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Abstract

Drug toxicity is an important factor that contributes significantly to adverse drug
events in current healthcare practice. Application of lipid-based nanocarriers in drug
formulation is one approach to improve drug safety. Lipid-based delivery systems
include micelles, liposomes, solid lipid nanoparticles, nanoemulsions and
nanosuspensions. These carriers are generally composed of physiological lipids well-
tolerated by human body. Delivery of water-insoluble drugs in these formulations
increases their solubility and stability in aqueous media and eliminates the need for
toxic co-solvents or pH adjustment to solubilize hydrophobic drugs. Association or
encapsulation of peptides/proteins within lipid-based carriers protects the labile
biologics against enzymatic degradation, hence reducing the therapeutic dose required
and risk of dose-dependent toxicity. Most importantly, lipid-based nanocarriers alter the
pharmacokinetics and biodistribution of drugs through passive and active targeting,
leading to increased drug accumulation at target sites while significantly decreasing
non-specific distribution to other tissues. Furthermore, surface modification of these
nanocarriers reduces immunogenicity of drug-carrier complexes, imparts stealth by
preventing opsonization and removal by phagocytes and minimizes interaction with
circulating blood components. In view of heightening attention on drug safety in patient
treatment, lipid-based nanocarrier is therefore an important and promising option for
formulation of pharmaceutical products to improve treatment safety and efficacy.
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Introduction

In drug discovery pipeline, it was estimated that approximately 10,000 chemical
entities need to be tested before one would eventually reach the consumer market.
Even at the phase Il clinical trial testing stage, a tremendously high attrition rate (42%)
had been reported for drug candidates between 1990 — 2002. A major reason for this
high failure rate has been attributed to drug toxicity, accounting for one third of the
cases [1]. Furthermore, many United States Food and Drug Administration (USFDA)
approved drugs have serious side effects in the general patient population [2, 3]. The
severity of these adverse events could at times necessitate withdrawal of the
pharmaceutical product. A classical example is the cyclooxygenase 2 inhibitor,
rofecoxib (Vioxx®), approved by FDA in 1999 for the treatment of osteoarthritis, acute
pain and dysmenorrhoea. This drug was removed from market in year 2004 due to an
unacceptable increased risk of cardiovascular side effects that included myocardial
infarction, stroke and arrhythmia [4]. Studies have found that nearly 3% of the drug
products approved between 1975 and 1999 were ultimately withdrawn from use. From
2000 to 2006, six major pharmaceutical products were pulled from the market due to
safety concerns [5]. Since 1998, the number of serious adverse drug events reported to
FDA has been on a continual rise over the years. In 2005, around 90,000 incidences of
adverse drug effects were reported, out of which 15,000 were fatal [6]. It is henceforth
without question that drug-related toxicity constitutes a major healthcare problem that
warrants our close attention and prompt action.
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Toxicity of a pharmaceutical product is usually due to the active drug component,
and in some cases the vehicle can contribute to the overall toxicity. Any drug that is
used to exert a therapeutic action is also capable of producing undesirable, sometimes
potentially fatal adverse effect. The narrower the therapeutic index of the drug, higher
the risk of toxicity. This risk of toxicity is further exacerbated by the non-specific nature
of drug biodistribution in systemic circulation with conventional formulations [7]. For
example, the non-specific biodistribution and uptake of doxorubicin (Adriamycin®) into
heart tissues lead to accelerated myofilament degradation, inhibition of cardiac
enzymes and myocardial cell death. Consequently, the cumulative doxorubicin dose
allowable in patient for cancer treatment is restricted to minimize irreversible
cardiotoxicity [8]. Lipid based formulation of doxorubicin (Doxil®/Caelyx®) reduces the
cardiotoxicity of doxorubicin as described in the passive targeting section of this paper.
Likewise, for many anticancer chemotherapy, non-specific in vivo distribution often
results in significant drug accumulation in bone marrow which leads to severe
myelosuppression, another common dose-limiting toxicity for this class of medication [9,
10]. Correspondingly, strict dosing regimens with stipulated drug-free intervals are
enforced to allow recovery of the haemopoietic bone marrow cells before subsequent
dose administration [11, 12]. However, on the other hand, such dosing restrictions may
potentially compromise and limit anti-tumor efficacy and cause drug resistance. To
overcome resistance, with non targeted delivery, higher drug doses are needed to
achieve the desired therapeutic effects, which in turn further increases overall systemic
drug exposure and toxicity to normal healthy tissues [7]. Later in this review we will
illustrate how lipid based nanocarriers can overcome drug resistance and provide
targeted drug delivery.

