydration of liposomes and lipid nanoparticles with extended
plasma half-lives has provided a clear direction that allows
these particles to avoid premature phagocytic uptake and pro-
vides sufficient time in blood to passively navigate to target
cells and tissues.

Impact of Size and Structure

It is well documented that the size of liposomes influences phar-
macokinetics, tissue distribution, and clearance. Hepatic up-
take and accumulation, tissue extravasation, tissue diffusion,
and kidney excretion may depend heavily upon particle size.
Only liposomes of a particular size (≤100–150 nm) are able
to exit or enter fenestrated vessels in the liver endothelium
or tumor microenvironment.58 Liposomes in blood vessels do
not easily escape out of capillaries that perfuse tissues such
as the lung, heart, and kidney if they are within the diameter
range of 100–150 nm (Table 4). Liposomes and particles, 100–
200 nm in diameter, may distribute to bone marrow, spleen,
and liver sinusoids, and to some extent may escape through
discontinuous leaky capillaries within these organs. Although
lung alveoli could trap particles of several micrometers in size,
the pulmonary capillary barrier pore size is estimated to be
around 35 nm, a value twofold to threefold lower than that of
the pores within the endothelial lining of capillaries in the kid-
ney. Islet tissues in the pancreas and glomerulus in the kidney
have smaller pores with diameters reported to be around 10–
15 nm (Table 4). These tissue and capillary pore size data59–61

provide a context of why most liposome preparations of 50–
200 nm do not easily escape from continuous blood capillaries
in their intact form. However, when extravasated from blood

Table 4. Estimated Pore Size of Capillaries and Organs

Organ Physiological Structure Estimated Pore Size (nm) Species

Capillary Fenestrated (diaphragmed) (endocrine glands) 6–12 Human61

Fenestrated (nondiaphragmed) (kidney glomerulus) 10–15 Human61

Discontinuous/leaky 50–180 Human/rabbit61

Heart Left ventricle microvessels 5 Human62

Lung Pulmonary endothelium 8–35 Dog63

Liver Hepatic sinusoids 110 Human64

Spleen Splenic sinusoids 200 Rat/mouse59

Kidney Glomerular endothelium 80–130 Rabbit/mouse65

Basement membrane 3 Rat66

Podocytes 32 Human67
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vessels (typically through discontinuous capillaries in the liver,
spleen, bone marrow, and to some extent in the lung), liposomes
greater than 100–150 nm are often taken up by phagocytes or
remain in the tissues for an extended time. The majority of
phagocytes with liposomes accumulate in the spleen and liver
for eventual elimination. Once in a tissue, liposomes may be
retained because of the pore size or interstitial dimensions of
the tissue (Table 4).59,61–67

Cellular internalization—phagocytosis, macropinocytosis,
caveolin- and clathrin-dependent endocytosis, and caveolin-
and clathrin-independent endocytosis—may also be influenced
by particle size.68–70 Caveolin- and clathrin-dependent and
caveolin- and clathrin-independent endocytosis are most rel-
evant to liposomes of 50–150 nm in diameter.71 Particles less
than 10 nm undergo renal filtration through the glomerular
capillary wall and are not reabsorbed.72 In mice, reduction of
liposome size to 50 nm diameter or below greatly reduced MPS-
mediated clearance73 and achieved a plasma half-life similar
to those achieved with PEGylated liposomes 100–150 nm in
diameter.74,75 In addition, in vivo MPS cell uptake can be sat-
urated with high doses of liposomes with drug that inhibits
phagocytic activity or by predosing with large quantities of con-
trol liposomes. However, these strategies may not be practical
for clinical application because of the adverse effects related to
the impairment of phagocytic functions in the MPS (a natural
mechanism to clear microbe invasions).

Thus, to avoid MPS uptake and to prolong blood circula-
tion time, most therapeutic liposomes and lipid nanoparti-
cles are designed within 50–100 nm diameters. For example,
DaunoXome—a liposomal cancer therapeutic—consists of 45–
80 nm diameter particles intended to reduce MPS uptake.
Serum protein binding and related complement-dependent ac-
tivation are shown to be dependent on liposome size and to-
gether, these two mechanisms increase the rate of clearance
in vivo. In sum, liposome and lipid nanoparticle diameter less
than 50–80 nm enjoy significantly lower MPS-dependent clear-
ance in humans. With PEGylation, particles with diameters
less than 100–150 nm exhibit reduced plasma protein binding,
MPS and hepatic uptake, and longer blood circulation times.

SCALE-UP FROM LABORATORY TO CLINICAL
PREPARATIONS—TRANSITIONING FROM PRECLINICAL
TO CLINICAL STUDIES

Since the first FDA approval of a liposome-based doxorubicin
pharmaceutical product in 1995, liposome and lipid–drug par-
ticle research activities that progress from in vitro and in vivo
preclinical animal testing to clinical trials have increased dra-
matically. There are at least 107 active (out of 589 interven-
tional) clinical trials containing the terms “liposome” or deriva-
tives. It is essential that novel liposomal drug preparations,
initially tested in the laboratory setting on a microliter scale,
are adaptable and can maintain the same characteristics when
prepared in liter volumes or more for preclinical and clinical
testing. Large volumes are necessary to evaluate lipid par-
ticle preparations in appropriate animal models, such as ef-
ficacy and safety evaluations in rodents, nonrodents, and in
some cases primates, which support regulatory submission for
product licensing. Industrial-scale production of liposomal and
lipid nanoparticle products for pharmaceutical purposes re-
quires not only the ability to produce sufficient quantities, but

Table 5. Number of Publications on Liposome Research In Vitro and
In Specific Animal Species

Search Terms in
PubMed Liposome
AND “(Term Below)”
Search Date 7/25/13

Publications
Since 1965

Publications
Since 2008

Number Total (%) Number Total (%)

In vitro 2610 50.9 856 61.9
Mouse 972 19.0 271 19.6
Rat 996 19.4 168 12.2
Rabbit 308 6.0 39 2.8
Pig 127 2.5 24 1.7
Dog 43 0.8 9 0.7
Primate 19 0.4 3 0.2
Clinical Trial 49 1.0 12 0.9

also requires reproducibility and rigorous adherence to qual-
ity standards as described in the Good Manufacture Practice
guidelines.

The development of suitable, scalable methods for liposome
and lipid–drug particle production has posed a challenge for
many laboratory scientists and innovators when it comes to
translating their products from bench-top testing to in vivo
studies and eventual clinical trials. One can gauge this diffi-
culty by analyzing the published manuscripts for novel formu-
lations tested in vitro in cell culture systems that progress to
mice, rats, and nonrodent larger animals such as rabbits, pigs,
dogs, and primates. An analysis of published reports since 1965
and the last 5 years is summarized in Table 5 and plotted in
Figure 3. It is apparent that a majority of reports are either
in vitro or utilize mouse models and a diminishing number of
reports in the literature progress to primate and eventual hu-
man testing. These data suggest that less than 1% of reported
novel liposomal formulations are likely to enter human clinical
trials.

Although the decision to advance a project through in vivo
studies is complex, all projects moving into clinical develop-
ment must be scaled from laboratory to clinical volumes and

Figure 3. Number of publications on liposome research in vitro and
in specific animal species. Data recorded in the PubMed database were
identified with the search terms “liposome AND (‘in vitro’ or specific
animal species).” For “human,” the term “clinical trial” was used for
the search query. Data were compiled and plotted as a bar graph for
the number of publications since 1965 and the last 5 years (2008–2013).
A summary of numerical data is presented in Table 5.
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must meet a number of challenging criteria. The final product
must be: (1) within the uniformity specification, (2) reproducible
within a defined size range, (3) sterile in the case of injectable
formulations, (4) devoid of any potentially harmful additives,
and (5) stable in storage (with adequate shelf-life). These are
some criteria relevant to injectable liposome and lipid nanopar-
ticle products and are in addition to other quality control mea-
sures essential for licensing approval of injectable drugs, dis-
cussed in detail elsewhere.76,77 Also, the preparation process
must be time-efficient and cost-effective if it is to be industri-
ally viable.

At all stages of development, it is critical to envision a diag-
nostic, therapeutic, or vaccine product for which the prepara-
tion method is adaptable to industrial scale production. Even
if a novel concept proves promising, a complicated preparation
procedure that cannot be adapted to a larger scale for pre-
clinical testing drastically diminishes the translational poten-
tial. Thus, one must consider designing a scalable or adaptable
method early in research and development so that the lipo-
some characteristics of the large-scale product will be similar
to its small-scale counterpart. For preparations with only a
fraction of drug encapsulated or incorporated into lipid parti-
cles, removal of free drug through additional purification steps,
although necessary, may add significant cost, time, and risk
of contamination. In what follows, we briefly review liposome
and lipid particle preparation procedures and highlight their
potential for commercial scale-up.

