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a b s t r a c t

Oil-in-water (o/w) type nanosized emulsions (NE) have been widely investigated as vehicles/carrier for
the formulation and delivery of drugs with a broad range of applications. A comprehensive summary
is presented on how to formulate the multifunctional o/w NE for active and passive targeting of drugs
to otherwise inaccessible internal organs of the human body. The NE is classified into three generations
based on its development over the last couple of decades to make ultimately a better colloidal carrier
for a target site within the internal and external organs/parts of the body, thus allowing site-specific
drug delivery and/or enhanced drug absorption. The third generation NE has tremendous application for
drug absorption enhancement and for ‘ferrying’ compounds across cell membranes in comparison to its
first and second generation counterparts. Furthermore, the third generation NE provides an interesting
opportunity for use as drug delivery vehicles for numerous therapeutics that can range in size from small
molecules to macromolecules.
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Pharmacopoeial and safety issues
Opsonization
Unique property
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tion regarding various nomenclatures commonly used in medical
field to indicate emulsion DDS and why the term nanosized emul-
sion is preferred over other nomenclatures already described in
medical and pharmaceutical literatures. A short note on the gen-
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. Introduction

An otherwise inaccessible internal (lung, liver, kidney heart,
rain, etc.) and an easily accessible external (eye, nose, ear, penis,
agina, anus, etc.) organs of the human body always consist of sev-
ral different types of physiological barriers. The majority of these
arriers block or prevent the entry of any foreign materials includ-

ng drug and drug delivery system (DDS) into both the internal and
xternal organs of human body. Therefore, it becomes necessary
or a successful DDS to overcome several different types of barri-
rs that originate from the complexity of human organism (Sofou,
007). Indeed, specific molecular responses are required for each
arrier from the DDS and thus demand the integration of diverse
olecular and supramolecular responsive designs within a single

rug delivery structure. On the other hand, it has been estimated
hat anywhere from 40 to as much as 70% of all new chemi-
al entities (NCE) entering drug development programs possess
nsufficient aqueous solubility to allow consistent gastrointestinal
bsorption of a magnitude sufficient to ensure therapeutic effi-
acy (Gursoy and Benita, 2004). Hence, the DDS should have the
otential to overcome the major problems of currently available
rugs or NCE, which include not only poor aqueous solubility but
lso toxic side effects and lack of selectivity for the diseased tis-
ue.

Indeed, depending on the immediate requirements, the DDS
hould simultaneously carry on its surface various moieties capa-
le of functioning in a certain orchestrated order for demonstrating
equentially the following properties (Torchilin, 2007): (a) circulate
ong in the blood or, more generally, stay long in the body, (b) specif-
cally target the site of the disease through different mechanisms,
ike enhanced permeability and retention effect (EPR) and ligand-

ediated recognition, (c) respond to local stimuli characteristic of
he pathological site, such as abnormal pH values or temperature
r respond to externally applied stimuli, such as heat, magnetic
eld, or ultrasound, by, for example, releasing an entrapped drug
r facilitating the contact between drug-loaded nanocarriers and
arget cells, (d) provide an enhanced intracellular delivery of an
ntrapped drug in case the drug is expected to exert its action inside
he cell, and (e) afford a real-time information about the carrier (and
rug) biodistribution and target accumulation as well as about the
utcome of the therapy due to the presence within the structure of
he carrier of a certain reporter moiety.

To address all the above-said issues, DDS have initially been

esigned to take advantage of the enhanced vascular permeabil-

ty present at disease sites (Fig. 1). DDS can easily extravasate at
hese sites, in contrast to nontarget tissues. This in combination
ith the decreased clearance and enhanced blood residence time

f a DDS-associated drug will actually promote the drug concen-

ig. 1. Enhanced permeability and retention (EPR) effect. Key: Long-circulating drug
arriers (1) penetrate through the leaky pathological vasculature (2) into the tumor
nterstitium (3) and degrade there, releasing a free drug (4) and creating its high
ocal concentration.
Pharmaceutics 381 (2009) 62–76 63

trations in the diseased tissues, increasing the therapeutic efficacy
of the incorporated drug molecules. If the DDS is so designed to
possess particle sizes in submicron or nanometric level, then, the
use of nanometric DDS results in a reduced volume of distribution
for the entrapped drug, entailing further diminished extravasation
in non-target tissues, with resultant reduction of toxic side effects.
The selectivity of DDS can be even further enhanced by including
targeting ligands that allow for the recognition of specific markers
expressed at the diseased site.

Among the different available nanocarriers, such as different
polymeric and metal nanoparticles, liposomes, niosomes, solid lipid
particles, micelles, quantum dots, dendrimers, microcapsules, cells,
cell ghosts, lipoproteins, and different nanoassemblies (Torchilin,
2006), that have the potential to address all the described issues, an
oil-in-water (o/w) type nanosized emulsion (NE) is ideal to resolve
these challenges owing to its complex self-assembled nature that
is intrinsically responsive to its immediate environment and the
versatility of the emulsion components which can be combined to
result in structures with multiple responsive functionalities. Fig. 2
shows the schematic structure of the assembly of the multifunc-
tional NE. In the scheme, the possibilities of developing magnetic
nanocarrier (Scheme 3) and contrast nanocarrier for imaging pur-
poses (Scheme 5), cell-penetrating nanocarrier for intracellular
drug delivery purposes (Scheme 6) and DNA-carrying nanocar-
rier such as lipoplex for correcting genetically determined diseases
(Scheme 7) are not investigated yet using NE. But these four inno-
vative avenues, if successful, should revolutionize the medical field
due to their selective improvement in imaging and therapeutic
efficacies.

The present review deals with a comprehensive summary on
how to formulate the multifunctional o/w NE for active and pas-
sive targeting of drugs to otherwise inaccessible internal organs of
the human body. This review starts by introducing a brief descrip-
Fig. 2. Schematic structure of the assembly of the multifunctional nanosized emul-
sions. Key: (1) Traditional “plain” nanocarrier (a – drug loaded into the carrier);
(2) targeted nanocarrier or immunocarrier (b – specific targeting ligands, usually
monoclonal antibody, attached to the carrier surface); (3) magnetic nanocarrier
(c – magnetic particles loaded into the carrier together with the drug and allow-
ing for the carrier sensitivity towards the external magnetic field and its use as
a contrast agent for magnetic resonance imaging); (4) long-circulating nanocar-
rier (d – surface-attached protecting polymer (usually PEG) allowing for prolonged
circulation of the nanocarrier in the blood); (5) contrast nanocarrier for imaging pur-
poses (e – heavy metal atom – 111In, 99mTc, Gd, Mn-loaded onto the nanocarrier via
the carrier-incorporated chelating moiety for gamma- or MR imaging application);
(6) cell-penetrating nanocarrier (f – cell-penetrating peptide, CPP, attached to the
carrier surface and allowing for the carrier enhanced uptake by the cells); (7) DNA-
carrying nanocarrier such as lipoplex (g – DNA complexed by the carrier via the
carrier surface positive charge); (8) hypothetical multifunctional pharmaceutical
nanocarrier combining the properties of the carriers # 1–7.
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some of the selected marketed medical and non-medical emulsions
available for various human consumption purposes.
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rations of o/w NE is also given followed by a detailed description
oncerning how the modifications had been or are being proposed
nto the o/w NE to extract the multifunctional activity from these
anocarriers.

. O/w type nanosized emulsions (NE)—nomenclature and
lassification

Other nomenclatures are also being utilized often in the med-
cal and pharmaceutical literatures to refer to NE, which include

iniemulsions (El-Aasser and Sudol, 2004), ultrafine emulsions
Nakajima, 1997), and submicron emulsions (Benita, 1998; Klang
nd Benita, 1998). The term nanosized emulsion (Tadros et al.,
004) is preferred because in addition to giving an idea of the
anoscale size range of the dispersed droplets (having size dis-
ribution ranging between 50 and 1000 nm with a mean droplet
ize of about 250 nm), it is concise and avoids misinterpretation
ith the term microemulsion (which refers to thermodynamically

table systems). Hence, NE can be defined as heterogenous disper-
ions of two immiscible liquids [oil-in-water (o/w) or water-in-oil
w/o)], and they are subject to various instability processes such
s aggregation, flocculation, coalescence, and therefore eventual
hase separation according to the second law of thermodynam-

cs. However, the physical stability of NE can substantially be
mproved with the help of suitable emulsifiers that are capable
f forming a mono- or multi-layer coating around the dispersed
iquid droplets in such a way as to reduce interfacial tension
r increase droplet–droplet repulsion. Depending on the concen-
rations of these three components (oil–water–emulsifier) and
he efficiency of the emulsification equipment/techniques used to
educe droplet size, the final NE may be in the form of o/w, w/o,
acroemulsion, micrometer emulsion, submicrometer emulsion,

nd double or multiple emulsions (o/w/o and w/o/w). Prepa-
ation know-how, potential application, and other information
ertinent to w/o emulsions (Solans et al., 2005), macroemulsions
Becher and Schick, 1987; Kabalnov, 1998; Stefan et al., 2003),

icroemulsions (Ceglie et al., 1987; Attwood, 1994), and multiple
mulsions (Hino et al., 2000) are thoroughly covered elsewhere. In
ddition, some studies have compared the performance of differ-
nt emulsified systems (macroemulsions, microemulsion, multiple
mulsions, and gel emulsions) prepared with similar oils and sur-
actants for applications such as controlled drug release (Gallarate
t al., 1999) or drug protection (Er Ãfnofas et al., 1998). Sim-
larly the state of the art of the so-called oxygen carriers or
erfluorocarbon emulsions, dispersions containing submicrome-
er/nanosized fluoroorganic particles in water, is also thoroughly
overed in the literature (Lowe, 1999; Spahn, 2000; Krafft, 2001)
nd readers can refer to these complete and interesting arti-
les.

Possible usefulness as carrier stems from the NEs ability to solu-
ilize substantial amounts of hydrophilic/hydrophobic drug either
t the innermost (oil or water) phase or at the o/w or w/o interfaces.
hile hydrophilic drugs are contained in the aqueous phase of a
/o type emulsion or at the w/o interface of the system, hydropho-

ic drugs could be incorporated within the inner oil phase of an o/w
ype emulsion or at the o/w interface of the system. It appears that
he choice of the type of emulsion to be used therefore depends,
o a large extent, upon the physicochemical properties of the drug.
etween w/o and o/w types, the o/w type of NE would be pre-

erred in order to successfully exploit the advantages of an emulsion

arrier system. Additionally, within the o/w type, simple modifica-
ions on surface/interface structures of emulsions can be made. For
nstance, incorporating an emulsifier molecule alone or in a specific
ombination that is capable of producing either positive or nega-
ive charges over the emulsified droplets surface will lead to the
Pharmaceutics 381 (2009) 62–76

formation of surface (charge)-modified emulsions. Based on these
surface modifications, the o/w type NE can be divided into cationic
and anionic emulsions.

The o/w nanosized emulsions have many appealing properties
as drug carriers. They are biocompatible, biodegradable, physically
stable, and relatively easy to produce on a large scale using proven
technology (Fukushima et al., 2000). Due to their subcellular and
submicrometer size, emulsions are expected to penetrate deep
into tissues through fine capillaries and even cross the fenestra-
tion present in the epithelial lining in liver. This allows efficient
delivery of therapeutic agents to target sites in the body. Not
only considered as delivery carriers for lipophilic and hydropho-
bic drugs, nanosized emulsions can also be viewed nowadays as
adjuvants to enhance the potency of deoxyribonucleic acid (DNA)
vaccine. For instance, Ott et al. (2002) prepared a cationic o/w
emulsion based on MF59 (commercially termed Fluad®), a potent
squalene in water and a cationic lipid, 1,2-dioleoyl-sn-glycero-
3-trimethylammonium propane (DOTAP). It was shown that an
interaction of cationic emulsion droplets with DNA and the formed
DNA-adsorbed emulsion had a higher antibody response in mice in
vivo while maintaining the cellular responses equivalent to that
seen with naked DNA at the same doses. Another example of
o/w emulsion-based adjuvants resulting from U.S. patent litera-
ture is the Ribi adjuvant system (RAS) (Ribi, 1984; Ribi et al., 1984;
Myers and Truchot, 1990). Depending on the animal species used,
RAS can be classified into two types: one for use in mice, termed
monophosphoryl-lipid A + trehalose dicorynomycolate emulsion
(MPL + TDM emulsion), and another for use in rabbits, goats,
and larger animals, called monophosphoryl-lipid A + trehalose
dicorynomycolate + cell wall skeleton emulsion (MPL + TDM + CWS
emulsion). Strikingly, the MPL + TDM and MPL + TDM + CWS emul-
sions are prepared based on 2% oil (squalene)–Tween 80–water.
These adjuvants are derived from bacterial and mycobacterial cell
wall components that have been prepared to reduce the undesir-
able side effects of toxicity and allergenicity but still provide potent
stimulus to the immune system. Another example is the syntex
adjuvant formulation (SAF) that contains a preformed o/w emul-
sion stabilized by Tween 80 and Pluronic L121 (Allison and Byars,
1986).

Furthermore, based on the performances in previous and
present decades, o/w type NE can conveniently be classified
into three generations (see Fig. 3). While the use of surface
(charge)-modified o/w NE (both anionic and cationic emulsions) in
improving ocular efficacy of lipophilic drugs were overviewed else-
where by Tamilvanan and Benita (2004), the implications of lipid
emulsions in both ocular and parenteral delivering systems were
elaborated in an another review by Tamilvanan (2004). Table 1 lists
Fig. 3. Flow chart of three generations of emulsion.
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Table 1
Non-exhaustive or selected list of marketed medical and non-medical emulsions (modified from Tamilvanan, 2008).