Other than the active pharmaceutical ingredients, the excipients used in drug
formulations could at times further contribute to additional side effects. The first
commercial preparation of paclitaxel, Taxol®, is a well-known example. To solubilize this
water-insoluble drug, commercial preparation of paclitaxel (Taxol®) uses Cremophor
EL®, a polyoxyethylated castor oil vehicle, and dehydrated ethanol USP (1:1, v/v) as its
solvent system. This cosolvent has been associated with a high incidence of acute
hypersensitivity reactions, characterized by respiratory distress, hypertension and
angioedema. In an attempt to address these problems, an alternative preparation of
paclitaxel, Abraxane® has been developed which uses albumin instead of Cremophor
EL®-based vehicle in its formulation and eliminates vehicle related toxicities. However,
increased occurrence of sensory neuropathy has been documented with Abraxane® use
[13]. Therefore it is evident that further improvement is still needed for reduced drug-
related toxicity and enhanced drug efficacy.

Polysorbate, a class of non-ionic surfactant commonly employed as
pharmaceutical excipient to solubilize hydrophobic drugs, has also been associated with
various adverse reactions. When used to formulate docetaxel, a water-insoluble
cytotoxic taxane drug analogous to paclitaxel, polysorbate 80 resulted in occurrence of
acute hypersensitivity reactions similar to Cremophor EL® in Taxol® [14]. Furthermore,
this surface active agent was postulated to be accountable, in part, for the fluid retention
side effect observed with the use of this docetaxel formulation [15]. In another case, use
of polysorbate 80 in Eprex®, a recombinant human erythropoietin preparation, had also
been associated with an upsurge in the incidence of antibody-mediated pure red cell



aplasia (PRCA) that led to market recall of the product. It was widely speculated that
polysorbate 80 increased immunogenicity of Eprex® by interacting with leachates
extracted from the uncoated rubber stopper of the prefilled syringes. Lower stability of
the polysorbate-containing formulation to handling and transportation stress, resulting in
increased susceptibility of erythropoietin to protein aggregation was another possible
explanation given [16, 17]. In the pharmaceutical industry, another common strategy
applied to increase aqueous solubility of drugs, particularly acidic or basic drugs, is pH
adjustment. While this approach helps to maximize drug solubilization in their salt forms,
there is amplified risk of drug precipitation upon intravenous injection when formulation
pH becomes increasingly different from physiological pH, leading to injection phlebitis
and decreased drug effect [18, 19].

Henceforth, with these examples, it is obvious that the excipients in a formulation
contribute tremendously to the overall safety of a pharmaceutical product. Lipids, being
of natural base and relatively safe, offer a good alternative for the formulation of water-
insoluble drugs.

The common lipid-based nanocarriers include liposomes, lipid micelles, solid lipid
nanoparticles (SLN), nanoemulsions and nanosuspensions (Fig. 1). Liposomes are
vesicles composed of phospholipid bilayers with an aqueous core [20, 21]. Depending
on the manufacturing process, the resulting vesicles may be uni or multi-lamellar of
varying sizes (50-2000nm). Lipid micelles, on the other hand, are monolayer nano-
structures (7-35nm) composed of polyethylene glycol (PEG) conjugated phospholipids
or lysolipids that self-assemble spontaneously in aqueous media at lipid concentrations
above their critical micelle concentrations (CMCs). The hydrophobic acyl chains of the
lipid monomers form the micelle core while the polar head groups (with the attached
PEG chains for PEGylated phospholipids) make up the outer hydrophilic corona. Of
these two kinds of lipid, PEGylated phospholipids are much more commonly utilized to
prepare lipid micelles for drug delivery purposes [22-24]. Solid lipid nanoparticles are
nanosized particulate solid lipid matrices (50-1000nm) dispersed within an aqueous
medium. Depending on the type and concentration of lipid used, emulsifier may be
added to increase physical stability of the system [21, 25]. Lipid-based nanoemulsions
are dispersions of oil and water which typically possess a dispersed phase (nanosized
droplets ranging between 100-500nm) distributed within a continuous phase that is
stabilized by surfactants and co-surfactants at the oil/water interface.
Thermodynamically stable nanoemulsion forms spontaneously with minimum
mechanical energy required [22, 26]. Lastly, lipid-based nanosuspensions are colloidal
dispersions (100-500nm) of submicron hydrophobic drug particles that are stabilized
against self-aggregation by an outer coating of lipid-derived surfactants within an
agueous medium. To achieve low polydispersity, high energy expenditure is usually
necessary to break up the drug particles into the desired submicron sizes [22, 27]. To
give a more comprehensive overview, all lipid-based nanocarriers below 1000nm is
included in our discussion (Table 1). It should be noted that nanomedicines that are
between 10-100nm have superior advantage over bigger sized patrticles for passive
targeting and tissue penetration.