Because of its simplicity, most laboratory investigations
use the lipid thin-film hydration method, first described in
1965, followed by size reduction to prepare small unilamellar
liposomes.78 The hydrated lipid film produces large MLVs or li-
posomes. Then, a sonication, homogenization, or extrusion pro-
cedure is used to reduce the particle size and form unilamellar
structures. Variations of this laboratory method are still widely
used for liposome preparation on a micro- to milliliter scale. A
number of attempts have been made using this method to pro-
duce liposomes on a several-hundred milliliter scale for preclin-
ical testing, including that reported by Asmal et al.79 to evaluate
the antiviral efficacy of liposome-encapsulated antithrombin-
III in primates. However, thin-film hydration has a number of
drawbacks. As the capacity of the drying vessel is dependent on
the final liposome volume, large-scale production would require
expansive equipment with a large surface area over which to
coat the lipid film. This problem could potentially be overcome
by spray drying and other industrial procedures.

Another disadvantage of thin-film hydration is that it pro-
duces large MLVs. In contrast, a majority of liposomal drug
products are smaller particles that require significant size re-
duction from several microns to 50–200 nm in diameter. The
ultrasonic technique, typically using bath- or probe-type soni-
cators that disrupt MLVs, is convenient for small-scale prepa-
ration but is not suitable for scale-up production because of
several technical challenges. It is difficult to provide uniform
ultrasonic energy input over a large volume of material, the
risk of oxidation and degradation of phospholipid is high, and
metal leaching from the sonicator probe is well documented.80,81

Although attempts have been made to control “cycles per burst”
and duration to improve sonication procedures, significant hur-
dles remain.

Homogenization techniques rely on high-velocity collisions
to reduce particle size. Mayhew et al.82 have developed a mi-
croemulsifier that splits a sample of large, heterogeneous lipid

particles into two streams and recombines them in a continu-
ous, multicycle, high-velocity, high shear-force collision, leading
to the production of monodisperse liposomes less than 100 nm
in diameter.82 A number of high-pressure homogenization in-
struments based on the concept of high-velocity collision are
available, including Microfluidic’s HC series (Newton, Mas-
sachusetts) and Avestin’s Emulsiflex homogenizers (Ottawa,
Canada). The ability to run as a continuous-flow process
means that large-scale homogenization does not necessarily
require massive equipment, making it technically appealing.
By controlling formulation, concentration, pressure, and num-
ber of homogenization cycles, homogenization becomes a con-
trollable, scalable, and reproducible size-reduction method.83

New high-pressure homogenization technologies and process
control procedures are available to control product degradation
and temperature. Although small (∼50 nm diameter) parti-
cles can be uniformly produced by this method, intermediate
to large particles cannot be made with this approach without
assistance with other filtration/extrusion technology. Although
these high-pressure continuous-flow instruments provide high-
throughput potential, scalability, and reproducible size reduc-
tion efficiency, a significant capital investment and measurable
volume loss during production could pose significant barriers
for researchers with limited materials.

Low-pressure extrusion of liposomes through a series of fil-
ters with defined pore diameters to reduce particle size could
provide preclinical and clinical scale materials with less volume
loss compared with homogenizers. Typically, these instruments
can be used to produce a few milliliters to greater than 10 L of
product. The advancements in filter matrices, such as those
made from polycarbonate, have enabled innovations in the
production of filters with uniform pore diameters as small as
35 nm with little variation. The lipid particles are extruded se-
rially through a polycarbonate filter (e.g., Nucleopore with a de-
fined pore size) to produce lipid nanoparticles with a relatively
uniform size distribution. There are several commercial extrud-
ers available, including the Lipex (Northern Lipids, Burnaby,
Canada), Maximator HPE 12.0–100 (CPL Sachse, Berlin,
Germany), and LiposoFast (Avestin, Ottawa, Canada). Stable
liposomes in volumes up to 0.5 L have been produced aseptically
with a Lipex extruder for clinical studies and for in vivo stud-
ies in non-human primate models.79,84,85 However, large-scale
extrusion is hindered by the difficulty of controlling the temper-
ature of large extrusion volumes as well as the tendency of lipid
to deposit on the filter membrane, causing slow flow rates and
clogging of the pores. Filter clogging may be addressed by inno-
vative cross-flow designs, such as continuous low-pressure ex-
trusion through a hollow-fiber membrane with tangential flow
to reduce clogging.86

Instead of thin-film hydration and size reduction, liposomes
can be produced by mixing the organic phase containing the
dissolved lipid with the aqueous phase at defined conditions.
Reverse-phase evaporation procedures are based on this strat-
egy, creating an emulsion between the organic and aqueous
phases and subsequently removing the organic solvent by evap-
oration to form liposomes.87 An alternative but more robust ap-
proach is to rapidly inject the lipids dissolved in organic solvent
into an excess of aqueous solution. First described by Batzri and
Korn,80 ethanol injection involves dissolution of the lipids in
ethanol followed by rapid injection of the ethanol mixture into
the heated aqueous phase. Upon injection, the lipids immedi-
ately form bilayer vesicles that encapsulate aqueous content.80
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By adjusting parameters such as injection temperature and the
ethanol–water ratio, liposome size can be well controlled.88,89

Ethanol injection methods and their derivatives, such as those
employing a membrane through which the ethanol is injected,
are capable of producing liposomes with average diameters less
than 100 nm and low polydispersity.89,90 In an effort to make a
fully scalable system, Wagner et al.76,91 developed a cross-flow
injection module in which the aqueous phase is pumped from
its starting vessel to a collecting vessel, and the ethanolic phase
is injected mid-way at an injection module. This could be run
in a continuous fashion with scaling solely dependent on the
size of the attached vessels.76,91 Variations of the ethanol injec-
tion method have been used to produce a number of liposomal
pharmaceutical products. Some modifications may be needed
for certain lipid–drug formulations because not all lipids and
drugs are soluble in ethanol and inadequate dissolution or mix-
ing could result in heterogeneous composition and size of lipo-
somal drug products.92 However, solvent injection techniques
may be an ideal procedure for lipid compositions that are sol-
uble in pharmaceutically compatible solvent such as ethanol
because of the simplicity, versatility, and scalability of the
process.

Some proteins and oligonucleotides are sensitive to denatu-
ration in organic solvent and require gentler handling. Deter-
gent dialysis or depletion is a potentially scalable procedure
that may be more suitable for these agents. Lipids are mixed
with a surfactant or detergent in aqueous solution to produce
micelles, and subsequent dilution or removal of the detergent
produces liposomes with the ability to encapsulate proteins and
oligonucleotides in their native form.93 Detergent depletion in-
corporating capillary dialysis has been used to produce sterile
liposomes (d = 50 and 200 nm) in quantities up to 5 L for clin-
ical application.94 Detergent depletion is simple, flexible, mild,
and potentially scalable, but has several significant disadvan-
tages. Encapsulation of hydrophobic compounds is poor using
the dilution method, but methods used to remove the detergent
may also remove hydrophilic compounds. The multistep process
can also be time-consuming.92,93 These hindrances, particularly
the challenge of removing residual trace amounts of detergent,
make detergent dialysis and depletion methods more costly for
industrial-scale preparations.

There are other laboratory procedures described for lipo-
some and lipid particle preparation including double emulsion,
freeze–thaw, dehydration–rehydration, fast-extrusion, and re-
cently, the use of supercritical carbon dioxide. Pressurized car-
bon dioxide acts as a solvent into which the lipids are initially
dissolved. Rapid depressurization with simultaneous mixing
of the precipitating lipids into the aqueous phase results in
the spontaneous generation of liposomes.95 Supercritical car-
bon dioxide has garnered particular interest in the biotech-
nology community because of its antimicrobial properties and
potential as a sterilizing agent, which could be beneficial in the
production of liposomes for clinical use.96,97 Although some of
these methodologies appear to be robust for small-scale pro-
duction, and some have been tested on a larger scale, they are
still in the exploratory and developmental stage for large-scale
preparation.

In summary, there are several large-scale liposome and lipid
particle preparations that are available to produce pharma-
ceutical products. When possible, scale-up issues should be
considered early in the course of developing new lipid–drug
formulations intended for pharmaceutical application. Rele-

vant advantages and disadvantages of the techniques discussed
above are summarized in Table 6. Although ethanol injection
and high-pressure homogenization are proven methods to pro-
duce clinical products of lipid nanoparticles on a large scale,
detergent depletion techniques may be more gentle and suit-
able for protein therapeutics and gene therapeutics.