Parenteral fat emulsions (o/w type) for nutrition Registered emulsions (o/w type) containing drugs

Product Producer Product Drug Producer Application

Abbolipid/Liposyn Abbott Diazepam-Lipuro Diazepam Braun Melsungen IV
Intralipid Pharmacia-Upjohn Diprivan Propofol AstraZeneca IV
Lipofundin N/Endolipide B.Braun Etomidat-Lipuro Etomidate Braun Melsungen IV
Lipofundin MCT/LCT/ Lipotalon Dexamethasone
Medialipide/Vasolipid B.Braun (Limethason) palmitate Merckle Intra-arthr.
Medianut B. Braun Stesolid Diazepam Dumex IV
Lipovenos Fresenius Gengraf Cyclosporin A Abbott Oral
Ivelip/Salvilipid Clintec/Baxter Norvir Ritonavir Abbott Oral
Clinoleic Clintec/Baxter Restasis Cyclosporin A Allergan Ocular topical use
Intralipos Green Gross Refresh Endura Drug-free Allergan Ocular topical use
Kabimix Pharmacia-Upjohn Fluad (MF59) Adjuvant Chiron Parenteral use
Trivè 1000 Baxter SA

Perfluorocarbon emulsions (fluorocarbon-in-water emulsions) Selected topical formulations based on o/w or w/o emulsion

Product Producer Application Product Producer

Fluosol DA Green Gross, Osaka Blood supplement or O2 carrier Daivonex cream and ointment Laboratoire Leo
mage
or O2
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the fatty acids present. Commercially available soybean oil-based
NEs include: Intralipid® (Fresenius Kabi, Bad Homberg, Germany);
Lipovenoes® (Fresenius Kabi); Lipofundin® (B Braun, Melsugen,
Germany); Ivelip® (Baxter Healthcare, Maurepas, France). A study
in patients following major gastrointestinal surgery has identified

Table 2
Common names, shorthand nomenclature and sources of fatty acids used in par-
enteral lipid emulsions.

Common name Shorthand
nomenclature

Typical source

Caprylic acid 8:0 Coconut oil
Capric acid 10.0 Coconut oil
Myristic acid 14.0 Coconut oil
Palmitic acid 16.0 Olive oil, soybean oil, fish oil
Imagent Alliance Pharmaceutical Corp Contrast agent to i
Oxygent Alliance Pharmaceutical Corp Blood supplement

.1. First generation NE

To be healthy with quality life style is every human’s desire.
ccording to documented Indian scriptures, dating back to 5000 bc,
utritional status has always been associated with health (Chandra
nd Grace, 1985). Because any kind of nutritional depletion due
o either changes in the quality and amount of dietary fat intake
r abnormalities in lipid metabolism results in immunosuppres-
ion and therefore host defense impairment, favoring increased
nfection and mortality rates.

Traditionally depletion in dietary fats in malnourished or hyper-
atabolic patient is compensated through intravenous feeding
sing a solution containing amino acids, glucose, electrolytes and
itamins as well as NEs. Structurally, NE (o/w type emulsion)
s triglyceride droplets enveloped with a stabilizing superficial
ayer of phospholipids (Shils, 1998). NE for parenteral use are
omplex nutrient sources composed of not only fatty acids but
lso including substances other than triglycerides, such as phos-
hatidylcholine, glycerol and �-tocopherol in variable amounts.
he NE also had a complex inner structure and consisted of particles
ith different structures, namely, oil droplets covered by an emul-

ifier monolayer, oil droplets covered by emulsifier oligolayers,
ouble-emulsion droplets and possibly small unilamellar vesi-
les. Commercially available NE used as intravenous high-calorie
utrient fluids have particle size normally around 160–400 nm

n diameter and typically, their surfaces are normally negatively
harged. The triglycerides used to prepare NE may be presented
tructurally in long- or medium-chain forms such as long-chain
riglycerides (LCT) and medium-chain triglycerides (MCT). LCT con-
ains fatty acid chains with 14, 16, 18, 20 and 22 carbon atoms
nd sometimes with double bonds. The number of double bonds
resent defines the fatty acids in LCT as saturated, mono or polyun-
aturated. If the first double bond is on carbon number 3, 6 or 9 from
he methyl end of the carbon chain then the fatty acid is n-3, n-6
r n-9, respectively. Purified soybean or safflower oil contains LCT
ith a high proportion of n-6 polyunsaturated fatty acids (PUFA)
hereas olive oil has LCT with n-9 monounsaturated fatty acids
MUFA). Fish oil includes LCT with 20 or more carbon atoms where
he first double bond is located between the third and the fourth
arbons from the methyl terminal of the fatty acids chain (omega-3
r n-3). On the other hand, MCT is derived from coconut oil and has
aturated fatty acids (SFA) with chains containing carbon atoms
heart Voltaren emulgel Ciba-Geigy
carrier EMLA cream Astra, Sweden

Physiogel® Stiefel Lab, Germany

at 6, 8, 10 or 12 positions. Fatty acids that are important in par-
enteral nutrition and their sources are listed in Table 2. Fatty acids
have common names (Table 2) and systematic names. They are also
referred to by a shorthand nomenclature that denotes the number
of C in the chain, the number of double bonds and the position of
the first double bond relative to the methyl-C (n; also termed �;
Table 2).

The simplest n-6 fatty acid is linoleic acid (18:2n-6) and the
simplest n-3 fatty acid is �-linolenic acid (18:3n-3). Although
mammalian cells cannot synthesize linoleic and �-linolenic acids,
they can metabolize them by further desaturation and elongation.
Linoleic acid can be converted to �-linolenic (18:3n-6), then to
dihomo-�-linolenic acid (20:3n-6) and then to arachidonic acid
(20:4n-6). Using the same series of enzymes �-linolenic acid is
converted to eicosapentaenoic acid (EPA) (20:5n-3). A complex
pathway for further conversion of EPA to docosahexaenoic acid
(DHA) (22:6n-3) exists (Calder and Burdge, 2004; Gurr et al., 2002;
Sprecher, 2002).

Lipids were first introduced into parenteral nutrition formulas
in the 1960s in order to provide a more balanced supply of energy,
along with glucose (Edgren and Wrtelind, 1963; Hallberg et al.,
1966; Wretlind, 1972). The lipid typically used in parenteral nutri-
tion is soybean oil, in which linoleic acid comprises about 50% of
Oleic acid 18:1n-9 Olive oil, soybean oil
Linoleic acid 18:2n-6 Soybean oil
�-Linolenic acid 18:3n-3 Soybean oil
Eicosapentaenoic acid (EPA) 20:5n-3 Fish oil
Docosahexaenoic acid (DHA) 22:6n-3 Fish oil
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hat the amount of n-6 PUFA (i.e. linoleic acid) infused is one of
he two predictors of the length of hospital stay (increased by 1.6
ays/100 g n-6 PUFA infused), the other being the delay in the onset
f initiating nutritional support (Koch and Heller, 2005). A num-
er of in vitro experiments have shown that soybean oil-based NEs
an exert immunosuppressive effects [for references, see Calder
t al. (1994)], which would clearly be detrimental in patients at
isk of infection and sepsis. Clinical trials with soybean oil-based
Es provide conflicting evidence, with some showing selective

mmunosuppressive effects (Monson et al., 1988; Battistella et al.,
997; Furukawa et al., 2002), perhaps linked to poorer patient out-
omes (Battistella et al., 1997). However, other studies do not show
uch effects on the immune system (Dionigi et al., 1985; Gogos et
l., 1990; Sedman et al., 1991) or on clinical outcomes (Lenssen et
l., 1998). Details of these studies are reported by Calder (2006).
espite the inconsistencies in the outcomes of such studies, there

s a view developing that the use of NEs based entirely on soybean
il may not be optimal or may even be harmful. The concern about
otential harm, based mainly on the notion that n-6 PUFA might be

proinflammatory, immunosuppressive and pro-coagulatory’, has
ed to the development of alternative first generation NEs for par-
nteral applications. Two alternative philosophies to reducing the
mount of linoleic acid have been adopted. The first has been to
imply dilute soybean oil with another oil that is fairly inert. Exam-
les of this strategy include the use of the so-called MCT and the
se of olive oil. With MCT/LCT combinations in a specific ratio, NE
ppears to provide a more readily metabolizable source of energy
Rubin et al., 1991). Moreover, for drug solubilization purpose, MCT
s reported to be 100 times more soluble in water than LCT and thus
o have an enhanced solubilizing capability. The second approach
as been to partially replace soybean oil with another oil that is
elieved to exert benefits in its own right. An example of this strat-
gy is the use of fish oil. Soybean oil is often referred to as ‘LCT’,
ut this nomenclature is an incorrect use of this term since the

ipids found in olive oil, fish oil and other oils not used in parenteral
utrition also contain LCT. The following FDA-approved NEs are
vailable as alternatives to pure soybean oil emulsions: Lipofundin
CT/LCT® (B Braun), a 50:50 (v/v) mixture of MCT (in the form of

oconut oil) and soybean oil; Lipovenoes MCT® (Fresenius Kabi), a
0:50 (v/v) mixture of MCT (in the form of coconut oil) and soybean
il; Structolipid® (Fresenius Kabi), produced by inter-esterification
f a 50:50 (v/v) mixture of MCT (in the form of coconut oil) and
oybean oil; ClinOleic® (Baxter Healthcare), an 80:20 (v/v) mixture
f olive and soybean oils; Lipoplus® (also known as Lipidem®; B
raun), a 50:40:10 (by vol.) mixture of coconut, soybean and fish
ils; SMOFLipid® (Fresenius Kabi), a 30:30:25:15 (by vol.) mixture
f coconut, soybean, olive and fish oils. In addition, the product
megaven® (Fresenius Kabi), which is 100% fish oil, is available

or use as a supplement to be diluted with another lipid emulsion
f choice. In Europe NE containing LCT/MCT enriched with fish oil
ecame available for research. Fish oil consists of two major omega-
fatty acids, namely EPA and DHA. Both EPA and DHA have been

hown to be active in a number of biological processes, including
etinal and brain development, immune function, blood clotting,
nd prevention of cardiac arrhythmias (Horrocks and Yoe, 1999;
arbige, 1998; Leaf et al., 1998). Thus, omega-3 fatty acids laden
Es made from fish oil are likely to be increasingly used not only

or nutrition support but also for the modification of a number of
iological and pathological processes.

.1.1. Advantages of MCT/LCT combination in parenteral NE—a

ase study

Emulsions containing MCT mixed with soybean oil are well
stablished, having been introduced in the 1980s (Ulrich et al.,
996; Adolph, 1999). Medium-chain fatty acids are: more soluble
han long-chain fatty acids and readily cleared from the circulation;
Pharmaceutics 381 (2009) 62–76

easily oxidized and not stored as triacylglycerides; may be protein
sparing because they are ketogenic; do not impair liver function and
do not interfere with pulmonary hydrodynamics or gas exchange;
resistant to peroxidation (Ulrich et al., 1996; Adolph, 1999).

Studies have directly compared the effects of soybean oil and
a mixture of MCT and soybean oil on immune function (Gogos et
al., 1990; Sedman et al., 1991). In critically ill patients there is no
difference in numbers of various immune cells in the bloodstream
but CD4+:CD8+ cells is maintained in the MCT–soybean oil group
whereas it declines in the soybean oil group (Gogos et al., 1990).
This finding is indicative of better maintenance of immune func-
tion in the former group. In patients post-gastrointestinal surgery
there are no differences in lymphocyte proliferation or inter-
leukin (IL)-2 production between soybean oil and MCT–soybean
oil groups (Sedman et al., 1991). However, natural killer cell activ-
ity is increased in the MCT–soybean oil group. Again, this finding
is suggestive of better immune function in the MCT–soybean oil
group.

In a randomized study in preterm infants who received total
parenteral nutrition for 8 days, Lehner et al. (2006) compared the
effects of a MCT/LCT-based emulsion and of a LCT emulsion on the
fatty acid composition of plasma phospholipids and triacylglyc-
erols. The MCT/LCT emulsion provides less polyunsaturated fatty
acid (PUFA) than an LCT emulsion and thus has been associated
with a lower risk of lipid peroxidation and fewer alterations of
membrane structures (Halliwell and Chirico, 1993). High amounts
of linoleic acid (LA; C18:2n-6) and �-linolenic acid (ALA; C18:3n-3)
were reported to inhibit �6 desaturation, the initial step in the
formation of long-chain polyunsaturated fatty acids (LC-PUFAs)
(Spielmann et al., 1988). Thus, the authors hypothesized that a
reduced supply of LA and ALA with the MCT/LCT emulsion might
enhance LC-PUFA formation. Because of the fast growth of brain
and retina during the perinatal period, an inadequate supply of
LC-PUFAs, mainly arachidonic acid (AA; C20:4n-6) and docosa-
hexaenoic acid (DHA; C22:6n-3), may have profound effects on
the development of brain and visual function in preterm infants
(O’Connor Hall et al., 2001; SanGiovanni et al., 2000). Although
infants are able to synthesize LC-PUFAs from LA (C18:2n-6) and
ALA (C18:3n-3) by desaturation and elongation from the first post-
natal week onward, the rate of synthesis is rather low relative to the
requirements for tissue incorporation (Salem et al., 1996; Szitanyi
et al., 1999). In human adults, infused MCTs are oxidized faster and
to a greater extent than LCTs (Metges and Wolfram, 1991), but data
on their metabolism in infants are scarce (Koletzko, 2002; Rubin et
al., 1994). Therefore, the authors also hypothesized that in preterm
infants the supply of a MCT/LCT emulsion would result in predom-
inant oxidation of MCT, rather than LCT, as a major energy source.
Thus, via decreased LCT oxidation, the lower LCT intake might be
partly compensated for by a higher availability of LCT for struc-
tural functions and for conversion into LC-PUFAs. The results of
this clinical study indicate that the use of the MCT/LCT emulsion
in parenteral nutrition of preterm infants for a period of 8 days is
well tolerated and provides equivalent carnitine, vitamin E, and EFA
status compared with the LCT emulsion. The concentration of the
functionally important omega-3 fatty acid, DHA (C22:6n-3), was
higher in plasma triglycerides of the MCT/LCT group, and there is
also a trend towards higher levels of other LC-PUFAs in triglyc-
erides and phospholipids. Because the availability of LC-PUFAs, and
particularly of DHA (C22:6n-3), was shown to be of great func-
tional importance in early life for the development of visual acuity
(SanGiovanni et al., 2000) and cognitive development (O’Connor

Hall et al., 2001), the use of the MCT/LCT emulsion might provide
important clinical benefits over the use of a standard soybean oil
emulsion in these patients.