Table 1 Lipid-based nanocarriers for drug delivery

Lipid-based Advantages Limitations Examples of application Stage of development  References
nanocarrier systems
Liposomes Allow association of  Controlled conditions Doxorubicin Marketed [28]
hydrophobic drugs in  are required for Amphotericin B Marketed [29]
lipid bilayers and reproducibility Paclitaxel Clinical trial [22, 30]
encapsulation of
hydrophilic drugs in
central agueous
compartment
Lipid micelles Spontaneous Limited to hydrophobic Paclitaxel Preclinical [27]
formation above drugs and amphiphilic Doxorubicin Preclinical [31]
CMCs; peptides (~30 amino Camptothecin Preclinical [32]
high reproducibility; acids in length) Vasoactive intestinal Preclinical [33]
well defined particle peptide
size <50 nm Budesonide Preclinical [34]
Solid lipid Slow degradation of  High pressure or Actarit Preclinical [35]
nanoparticles (SLN) lipid matrices allows  elevated temperature Etoposide Preclinical [36]
extended drug required for preparation  Gadolinium Preclinical [37]
release profiles of SLN;
surfactant may be
needed for stabilization
Nanoemulsion Spontaneous High surfactant Paclitaxel Marketed (Orphan [38]
formation; concentration required; Primaquine drug) [39]
high reproducibility limited choices of Preclinical
biocompatible
surfactants
Nanosuspension Suitable for drugs Surfactant required to Busulfan Clinical [40]
with poor aqueous coat the surface of drug  Clofazamine Preclinical [41]

and organic solvent
solubility

nanocrystals for
stabilization;

limited choices of
biocompatible lipid-
based surfactants;

high energy required for
homogenization of
particles
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Lipid-based nanocarriers are generally composed of lipid components such as
phospholipids, cholesterol and triglycerides [21, 42]. These materials are mostly
extracted from or derivatized based on natural sources and are biocompatible,
biodegradable in vivo. Many of these lipid excipients, such as phosphatidylcholine, 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-methoxy-poly(ethylene glycol 2000)
(DSPE-PEG32000) and cholesterol, have been used in FDA approved pharmaceutical
products and have well-established safety profiles and toxicological data [43]. This is a
major advantage over new investigational carriers such as polymeric particles
(dendrimers, chitosan nanoparticles), carbon nanotubes, mixtures such as quantum
dots and metals (gold and iron nanopatrticles) [44-48].

However, although relatively safe, it should still be noted that lipids nonetheless
exhibit dose-dependent toxicity when given at exceedingly high doses [49]. Excessive
lipid intake may result in fat-overload syndrome characterized by hyperlipidemia,
hepatosplenomegaly and gastrointestinal disorders [50]. For the purpose of drug
formulation using lipid-based delivery systems, the quantity of lipid administered into
human is significantly lower. Therefore, concern for lipid overdose will be low as long as
the formulation is given within the recommended therapeutic dose range of the active
ingredient.

Furthermore, other than dose, the type of lipid used is another important factor
affecting toxicity. The positive charges on cationic lipids promote non-specific binding to
circulating blood cells such as erythrocytes, lymphocytes as well as endothelial cells
[51]. Cationic liposomes were found to induce greater activation of the human
complement system compared to neutral liposomes [52]. Likewise, the presence of
unprotected surface negative charges on lipid molecules such as phospatidylglycerol,
phosphatidylserine serve as binding sites for plasma opsonin which favors uptake by
macrophages [49]. Shielding of the nanocarrier surface charges by hydrophilic PEG is a
common approach used to decrease immunogenicity of charged lipids [49]. A point to
note here is that recent studies have indicated that PEG generates complement
activation products in serum [53, 54]. Antibodies against PEG that mediate clearance of
PEG conjugated nanocarriers/particulates have also been reported [55]. This is more
prominent for methoxy PEG (m-PEG) as compared to hydroxy PEG (OH-PEG).
Therefore, based on this information, replacement of m-PEG with OH-PEG may serve
to ameliorate the concern of PEG based immunogencity and clearance of PEG based



nanocarriers. Another point to consider is that the FDA approved and marketed
liposomal formulation of doxorubicin (Doxil®) utilizes m-PEG as one of its constituents.
We believe that the significance and extent of immunogenicity associated with PEG
needs to be further investigated to obtain a clear safety profile of PEG. Currently
approved liposomal products are composed of neutral lipids with or without PEGylated
phospholipids [28]. Consequently, based on the physicochemical characteristics of the
specific lipid in concern, the safety profile and maximum lipid dose allowable in
pharmaceutical products will also vary.