DISPOSITION OF LIPOSOMES AND LIPID
NANOPARTICLES IN VIVO: PRECLINICAL AND CLINICAL
INSIGHTS

As with any drug development, the intended therapeutic tar-
get drives the final lipid composition of lipid–drug particles.
As a result, mechanisms of biodistribution, disposition, and
pharmacokinetic parameters measured in vivo vary with lipid
composition, size, charge, and degree of surface hydration/steric
hindrance. In some cases, the degree of drug binding to lipid and
membrane structure may also influence the overall disposition
profile. In addition, drug administration routes may determine
the rate and extent of target and off-target tissue exposure.
Intravenously (i.v.) administered liposomal drug formulations,
for example, gain immediate access to blood and rapidly dis-
tribute to highly perfused tissues such as the liver, kidney, and
spleen that regulate drug elimination. Intravenously adminis-
tered lipid–drug particles may also expose or bind immediately
to plasma proteins. In contrast, intramuscularly (i.m.) adminis-
tered liposomal drug may gain access to the blood much slower,
providing sustained but lower levels of plasma drug concen-
tration over time. Depending on lipid composition and parti-
cle size, subcutaneously (s.c.) administered lipid–drug particles
may provide extended but lower plasma drug levels than the
i.m. route; in some cases, they could circulate as lipid–drug
complexes in the lymphatic system before drug finds its way to
the blood. Although some success in topical and oral routes of
liposomal drug application has been reported, to date there
is no liposomal therapeutic product given orally. Therefore,
our discussion focuses on the application of liposome and lipid
nanoparticle drug delivery systems designed for systemic—i.v.,
i.m., and s.c.—dosage forms.

Regardless of any route of administration, drug encapsu-
lated or associated to lipid particles traverse to target and
off-target tissues through the blood or lymphatic circulation.
Most often, the blood carries free drug, lipid-associated drug,
or the mixture of both forms into tissues through capillary
perfusion. Drug-carrying particles composed of lipid and lipid
membranes may interact with plasma proteins in blood that
include albumin, lipoproteins (i.e., HDL, LDL, etc.), and other
cell-associated proteins. Although it is possible that both the
amount and identities of proteins on the particle surface have
a direct effect on the biodistribution of nanoparticles, the pre-
cise mechanism of protein binding is not well understood, nor
is it known how the amount of protein binding triggers a bio-
logical response.98 Approximately 20 (Refs. 99,100) of roughly
3700 proteins that make up the plasma proteome101,102 have
been associated with lipid particles. Some of these proteins (e.g.,
apolipoprotein A-I of HDL via the reverse cholesterol transport
pathway) may remove phospholipids and fatty acids (such as
oleic acids in some liposome compositions) in the lipid bilayer,
thereby destabilizing the liposome and membranes.103–105 As
a result, encapsulated or lipid-associated drug may leave or
dissociate from the complex prematurely. In addition, in the
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Table 6. Select Methods of Liposome Preparations and Their Advantages and Disadvantages in Scale-Up Procedures

Basic Technique Advantages for Scaling Disadvantages for Scaling Scalability Potential

Formulation method
Thin film hydration Solvent evaporation followed by

rehydration in aqueous phase
Simple Requires size reduction Suitable for small to

mid-size batchesEquipment size is volume
dependent

Reverse-phase
evaporation

Mixing of immiscible solvent
with aqueous phase to form
emulsion followed by
evaporation of solvent

Simple Multistep process Suitable for small to
mid-size batches

Size reduction required
Solvent injection Injection of miscible solvent

(generally ethanol) into
aqueous phase

Single-step process Presence of solvent without
postremoval

Very good

Continuous processing Not all lipids/drugs dissolve
in ethanol

Detergent depletion
(dialysis)

Mixed-micelle formation with
detergent followed by
detergent dilution or removal

Gentle Presence of detergent Good for sensitive
proteins and
oligonucleotidesMultistep process

Supercritical fluid Solvation of lipids in
supercritical carbon dioxide
followed by injection into
low-pressure aqueous phase

No organic solvent Expensive equipment Good potential

Sterility

Size reduction
Sonication Ultrasonic energy to disrupt

vesicles
Simple Poor reproducibility Suitable for small

batches onlyPolydisperse population
High-pressure

homogenization
High-velocity collisions

mechanically disrupt vesicles
Monodisperse population Volume loss Very good
Reproducible Limited size control
Continuous processing

Low-pressure extrusion Forcing through a filter of
defined pore size

Monodisperse population Clogging of membrane Good for small to
mid-size batchesReproducible Difficult to maintain

temperatureContinuous processing

case of acid- or pH-responsive liposomes containing fatty acid
derivatives or acid-responsive lipids, protein binding may abro-
gate the pH sensitivity of liposomes. Lipid–protein interactions
may also explain the drastically reduced transfection activity
of DNA–cationic lipid complexes in vivo. Also, plasma protein
binding has been shown to modify the gel-to-fluid phase tran-
sition of phospholipids with a saturated fatty acyl chain, such
as DPPC (Tc = 41◦C).106 Aside from modifying the drug release
from liposomes, protein binding, particularly to cationic lipids,
may also lead to immunologic consequences such as comple-
ment activation because of the nonspecific cationic lipid binding
in rats.107 Whether complement activation is a significant issue
in delivery of DNA in humans with cationic lipids remains to
be addressed.

Nevertheless, there is a need to account for the role of com-
plement activation and opsonization on clearance when de-
signing liposome and lipid nanoparticle formulations.108 Lipid–
protein interactions may increase the phagocytic activity and
nonspecific cell uptake in tissues leading to rapid liposome
and lipid nanoparticle clearance in the spleen and liver and
to some extent in the kidney, the major elimination organs. Li-
posomes and lipid nanoparticles coated with hydrophilic poly-
mers such as PEG and glycolipids have reduced protein binding
and phagocytic-mediated rapid clearance. Although inclusion
of PEGylated lipids has greatly reduced MPS-mediated clear-
ance, drugs in liposomes and lipid nanoparticles are typically
and eventually cleared by the liver and disposed through biliary
elimination. A fraction of drug in these particles may distribute
to the target sites of action (e.g., where rapid tumor growth oc-
curs). Also, a small fraction of liposomes may distribute to skin
and extremities, and clear from these tissues at a much slower

rate. The drug levels in these off-target sites may accumulate
with repeated- or multi-dosing regimens. Although enhanced
doxorubicin localization of liposome-formulated drug to the
skin, for example, may provide therapeutic benefits for Kaposi’s
sarcoma skin disease, it may also produce dermal lesions in can-
cer patients, which is referred to as hand and foot syndrome
(Palmer–Plantar erythrodysesthesia syndrome). It has been
proposed that infection and tumor growth induce inflamma-
tion, leading to vasculature permeability (EPR effects), which
thereby enhances the accumulation of liposome-associated or
liposome-encapsulated drugs to these sites of inflammation.109

In this scenario, PEGylation prevents “first-pass” hepatic clear-
ance of lipid particles, which is a fast process, and thus provides
lipid nanoparticles sufficient time in the blood for the slower tis-
sue penetration kinetics to catch up; the net result is a higher
degree of lipid-associated drug accumulated in target (e.g., tu-
mors or infection) sites.

Following subcutaneous or intramuscular injection, large
MVLs may become trapped at the injection site and serve as a
drug depot.17,110 Smaller liposomes primarily disperse from the
injection site through lymph vessels and arrive at a draining
lymph node. If small enough, liposomes and lipid nanoparti-
cles (especially smaller micelles) proceed through the lymphatic
system and enter into the blood. Uptake into the lymphatics
and movement from nodes into the lymph vessels is predomi-
nantly size dependent.111 Particles 10–80 nm in diameter ad-
ministered s.c. readily enter and exit the lymphatic system.112

In dogs and rabbits, the estimated upper size limit for par-
ticles to pass through lymph nodes and proceed through the
lymphatic circulation is 20–30 nm.113,114 Therefore, particles
greater than 40–50 nm in diameter are retained in nodes.115,116
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However, because of their size, these particles are confined to
lymph node sinuses.117 These properties may be leveraged to
accumulate liposomes in the lymph nodes. This could serve to
halt the metastatic lymphatic progression of cancers.118,119 Size-
dependent particle distribution in the lymphatic system can
also be used to attack the high viral loads that persist in lym-
phoid tissues of HIV-infected patients despite multidrug ther-
apy eliminating virus in the blood.120–123 Our research indicates
that when subcutaneously administered in primate macaques,
liposomes and lipid-associated drug nanoparticles containing
HIV protease inhibitors accumulate in lymph nodes through-
out the body at levels fivefold to 30-fold higher than in blood
and beyond levels achievable by orally administered drugs.4,124

Below, we will briefly discuss the collective experience of
the in vivo behavior of liposomes and lipid nanoparticles with
appropriate circulation lifetimes (passive targeting) and lipo-
somes conjugated to ligands with specific affinity for receptors
within a tissue, cell, or intracellular target (active targeting).

Passive Targeting to Tissues and Cells

Improved understanding of how physiochemical characteristics
of liposomes and lipid nanoparticles relate to their time course
of distribution and elimination in the body has confirmed the
ability to modulate the pharmacokinetics of a drug either en-
capsulated within or physically associated to a lipidic drug de-
livery system. Clearly, not all drugs must be present in the
blood a long time to be therapeutically useful. However, some
may require chronic exposure to tissues, cells, or blood. Unlike
micellar drug formulations where the drug in the particle dis-
sociates soon after diluting in the blood, liposomes and lipid
nanoparticles are by design not susceptible to dilution effects,
concentration-dependent drug release, or disintegration.