The rationale for using newer first generation NEs, prepared
from olive oil and fish oil, as parenteral nutrition and the clini-
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al trials performed using these NEs in adult patients post-surgery
mainly gastrointestinal) or critically ill adults was reviewed
ecently by Calder (2009).

.1.2. Pharmacopoeial and safety issues for first generation NE
First generation, lipid-based NE can be given as a separate infu-

ion or added into total parenteral nutrition admixtures. Despite
uch broad use, no pharmacopoeial standards exist with respect to
he optimal pharmaceutical characteristics of the formulation. Sev-
ral attempts to establish standard physical and chemical attributes
ave been attempted by various pharmacopoeias around the world,
ut without success largely due to technical issues regarding the
reation of globule size limits. The United States Pharmacopoeia
USP), which develops drug monographs and chapters relating to
rug purity and safety in the United States and whose standards
re enforceable by the US Food and Drug Administration (FDA),
ave made two proposals affecting the stability and safety of com-
ercial lipid injectable emulsions (Driscoll, 2004). Between 1991

nd 1998, the USP first attempted to draft Chapter 728 (now 729),
ntitled “Globule Size Distribution in IV Emulsions,” and a mono-
raph entitled “IV Fat Emulsion.” USP chapters numbered <1000
ust comply with official tests and assays; failure to comply may

esult in regulatory actions by the FDA. (Those numbered >1000
re informational.) USP monographs are specific to a particular
rug (e.g., Phenytoin Sodium Injection) or dosage form (e.g., Lipid

njectable Emulsion) and provide product specifications. Hence,
ndividual drug monographs and chapters numbered <1000 state
harmacopoeial requirements that must be met by pharmaceutical
anufacturers before release to the general public.
Recently, the USP has revised its previous efforts and developed

wo methods and criteria (under Chapter <729>) to measure the
ean droplet size (Method I), and the large-diameter tail >5 �m

Method II) of the globule size distribution to verify the stability of
rst generation NE. Importantly, it is the latter size limits of Method

I that have the greatest implications for infusion safety. Cur-
ently, the USP has several relevant issues involving lipid injectable
mulsions under consideration. Recently, a new monograph (Lipid
njectable emulsions: in-process revision. Pharm Forum, 2006, 32,
50–353) has been proposed that sets specific physicochemical

imits on lipid injectable emulsions that must be met by the individ-
al manufacturer in order to meet Pharmacopoeial requirements.

n addition, the USP has also recently proposed a new version of
hapter 729 entitled “Globule Size Distribution in Lipid Injectable
mulsion” (Chapter 729. Globule size distribution in lipid injectable
mulsions. Pharm Forum, 2005, 31, 1448–1453). This is intended
o be a general chapter that outlines the acceptable physical char-
cteristics of the emulsion as the size of globules is critical to the
afety of the dispersion. Two physical methods that provide criti-
al information about the globule size distribution (GSD) have been
elected. Method I is a qualitative test that reflects the homogeniza-
ion process of the final product to yield a desirable mean droplet
ize and therefore is viewed as a manufacturing parameter. It uses
ight-scattering techniques (either “dynamic” or “static” light scat-
ering) to ascertain the mean droplet size of the formulation. The
SP has chosen a universal upper limit (i.e., irrespective of the final

ipid concentration: 10%, 20%, or 30% wt/vol) of not >500 nm or
.5 �m. Method II is a quantitative test that reflects the fineness
f the final product whereby the population of large fat globules is
inimized and is therefore viewed as a stability parameter. It uses

he light obscuration or light extinction method that uses a single-
article (globule) optical sensing technique (LE/SPOS) to ascertain

he amount of fat globules found in the large-diameter tail (i.e.,
5 �m) of the GSD, indicative of stability. Hence, if the normal pop-
lation of these large fat globules is known in stable lipid injectable
mulsions, higher amounts are associated with instability. The pro-
osed USP limit for this population of fat globules is expressed as
Pharmaceutics 381 (2009) 62–76 67

the volume-weighted percent of fat >5 �m or PFAT5 of <0.05%. Ulti-
mately, it is expected that the USP limits proposed in Chapter 729
be maintained throughout the shelf life of the native lipid injectable
emulsion product.

The major safety issues involving injectable emulsions include
impairments in plasma clearance in susceptible patients, and the
infusion of an unstable emulsion containing large quantities of
potentially embolic fat globules. Recent animal studies investi-
gating the toxicity from the infusion of unstable lipid injectable
emulsions have shown evidence of oxidative stress and tissue dam-
age to the liver when recommended globule size limits determined
by Method II of the USP are exceeded. Adoption of Chapter <729> of
the USP seems appropriate at this time. For further details, Driscoll
(2006) elaborated the Pharmacopoeial and safety issues for first
generation NE.

2.1.3. Clinical issues of first generation NE
The selection of various vegetable oils, such as those from

cottonseed, soybean, or safflower plants, as the lipid sources for
the early first generation NEs was principally based on provid-
ing a substrate that was high in the essential fatty acid, linoleic
acid. According to the work of Holman et al. (1982), it was not
until later that a pure safflower oil-based NE was demonstrated
to supply insufficient amounts �-linolenic acid, producing a clini-
cal deficiency state involving significant neurologic abnormalities.
Interestingly, both cottonseed oil and safflower oil contain very
little �-linolenic acid, whereas soybean oil has approximately 10
times more than these per g of oil (Bloch and Shils, 2006). Conse-
quently, the oil composition of certain commercial first generation
NEs was modified by the addition of soybean oil, so as to increase
the fraction of this essential fatty acid. Even today, with the newer
emulsion products containing various mixtures of MCT or other
LCT oils, soybean oil is routinely included because of the presence
of relatively high amounts of essential fatty acids.

Presently, only omega-6 LCT-based emulsions as either 100%
soybean oil or as a 50:50 physical mixture (by weight) of soy-
bean and safflower oils, are available in the United States. Most
of the serious adverse effects associated with these emulsions are a
consequence of excessively high infusion rates. According to Klein
and Miles (1994), LCT-based emulsions infused at rates exceeding
0.11 g/kg/h underlie the major toxicities associated with their use in
the clinical setting. Administration of lower amounts of LCTs, either
by reducing the infusion rate or the dose of LCTs, or by employing
mixtures of oils, such as those composed of MCTs and LCTs, to pre-
pare first generation NE, will decrease the risk of adverse events in
susceptible patients.

With the development of validated methods of fat globule anal-
ysis (Driscoll et al., 2001a,b), potential toxicity of first generation
NEs from the infusion of unstable formulations has been an area
of heightened research. The historical problems with ascertaining
cause and effect of toxicity was largely the result of there being no
reliable and quantifiable analytical technique to measure the pres-
ence of potentially embolic fat globules found in the large-diameter
tail of the GSD (Driscoll, 1997). Without such analytical capabilities,
it is not possible to establish a dose–response relationship. Con-
ventional methods of assessing the GSD, such as laser diffraction,
microscopy, electrical resistive pore techniques and light scatter-
ing, have proved to be wholly inadequate in accurately quantifying
the important large-diameter tail of injectable emulsions (Driscoll,
2002). With the formal recognition of the LE/SPOS technique as

the proposed stability-indicating assay capable of discerning the
details of the large-diameter tail of emulsions by the USP (Chap-
ter 729. Globule size distribution in lipid injectable emulsions.
Pharm Forum, 2005, 31, 1448–1453), it is possible to explore this
dose–response relationship in animal models.
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There have been three studies in animals that have used the
E/SPOS technique in assessing the effects of infusing large fat
lobule-laden (i.e., unstable) first generation NEs (Driscoll et al.,
005, 2003, 2004). In the guinea pig model (Driscoll et al., 2005), 24-
total nutrient admixtures (TNA) infusions were compared with

he stable group (n = 6) having a starting PFAT5 of 0.004% versus the
nstable group with a starting PFAT5 of 2.4%. The lungs of the ani-
als receiving the unstable emulsion showed evidence of oxidative

tress. In the first 24-h TNA infusion study in rats, the starting PFAT5
evels for the stable group (n = 6) were 0.007%, whereas the unstable
roup (n = 7) had a PFAT5 = 0.682%. Infusion of the unstable emul-
ion was associated with oxidative stress in the liver (Driscoll et al.,
003). The second TNA study in rats was similar, but was conducted
ver 72 h with a stable group (PFAT5 = 0.004%) compared against
n unstable group at a lower level of instability (PFAT5 = 0.117%)
Driscoll et al., 2004). In this study, the unstable group exhibited
similar degree of oxidative stress in the liver as the 24-h infu-

ions, but this occurred at lower levels of instability, suggesting a
umulative adverse effect.

The risk of infectious complications with the administration of
rst generation NEs from exogenous sources can occur in neonates
nd is likely a consequence of poor aseptic technique (i.e., during
he preparation of syringes for lipid delivery) or excessively long
nfusion times. The Centre for Disease Control (CDC) (O’Grady et
l., 2002) and USP Chapter 797 (2006) clearly recommend that as a
eparate infusion, lipid injectable emulsions not hang for a period
xceeding 12 h. Despite this, some advocate 18- to 24-h infusion
ime in the neonatal ICU setting (Reiter, 2002). A recent review of
he risks suggests that adherence to the 12-h hang time is prudent
nd a safer method of lipid administration in infants (Sacks and
riscoll, 2002).

The clinical utility of first generation NEs goes beyond the
rovision of essential fatty acids and as a dense source of par-
nteral calories. The exogenous administration of the essential
atty acids, precursors to important second messengers influenc-
ng the metabolic response to injury (i.e., inflammation, vagal
one, pulmonary and renal function, immune regulation) (Bistrian,
003), will have a profound effect on prostaglandin synthesis in
ell membranes. Consequently, the inflammatory response can be
reatly exaggerated, so that when essential fatty acids are given
n sufficient quantities to critically ill patients, they may produce
athophysiologic effects (Driscoll et al., 2001a,b; Hasselmann and
eimund, 2004; Lekka et al., 2004; McCowen and Bistrian, 2005).
hese adverse effects are largely mediated by the highly vasoactive
rostaglandin-2 series. The omega-3 fatty acids, especially those of
arine oil origin, including EPA and DHA, act principally through

he less vasoactive prostaglandin-3 series and therefore down-
egulate or modulate the extent of the inflammatory response.
hus, beyond the provision of calories or supplements, certain
ipids may exhibit favorable or even unfavorable pharmacologic-
ike effects under some clinical conditions.

The etiology of parenteral nutrition-associated liver diseases
PNALD) may be because of the use of soybean-based emulsions,
econdary to proinflammatory metabolites of omega-6 fatty acids
Grimminger et al., 1997), and decreased hepatic clearance of the
arenteral lipid (Zaman et al., 1997). Soybean-derived lipids con-
ain phytosterols (e.g., stigmasterol, b-sitosterol, and campesterol)
hat are linked with impairment of biliary secretion (Clayton et
l., 1998). Past and very recent studies have suggested that phy-
osterols may be the “hepatoxic” or “cholestatic” component of
oybean-derived lipid emulsions, with recent molecular mecha-

isms of phytosterols being suggested (Carter and Shulman, 2007;
arter et al., 2007). It has also been suggested that omega-6 fatty
cids may contribute to impaired immunologic function (Wanten
nd Calder, 2007). This multitude of factors results in a cholestatic,
teatotic liver that is especially susceptible to inflammatory insults
Pharmaceutics 381 (2009) 62–76

(e.g., bloodstream infections, surgery, and hepatotoxic medica-
tion) (Day and James, 1998). In turn, repeated liver injury results
in fibrosis, cirrhosis, and end-stage liver disease. Fish-oil-based
emulsions address these problems on several fronts. Omega-fatty
acid metabolites are less involved in the inflammatory response
(Grimminger et al., 1997), and animal models have shown that par-
enteral fish oil does not impair biliary secretion and may prevent
steatosis (Alwayn et al., 2005; Araya et al., 2004; Van Aerde et al.,
1999). Hence, the liver is not predisposed to inflammatory insult,
and liver injury can be prevented.

Recent work in a murine model of nonalcoholic fatty liver dis-
ease showed that administration of omega-3 fatty acids protected
the liver against injury, whereas standard omega-6 fatty acids failed
to do so (Alwayn et al., 2005). The data suggest that supplemen-
tation of omega-3 fatty acids might be beneficial in ameliorating
parenteral nutrition (PN)-induced hepatic steatosis. Subsequently,
the same group reports two infants with severe PN-associated liver
disease where the clinical courses in both cases were reversed by
the administration of parenteral omega-3 fatty acids (Gura et al.,
2006). Although the data are preliminary and will require further
study, the results are very promising as a potential treatment in this
potentially life-threatening complication. Furthermore, the same
authors (Gura et al., 2008) recently compared safety and efficacy
outcomes of a fish-oil-based fat emulsion in 18 infants with short-
bowel syndrome who developed cholestasis (serum direct bilirubin
level of >2 mg/dl) while receiving soybean emulsions with those
from a historical cohort of 21 infants with short-bowel syndrome
who also developed cholestasis while receiving soybean emul-
sions. The primary end point was time to reversal of cholestasis
(three consecutive measurements of serum direct bilirubin level
of ≤2 mg/dl). More importantly, the authors have not observed
any deleterious adverse effects of treatment. These benefits may
be because of the absence of soybean oil or because of the phar-
macologic effects of fish oil. However, this hypothesis is difficult
to test because of the need to provide essential fatty acids in par-
enterally fed patients. Ideally, a prospective randomized, controlled
trial comparing fish-oil emulsions with soybean emulsions in the
treatment of established parenteral nutrition-associated liver dis-
eases should be conducted. But this type of study would be difficult
to conduct, because some may consider it unethical to perform a
study where children with preexisting parenteral nutrition liver
injury could potentially be randomly assigned to a treatment group
in which they would continue to receive a soybean oil-based par-
enteral lipid emulsion. A prospective, randomized trial is currently
being underway at Children’s Hospital Boston, Harvard Medical
School, Boston, MA, USA to assess the efficacy of fish-oil-based
emulsions in the prevention of cholestasis in which in infants who
have never been exposed to either type of lipid emulsion are ran-
domly assigned to either conventional soybean oil emulsion or
fish-oil emulsion at the start of their parenteral nutrition course.