Taking advantage of the understanding of the large parti-
cle uptake potential of phagocytic cells, liposome-encapsulated
and lipid-associated antifungal amphothericin B were designed
with the intent to enhance drug accumulation in phagolyso-
somes within the same phagocytes that harbor the fungi. As
these phagocytes traffic to and accumulate in the spleen, the
antifungal drug amphotericin B (formulated in liposomes and
lipid nanoparticles AmBisome, Abelcet, and Amphotec) gains
direct access to the intravesicular sites (i.e., phagolysosomes
within macrophages and phagocytes) of fungal growth without
having to resort to ligand–receptor interactions. This strategy
that exploits cellular and physiological processes and a basic
understanding of particle clearance mechanisms is called pas-
sive targeting. In the case of amphotericin B, which exhibits
renal toxicity because of drug aggregation and accumulation in
renal tissues, lipid-formulated drug reduces renal toxicity, and
thus in the process, reduces off-target (renal) drug accumula-
tion and toxicity.

For drugs that require sustained blood and tissue levels for
chronic conditions such as cancer and pain, rapid drug clear-
ance into cells or tissues of drug elimination may become a
barrier to clinical translation. In this case, avoidance of phago-
cytic uptake or clearance by the cells of the MPS is desirable.
As mentioned previously, circulation time can be increased by
reduction of lipid particle size and modifying the surface/steric
effect with membrane hydration through PEG derivatives. Pro-
longed circulation times indirectly enhance the accumulation
of lipid-associated or lipid-encapsulated drugs by allowing slow
penetration into cancer-laden tissues (a slow process that takes

time). Most, if not all, of the currently approved liposomal
and lipid-based therapeutics (Table 1) are passively targeted
nanomedicines. The EPR effect is the tendency for small nontar-
geted particles (<400 nm) circulating in the blood to accumulate
in the interstitial space of tumors and inflamed tissues because
of abnormal leaky (new or neo) vasculature and impaired lym-
phatic drainage, a hallmark of many cancer pathologies.125,126

By prolonging drug circulation time and the ability of lipid-
associated drug particles of 50–150 nm diameter to eventually
accumulate in the neovasculature found in a tumor mass, an
enhanced drug accumulation is achieved. For example, when
daunorubicin is encapsulated in PEGylated liposomes (Doxil),
which enables long circulation times, doxorubicin concentra-
tions in Kaposi’s sarcoma lesions in AIDS patients have been
shown to be 10–20 times those in normal skin.127 Compared
with free daunorubicin, liposomal daunorubicin (DaunoXome),
which also enables long circulation times, produced almost a
10-fold increase in tumor uptake in a murine lymphosarcoma
model (P-1798).128 However, the EPR effect is a heterogeneous
phenomenon and is limited to some solid tumors larger than
approximately 4.6 mm in diameter.129,130 Nascent tumors and
nonvascularized disease sites are unlikely to benefit from this
EPR effect. Moreover, there are questions regarding EPR in
real human tumors that involve concerns that this effect is
an artifact of animal models.131 Even if one accepts that EPR
might occur in humans, there are clearly physiological differ-
ences within and between tumors and patients. Regardless,
through prolonged and sustained plasma drug levels and by
steering drug away from off-target accumulation, liposome and
lipid nanoparticle formulations may significantly reduce drug
toxicity even if only a small fraction of lipid–drug particles even-
tually accumulate at target sites. Hence, the passive target-
ing of drug using liposome and lipid nanoparticle formulations
could enhance the therapeutic index sufficiently to justify clin-
ical progression of drugs that may otherwise be unsuitable for
development. Passive drug targeting with liposomes and lipid
nanoparticles could also be considered for repurposing drugs
that may exhibit significant off-target drug accumulation be-
cause of cell and tissue membrane binding; lipid-bound drugs
may substantially reduce this off-target drug accumulation po-
tential.

Active Drug Targeting to Tissues, Cells, and Organelles

Active targeting is intended to home drug exclusively to a spe-
cific tissue, cell, or intracellular organelle. Certain drug de-
livery applications may need rapid responses through a fast
and active homing drug delivery system. In theory, a rapid or
immediate drug action could be achieved by deploying a deliv-
ery system that can facilitate binding to a select cell type (i.e.,
pathogenic tissue) within a given tissue. This way, the lipid and
lipid particles will associate with cells upon contact and provide
enriched local drug concentration. The visionary Paul Ehrlich
referred to such targeted therapies as a “magic bullet.”132 Un-
fortunately, the complex molecular underpinnings of cancer
have limited the efficacy of anticancer agents targeted to an
individual molecular entity.133 The first description of targeted
liposomes was with immunoliposomes or liposomes coated with
targeted antibody.134,135 Through an improved understanding
of HIV and cancer biology—including signaling pathways, mi-
croenvironment functions, and metastatic evolution—we now
have a range of target receptors to attack, including those
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for angiogenesis, epidermal growth factor, matrix metallopro-
teinase, cell migration, transferrin, and CD4+ T cells.136 Recent
comprehensive cancer-associated phenotype or marker anti-
gens have been reported for several cancers.137–141

Active drug targeting can be organized into three categories,
namely primary, secondary, and tertiary levels. Primary tar-
geting involves delivering drug to select tissues and organs.
Only a fraction of total drug that is metabolized and enters the
blood will get into these tissues and organs. Secondary target-
ing involves getting drugs into the cells within these tissues
and organs. Even a smaller fraction of total drug may get to
this stage. Finally, tertiary targeting involves localizing drug to
subcellular organelles. One can imagine only a small fraction of
drug that gets into the cells will get into organelles. Because in-
tracellular drug targeting is considerably challenging, tertiary
targeting is an emerging science.142

Tertiary targeting depends on cellular internalization
(pinocytosis, endocytosis, and phagocytosis). Pinocytosis in-
volves fluid uptake of soluble drug, whereas endocytosis and
phagocytosis are often involved in drug particle uptake. Nearly
all uptake pathways lead to the endosomal/lysosomal degrada-
tive pathway unless a particle has mechanisms to escape this
fate. The four mechanisms of cellular uptake and subcellu-
lar localization of particles are: (1) caveolin-dependent endo-
cytosis (∼60 nm particles), (2) clathrin-dependent endocyto-
sis (∼120 nm particles), (3) caveolin- and clathrin-independent
endocytosis (∼90 nm particles), and (4) macropinocytosis (>1
:m particles).71 Caveolin-dependent endocytosis may be in-
duced by ligands such as folic acid143,144 and albumin.145

Clathrin-dependent endocytosis may be triggered by the pro-
tein transferrin146,147 and ligands for glycosylated receptors.148

It is one of the best characterized pinocytosis pathways. To
avoid drug degradation in lysosomes filled with degradative
enzymes, the liposome membrane can be engineered to re-
lease drug content or undergo membrane fusion at pH 5.0–5.5.

As endosomal pH is recorded at 5.0–5.5, destabilization of
the liposome membrane has been shown to enable drug and
other molecules to escape from endosomes before entering
the lysosomal pathway.149 Caveolin- and clathrin-independent
pathways are not well understood but are known to involve
cholesterol-rich microdomains (lipid rafts). Macropinocytosis is
also caveolin- and clathrin-independent and similar to phago-
cytosis it is an actin-driven process that nonspecifically inter-
nalizes larger particles. When considering these mechanisms
of cellular internalization, it is important to note that unless a
significant fraction of administered lipid particles are found in
target tissues and cells, efforts to target drugs to intracellular
organelles would not have any measurable impact in vivo.

Thus, the general role of targeting ligands is to direct a sig-
nificant fraction of drug to and retain it in the right tissue, cells,
or organelles, and avoid significant exposure to off-target sites.
Surface ligands such as antibodies, aptamers, peptides, or small
molecules that recognize antigens specific to or associated with
a tumor microenvironment may be used for active targeting
(Table 7). Ligands may also be used to target vascular endothe-
lial cell surfaces for oncology or cardiovascular indications. The
amount and density of targeting ligands on the liposome surface
are important control parameters. Molecular targets should be
selected based on accessibility (cellular surface), specificity, in-
ternalization rate, density, and immunogenicity.150 To get drug
inside cells, the molecular target must be able to internal-
ize the targeting ligands attached to a liposome. For example,
CD19, folate receptor, and human epidermal growth factor re-
ceptor 2 (HER-2) are internalizing cellular surface receptors
suitable for liposome targeting, whereas CD20 may have a lim-
ited internalization rate that is not suitable for intracellular
delivery. Another aspect to achieve high targeting efficiency
is the selection of highly potent therapeutics to be encapsu-
lated in targeted liposomes. Instead of using approved drugs
such as vinblastine and doxorubicin (with effective cytotoxic

Table 7. Select Tumor Antigens and Their Targeting Ligands

Disease Molecular Target Targeting Ligand Lipid Used In Vitro Test In Vivo Test

Breast cancer HER-2 SP90 SP90–PEG–DSPE − +
Estrogen receptor Estrogen ES–PEG–DSPE + +
HER-2 mAb fragments mAb–PEG–DSPE + +
Surface nucleosomes mAb 2C5 mAb–PEG3400–DSPE + +

Ovarian cancer Gelactinase Gelactinase peptides CTT2–PEG3400–DSPE − +
SSTR2 Octreotide OCT–PEG–DSPE + +
Alpha(v) beta(3) integrin RGD peptides RGD–PEG2000–DSPE + +

Lymphoma CD22 HB22.7 (mAb) mAb–DSPE–mPEG − +
BAFF receptor mBAFF mBAFF–PEG–DSPE + +
CD19 Anti-CD19-IgG2a aCD19–DSPE–mPEG + +

Lung cancer NSCLC cell line SP5-2 SP5–PEG–DSPE − +
LHRH receptor Analog of LHRH peptide LHRH–PEG–DSPE − +

Murine tumor Transferrin receptor Transferrin Transferrin–DSPE–PEG + +
FA receptors Folic acid FA–PEG–DSPE − +
Alpha(v) beta(3) integrin RGD tripeptides RGD–PEG–DSPE − +

Prostate cancer Sigma receptor Anisamide AA–PEG3400–DSPE + +
EGFR Anti-EGFR scFv C10 scFv–PEG–DSPE + −

+ stands for p < 0.05 or significant.
– stands for p > 0.05, insignificant or unspecified.
2C5, a monoclonal antibody that is a nucleosome-specific nonpathogenic antinuclear antibody; AA, anisamide; aCD19, antibody bound to CD19; CD19, cluster

of differentiation 19; CD22, cluster of differentiation-22; CD19, cluster of differentiation-19; DSPE, distearoylphosphatidylcholine; EGFR, epidermal growth factor
receptor; FA, folic acid; HER-2, human epidermal growth factor receptor 2; IgG2a, subclass of IgG; LHRH, luteinizing hormone-releasing hormone; mAB, monoclonal
antibody; mBAFF, mutant soluble B-cell activating factor; NSCLC, nonsmall cell–lung carcinoma; PEG, polyethylene glycol; RGD, arginine–glycine–aspartate;
anti-EGFR scFv C10, a novel anti-EGFR single-chain variable antibody fragment (scFv) generated from screening a phage antibody library; SSTR2, somatostatin
receptor 2; SP90, a synthetic targeting peptide with a sequence of SMDPFLFQLLQ; and SP5-2, a synthetic peptide with a sequence TDSILRSYDWTY.
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Table 8. Ligand-Conjugated Liposomes in Clinical Trials

Liposome Therapeutic
(Name, Therapeutic)

Intended
Treatment Targeting Agent Molecular Target Company Phase

MBP-426 (oxaliplatin) Gastroesophageal
adenocarcinoma

Transferrin Transferrin receptor Mebiopharm Company Phase II

SGT-53 (pDNA with
p53 gene)

Solid tumors Ab derivative (TfRscFv)a Transferrin receptor Synergene
therapeutics

Phase I

2B3-101 (doxorubicin) Brain and breast
cancer

Glutathione BBB transporters To-BBB Phase II

aThe targeting agent for SGT-52 is an antibody derivative [a single-chain variable fragment (scFv)] with binding affinity to the transferrin receptor (TfR).
Ab, antibody; BBB, blood–brain barrier; pDNA, plasmid DNA; TfRscFv, transferrin receptor single-chain antibody variable fragment.

concentrations EC50 in the 10−7 M range), more potent cyto-
toxic agents such as DM1 (EC50 ∼10−11–10−12 M), a maytan-
sine derivative, and MMAE (monomethyl auristatin E) (EC50

∼10−9–10−11 M), an auristatin analogue, may further improve
therapeutic impact of targeted liposomes. Using highly potent
drug instead of vinblastine and doxorubicin has significantly
improved the therapeutic outcome of parent antibody molecules
by several fold.151

Because of higher stability and purity, ease of synthetic pro-
duction, and nonimmunogenicity, some suggest that aptamers
and small molecule ligands such as peptides, sugars, and other
small molecules are preferred over antibodies.152 However, an-
tibodies remain a popular and potent molecule used in ligand-
mediated targeting approaches. About 100 antibody molecules
have been anchored on a single 200-nm diameter liposome,
which allows for multipoint binding to cells expressing various
densities of the targeted antigen.153 At present, SGT-53 is the
only liposome with a conjugated antibody under clinical investi-
gation (Table 8). FDA-approved monoclonal antibodies, such as
Herceptin and Rituxan, have been used as targeting ligands.154

Multivalent ligands, which have multiple binding groups and
enhance the therapeutic efficacy of an antibody, can impact cell
biology in ways that monovalent ligands cannot. Cellular in-
ternalization by pancreatic cells was enhanced when the anti-
EGFR (epidermal growth factor receptor) antibody cetuximab
was multivalently presented.155 Unfortunately, antibodies ran-
domly orient themselves on the liposome surface because of the
variety of reactive groups within a molecule, which could lead to
unexpected off-target effects and poor targeting performance.

Aptamers (single-stranded short nucleic acid ligands) are
a new class of targeting ligand that mimic protein-binding
molecules and bind to any antigen target with high affinity,
much like antigen–antibody binding. Produced by relatively
simple and inexpensive chemical synthesis of oligonucleotide
residues, aptamers rival antibodies because of their small size,
high-affinity binding, low toxicity and immunogenicity, ease of
isolation and scale-up, and control of conjugation orientation.
Liposomes expressing an aptamer targeted to E-selectin, which
is present in inflamed vasculature in advanced tumors in mice,
showed a similar but slightly increased plasma half-life com-
pared with a PEGylated liposome control when tested in mice
(32 ± 7 vs. 24 ± 4 h).156 This agrees with a report of lipo-
somes increasing the plasma residence time of aptamers in
rats (113 vs. 49 min).157 Another report used an aptamer for
nucleolin, a bcl-2 micro RNA (mRNA)-binding protein involved
in cell proliferation in breast cancer.158 This nucleolin seek-
ing aptamer-liposome selectively delivered in vitro the potent
chemotherapeutic cisplatin to target human breast cancer cells

instead of control human prostate cancer cells. Also, comple-
mentary DNA of the aptamer acted as an antidote to disrupt
the aptamer-mediated targeted drug delivery.

As transferrin receptors are overexpressed on many cancer
cells, transferrin is widely used as a targeting ligand. Two li-
posomal formulations for targeted drug/gene delivery, MBP-
426 and SGT-53, currently under Phase II/I clinical trials,
use transferrin and an anti-transferrin receptor single-chain
antibody variable fragment, respectively, as targeting ligands
(Table 8). Folic acid (folate), a vitamin essential for numerous
bodily functions including rapid cell division and growth, has
been widely used as a targeting ligand for liposomes. However,
folic acid supplied through the human diet (cereals, breads,
leafy vegetables, egg yolks) can competitively interfere with
such targeting. Anisamide, a high-affinity sigma receptor lig-
and, has been conjugated to liposomes and improves the deliv-
ery of chemotherapeutics and small-interfering RNA (siRNA) to
tumors.159,160 Another sigma receptor ligand, haloperidol, con-
jugated to liposomes can increase DNA delivery to breast cancer
cells by 10-fold.161

Although active targeting of liposomes and lipid nanoparti-
cles to target cells continues to drive the majority of scientific
exploration and research reports, translation of these innova-
tions into therapeutic candidates and products remains chal-
lenging because of the difficulty in scaling (complex formulation
process) and unforeseen challenges encountered in humans be-
cause of protein–ligand interactions. In some cases, targeting
moieties may induce immune-related responses, including elic-
itation of immune response to the integrin (which promotes
metastatic cancer cell attachment and spread) targeting moiety
RGD (arginine–glycine–aspartate) peptide. Addressing some of
these issues could improve the success rate in translating tar-
geted lipid particle drug delivery platforms into therapeutic
products. As mentioned, the practicality of a large-scale phar-
maceutical preparation of targeted lipid particles must be con-
sidered early in the drug design and development process to
realize the clinical use of these drug delivery systems to signif-
icantly improve the safety and efficacy of highly potent thera-
peutic compounds.

Despite some of the scale-up challenges with preparation
of lipid membranes expressing surface recognition molecules,
there are actively targeted liposomal drugs undergoing clin-
ical trials. Three actively targeted liposome therapeutics are
summarized in Table 8 according to their molecular target and
clinical progression—mainly Phase I and II. Liposomal ox-
aliplatin, MBP-426, is coated with transferrin and targeted
to the transferrin receptor; liposome-encapsulated plasmid
DNA (pDNA) designed to express the p53 cancer suppressor
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gene (SGT-53) is coated with an antibody fragment, scFv,
that recognizes the transferrin receptor; and liposomal dox-
orubicin coated with glutathione (2B3–101) is designed to
enhance transport across the blood–brain barrier through the
glutathione transporter.