In summary, from a clinical perspective, newer first generation
NEs show great promise in certain patient settings, most notably in
the intensive care unit in both adults and infants. The clinical use of
alternative oils, such as MCT, fish oil and olive oil show benefits over
conventional soybean oil formulations. In adults, for example, the
administration of omega-3 fatty acids via soybean oil-based lipids
produces a heightened inflammatory response via production of
2-series prostaglandins, whereas substitution of a portion of the
lipid with omega-3 fatty acids via fish oil can favorably dampen the
inflammatory response. In infants, for example, the substitution of
soybean oil with fish oil has recently been shown to reverse par-

enteral nutrition-associated liver disease. These advances should
lead to safer infusion therapy in patients receiving lipid injectable
emulsions. Further, the current techniques for analyzing the phar-
maceutical integrity of first generation NE are now better defined,
allowing standardization of these dosage forms and, ultimately, the
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ormal establishment of Pharmacopoeial standards, and perhaps
ven compounding standards during the period of clinical use for
hese complex formulations.

.2. Second generation NE

An easy and substantial associability of lipophilic bioactive com-
ound with the MCT or other vegetable oil-based NEs, however,
akes the NE to be used as vehicles/carrier for the formulation and

elivery of drugs with a broad range of applications. These appli-
ations extend right from enhanced solubilization or stabilization
f the entrapped drug to sustained release and site-specific deliv-
ry. Hence the NE used for these applications are termed as second
eneration NE. Fittingly, the second generation NE can be adminis-
ered by almost all available routes including topical [percutaneous
Amselem and Friedman, 1998) and ocular (Tamilvanan and Benita,
004)], parenteral, oral, nasal (Tirucherai et al., 2002) and even
erosolization to the lungs (Mizushima et al., 1983). Typical o/w
E is basically comprising about 0.5–50% of a first component of
n oil or oil mixture, about 0.1–10% of a second component of an
mulsifier, about 0.05–5% of a non-ionic surfactant and an aque-
us component with the mean droplet size being in the submicron
ange, i.e., below about 500 nm and preferably between about 100
nd 300 nm.

.2.1. Opsonization of second generation NE
The lipid-induced enhancement in oral bioavailability of many

rugs having poor water solubility is a well-known documented
act when the drugs are incorporated into NE. However, direct
ntravascularly or locally administered conventional first and sec-
nd generation NEs could be taken up rapidly by the circulating
onocytes for clearance by the reticuloendothelial cells (through

rgans such as the liver, spleen and bone marrow). Regardless of
he residence time of NEs within the vascular system, much of an
njected dose is taken up via endocytosis by the cells of reticu-
oendothelial systems (RES) to end up in the lysosomal apparatus.
Es can be considered as being artificial chylomicrons and enter

he fat metabolism pathway through the adsorption of apolipopro-
eins (apos) and the subsequent action of lipoprotein lipase (LPL).
t appeared that uptake of conventional NEs by the RES cells is
ysosomotropic resulting in the localization of emulsion droplets
nside the lysosomes where they are degraded by local enzymes.
urthermore, the extent of clearance is enhanced by the adsorption
f opsonic plasma proteins onto NE surfaces. However, hydropho-
ic particles like NEs are also taken up by macrophages without the
ecessity of opsonization.

An opsonization process is the adsorption of protein entities
apable of interacting with specific plasma membrane receptors on
onocytes and various subsets of tissue macrophages, thus pro-
oting particle recognition by these cells. Classical examples of

psonic molecules include various subclasses of immunoglobulins,
omplement proteins like C1q and generated C3 fragments (C3b,
C3b), apolipoproteins, von Willebrand factor, thrombospondin,
bronectin and mannose-binding protein. Reports that the coemul-
ification or incubation of NE with gelatin prior to intravenous
njection enhanced its rate of clearance from the blood by fixed
ES cells of the liver, lung, spleen and bone marrow have led
o the development of an artificial NE for RES functionality tests
Illum et al., 1989). The mechanisms employed are interactions
ith circulating plasma opsonin proteins, thereby exploiting a
eceptor-mediated process involving fibronectin. It should also be
mphasized that the interaction of particles with blood protein may
ave effects beyond opsonization. These may include interference
ith the blood-clotting cascade, a process that may lead to fibrin

ormation, and anaphylaxis because of complement activation.
Pharmaceutics 381 (2009) 62–76 69

When given by other parenteral routes, for example, intraperi-
toneally, subcutaneously, or intramuscularly, the majority of NE
droplets enter the lymphatic system and eventually the blood circu-
lation where particles behave as if given intravenously. Liver, spleen
and bone marrow uptake is significantly lower. Indeed, relative to
the NEs size, lymph nodes take up a much greater (over 100-fold)
proportion than any other RES tissue. Lymphatic transport was pre-
dominantly associated with chylomicron-based transport (Porter
et al., 1996).

2.2.2. Long circulation concept on second generation NE
There is an increasing interest in developing injectable NE that

is not cleared quickly from the circulation when NE is designed to
reach non-RES tissues in the vascular system, extravascular sites of
action, or to act as circulating drug reservoirs. It has been thought
that initial clearance rate by the RES can be affected by the presence
of large numbers of NE particles occupying available RES receptors
or exhausting opsonizing factors (Saba, 1970). Overloading or sat-
urating the RES by single large doses or repeated administration
may lead to subsequent remain of injected LE particles in the circu-
lation and could be used to affect distribution patterns. Davis et al.
(1992) confirmed that the infusion of NEs into the rabbit can cause
slight temporary impairment of the RES as determined by subse-
quent administration of a radiolabeled colloid probe. An infused NE
can cause RES blockade by one or both of two mechanisms. Imme-
diately after infusion some of the NE particle may be recognized as
foreign and are then cleared by the RES (largely the Kupffer cells of
the liver). In addition, or alternatively, the Kupffer cells of the liver
may become overloaded by NE remnants that will result from nor-
mal metabolism of the NE by tissue lipases (Davis et al., 1992). The
study by Ueda et al. (2001) is supporting in a way the RES overload-
ing or saturation concept. They prepared NEs consisting of soybean
oil and egg yolk phosphatides and studied the effect of injection
volume on the pharmacokinetics of oil particles and incorporated
menatetrenone (vitamin K2) after intravenous injection as o/w NEs
in rats. At 3.0 ml/kg injection volume, which equates to 180 ml for
a person weighing 60 kg, these NEs showed a prolonged plasma
half-life in rats following intravenous administration. In contrast,
at 0.1 ml/kg injection volume, which equates to 6 ml for a 60 kg per-
son, these NEs were shown to disappear from the circulation soon
after intravenous administration to rats.

2.2.3. Approaches for making long-circulating second generation
NE

To augment substantially the NE half-life in blood circulation,
the two different approaches that are being investigated most
actively so far on second generation NE involve the use of either
structured lipids as oil core in final NE or emulsion droplet sur-
face modification using a coemulsifier with highly hydrophilic
chains like polyoxyethylene (POE) and amphipathic polyethylene
glycol (PEG) derivatives. Deckelbaum et al. (1990) explored how
enzyme affinity and enzyme activity (LPL and hepatic lipase) regu-
late hydrolysis of phospholipid-stabilized emulsions of MCT versus
LCT. It was shown that MCT NE are more readily hydrolyzed by
LPL and hepatic lipase than LCT NE because of greater MCT sol-
ubility and mobility at the oil–water interface. The major factors
involved are the affinity of the lipases for the interface and accessi-
bility of individual substrate molecules to the lipases. In mixtures
of LCT and MCT NEs, a higher affinity for the LCT-containing particle
results in partitioning of the lipases away from the MCT NE with
consequently diminished MCT hydrolysis. Hedeman et al. (1996)

prepared NE using structured lipids and explored its potential to
prolong the in vivo circulation time. Takino et al. (1994) developed
NE for lipophilic drugs with the potential for prolonged circulation
in the blood or hepatic targeting. A coating with sphingomyelin
(SM) in the surface of the oil droplets resulted in avoidance of the
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ES (Takino et al., 1994). In an another study of Takino et al. (1993)
emonstrated further that 14C cholesteryl oleate administered with
il droplets of a conventional NE was rapidly taken up from the cir-
ulation by the RES cells, while those containing SM survived in the
irculation for a considerably longer period. Similarly, it has further
een confirmed that the presence of SM in NE delays the removal
f emulsion particles from rat plasma (Arimoto et al., 1998). The
esults of Kurihara et al. (1996) indicated that hydrogenated castor
il (HCO60) emulsions, when compared with conventional lecithin-
tabilized emulsions, are more stable to LPL and show low uptake
y RES organs, long circulation’s in the plasma and high distribution

n tumors. Lin et al. (1992) confirmed that HCO60 is a good emul-
ifier for the preparation of NE with better stability and prolonged
nd selective delivery properties. Thus, these sterically stabilized
Es could show potential as effective carriers for highly lipophilic
ntitumor agents to enhance the drug delivery in tumors. This was
onfirmed by Sakaeda et al. (1994) who found that the rate of
elective delivery of Sudan II to liver, lungs and spleen could be sup-
ressed by using HCO60-based NE. Conversely, the use of saturated
CT in NE was the most effective way to increase blood concen-

ration of Sudan II, resulting in higher distribution to liver, lungs,
pleen and brain (Sakaeda and Hirano, 1995). Furthermore, an o/w
ype NE containing HCO60 was shown to be superior in the selective
istribution of adriamycin–HCl to the liver and in decreasing con-
entration in heart and kidney (Yamaguchi et al., 1995). Recently,
eda et al. (2003) reported the effect of using a series of HCOs hav-

ng different oxyethylene numbers such as HCO10, HCO20, HCO30,
CO60 and HCO100 on the pharmacokinetics of menatetrenone

vitamin K2) incorporated in soybean oil (SO)-based NE in rats.
lasma half-life of menatetrenone after administration as the NE
repared by HCO with 10 oxyethylene units (SO/HCO10) was sim-

lar to that after the administration as SO/egg yolk phosphatides
SO/EYP), but was shorter than that as the NEs prepared by HCOs
ith >20 oxyethylene units (SO/HCO20, SO/HCO30, SO/HCO60 and

O/HCO100). These findings clearly demonstrate that 20 oxyethy-
ene units in HCOs are minimum requirements for the prolongation
f the plasma circulation time of the incorporated drug in SO/HCOs
Es. The above-described studies suggest the involvement of oil or

tructured lipids in the enhancement of systemic circulation of the
E.

Using the established formulation approaches by which the
mulsion droplet surfaces could be altered might, however, be
f more realistic and even further useful for a wide array of
rug targeting purposes. Steric barrier or enhanced hydrophilic-

ty effect exerted by POE chain having surfactants when added as
oemulsifier into the phospholipid-stabilized NE allows, to some
xtent, the passive/inverse drug targeting to the lung, kidneys
nd areas of inflammation (Liu and Liu, 1995; Lee et al., 1995).
ddition of POE-based surfactants into the otherwise hydrophobic
hospholipid-stabilized NE is particularly effective against plasma
rotein adsorption onto NE surfaces because of the hydrophilicity
nd unique solution properties of POE-based surfactants, including
inimal interfacial free energy with water, high aqueous solubil-

ty, high mobility and large exclusion volume (Lee et al., 1995). In
ddition, colloidal particles presenting hydrophilic surfaces with a
ow contact angle will be almost ignored by phagocytic cells (Davis
nd Hansrani, 1985), although NEs are not supposed to be rec-
gnized as foreign by the body to some extent. Examples of POE
hain containing surfactants employed so far in NE are Tween 80,
pan 80, Brij and poloxamer 188. The effectiveness of these poly-
eric surfactant molecules to intercalate at the oil–water interface

ith strong bounding to the phospholipid molecules could also be

hecked/judged through an in vitro monolayer experiment (Levy et
l., 1991).

In general, the modification of particulate carriers using amphi-
athic PEG-containing molecules results in the prolongation of
Pharmaceutics 381 (2009) 62–76

their blood circulation time (Harris et al., 2001; Bhadra et al., 2002).
Therefore, similar to POE, a phosphatidylethanolamine derivative
with polyethylene glycol (PEG-PE) is also incorporated as a coemul-
sifier into NE (termed as pegylated NE) to augment its circulation
half-life time (Wheeler et al., 1994). Liu and Liu (1995) studied
the biodistribution of NEs coated with phosphatidylethanolamine
derivatives with three different molecular weight PEGs (m.w. 1000,
2000 and 5000). Among them, the PEG-2000 was able to pro-
long the circulation time of NE probably due to the increased
hydrophilicity of the droplet surface and/or the formation of a steric
barrier. A dipalmitoyl phosphatidylcholine (DPPC) stabilized NE
was prepared by Lundberg et al. (1996) and the effect of addition
of PEG-PE, polysorbate 80 or Pluronic F-68 on the metabolism of
DPPC-stabilized NE was studied. They have employed two radioac-
tive markers, [14C] triolein (TO), which is susceptible to the action
of LPL and [3H] cholesteryl oleate ether (CO ether), which is not,
in order to study the fate of NE following injection into tail vein
of female BALB/c inbred mice. Hence the removal of 14C-TO rep-
resents the triglyceride metabolism, whereas the other one is a
core marker to represent whole particle removal by RES organ
uptake. The NEs with DPPC as sole emulsifier were rapidly cleared
from the blood with only 10–11% of CO or TO left in circulation
after 1 h. However, addition of PEG-PE gave a prolonged clearance
rate especially during first 3 h. A further addition of cosurfactant
polysorbate 80 or Pluronics F-68 resulted in a marked extension
of the circulation lifetime during first 6 h. The notable effects of
polysorbate 80 and Pluronic F-68 can apparently be attributed
mainly to the decrease in droplet size, although an additional
influence due to the increased hydrophilicity may not be ruled
out.