As active targeting requires a targeting moiety to re-
main lipid associated in biologic environments that undergo
metabolic and fluid flows, it is important to consider their sta-
bility as well as the ease of preparation, scaling, and functional
performance—that is, their ability to bind to target cells after
depositing a significant fraction into tissues. Often, the tar-
geting moiety may be water soluble and thus cannot anchor
stably on the membrane surface without conjugating to phos-
pholipid or fatty acyl chains. In some cases, lipophilic or helical
peptides are used as an anchoring domain for the targeting
moiety. To provide a hydrophobic anchor for a targeting moi-
ety, a number of chemical conjugation procedures have been
described in the literature with varying degrees of success and
complexity. We highlight some of the most common approaches
and where appropriate point out the experience in clinical
translation. As shown in Figure 4a, in the case of short 3–

20-amino-acid peptides, the peptide could be synthesized with
a terminal amino acid conjugate to palmitic acid retained at the
end of an automated solid-phase peptide synthesis. The well-
established solid-phase peptide synthesis technique involves
a series of deprotection/coupling cycles that result in the de-
sired sequence of amino acids with a (C16) fatty acylated ly-
sine, or palmitoyl lysine, residue at the C-terminus, which is
usually removed to obtain a water soluble peptide. By using
a 25-amino-acid mucin 1 (MUC1) sequence (a mucinous gly-
coprotein and tumor-associated antigen) with a palmitoylated
terminal lysine residue at its carboxy terminus, scientists were
able to produce a liposomal vaccine with MUC1 antigen (BLP-
25), which is undergoing Phase II clinical evaluation. Other
chemical conjugation approaches include formation of disul-
fide bridges with terminal cysteine (Cys) on a targeting pep-
tide and a succinimidyl 3-(2-pyridyldithio)propionate lipid an-
chor (Fig. 4b); or thioether linkage using a meleimide-activated
[via succinimidyl-4-(p-maleimidophenyl) butyrate] lipid anchor
(Fig. 4c). The two clinical candidates, 2B3-101 and SGT-53,
are composed of liposomes with glutathione and an anti-
body fragment specific to the transferrin receptor, respectively,

Figure 4. Some common chemistry for conjugating targeting ligands to lipid anchors. (a) For short peptides containing about 3–20 amino acids,
a 16-carbon chain palmitoyl or other fatty acid chains may be attached to the protein through a lysine, cysteine (Cys), or glycine residue on
either the N-terminal or C-terminal end of the protein sequence. (b) A sulfhydryl-containing terminal Cys on a targeting peptide ligand can
be coupled to succinimidyl 3-(2-pyridyldithio)propionate-activated phosphatidylcholine (PC) lipid anchors, forming disulfide bond linkages. (c) A
sulfhydryl-containing terminal Cys on a targeting peptide ligand can be coupled to succinimidyl-4-(p-maleimidophenyl) butyrate-activated PC
lipid anchors, forming stable thioether linkages. (d) An activated amino group on a targeting peptide ligand (e.g., transferrin) can be coupled to
an activated carboxyl group on a PC lipid anchor [e.g., N-glutaryl phosphatidylethanolamine (NGPE)-PC] through a carbodiimide reaction with
ethyl(dimethylaminopropyl) carbodiimide/N-hydroxysuccinimide (EDC/NHS), forming peptide bond linkages. Addition of NHS to EDC reactions
increases efficiency. The black dot indicates atoms that form the bond of interest.
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attached through a thioether linkage using maleimide-
activated lipids and Cys–SH on the ligands. On the con-
trary, MBP-426 conjugation is achieved by a peptide bond,
formed between the activated carboxyl group on N-glutaryl
phosphatidylethanolamine and the activated amino group
on transferrin with reagents ethyl(dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (Fig. 4d).

There are three general approaches used for attaching lig-
ands and incorporating them into liposomes: ligands are mixed
with lipid during liposome preparation, conjugated after lipo-
some formation, or inserted into preformed liposomes. Lipid
mixing involves carrying out the reaction between the ligand
and lipidic anchor first, purifying the conjugate, then combin-
ing the lipidic ligand with other lipids in the liposome prepara-
tion. In theory, this allows stoichiometric control of the ligand
density, it is a single-step and efficient manufacturing proce-
dure, and could help hydrophobic material embed better within
lamellae. For these reasons, mixing has significant advantages
for scale-up preparation. However, targeting moieties are dis-
tributed both in the inner and outer surfaces of the liposome.
If a targeting moiety is a large protein, protein denaturation
might be an issue for preparation methods that include heat,
shearing, or other energy sources to reduce particle size.

In the case of conjugating a ligand to preformed liposomes
or lipid nanoparticles, the lipidic anchor is already included in
the liposome bilayer and the coupling reaction occurs on the
surface of preformed liposomes. This avoids potential denatu-
ration that may occur during liposome synthesis. In addition,
ligands are only attached to the outside surface, conserving ma-
terial and maximizing encapsulation volume. However, chemi-
cal coupling efficiency to preformed liposomes is not 100% and
unconjugated ligand must be removed. Also, there may be a
risk of altering the structure of the carrier particle or encapsu-
lated drug. A variation to this is to insert the lipophilic target-
ing moiety, only after formation of liposomes. This approach,
so-called postinsertion, has some advantages but requires the
conjugated ligand molecule to be in a micellar form or mixed
with surfactant. This process may not be 100% efficient. Ad-
ditional methods and details of ligand coupling reactions and
their strengths and challenges have been recently reviewed.162

In summary, active targeting of liposomes, particularly in
large-scale preparation, is an emerging science and is in the
early stages of development. To encounter the least resistance
when it comes time for a targeted nanotherapeutic to be scaled,
the first step is to ensure product and content uniformity. That
is, reproducible results, batch-to-batch consistency, and stabil-
ity are crucial. The second step is the selectivity—whereby a
targeted ligand enhances the localization of a therapeutic to a
biological site, be it tissue, cells, or intracellular organelles. The
ability of a targeted strategy to efficiently navigate physiolog-
ical barriers and deliver a significant fraction of therapeutics
to specific cells and cellular organelles are major challenges.
Not all target cell recognition ligands coated on lipid parti-
cles enhance tumor tissue accumulation; some ligands are de-
signed to promote cellular uptake. For ligand attachment, one
of the more stable and commonly used covalent linkages is
the thioether linkage (Fig. 4). This linkage is among the most
attractive for scale-up procedures because of its strength, in
vivo stability, and reaction efficiency. In addition, the final cou-
pling method of choice must retain the binding selectivity and
affinity to target molecules. Ultimately, the choice of coupling
reaction and ligand should be made based on the demands of

specific drugs and target applications. With recent advances
in understanding target molecule expression related to disease
cells and tissue phenotypes, along with a systems approach
to identify the degree of background expression and link(s) to
disease development, active drug targeting with liposomes and
lipid nanoparticles is now in sight.

OTHER APPLICATIONS

Multifunctional Liposomes and Lipid Nanoparticles

There has been a recent increase in focus on the development
of liposomal delivery systems that combine multiple drugs
and functions into a single particle. Through combined inno-
vations in targeting designs, selection of therapeutic agents,
and imaging capabilities, there is great potential for the pro-
duction of highly specialized, safe, and effective therapeutic
and diagnostic nanoparticles. This section focuses on liposomes
and lipid nanoparticles that combine several targeting methods
and different therapeutic or diagnostic modalities into a single
nanoparticle to promote safety and efficacy.

The term “multifunctional” has gained popularity in recent
years and is used here to describe a single nanoparticle that
exhibits multiple functions. These functions may include mul-
tiple methods of targeting, targeting to multiple molecules, de-
livery of multiple therapeutic agents, or a diagnostic function
with more than one biologic capability. A similar term with a
more ambiguous definition is “multivalent”. Simply put, the
“valence” of a molecule refers to its relative binding capacity.
In the context of liposomes and lipid nanoparticles, “multiva-
lency” refers to displaying many copies of one or more bind-
ing ligands capable of recognizing multiple target molecules on
the same or different cells.163,164 Some researchers have used
the term “hetero-multivalent” to signify liposomes expressing
multiple and different binding peptides.165 The surface of a li-
posome or lipid nanoparticle 50–100 nm in diameter can carry
significantly more than the two valencies available on an im-
munoglobulin G molecule. Thus, one can envision liposomes
with multiple binding epitopes for enhancing biological func-
tions. For example, the lipid membrane could be coated with a
binding moiety to recognize prostate-specific antigen (PSA) on
cancer cells along with another binding moiety that recognizes
activated T or effector cell antigens such as CD64, CD8, and
CD3. These lipid particles would bring together the cancer cell
with activated T cells, mediating cancer cell lysis. In theory,
such an approach with multivalency and high ligand density
expressed on liposomal surfaces may provide higher affinity
and avidity than the bifunctional antibody approach; many bi-
functional antibodies are undergoing clinical evaluation such as
blinatumomab for B cell acute lymphoblastic leukemia (ALL),
which targets to CD19 on ALL B cells and effector CD3+ T
cells.166,167 By bringing the effector T cells to leukemia B cells,
blinatumomab (MT103) has progressed to Phase II studies.

If lipid particles are coated with a single targeting moiety,
considerable off-target delivery is often detected in vivo because
of the relatively high level of background expression in healthy,
nontarget tissues. Folate receptor targeting is a good example
because, although many cancer cells express high-affinity re-
ceptors and high receptor density, low-affinity receptors are
also expressed in macrophages, the proximal tubule of the
kidney, and in some normal epithelial cells.168 To reduce off-
target delivery and improve selectivity in vivo, a number of
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modifications in the design of targeting ligand derivatives,
binding structures, and environment-sensitive approaches
have been explored. Perche and Torchilin169 recently reviewed
various strategies to enhance multifunctional liposome target-
ing to cancer cells. Environmentally responsive PEGylated lipo-
somes have been developed, which exhibit the prolonged blood
circulation and reduced cellular uptake benefits of PEG con-
jugation. They can release their protective PEG coating at
the target tissue to expose a previously hidden target recog-
nition moiety. This environmentally responsive attribute is
achieved through a pH-sensitive hydrazone link between the
PEG chain and the PE lipid, which is cleaved at low pH, typ-
ical of inflamed or neoplastic tissues.170 Using this method,
off-site targeting could be decreased by exposing secondary
targeting proteins only in certain environmental conditions.
Other environment-specific factors can be similarly exploited
to aid targeting specificity, such as a matrix metalloproteinase
2 (MMP2)-cleavable linker that relies on the high local MMP2
concentration in tumor tissues.171 Similarly, the enzymatic ac-
tivity of PSA could be utilized to target prostate cancer. Folate-
expressing liposomes carrying antitumor siRNA are coated
with cell-penetrating peptides, but these peptides are shielded
by PSA-sensitive linkages. Upon binding via a folate receptor to
cells expressing prostate-specific membrane antigen (PSMA),
PSA cleaves the protective attachment and the cell-penetrating
peptides become exposed, allowing liposomal entry and deliv-
ery of siRNA.172 By loading a therapeutic agent such as an
anticancer drug into multifunctional environmentally respon-
sive liposomes, targeting efficiency can be improved to increase
drug delivery to the region or cells of interest and decrease the
risk of negative side effects.

The concept of an outside trigger, or “remote-controlled tar-
geting,” has also been explored with multifunctional liposomes.
Some methods include low-wavelength UV-light application
to disrupt liposome membranes, application of laser light to
induce photosensitive release, and induction of local hyper-
thermia by high-intensity focused ultrasound (HIFU) to trig-
ger thermosensitive or pressure-sensitive release.173 These can
also be used in combination, such as the use of temperature-
sensitive liposomes in conjunction with the ultrasound-induced
cavitation of coadministered microbubbles to enhance cellu-
lar permeability. Mild local hyperthermia to induce drug re-
lease combined with HIFU to enhance cellular permeability
allows targeted intracellular accumulation of the encapsulated
drug.174 Remotely triggered drug release could provide another
layer of highly controllable targeting to improve the efficacy
and safety profile of multifunctional lipid nanoparticles.

Finally, multifunctional liposomes may serve functions
within multiple therapeutic or diagnostic modalities. For ex-
ample, siRNA intended to silence the genes critical for cancer
growth can be combined with the anticancer drug doxorubicin
in PEGylated liposomes to reduce drug resistance via a com-
bination of pharmaceutical and gene therapeutics.175 Thera-
peutic and diagnostic capabilities can even reside within the
same particle. These “theranostic” liposomes could deliver drug
while providing real-time imaging using one or more modali-
ties. In many cases, a definitive diagnosis is needed prior to the
initiation of therapy, and therefore it is not always practical
to implement theranostic procedures. However, in some situ-
ations where both diagnostic imaging and therapeutic treat-
ment coincide, such as a cancer patient whose tumor cells
may become metastatic, theranostic liposomes could simulta-

neously provide quantitative information and treatment. Janib
et al.176 have discussed the various classes of nanoparticles
and contrast agents for multiple imaging modalities including
magnetic resonance imaging (MRI), nuclear imaging such as
positron emission tomography (PET) and single-positron emis-
sion computed tomography (CT), X-ray-based CT, ultrasound,
and optical imaging with fluorophores. Without the use of con-
trast agents, ultrasound and X-ray-based CT are more conve-
nient but provide lower resolution and detail compared with
more costly MRI. The use of liposomes and lipid particles with
associated contrast or PET agents has often been challenged by
either dissociation of contrast from the lipid particles or rapid
clearance via the liver, lung, and spleen. This issue has been
recently addressed in lipid particles carrying pentachelate di-
ethylene triamine pentaacetic acid (DTPA) that not only stably
bind the MRI contrast agent gadolinium in vivo, but also pro-
duce contrast-enhanced resolution in the blood pool at low doses
and high vascular resolution in the liver and kidney without
significant distribution outside of blood vessels.177 Having suc-
cessfully produced high-performance particles with outstand-
ing MR contrast properties, it expands the potential for multi-
valent target visualization. Lipid particles carrying gadolinium
and/or PET agents (e.g., 111In) on the chelate DTPA expressed
on their surface could be engineered with a target-seeking moi-
ety such as PSMA or HER-2 to aid in the diagnosis and staging
of cancer.

Vaccines

Although researchers focus on exploring liposomes to enhance
weak antigenic or vaccine responses to one or more specific
components of a pathogen (i.e., virus, bacterial, or microbes),
liposomes and lipid membrane preparations may also be used
as an adjuvant to boost the protective or therapeutic immune
responses. As vaccine adjuvants, the primary role of liposomes
is intended to induce antigen-dependent and specific humoral
and cell-mediated immunity. Liposomal adjuvants are among
the most promising candidates to replace the widely used
alum-based adjuvants, which elicit a weak T helper cell (TH1)
response and inadequate cell-mediated immunity. Although
the antigen encapsulation or attachment strategy may vary,
the antigen presented in liposomal or lipid nanoparticle form
could potentially stimulate both humoral and cell-mediated im-
munity. Route of administration, antigen dose, and antigen
nature—as in size and density—may also modulate the type
and extent of immune response.

The mechanistic basis of how liposomes act as adjuvants
and enhance antigen-specific immune responses is not yet fully
understood. Currently, broad outlines of the adjuvanticity of
liposomes have been described. Larger (∼250–700 nm in diam-
eter) and positively charged particles persist at subcutaneous
or intramuscular injection sites and promote TH1 responses.178

In general, cationic liposome vaccines are more potent adju-
vants and have superior immunogenicity than anionic or neu-
trally charged vaccines. MLVs, with usually 10 lamellae, may
potentiate TH2 responses.179 Lipids that melt from a gel to
fluid phase at higher temperatures (DSPC, 54◦C; DPPC, 42◦C;
DMPC, 23◦C; 1,2-dilauroyl-sn-glycero-3-phosphocholine, −2◦C;
DOPC, −17◦C) induce stronger antibody and T cell immune
responses180; however, exceptions have been reported.181,182 As
details of the human immune system become clearer, con-
founding factors such as immunologic variability among animal
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strains and species, and differences among rodent, primate, and
human immunity and physiology must be carefully considered
when designing studies and interpreting results.

The method of antigen attachment is essential to the
immunogenicity of liposome vaccines. As discussed, a vari-
ety of antigens can be added to liposomes, including small
molecule haptens, nucleic acids, carbohydrates, peptides, and
proteins. Agonists for pattern recognition receptors (PRRs)
such as toll-like receptors (TLRs), NOD-like receptors, and C-
type lectin receptors are essential immunomodulators. For in-
stance, the TLR agonist monophosphoryl lipid A is a potent
immunostimulant.183 Adding multiple PRR agonists to a sin-
gle liposomal vaccine has been shown to be beneficial.184 Com-
pared with antigens encapsulated inside liposomal vaccines,
surface-associated antigens induce better antibody immune
responses,185,186 likely as a result of increased exposure to B cell
receptors. However, T cell responses are equivalent for encap-
sulated and surface-associated antigens.187,188 Processing and
presentation of antigens on antigen-presenting cells (APCs)
may occur either by MHC II-containing organelles or through
endosomal escape and cytosolic delivery followed by loading
onto MHC I molecules. Liposome fusion with other cellular or
endosomal bilayer membranes and lipid transfer is known to
promote immunogenicity by increasing T cell responses.189,190

Fusogenicity has also been widely used to improve the transfec-
tion efficiency in gene therapy. Cationic liposomes anneal with
pDNA to form an electrostatic complex (lipoplex) and the pDNA
serves as both an antigen and adjuvant.191 Following fusion,
endosomal escape and cytosolic delivery may occur by cationic
liposomes causing endosomal osmolysis192 or pH-sensitive li-
posomes inducing acidosis and a lamellar-to-hexagonal phase
transition to disrupt endosomal compartments.193

Two marketed liposome-based vaccines are Inflexal R© V and
Epaxal R©. The former is an influenza vaccine and the latter is a
vaccine against hepatitis A. Both are virosomes, which contain
functional influenza virus membranes (phospholipids, hemag-
glutinin, and neuraminidase) and are unilamellar (mono or bi-
layer) vesicles approximately 150 nm in diameter. Liposomal
vaccines Stimuvax (BLP-25), for nonsmall cell lung carcinoma,
and RTS,S/AS01, for malaria, are currently undergoing Phase
III/II clinical trials (Table 2) and are progressing toward mar-
keting approval.