2.2.4. Antibody conjugation onto long-circulating second
generation NE

In order to bring the colloidal carrier more closer to otherwise
inaccessible pathological target tissues, homing devices such as
antibodies and cell recognizing proteins are usually linked some-
how onto the particle surfaces. Antibodies are proteins able to
specifically recognize an antigen (for example, a pathogen or a
tumor agent). It has been observed over the last two decades that
progression of cancer is often accompanied by the overexpres-
sion of one or several proteins, called tumor antigens. The use of
monoclonal antibodies for the treatment of cancer has been sug-
gested as a means of targeting cancer cells while sparing normal
cells (Farah et al., 1998). To avoid interference of PEG chains of
PEG-PE-containing NE with antibody localization on the surface
of the colloidal carrier, the coupling of antibodies to the termi-
nal ends of the PEG chains has attracted much attention in recent
years. The methods used to link the homing devices such as anti-
bodies onto microspheres (another DDS) consist of simple, direct
adsorption to covalent bonds. However, the PEG-PE emulsifier-
containing NE can usually be linked only through a conjugation
process (through a covalent link) with antibodies. Such an anchor-
age of antibodies achieved by conjugation process at the distal ends
of PEG chain emulsifiers orienting from oil–water interface of NE
may provide the “active” targeting of biological drug compounds
to life-threatening diseases including various forms of malignancy
(Song et al., 1996).

Decker et al. (1995) defined two fundamental properties domi-
nating the delivery of drugs from NEs: first, the concentration of the
compound in the lipid phase of the emulsion is directly proportional
to the concentration of the compound in the cell at equilibrium,

and second, the rate of transfer is directly proportional to the con-
centration of particles in contact with cells. Moreover, the transfer
is consistent with direct partitioning from the lipid phase of the
emulsion to cells and occurs by the direct collision of emulsion par-
ticles with cells. Essential requirements of this “active” targeting
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pproach include identification of recognition features (receptors)
n the surface of the target, and the corresponding molecules (lig-
nds) that can recognize the surface. Indeed, NE with appropriate
igands anchored on their surface must be able to access the target,
ind to its receptors and, if needed, enter it. In the case of cells, intra-
ellular entry will possibly be carried out by receptor-mediated
ndocytosis or through an adsorptive pinocytosis to a minor extent.
ccess to the target is expected to occur easily in the intravascu-

ar space, as for instance is the case of populations of circulating
ells, or where cells (e.g. certain malignant cells) are separated from
he blood or other biological fluids by leaky capillaries. Obviously,
ecause of the submicron size range (175–400 nm in diameter) of
he NE, the more they circulate and therefore the greater their
hance of reaching respective targets. Thus, antibody associated
Es are more likely to offer a means to introduce drugs into the
esired intracellular sites. Conjugation of an anti-B-cell lymphoma
onoclonal antibody, LL2, to long-circulating drug-carrier NEs has

een reported by Lundberg et al. (1999).
Benita and colleagues have reported the results of the conju-

ation of an anti-ferritin mAb(AMB8LK) to oil droplets of cationic
anoemulsions (Goldstein et al., 2005). It was shown that the pro-
esses used for the preparation of these immunoemulsions did
ot affect the physicochemical properties of the emulsions (aver-
ge droplet size of 120 nm with a zeta potential of +50 mV) and
id not alter the immunoreactivity of the mAb. Again from the
ame research group, this was again confirmed in a separate study
ith respect to the conjugation of trastuzumab to cationic emul-

ions because the trastuzumab immunoemulsion was significantly
ound to the well-known breast cancer cell line SKBR-3 overex-
ressing the HER2 receptor (Goldstein et al., 2007). In addition, the
tability over storage time at room temperature was followed up
uring all the period of the animal experimentation. Before any

njection, the size, zeta potential, pH, and drug content were deter-
ined and found unchanged.
Paclitaxel is a highly promising drug against advanced and

efractory cancers, such as breast and ovarian carcinomas. How-
ver, there is a need for the development of an i.v. formulation
f the drug, which is safer and better tolerated than the present
remophor EL-based preparation (Taxol). Reformulation could
lso provide a possibility to improve the efficacy of paclitaxel-
ased anticancer therapy. Paclitaxel is difficult to formulate for

.v. administration because of its poor aqueous solubility and gen-
ral hydrophobicity. Indeed, paclitaxel can be incorporated into the
nternal oil phase of an emulsion (Lundberg et al., 2003). How-
ver, upon i.v. administration, the emulsion formulation is diluted
nfinitely, and the paclitaxel partitioned in favor of the serum
wing to its log P of 4.7. Thus, the biofate of paclitaxel in the
mulsion is similar to the biofate of paclitaxel in the commer-
ial product (Lee et al., 2005). It has already been reported by
ther authors that for a drug to be retained in an emulsion fol-
owing i.v. administration, the log P should be >7 (Takino et al.,
994); otherwise, the drug will be released rapidly in the serum,

oosing the advantage of long blood circulation and possibility of
rgan-passive targeting. To allow paclitaxel to remain entrapped
n the internal oil phase of an emulsion, paclitaxel lipophilicity
hould be markedly increased by esterification with a fatty acid
s recently reported by Lundberg et al. (2003) who entrapped in
n anionic emulsion paclitaxel oleate. Therefore, Benita and col-
eagues have synthesized paclitaxel palmitate (calculated log P of
) and incorporated into the cationic emulsion before antibody con-

ugation (Goldstein et al., 2007). The objectives of this study were to

ssess the efficiency of anti-HER2 immunoemulsions loaded with
aclitaxel palmitate in a well-established in vivo pharmacologic
odel of prostate cancer that overexpresses the HER2 receptor

nd to examine whether or not it can activate the complement
ystem. Apparently, they have concluded that a more improved
Pharmaceutics 381 (2009) 62–76 71

specific drug delivery system to prostate tumor and disseminated
prostate metastases is needed in terms of targeting and intra-
cellular uptake. It is intended to conjugate an additional mAb to
the actual immunoemulsion that exhibits antiangiogenic activity.
Thus, the novel bifunctional immunoemulsions will elicit a more
efficient effect than the actual encouraging targeted drug deliv-
ery system, allowing for specificity to the prostate cancer cells,
whereas the antiangiogenic mAb will diminish the resistance of
the cancer cells and should enhance the cell uptake of paclitaxel
palmitate.

2.2.5. Second generation NE for RES-related disease treatment
Apart from non-RES-related disease treatment through target

specific antibody conjugation, the second generation NEs may also
be useful for RES-related disease treatment. Certain lipoprotein or
polysaccharide moiety inclusion into the NE would help to achieve
this concept. In general, uptake of small colloidal drug carriers
by the phagocytotic mononuclear cells of RES in the liver can be
exploited to improve the treatment of parasitic, fungal, viral and
bacterial diseases such as, for example, leishmaniasis, AIDS and
hepatitis B. The approach to use NE as a drug carrier against micro-
bial diseases is superior to free antimicrobial agents both in terms
of distribution to the relevant intracellular sites and in treating
disseminated disease states effectively. As already discussed con-
ventional NE particles are capable of localizing in liver and spleen,
where many pathogenic microorganisms reside.

Rensen et al. (1995) demonstrated the active/selective liver
targeting of an antiviral prodrug (nucleoside analogue, iodo-
deoxyuridine) incorporated in a NE complexed with ligands like
recombinant apolipoprotein E (apo E) using Wistar rat as animal
model because its apo E-receptor system is comparable to that of
humans (Mahley, 1988). Whereas the parent drug did not show
any affinity for emulsion due to hydrophilic property, derivatiza-
tion with hydrophobic anchors allowed not only incorporating at
least 130 prodrug molecules per emulsion particle but also without
imparting any effect on the NE structure and apo E association to NE.
Furthermore, without being bound by theory, the apo E component
helps to disguise the NE particle so that the body does not imme-
diately recognize it as foreign, but may allow the body to perceive
it as native chylomicrons or very low density lipoproteins (VLDL).
The small size and the approximately spherical shape allow the
NE particle to exhibit similar physicochemical properties to native
chylomicrons or VLDL (hydrolyzed by LPL) whereas the incorpo-
rated prodrug remained associated with the NE remnant particles
following injection into the blood circulation of the rat. Because the
carrier particles are not recognized as foreign, the systemic circu-
lation of the drug increases, thus increasing the likelihood of drug
delivery to the target tissues (up to 700 nM drug concentration in
liver parenchymal cells). Additionally, the clearance rate of the drug
decreases, thereby reducing the likelihood of toxic effects of the
drug on clearance tissues since accumulation of the drug in other
part of the clearance tissues is reduced. Thus, specific organs may
be targeted by using NE carrier particles as described above, due to
target cells comprising high levels of specific receptors, for example
but not limited to apo E receptors.

To address this issue, the saccharide moieties of glycolipids and
glycoproteins on the cell surface are considered to play an impor-
tant role in various intercellular recognition processes. For instance,
Iwamoto et al. (1991) investigated the influence of coating of the
oil droplets in NE with cell-specific cholesterol bearing polysaccha-
ride, such as mannan, amylopectin or pullulan on the target ability

of those formulations. They have observed a higher accumulation of
mannan-coated NE in the lung in guinea pigs. Thus selective drug
targeting through NE bearing ligands would not only lead to an
improved drug effectiveness and a reduction in adverse reactions
but also offer possibility of applying highly potent drugs. Hence, the
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omposition of NE plays an important role concerning intercellular
ell recognition processes and indeed, cell recognizability is also
eing improved by the incorporation of apoproteins or galactopro-
eins onto the NE particles to enhance their specificity (Grolier et
l., 1992).

Overall, although second generation NE is usually used as a
eans of administering aqueous insoluble drugs by dissolution of

he drugs within the oil phase of the NE, employing surface mod-
fication/pegylation by the attachment of targeting ligands (apo E,
olysaccharide and antibody) onto the droplet surface of NE may
e of useful in both passive and active drug targeting purposes.
hus receptor-mediated drug targeting using ligands attached NE
eems to hold a promising future to the achievement of cell-
pecific delivery of multiple classes of therapeutic cargoes and
his approach will certainly make a major contribution in treating

any life-threatening diseases with a minimum of systemic side
ffects.

.3. Third generation NE

To increase cellular uptake, cationization strategy is one of the
hange progressively occurred in last decades particularly on the
urfaces of non-viral, colloidal carrier systems such as liposomes,
ano- and micro-particulates and nanocapsules. For making the
urface of these lipidic and polymeric carrier systems a cationic
roperty, some cationic lipids/polymers are usually added into
hese systems during/after preparation. But, adding alone the
ationic substances in phospholipid-stabilized first generation NE
oes not help to obtain a physically stabilized emulsion on a pro-

onged storage period. However, using different cationic lipids as
mulsifier and additional helper lipids as coemulsifier, for exam-
le, 1,2-dioleoyl-sn-glycero-3-trimethylammonium-propane
DOTAP), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)
nd 1-palmitoyl-2oleoyl-sn-glycero-3-phosphoethanolamine-N-
poly(ethylene glycol)2000] (PEG2000PE), reports are available to
repare NEs with positive charges on their droplets surface (Kim et
l., 2001a,b). Alternatively or on the other hand, after the inclusion
f cation forming substances like lipids (stearyl or oleyl chain
aving primary amines), polymers (chitosan) and surfactants
cetyltrimethylammonium bromide) during the preparation of
econd generation NE allows the formation of a stabilized system
ith positive charges on it. Further, the positive charge caused

y stearylamine was also confirmed by a selective adsorption
f thiocyanate. Its adsorption was correlated with increasing
tearylamine concentration (Elbaz et al., 1993). So, NE consist-
ng of complex emulsifiers, i.e., phospholipid-polyoxyethylene
urfactant-cationized primary amine or polymer combination can
onveniently be termed as third generation NE.

.3.1. Gene therapy using third generation NE
The extemporaneous addition of the solid drug or drug previ-

usly solubilized in another solvent or oil to the preformed first and
econd generation NE is not a favored approach as it might com-
romise the integrity of the emulsion. However, since therapeutic
NA or single stranded oligos are water soluble due to their polyan-

onic character, the aqueous solution of these compounds need to
e added directly to the preformed third generation NE in order to

nteract electrostatically with the cationic emulsion droplets and
hus associate/link superficially at the oil–water interface of the
mulsion (Teixeira et al., 1999; Choi et al., 2002). During in vivo
ondition when administered via parenteral and ocular routes, the
elease of the DNA and oligos from the associated emulsion droplet

urfaces should therefore initially be dependent solely on the affin-
ty between the physiological anions of the biological fluid and
ationic surface of the emulsion droplets. The biological fluid that
ontains mono- and di-valent anions in parenteral route is plasma.
Pharmaceutics 381 (2009) 62–76

Similarly the ocular fluids that contain mono- and di-valent anions
in ocular topical route are tear fluid, aqueous humor and vitreous.
Moreover, these biofluids contain multitude of macromolecules
and nucleases. There is a possibility that endogenous negatively
charged biofluid’s components could dissociate the DNA and oligos
from cationic NE. It is noteworthy to conduct during the preformu-
lation development stages an in vitro release study for therapeutic
DNA and oligos-containing NE in these biological fluids and this
type of study could be considered as an indicator for the strength
of the interaction occurred between DNA or oligo and the NE. How-
ever, it is interesting to see what could happen when the third
generation NE is applied to in vitro cell culture models in the pres-
ence of serum. The serum stability of LE/DNA complex was reported
(Yi et al., 2000). Further studies are, however, necessary to be car-
ried out to understand clearly the origin of the serum stability of
this NE. In addition the transfection efficiency of this NE was not
affected by time up to 2 h post-LE/DNA complex formation. This
means thus that the third generation NE allows the experimenter
to have a wider time window to work within during transfection
study. A comparison between squalene, soybean oil and linseed oil-
cored NE having different concentrations (1–30 mg/ml) of cationic
lipid DOTAP was investigated on transfection levels of DNA in
COS-1 cell and intravenous administration into Balb/c mice (Kim
et al., 2003). Among the oil cores tested, the squalene-cored LE
formed a stable complex with DNA and yielded high transfec-
tion levels even in the medium containing 80% serum. Further, the
squalene also showed the most potent luciferase activity in tissue
lysates, especially lung lysates, suggesting that in vitro cell cul-
ture system containing 80% serum is well mimicking the in vivo
situation.