Gene Therapeutics

Liposomal vaccines and nonviral vector gene therapeutics
share similar principles as they both use cationic liposomes
to deliver cargo to the cytoplasm upon endosomal disruption
caused by the proton sponge effect.194 Although cytosolic deliv-
ery is well studied, an insurmountable obstacle has been the
challenge of nonviral vector gene therapy because pDNA is as-
sociated with low transgene expression and immunogenicity.
For short-term expression of transgenes, gene therapeutics ap-
pear to work in the case of vaccines that require a few days of
expression.195,196 However, gene therapeutics for chronic pro-
tein expression is a distance away from clinical translation. To
date, even the most novel and sophisticated gene delivery vehi-
cles have not been successful in overcoming these problems. An
alternative approach is using mRNA in place of pDNA to trans-
late gene products without the need to enter the nucleus.197

Recently, mRNA was chemically modified and encapsulated in
liposomes for successful systemic delivery to tumor sites.198

The chemical modification involved first structurally enhanc-
ing mRNA transcripts and then substituting cytidine triphos-
phate and uridine triphosphate with 5-methylcytidine triphos-
phate and pseudouridine (�) triphosphate, respectively. These
two nucleotide analogs reduced the activation of the innate
immune response through the TLR pathway. mRNA was con-
densed with polycationic protamine into nanosized complexes
to protect against nuclease degradation.

Antisense nucleic acid sequences—including RNA inhibitor
or RNAi, siRNA, and miRNA—bind to target gene sequences
and inhibit or modulate gene expression. Lipid nanoparticles
are a leading delivery system for these gene therapeutics, but
particle structures have been debated. Recently, stable nu-
cleic acid lipid particles for delivering siRNA were shown to
have an outer layer of PEG–lipid encapsulating immobilized
siRNA bound to bilayer membrane surfaces that separate ir-
regular water-filled cavities, which is counter to the view of a
bilayer vesicle with freely tumbling siRNA in the inner aque-
ous compartment.199,200 About 10 years ago, siRNA and RNAi
were regarded as highly innovative therapeutic platforms for
multiple disease targets. However, the small fraction of siRNA
found in target cells, the even smaller fractions found within
target organelles or sites of action, and the challenge of rapid
clearance (or excretion) from the body, have led to a lack of ther-
apeutic efficacy and a broad divestment by biopharmaceutical
development programs.

Oral Drug Delivery

Oral dosing of liposomal drug delivery systems has advantages
over invasive routes because of the potential increase in patient
compliance and ease of use. However, bile salts, pH, and pancre-
atic enzymes in the gut dismantle liposomal bilayers. To help re-
sist these destabilizing factors, liposome formulations incorpo-
rate protective polymeric coatings or cholesterol and saturated
phospholipids that increase membrane rigidity and decrease
enzymatic degradation.201 Other ways to achieve gastrointesti-
nal (GI) stability include liposomes with a carrageenan and
collagen core202 or the addition of gangliosides GM1 and GM
type III.203 However, disruption of the liposomal vesicles be-
cause of GI fluids, especially bile salts, remains a hindrance.
In vitro lipolysis models are used to simulate human intestinal
digestion and are useful for testing the GI stability of liposome
formulations.204 Overall, successful oral liposomal delivery sys-
tems must be stable and move from the gut into the circulatory
system prior to releasing their cargo in the blood or at specific
target sites. Lipid-based excipients (e.g., liposomes, micellular
nanoemulsions and microemulsions) have indeed improved the
bioavailability of oral drugs by solubilizing poorly water-soluble
drugs and increasing intestinal membrane permeability. For ex-
ample, oral paclitaxel avoids P-glycoprotein efflux transporters
when loaded into liposomes.205,206 Mechanisms of oral absorp-
tion of lipophilic drugs with lipid-based delivery systems have
been thoroughly reviewed.207 Liposomal excipients also reduce
GI side effects of nonsteroidal anti-inflammatory agents and
eliminate the bitter taste of oral drugs.208 An oral PEG-coated
liposomal vaccine with ovalbumin and diameters of 1.7–3.3 :m
induced a mucosal immune response in mice209 and oral lipo-
somal $-sitosterol was shown to upregulate the host defense of
metastatic cancer cells and may enhance mucosal immunity.210

Stimulating mucosal immune responses may enhance delivery
of antigen to APCs that actively take up particles in the GI
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tract. Generally, some benefits of using liposomes for such ap-
plications include biocompatibility, protection of antigen, flex-
ibility in design, targeting of antigens to APCs, and improved
stimulation of immune responses by oral delivery of soluble
antigens.211 In some cases, a lipid mixture may be used as a sol-
ubilizing or suspension agent for highly insoluble or lipophilic
drugs to be delivered as a microemulsion in softgel capsules for
oral dosage. A drug and lipid microemulsion encased in softgel
capsules was used to enhance reproducibility and bioavailabil-
ity of cyclosporin A, originally formulated as a tablet.212

FUTURE DIRECTIONS

From a regulatory perspective, it is important to design a
drug delivery strategy based on predefined desired attributes
and to establish clinically meaningful specifications. In par-
ticular, a lingering issue is the lack of in vitro/in vivo corre-
lation of liposome drug release profiles. As a result, current
regulation relies heavily on time-consuming clinical studies
to establish bioequivalence and set regulatory specifications.
To evaluate the quality, safety, and efficacy of liposomal prod-
ucts, systematic understanding of the relationships between
liposome physiochemical properties and its absorption, distri-
bution, metabolism, and excretion (ADME) behaviors is crit-
ical. Physiologically based pharmacokinetic (PBPK) modeling
could serve as a powerful tool to quantitatively describe and
predict the biodistribution of liposomal vesicles and drug sub-
stances. Preclinical PBPK models can be readily extrapolated
to humans by substituting related physiologic and pharmacoki-
netic parameters, making it possible to quantitatively predict
the effects of changes in liposome physiochemical properties on
ADME of liposomal drugs in humans.

Advances and continual growth in the identification of drug
targets have provided ever-expanding drug candidates. Yet
translating these compounds into therapeutic products contin-
ues to face challenges because of the off-target distribution and
lack of efficacy in late-stage clinical trials. Many highly potent
drugs often face limited solubility and target tissue exposure.
Improved understanding of drug target distribution profiles
within the body along with pharmacokinetics, drug disposition,
and elimination, as they relate to therapeutic outcome, point to
the need for consideration of drug delivery at a systems level.
A systems approach not only considers the physiological con-
text of target tissues and cells that link to disease symptom
development, but also the ability and capacity of a drug de-
livery platform to penetrate and localize at sufficient levels
necessary to modify therapeutic impacts. To make a significant
therapeutic impact, drug delivery systems such as liposomes
and lipid nanoparticles must serve as a drug carrier not only
to improve drug stability and exposure, but also to enhance
the accumulation of a significant amount of drug in the target
tissue. Without significant drug exposure in target tissues, en-
hancing delivery of drug to cells or intracellular drug targets is
unlikely. In this context, clinical insights in liposome and lipid
nanoparticle disposition mechanisms have led to the design of
small (∼50 nm diameter) and sterically stabilized lipid parti-
cles to increase their blood residence time required for clinical
applications. Advances in molecular design and chemistry for
expression of ligand or receptor molecules on the liposome and
lipid nanoparticle surface may further improve their interac-
tion with target cells. Improved drug residence time (because

of the reduced clearance of liposomes and lipid nanoparticles)
will provide carrier-associated drugs the sufficient time they
need to eventually reach their intended target sites. A first
step for increasing the intracellular uptake of liposomal drugs
(e.g., anticancer agents, antibiotics, and DNA) is to enhance
their localization selectivity within the target tissue. As ad-
ditional ligands with higher affinity and specificity continue
to be developed, and progress is made in antibody and pep-
tide engineering to mass-produce targeted lipid nanoparticle
preparations, lipid–drug complexes with extended therapeutic
indices are now within reach.
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