2.3.2. Unique property of the third generation NE
To enhance the drug targeting efficacy of colloidal carriers like

nanospheres and liposomes, pegylation/cationization strategy is
traditionally made over the surface of these carriers. While surface
pegylated colloidal carriers exhibit a prolonged plasma residence
time through an escaping tendency from RES uptake following
parenteral administration, surface cationized colloidal carriers can
facilitate the penetration of therapeutic agents into cell surface pos-
sibly via an endocytotic mechanism. These two facts are proved
in both liposomes and nanospheres when they possess separately
the cationic and pegylatic surface modifications on them. However,
cationic emulsion colloidal carrier system, developed in Prof. Simon
Benita’s Laboratory at Hebrew University of Jerusalem, Israel, dif-
fers significantly in a way that it holds the combination of cationic
and pegylatic surface properties on it (Floyd, 1999). It has been
reported in ocular pharmacokinetic study of cyclosporin A incor-
porated in deoxycholic acid-based anionic and stearylamine-based
cationic NEs in rabbit that when compared to anionic NE the
cationic NE showed a significant drug reservoir effect of more than
8 h in corneal and conjunctival tissues of the rabbit eye following
topical application (Abdulrazik et al., 2001). Since cornea and con-
junctiva are anionic nature at physiological pH (Rojanasakul and
Robinson, 1989), the cationic NE would interact with these tissues
electrostatically to implicate the observed cyclosporin A reservoir
effect. This hypothesis is supported, in principle, by an ex vivo study
which showed that cationic NE carrier exhibited better wettability
properties on rabbit cornea than either saline or anionic NE carrier
(Klang et al., 2000).

Studies (Wretlind, 1981; Davis, 1982) have shown that small
changes in physical properties of NEs can influence the elimina-
distribution study of stearylamine-based cationic or deoxycholic
acid-based anionic submicron NE formulations and Intralipid®, a
well-known commercial anionic NE, containing [14C] cholesteryl
oleate was carried out following injection into the tail vein of
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ale BALB/c mice (20–26 g) at a volume of 5 ml/kg (Klang et al.,
998; Yang and Benita, 2000). Since cholesteryl oleate is one of
he most lipophilic compounds used in biopharmacy (calculated
og P value 18.3) and is not prone to degradation in the body,
ts in vivo behaviour can be regarded as reflecting that of the
njected NEs in the early phase (Takino et al., 1994, 1998). Fol-
owing intravenous administration of the various NEs having [14C]
holesteryl oleate to BALB/c mice, the [14C] cholesteryl oleate was
ound to accumulate in organs such as lung and liver. Further-

ore, it was observed that the concentration of [14C] cholesteryl
leate in the lung decreased, but was again elevated over time
or both the developed cationic and anionic NE formulations,
ith a concomitant decrease in the concentration of the radio-

abeled compound in the liver. However, within the various LEs
istribution patterns observed in liver, a lower [14C] cholesteryl
leate concentration was observed for stearylamine-based cationic
E when compared to Intralipid® while for deoxycholic acid-
ased anionic NE the observed concentration of [14C] cholesteryl
leate was relatively very low when compared to cationic NE
nd Intralipid®. In addition, in comparison to both of the anionic
Es, the stearylamine-based cationic NE elucidated a much longer

etention time of [14C] cholesteryl oleate in the plasma, indi-
ating clearly a long-circulating half-life for cationic NE in the
lood. Thus, the cationic NE can be considered a stealth® long-
irculating NE.

The above two studies described clearly the unique characteris-
ics of third generation NE in enhancing ocular drug bioavailability
nd on the other hand the same NE has the property to circulate
onger time in blood following parenteral administration. Excess
ositive charge at the oil–water interface in conjunction with the
rojection of highly hydrophilic POE chain (due to the presence of
oloxamer 188) towards aqueous phase of the o/w type emulsion is
he main reason behind the NE to attain its unique property, which
s absent in first and second generation NEs. Still, however a better
nderstanding of the structure of the third generation NE in terms
f forces involved in its formation and stabilization must ultimately
e obtained in an effort to provide a clearly understood physical
asis for uniqueness in its biological efficacy following parenteral
nd ocular administration.

. Future perspective

The imaging sciences have also developed enormously and
owadays make use of principles and systems similar to those
sed in drug delivery and drug targeting. Targeted nanometric con-
rast agents have been developed based on polymers, lipids and/or
roteins that carry radionuclides, paramagnetic elements and/or
uorescent probes suitable for imaging (Koning and Krijger, 2007).

The development of targeted nanocarriers in which therapeutic
nd imaging agents are merged into a single carrier will certainly
e of importance in the near future. Indeed, scientists active in
he field of imaging (e.g. nuclear and magnetic resonance imaging)
ave already started to exploit nanocarriers for molecular imaging.

mage-guided drug delivery using these multifunctional nanocar-
iers, containing therapeutic and imaging agents, will ultimately
llow for online monitoring of tumor location, tumor targeting lev-
ls, intratumoral localization and drug release kinetics prior and
uring radio- and/or chemotherapeutic treatment. This system will
ontribute to a more personalized approach in cancer therapy,

s processes in individual patients can be monitored, and physi-
ians can decide on the best suited therapy based on the individual
atient’s status and response. However, as already said in Section 1,
n extremely interesting result of this parallel and potential devel-
pment using the o/w type NE within image-guided drug delivery
s not yet explored fully.
Pharmaceutics 381 (2009) 62–76 73

4. Conclusion

First generation emulsions are considered primarily as nutrient
carriers to be administered via intravenous routes to bed-ridden
patients. Second generation emulsions start initially as drug-
carrier systems by solubilizing considerable amounts of lipophilic
drugs at the oil phase or at the oil–water interface of the emul-
sion. This particular merit of emulsions is specifically exploited
even commercially for both ocular and parenteral active drugs.
Modifications made either in the oil phase or at the o/w interfacial
film forming emulsifier molecules allow the emulsions to be able
to escape from lipolysis by lipoprotein lipase, apo adsorption, and
liver uptake. Such a surface-modified emulsion would prolong
the circulation time in plasma and thereby an alteration in in vivo
disposition of incorporated drugs following parenteral admin-
istration. Attachment of homing devices such as antibody and
apo E make emulsions that deliver drugs selectively/actively to
target sites such as a tumorized organ or hepatic system. Active
targeting increases the affinity of the carrier system for the target
site, while passive targeting minimizes the nonspecific interaction
with nontargeted sites by the RES. Having together a positive
charge and a steric stabilizing effect led to the development of
third generation emulsions that contain a unique property: plasma
half-life prolongation and electrostatic adhesion to ocular surface
tissues after topical instillation into eye.

Acknowledgement

The author would like to express his thanks to Department of
Biotechnology (DBT), Govt. of India for providing financial support
to conduct research on nanosized emulsions.

References

Abdulrazik, M., Tamilvanan, S., Khoury, K., Benita, S., 2001. Ocular delivery of
cyclosporin A. II. Effect of submicron emulsion’s surface charge on ocular distri-
bution of topical cyclosporin A. STP Pharma Sci. 11, 427–432.

Adolph, M., 1999. Lipid emulsions in parenteral nutrition. Ann. Nutr. Metab. 43,
1–13.

Allison, A.C., Byars, N.E., 1986. An adjuvant formulation that selectively elicits the
formation of antibodies of protective isotypes and of cell-mediated immunity.
J. Immunol. Methods 95, 157–168.

Alwayn, I.P., Gura, K., Nosé, V., et al., 2005. Omega-3 fatty acid supplementation pre-
vents hepatic steatosis in a murine model of nonalcoholic liver disease. Pediatr.
Res. 57, 445–452.

Amselem, S., Friedman, D., 1998. Submicron emulsions as drug carriers for topi-
cal administration. In: Benita, S. (Ed.), Submicron Emulsions in Drug Targeting
and Delivery. Harwood Academic Publishers, Amsterdam, The Netherlands, pp.
153–173.

Araya, J., Rodrigo, R., Videla, L.A., et al., 2004. Increase in long-chain polyunsaturated
fatty acid n-6/n-3 ratio in relation to hepatic steatosis in patients with non-
alcoholic fatty liver disease. Clin. Sci. (Lond.) 106, 635–643.

Arimoto, I., Matsumoto, C., Tanaka, M., Okuhira, K., Saito, H., Handa, T., 1998. Sur-
face composition regulates clearance from plasma and triolein lipolysis of lipid
emulsions. Lipids 33, 773–779.

Attwood, D., 1994. Microemulsions. In: Kreuter, J. (Ed.), Colloidal Drug Delivery
Systems. Marcel Dekker, New York, pp. 31–71.

Battistella, F.D., Widergren, J.T., Anderson, J.T., et al., 1997. A prospective, randomized
trial of intravenous fat emulsion administration in trauma victims requiring total
parenteral nutrition. J. Trauma 43, 52–58.

Becher, P., Schick, M.J., 1987. Macroemulsions. In: Schick, M.J. (Ed.), Non-Ionic
Surfactants, Surfactant Science Series, vol. 23. Marcel Dekker, Basel, pp. 435–
493.

Benita, S., 1998. Introduction and overview. In: Benita, S. (Ed.), Submicron Emul-
sion in Drug Targeting & Delivery. Harwood Academic, The Netherlands,
pp. 1–5.

Bhadra, D., Bhadra, S., Jain, P., Jain, N.K., 2002. Pegnology: a review of PEG-ylated
systems. Pharmazie 57, 5–29.
Bistrian, B.R., 2003. Clinical aspects of essential fatty acid metabolism: Jonathan
Rhoads lecture. J. Parenter. Enteral Nutr. 27, 168–175.

Bloch, A.S., Shils, M.E., 2006. Part VIII: appendices A-21: average values for triglyc-
erides, fatty acids and cholesterol. In: Shils, M.E., Shike, M., Ross, A.C., Caballero,
B., Cousins, R. (Eds.), Modern Nutrition in Health and Disease, 10th ed. Lippincott,
Williams & Wilkins, Baltimore, MD, USA.



7 nal of

C

C

C

C

C

C

C

C

C

C

C

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

D

E

E
E

E

F

4 S. Tamilvanan / International Jour

alder, P.C., 2009. Hot topics in parenteral nutrition. Rationale for using new lipid
emulsions in parenteral nutrition and a review of the trials performed in adults.
Proc. Nutri. Soc. 68, 252–260.

alder, P.C., 2006. Use of fish oil in parenteral nutrition: rationale and reality. Proc.
Nutr. Soc. 65, 264–277.

alder, P.C., Burdge, G.C., 2004. Fatty acids. In: Nicolaou, A., Kafatos, G. (Eds.), Bioac-
tive Lipids. The Oily Press, Bridgwater, Somerset, pp. 1–36.

alder, P.C., Sherrington, E.J., Askanazi, J., et al., 1994. Inhibition of lymphocyte pro-
liferation in vitro by two lipid emulsions with different fatty acid compositions.
Clin. Nutr. 13, 69–74.

arter, B.A., Shulman, R.J., 2007. Mechanisms of disease: update on the molecular
etiology and fundamentals of parenteral nutrition associated cholestasis. Nat.
Clin. Pract. Gastroenterol. Hepatol. 4, 277–287.

arter, B.A., Taylor, O.A., Prendergast, D.R., et al., 2007. Stigmasterol, a soy lipid-
derived phytosterol, is an antagonist of the bile acid nuclear receptor FXR.
Pediatr. Res. 62, 301–306.

eglie, A., Das, K.P., Lindman, B., 1987. Microemulsion structure in four component
systems for different surfactants. Colloid Surf. 28, 29–40.

handra, R.K., Grace, A., 1985. Goldsmith Award lecture. Trace element regulation
of immunity and infection. J. Am. Coll. Nutr. 4, 5–16.

hoi, B.Y., Chung, J.W., Park, J.H., Kim, K.H., Kim, Y.I., Koh, Y.H., Kwon, J.W., Lee,
K.H., Choi, H.J., Kim, T.W., Kim, Y.J., Chung, H., Kwon, I.C., Jeong, S.Y., 2002. Gene
delivery to the rat liver using cationic lipid emulsion/DNA complex: compari-
son between intra-arterial, intraportal and intravenous administration. Korean
J. Radiol. 3, 194–198.

hapter 797, 2006. Pharmaceutical Compounding: Sterile Preparations: Physical
Tests: United States Pharmacopeia 29/National Formulary 24. United States
Pharmacopeia Convention, Inc., Rockville, MD, pp. 2735–2751.

layton, P.T., Whitfield, P., Iyer, K., 1998. The role of phytosterols in the pathogen-
esis of liver complications of pediatric parenteral nutrition. Nutrition 14, 158–
164.

avis, S.S., 1982. Emulsions systems for the delivery of drugs by the parenteral
route. In: Bundgaard, H., Bagger Hansen, A., Kofod, H. (Eds.), Optimization of
Drug Delivery. Munksgaard, Copenhagen, pp. 333–346.

avis, S.S., Hansrani, P., 1985. The influence of emulsifying agents on the phagocy-
tosis of lipid emulsions by macrophages. Int. J. Pharm. 23, 69–77.

avis, S.S., Illum, L., Washington, C., Harper, G., 1992. Studies on the interaction of
charge-reversed emulsions with the reticuloendothelial system. Int. J. Pharm.
82, 99–105.

ay, C.P., James, O.F., 1998. Steatohepatitis: a tale of two “hits”? Gastroenterology
114, 842–845.

eckelbaum, R.J., Hamilton, J.A., Moser, A., Bengtsson-Olivecrona, G., Butbul, E.,
Carpentier, Y.A., Gutman, A., Olivecrona, T., 1990. Medium-chain versus long-
chain triacylglycerol emulsion hydrolysis by lipoprotein lipase and hepatic
lipase: implications for the mechanisms of lipase action. Biochemistry 29, 1136–
1142.

ecker, D.E., Vroegop, S.M., Goodman, T.G., Peterson, T., Buxser, S.E., 1995. Kinetics
and thermodynamics of emulsion delivery of lipophilic antioxidants to cells in
culture. Chem. Phys. Lipids 76, 7–25.

ionigi, P., Dionigi, R., Prati, U., et al., 1985. Effect of Intralipid® on some immunolog-
ical parameters and leukocyte functions in patients with esophageal and gastric
cancer. Clin. Nutr. 4, 229–234.

riscoll, D.F., 2006. Lipid injectable emulsions: pharmacopoeial and safety issues.
Pharm. Res. 23, 1959–1969.

riscoll, D.F., 2004. Examination of selection of light-scattering and light-
obscuration acceptance criteria for lipid injectable emulsions. Pharm. Forum
30, 2244–2253.

riscoll, D.F., 2002. The significance of particle-sizing measurements in the safe use
of intravenous fat emulsions. J. Disp. Sci. Technol. 23, 679–687.

riscoll, D.F., 1997. Physicochemical assessment of total nutrient admixture stability
and safety: quantifying the risk [editorial]. Nutrition 12, 166–167.

riscoll, D.F., Ling, P.R., Quist, W.C., Bistrian, B.R., 2005. Pathological consequences
from the infusion of unstable lipid emulsion admixtures in guinea pigs. Clin.
Nutr. 24, 105–113.

riscoll, D.F., Ling, P.R., Bistrian, B.R., 2004. Hepatic indicators of oxidative stress
following a 72-h infusion of an unstable all-in-one (AIO) in rats. Clin. Nutr. 23,
857.

riscoll, D.F., Ling, P.R., Quist, W.C., Bistrian, B.R., 2003. Hepatic indicators of inflam-
mation following the infusion of pharmaceutically unstable all-in-one mixtures
in rats. Clin. Nutr. 22, S16–S17, O-59.

riscoll, D.F., Etzler, F., Barber, T.A., Nehne, J., Niemann, W., Bistrian, B.R., 2001a.
Physicochemical assessments of parenteral lipid emulsions: light obscuration
versus laser diffraction. Int. J. Pharm. 219, 21–37.

riscoll, D.F., Adolph, M., Bistrian, B.R., 2001b. Lipid emulsions in parenteral nutri-
tion. In: Rombeau, J.L., Rolandelli, R.H. (Eds.), Clinical Nutrition: Parenteral
Nutrition, 3rd ed. W.B. Saunders and Co., Philadelphia, PA, pp. 35–59.

dgren, B., Wrtelind, A., 1963. The theoretical background of the intravenous nutri-
tion with fat emulsions. Nutr. Dieta Eur. Rev. Nutr. Diet. 13, 364–386.

l-Aasser, M.S., Sudol, E.D., 2004. Miniemulsions. JCT Res. 1, 21–31.
lbaz, E., Zeevi, A., Klang, S., Benita, S., 1993. Positively charged submicron
emulsions—a new type of colloidal drug carrier. Int. J. Pharm. 96, R1–R6.
r Ãfnofas, I., Csoka, I., Csany, E., Orosz, K., Makai, M., 1998. Proceedings of 2nd World

Meeting APGI/APV, Paris, pp. 805–806.
arah, R.A., Clinchy, B., Herrera, L., Vitetta, E.S., 1998. The development of monoclonal

antibodies for the therapy of cancer. Crit. Rev. Eukaryot. Gene Expr. 8, 321–
356.
Pharmaceutics 381 (2009) 62–76

Floyd, A.G., 1999. Top ten considerations in the development of parenteral emul-
sions. Pharm. Sci. Technol. Today 2, 134–143.

Fukushima, S., Kishimoto, S., Takeuchi, Y., Fukushima, M., 2000. Preparation and
evaluation of o/w type emulsions containing antitumor prostaglandin. Adv. Drug
Deliv. Rev. 45, 65–75.

Furukawa, K., Yamamori, H., Takagi, K., et al., 2002. Influences of soybean oil emul-
sion on stress response and cell-mediated immune function in moderately or
severely stressed patients. Nutrition 18, 235–240.

Gallarate, M., Carlotti, M.E., Trotta, M., Bovo, S., 1999. On the stability of ascorbic acid
in emulsified systems for topical and cosmetic use. Int. J. Pharm. 188, 233–241.

Gogos, C.A., Kalfarentzos, F.E., Zoumbos, N.C., 1990. Effect of different types of total
parenteral nutrition on T-lymphocyte subpopulations and NK cells. Am. J. Clin.
Nutr. 51, 119–122.

Goldstein, D., Nassar, T., Lambert, G., Kadouche, J., Benita, S., 2005. The design
and evaluation of a novel targeted drug delivery system using cationic
emulsion–antibody conjugates. J. Control. Release 108, 418–432.

Goldstein, D., Gofrit, O., Nyska, A., Benita, S., 2007. Anti-HER2 cationic immunoemul-
sion as a potential targeted drug delivery system for the treatment of prostate
cancer. Cancer Res. 67, 269–275.

Grimminger, F., Wahn, H., Mayer, K., Kiss, L., Walmrath, D., Seeger, W., 1997. Impact
of arachidonic versus eicosapentaenoic acid on exotonin-induced lung vascular
leakage: relation to 4-series versus 5-series leukotriene generation. Am. J. Respir.
Crit. Care Med. 155, 513–519.

Grolier, P., Azais-Braesco, V., Zelmire, L., Fessi, H., 1992. Incorporation of carotenoids
in aqueous systems: uptake by cultured rat hepatocytes. Biochim. Biophys. Acta
1111, 135–138.

Gura, K.M., Duggan, C.P., Collier, S.B., et al., 2006. Reversal of parenteral nutrition-
associated liver disease in two infants with short bowel syndrome using
parenteral fish oil: implications for future management. Pediatrics 118, Avail-
able at: www.pediatrics.org/cgi/content/full/118/1/e197.

Gura, K.M., Lee, S., Valim, C., Zhou, J., Kim, S., Modi, B.P., Arsenault, D.A.,
Strijbosch, R.A.M., Lopes, S., Duggan, C., Puder, M., 2008. Safety and effi-
cacy of a fish oil-based fat emulsion in the treatment of parenteral
nutrition-associated liver disease. Pediatrics 121, e678–e686, Available at:
http://www.pediatrics.org/cgi/content/full/121/3/e678.

Gurr, M.I., Harwood, J.L., Frayn, K.N., 2002. Lipid Biochemistry: An Introduction, 5th
ed. Wiley–Blackwell, Oxford.

Gursoy, R.N., Benita, S., 2004. Self-emulsifying drug delivery systems (SEDDS) for
improved oral delivery of lipophilic drugs. Biomed. Pharmacother. 58, 173–182.

Hallberg, D., Schuberth, O., Wretlind, A., 1966. Experimental and clinical studies
with fat emulsion for intravenous nutrition. Nutr. Dieta Eur. Rev. Nutr. Diet. 8,
245–281.

Halliwell, B., Chirico, S., 1993. Lipid peroxidation: its mechanism, measurement and
significance. Am. J. Clin. Nutr. 57 (Suppl.), 715–724.

Harbige, L.S., 1998. Dietary n-6 and n-3 fatty acids in immunity and autoimmune
disease. Proc. Nutr. Soc. 57, 555–562.

Harris, J.M., Martin, N.E., Modi, M., 2001. Pegylation: a novel process for modifying
pharmacokinetics. Clin. Pharmacokinet. 40, 539–551.

Hasselmann, M., Reimund, J.M., 2004. Lipids in the nutritional support of critically
ill patients. Curr. Opin. Crit. Care 10, 449–455.

Hedeman, H., Brøndsted, H., Müllertz, A., Frokjaer, S., 1996. Fat emulsions based on
structured lipids (1,3-specific triglycerides): an investigation of the in vivo fate.
Pharm. Res. 13, 725–728.

Hino, T., Kawashima, Y., Shimabayashi, S., 2000. Basic study for stabilization of w/o/w
emulsion and its application to transcatheter arterial embolization therapy. Adv.
Drug Deliv. Rev. 45, 27–45.

Holman, R.T., Johnson, S.B., Hatch, T.F., 1982. A case of human linolenic acid
deficiency involving neurological abnormalities. Am. J. Clin. Nutr. 35, 617–
623.

Horrocks, L.A., Yoe, Y.K., 1999. Health benefits of docosahexaenoic acid (DHA). Phar-
macol. Res. 40, 211–225.

Illum, L., West, P., Washington, C., Davis, S.S., 1989. The effect of stabilising agents
on the organ distribution of lipid emulsions. Int. J. Pharm. 54, 41–49.

Iwamoto, K., Kato, T., Kawahara, M., Koyama, N., Watanabe, S., Miyake, Y., Sunamoto,
J., 1991. Polysaccharide-coated oil droplets in oil-in-water emulsions as tar-
getable carriers for lipophilic drugs. J. Pharm. Sci. 80, 219–224.

Kabalnov, A., 1998. Thermodynamic and theoretical aspects of emulsions and their
stability. Curr. Opin. Colloid Interface Sci. 3, 270–275.

Kim, T.W., Chung, H., Kwon, I.C., Sung, H.C., Jeong, S.Y., 2001a. Optimization of lipid
composition in cationic emulsion as in vitro and in vivo transfection agents.
Pharm. Res. 18, 54–60.

Kim, Y.J., Kim, T.W., Chung, H., Kwon, I.C., Sung, H.C., Jeong, S.Y., 2001b. Counterion
effects on transfection activity of cationic lipid emulsion. Biotechnol. Bioprocess.
Eng. 6, 279–283.

Kim, Y.J., Kim, T.W., Chung, H., Kwon, I.C., Sung, H.C., Jeong, S.Y., 2003. The effects of
serum on the stability and the transfection activity of the cationic lipid emulsion
with various oils. Int. J. Pharm. 252, 241–252.

Klang, S., Abdulrazik, M., Benita, S., 2000. Influence of emulsion droplet surface
charge on indomethacin ocular tissue distribution. Pharm. Dev. Technol. 5,
521–532.
Klang, S.H., Benita, S., 1998. Design and evaluation of submicron emulsions as col-
loidal drug carriers for intravenous administration. In: Benita, S. (Ed.), Submicron
Emulsion in Drug Targeting & Delivery. Harwood Academic, The Netherlands,
pp. 119–152.

Klang, S.H., Parnas, M., Benita, S., 1998. Emulsions as drug carriers—possibilities,
limitations, and future perspectives. In: Muller, R.H., Benita, S., Bohm, H.L. (Eds.),

http://www.pediatrics.org/cgi/content/full/118/1/e197
http://www.pediatrics.org/cgi/content/full/121/3/e678


nal of

K

K

K

K

K

K

L

L

L

L

L

L

L

L

L

L

L

L

L

M

M

M

M

M

M
N

O

O

O

P

R

peptides and proteins. STP Pharm. Sci. 12, 3–12.
S. Tamilvanan / International Jour

Emulsions and Nanosuspensions for the Formulation of Poorly Soluble Drugs.
Medpharm, Stuttgart, pp. 31–65.

lein, S., Miles, J.M., 1994. Metabolic effects of long-chain and medium chain triglyc-
erides in humans. J. Parenter. Enteral Nutr. 18, 396–397.

och, T., Heller, A.R., 2005. Auswirkungen einer parenteralen ernahrung mit n-
3-fettsauren auf das therapieergebnis—eine multizentrische analyse bei 661
patienten (Effects of parenteral nutrition with n-3-fatty acids on the result of
therapy—a multicentre analysis with 661 patients). Akt. Ernahrungs 30, 15–22.

oletzko, B., 2002. Intravenous lipid infusion in infancy—physiological aspects and
clinical relevance. Clin. Nutr. 21 (Suppl.), 53–65.

oning, G.A., Krijger, G.C., 2007. Targeted multifunctional lipid-based nanocarriers
for image-guided drug delivery. Anti-Cancer Agents Med. Chem. 7, 425–440.

rafft, M.P., 2001. Fluorocarbons and fluorinated amphiphiles in drug delivery and
biomedical research. Adv. Drug Deliv. Rev. 47, 209–228.

urihara, A., Shibayama, Y., Mizota, A., Yasuna, A., Ikeda, M., Sasagawa, K., Kobayashi,
T., Hisaoka, M., 1996. Lipid emulsions of palmitoylrhizoxin: effects of composi-
tion on lipolysis and biodistribution. Biopharm. Drug Dispos. 17, 331–342.

eaf, A., Kang, J.X., Xiao, Y.F., Billman, G.E., 1998. Dietary n-3 fatty acids in the pre-
vention of cardiac arrhythmias. Curr. Opin. Clin. Nutr. Metab. Care 1, 225–228.

ee, J.H., Lee, H.B., Andrade, J.D., 1995. Blood compatibility of polyethylene oxide
surfaces. Prog. Polym. Sci. 20, 1043–1079.

ee, I.H., Park, Y.T., Ron, K., Chung, H., Kwon, I.C., Jeong, S.Y., 2005. Stable paclitaxel
formulations in oily contrast medium. J. Control. Release 102, 415–425.

ehner, F., Demmelmair, H., Röschinger, W., Decsi, T., Szász, M., Adamovich, K.,
Arnecke, R., Koletzko1, B., 2006. Metabolic effects of intravenous LCT or MCT/LCT
lipid emulsions in preterm infants. J. Lipid Res. 47, 404–411.

ekka, M.E., Liokatis, S., Nathanail, C., Galani, V., Nakos, G., 2004. The impact of intra-
venous fat emulsion administration in acute lung injury. Am. Rev. Respir. Crit.
Care Med. 169, 638–644.

enssen, P., Bruemmer, B.A., Bowden, R.A., et al., 1998. Intravenous lipid dose and
incidence of bacteremia and fungemia in patients undergoing bone marrow
transplantation. Am. J. Clin. Nutr. 67, 927–933.

evy, M.Y., Benita, S., Baszkin, A., 1991. Interactions of a non-ionic surfactant with
mixed phospholipid-oleic acid monolayers. Studies under dynamic conditions.
Colloids Surf. 59, 225–241.

in, S.Y., Wu, W.H., Lui, W.Y., 1992. In vitro release, pharmacokinetic and tissue dis-
tribution studies of doxorubicin hydrochloride (Adriamycin HCl) encapsulated
in lipiodolized w/o emulsions and w/o/w multiple emulsions. Pharmazie 47,
439–443.

iu, F., Liu, D., 1995. Long-circulating emulsions (oil-in-water) as carriers for
lipophilic drugs. Pharm. Res. 12, 1060–1064.

owe, K.C., 1999. Perfluorinated blood substitutes and artificial oxygen carriers.
Blood Rev. 13, 171–184.

undberg, B.B., Griffiths, G., Hansen, H.J., 1999. Conjugation of an anti-B-cell
lymphoma monoclonal antibody, LL2, to long-circulating drug-carrier lipid
emulsions. J. Pharm. Pharmacol. 51, 1099–1105.

undberg, B.B., Mortimer, B.C., Redgrave, T.G., 1996. Submicron lipid emulsions con-
taining amphipathic polyethylene glycol for use as drug-carriers with prolonged
circulation time. Int. J. Pharm. 134, 119–127.

undberg, B.B., Risovic, V., Ramaswamy, M., Wasan, K.M., 2003. A lipophilic pacli-
taxel derivative incorporated in a lipid emulsion for parenteral administration.
J. Control. Release 86, 93–100.

ahley, R.W., 1988. Apolipoprotein E: cholesterol transport protein with expanding
role in cell biology. Science 240, 622–630.

cCowen, K.C., Bistrian, B.R., 2005. Essential fatty acids and their derivatives. Curr.
Opin. Gastroenterol. 21, 207–215.

etges, C.C., Wolfram, G., 1991. Medium- and long-chain triglycerides labeled with
13C: a comparison of oxidation after oral or parenteral administration in humans.
J. Nutr. 121, 31–36.

izushima, Y., Hoshi, K., Aihara, H., Kurachi, M., 1983. Inhibition of bronchocon-
striction by aerosol of a lipid emulsion containing prostaglandin E1. J. Pharm.
Pharmacol. 35, 397.

onson, J.R.T., Sedman, P.C., Ramsden, C.W., et al., 1988. Total parenteral nutrition
adversely influences tumour-directed cellular cytotoxic responses in patients
with gastrointestinal cancer. Eur. J. Surg. Oncol. 14, 435–443.

yers, K.R., Truchot, A.T., 1990. U.S. Patent 4,912,094 (March 27).
akajima, H., 1997. Microemulsions in cosmetics. In: Solans, C., Kunieda, H.

(Eds.), Industrial Applications of Microemulsions. Marcel Dekker, New York, pp.
175–197.

’Connor Hall, D.L.R., Adamkin, D., Auestad, N., Castillo, M., Connor, W.E., Con-
nor, S.L., Fitzgerald, K., Groh-Wargo, S., Hartmann, E., et al., 2001. Growth and
development in preterm infants fed long-chain polyunsaturated fatty acids: a
prospective, randomized controlled trial. Pediatrics 108, 359–371.

’Grady, N.P., Alexander, M., Dellinger, E.P., et al., 2002. Guidelines for the prevention
of intravascular catheter-related infections. Infect. Control Hosp. Epidemiol. 23,
759–769.

tt, G., Singh, M., Kazzaz, J., Briones, M., Soenawan, E., Ugozzoli, M., O’ Hagan, D.T.,
2002. A cationic sub-micron emulsion (MF59/DOTAP) is an effective delivery
system for DNA vaccines. J. Control. Release 79, 1–5.

orter, C.J., Charman, S.A., Charman, W.N., 1996. Lymphatic transport of halofantrine
in the triple-cannulated anesthetized rat model: effect of lipid vehicle disper-

sion. J. Pharm. Sci. 85, 351–356.

ensen, P.C.N., Van Dijk, M.C.M., Havenaar, E.C., Bijsterbosch, M.K., Kruijt, J.K.,
Van Berkel, T.J.C., 1995. Selective liver targeting of antivirals by recombinant
chylomicrons—a new therapeutic approach to hepatitis. Nat. Med. 1, 221–
225.
Pharmaceutics 381 (2009) 62–76 75

Reiter, P.D., 2002. Sterility of intravenous fat emulsion in plastic syringes. Am. J.
Health Syst. Pharm. 59, 1857–1859.

Ribi, E.E., 1984. U.S. Patent 4,436,727 (March 13).
Ribi, E., Schwartzman, S.M., Cantrell, J.L., 1984. U.S. Patent 4,436,728 (March 13).
Rojanasakul, Y., Robinson, J.R., 1989. Transport mechanisms of the cornea: charac-

terization of barrier permselectivity. Int. J. Pharm. 55, 237–246.
Rubin, M., Harell, D., Naor, N., Moser, A., Wielunsky, E., Merlob, P., Lichtenberg, D.,

1991. Lipid infusion with different triglyceride cores (long-chain vs medium-
chain/long-chain triglycerides): effect on plasma lipids and bilirubin binding in
premature infants. J. Parenter. Enteral Nutr. 15, 642–646.

Rubin, M., Moser, A., Naor, N., Merloh, P., Pakula, R., Sirota, L., 1994. Effect of three
intravenously administered fat emulsions containing different concentrations of
fatty acids on the plasma fatty acid composition of premature infants. J. Pediatr.
125, 596–602.

Saba, T.M., 1970. Physiology and physiopathology of the reticuloendothelial system.
Arch. Intern. Med. 126, 1031–1052.

Sacks, G.S., Driscoll, D.F., 2002. Does lipid hang time make a difference? Time is of
the essence. Nutr. Clin. Pract. 17, 284–290.

Sakaeda, T., Hirano, K., 1995. O/W lipid emulsions for parenteral drug delivery. II.
Effect of composition on pharmacokinetics of incorporated drug. J. Drug Target.
3, 221–230.

Sakaeda, T., Takahashi, K., Nishihara, Y., Hirano, K., 1994. O/W lipid emulsions for par-
enteral drug delivery. I. Pharmacokinetics of the oil particles and incorporated
sudan II. Biol. Pharm. Bull. 17, 1490–1495.

Salem, N., Wegher, B., Mena, P., Uauy, R., 1996. Arachidonic and docohexaenoic acids
are biosynthesized from their 18-carbon precursors in human infants. Proc. Natl.
Acad. Sci. U.S.A. 93, 49–54.

SanGiovanni, J.P., Parra-Cabrera, S., Colditz, G.A., Berkey, C.S., Dwyer, J.T., 2000.
Meta-analysis of dietary essential fatty acids and long-chain polyunsaturated
fatty acids as they relate to visual resolution acuity in healthy preterm infants.
Pediatrics 105, 1292–1298.

Sedman, P.C., Somers, S.S., Ramsden, C.W., et al., 1991. Effects of different lipid emul-
sions on lymphocyte function during total parenteral nutrition. Br. J. Surg. 78,
1396–1399.

Shils, M.E., 1998. Parenteral nutrition. In: Shils, M.E., Olson, J.A., Shike, M.E., Ross,
O. (Eds.), Modern Nutrition in Health and Disease, 9th ed. Williams & Wilkins,
Baltimore, PA.

Sofou, S., 2007. Surface-active liposomes for targeted cancer therapy. Nanomedicine
2, 711–724.

Solans, C., Izquierdo, P., Nolla, J., Azemar, N., Garcia-Celma, M.J., 2005. Nanoemul-
sions. Curr. Opin. Colloid Interface Sci. 10, 102–110.

Song, Y.K., Liu, D.X., Maruyama, K., Takizawa, T., 1996. Antibody mediated lung
targeting of long-circulating emulsions. PDA J. Pharm. Sci. Technol. 50, 372–
377.

Spahn, D.R., 2000. Current status of artificial oxygen carriers. Adv. Drug Deliv. Rev.
40, 143–151.

Spielmann, D., Bracco, U., Traitler, H., Crozier, G., Holman, R.T., Ward, M., Cotter, R.,
1988. Alternative lipids to usual omega 6 PUFAS: gamma-linolenic acid, alpha
linolenic acid, stearidonic acid, EPA etc. J. Parenter. Enteral Nutr. 12 (Suppl.),
111–123.

Sprecher, H., 2002. The roles of anabolic and catabolic reactions in the synthesis and
recycling of polyunsaturated fatty acids. Prostaglandins Leukot. Essent. Fatty
Acids 67, 79–83.

Stefan, A., Palazzo, G., Ceglie, A., Panzavolta, E., Hochkoeppler, A., 2003. Water-
in-oil macroemulsions sustain long-term viability of microbial cells in organic
solvents. Biotechnol. Bioeng. 81, 323–328.

Szitanyi, P., Koletzko, B., Mydlilova, A., Demmelmair, H., 1999. Metabolism of 13C-
labelled linoleic acid in newborn infants during the first week of life. Pediatr.
Res. 45, 669–673.

Tadros, T.F., Izquierdo, P., Esquena, J., Solans, C., 2004. Formation and stability of
nano-emulsions. Adv. Colloid Interface Sci. 108–109, 303–318.

Takino, T., Konishi, K., Takakura, Y., Hashida, M., 1994. Long circulating emulsion
carrier systems for highly lipophilic drugs. Biol. Pharm. Bull. 17, 121–125.

Takino, T., Koreeda, N., Nomura, T., Sakaeda, T., Yamashita, F., Takakura, Y., Hashida,
M., 1998. Control of plasma cholesterol-lowering action of probucol with various
lipid carrier systems. Biol. Pharm. Bull. 21, 492–497.

Takino, T., Nakajima, C., Takakura, Y., Sezaki, H., Hashida, M., 1993. Controlled biodis-
tribution of highly lipophilic drugs with various parenteral formulations. J. Drug
Target. 1, 117–124.

Tamilvanan, S., 2008. Oil-in-water nanosized emulsions: medical applications. In:
Gad, S.C. (Ed.), Pharmaceutical Manufacturing Handbook. John Wiley & Sons
Publishers, NJ, USA, pp. 1329–1368 (Chap. 7.4).

Tamilvanan, S., 2004. Oil-in-water lipid emulsions: implications for parenteral and
ocular delivering systems. Prog. Lipid Res. 43, 489–533.

Tamilvanan, S., Benita, S., 2004. The potential of lipid emulsion for ocular delivery
of lipophilic drugs. Eur. J. Pharm. Biopharm. 58, 357–368.

Teixeira, H., Dubernet, C., Puisieux, F., Benita, S., Couvreur, P., 1999. Submicron
cationic emulsions as a new delivery system for oligonucleotides. Pharm. Res.
16, 30–36.

Tirucherai, G.S., Pezron, I., Mitra, A.K., 2002. Novel approaches to nasal delivery of
Torchilin, V.P., 2007. Nanocarriers. Pharm. Res. 24, 2333–2334.
Torchilin, V.P. (Ed.), 2006. Nanoparticulates as Pharmaceutical Carriers. Imperial

College Press, London, UK.
Ulrich, H., McCarthy Pastores, S., Katz, D.P., et al., 1996. Parenteral use of medium-

chain triglycerides: a reappraisal. Nutrition 12, 231–238.



7 nal of

U

U

V

W

W

2000. A cationic lipid emulsion/DNA complex as a physically stable and serum-
6 S. Tamilvanan / International Jour

eda, K., Ishida, M., Inoue, T., Fujimoto, M., Kawahara, Y., Sakaeda, T., Iwakawa, S.,
2001. Effect of injection volume on the pharmacokinetics of oil particles and
incorporated menatetrenone after intravenous injection as O/W lipid emulsions
in rats. J. Drug Target. 9, 353–360.

eda, K., Yamazaki, Y., Noto, H., Teshima, Y., Yamashita, C., Sakaeda, T., Iwakawa,
S., 2003. Effect of oxyethylene moieties in hydrogenated castor oil on the phar-
macokinetics of menatetrenone incorporated in O/W lipid emulsions prepared
with hydrogenated castor oil and soybean oil in rats. J. Drug Target. 11, 37–43.

an Aerde, J.E., Duerksen, D.R., Gramlich, L., et al., 1999. Intravenous fish oil emulsion
attenuates total parenteral nutrition-induced cholestasis in newborn piglets.

Pediatr. Res. 45, 202–208.

anten, G.J., Calder, P.C., 2007. Immune modulation by parenteral lipid emulsions.
Am. J. Clin. Nutr. 85, 1171–1184.

heeler, J.J., Wong, K.F., Ansell, S.M., Masin, D., Bally, M.B., 1994. Polyethylene gly-
col modified phospholipids stabilize emulsions prepared from triacylglycerol. J.
Pharm. Sci. 83, 1558–1564.
Pharmaceutics 381 (2009) 62–76

Wretlind, A., 1972. Complete intravenous nutrition. Theoretical and experimental
background. Nutr. Metab. (Lond.) 14 (Suppl.), 1–57.

Wretlind, A., 1981. Parenteral nutrition. Nutr. Rev. 39, 257–265.
Yang, S.C., Benita, S., 2000. Enhanced absorption and drug targeting by positively

charged submicron emulsions. Drug Dev. Res. 50, 476–486.
Yamaguchi, T., Nishizaki, K., Itai, S., Hayashi, H., Ohshima, H., 1995. Physicochemi-

cal characterization of parenteral lipid emulsion: influence of cosurfactants on
flocculation and coalescence. Pharm. Res. 12, 1273–1278.

Yi, S.W., Yune, Y., Kim, T.W., Chung, H., Choi, Y.W., Kwon, I.C., Lee, E.B., Jeong, S.Y.,
resistant gene delivery system. Pharm. Res. 17, 314–320.
Zaman, N., Tam, Y.K., Jewell, L.D., Coutts, R.T., 1997. Effects of intravenous lipid as

a source of energy in parenteral nutrition associated hepatic dysfunction and
lidocaine elimination: a study using isolated rat liver perfusion. Biopharm. Drug
Dispos. 18, 803–819.


	Formulation of multifunctional oil-in-water nanosized emulsions for active and passive targeting of drugs to otherwise inaccessible internal organs of the human body
	Introduction
	O/w type nanosized emulsions (NE)-nomenclature and classification
	First generation NE
	Advantages of MCT/LCT combination in parenteral NE-a case study
	Pharmacopoeial and safety issues for first generation NE
	Clinical issues of first generation NE

	Second generation NE
	Opsonization of second generation NE
	Long circulation concept on second generation NE
	Approaches for making long-circulating second generation NE
	Antibody conjugation onto long-circulating second generation NE
	Second generation NE for RES-related disease treatment

	Third generation NE
	Gene therapy using third generation NE
	Unique property of the third generation NE


	Future perspective
	Conclusion
	Acknowledgement
	References