When employed as surface active agents to stabilize nanoemulsion and
nanosuspension, biocompatible amphiphilic lipid surfactants (e.g. PEGylated lipids,
lecithin and its derivatives, medium chain triglycerides) are highly preferred compared to
conventional synthetic ionic and non-ionic surfactants. Lipid surfactants act via
formation of steric barriers to prevent droplet coalescence (nanoemulsion) or particle
aggregation (nanosuspension) [26]. It is well known that many surfactants induce
hemolysis when incubated with red blood cells. One mechanism cited involved the
insertion of surfactant monomers into erythrocyte membrane bilayers leading to
membrane integrity disruption, water uptake and osmotic cellular lysis [56, 57]. For this
reason, lipid surfactants that have low CMCs and correspondingly low monomeric
concentrations, may decrease risk of erythrocyte and other cellular lysis compared to
conventional synthetic surface active agents. The CMC of DSPE-PEG2pq (0.5-1.0uM),
for example, is reported to be 100 folds lower than that of common ionic and non-ionic
surface active agents [23, 24].

More recently, nanoparticulate self-assemblies of lipid surfactants in agueous
media received much attention as safe drug delivery systems. Nanomedicines prepared
with lipid based drug delivery systems, after systemic administration, distribute
differently in the body and interact differently with biological components at
cellular/subcellular level compared to formulations of free drug molecules. Lipid
nanocarriers can improve safety of product by solubilizing and stabilizing drug
molecules, targeting them to the site of action and/ or changing the pharmacokinetics of
drugs. In the following sections, we will provide insights into the different mechanisms
by which nanosized lipid-based delivery systems can help improve drug safety for
parenteral application.

Safety improvement due to enhancement in solubility and stability of drugs by
lipid nanocarriers
Delivery of water-insoluble hydrophobic drugs

Approximately 40% of new chemical entities in pharmaceutical research
pipelines exhibit poor aqueous solubility. Correspondingly, poorly water soluble drugs
make up a significant portion of pharmaceutical drug sales over the world, estimated to
amount $37 billion [58]. In view of the hydrophobic nature of lipid-based delivery
systems, they are therefore promising carriers for various water-insoluble drugs. When
utilized as vehicles for hydrophobic drugs, the lipid-based nanocarriers
encapsulate/solubilize the drug molecules and protect them from the surrounding
agueous environment. This will improve stability of the water-insoluble drugs in aqueous
media and prevent drug precipitation both in vitro and in vivo. Since the formation and



stability of these lipid-based colloidal systems are largely independent of solvent pH, the
formulations can be prepared at or near physiological pH to further eliminate drug
toxicity associated with extreme pH adjustment [24].

The sterically stabilized phospholipid simple micelles (SSM), an example of lipid
micelles, are attractive delivery systems for water-insoluble drugs. SSM are composed
of the PEGylated phospholipid DSPE-PEG200 and each micelle has a central lipid core
to allow effective solubilization of hydrophobic molecules [23, 33]. With a low CMC in
aqueous media [24], SSM are stable upon multiple-folds dilution after injection, thus
ensuring the encapsulated drugs remains protected within micelles when circulating in
blood stream. Using this lipid-based delivery platform, our laboratory has successfully
achieved enhanced solubilization of different hydrophobic drugs for various therapeutic
indications including cancer, rheumatoid arthritis and epilepsy [24, 27, 59, 60]. At a fixed
lipid concentration of 5mM, drug solubility in SSM was significantly improved by about 6
folds for diazepam, 30 folds for 17-(allylamino)-17-demethoxygeldanamycin (17-AAG)
and 80 folds for indisulam, compared to their respective solubility in water. By
increasing lipid concentration of SSM, further increase in drug solubilization capacity is
possible. Our data showed similar or enhanced bioactivity of 17-AAG and indisulam in
SSM compared to their respective free drugs in DMSO, indicating that SSM did not
interfere with the intrinsic activity of the associated drug molecules [59, 60]. SSM is non-
cytotoxic to cells upto 150uM lipid concentration which is a much higher concentration
than that used for most cell bioassays (Fig. 2). In addition to SSM, our laboratory has
also devised another novel lipid-based micellar platform: sterically stabilized mixed
micelles (SSMM) composed of egg phosphatidylcholine (EPC) in addition to DSPE-
PEG2000 [27]. The addition of hydrophobic EPC increased the hydrophobicity of the
micellar core and the carrier capacity for the hydrophobic drug paclitaxel [27]. Similarly,
formulation of mixed lipid micelles using d-alpha-tocopheryl polyethylene glycol 1000
succinate (TPGS) or vitamin E together with DSPE-PEG2p00 has also been reported by
other research groups to augment hydrophobic drug solubilization capacity relative to
SSM alone [61].

Figure 2
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Liposome is another delivery system that has been commonly employed to
improve aqueous solubilization of hydrophobic drugs [62]. The unique structure of
liposomes allows dissolution of hydrophobic drug molecules within the acyl chain region
of lipid bilayers. Multilamellar vesicles are useful for greater hydrophobic drug loading
due to larger surface area of the lipid bilayers and for sustained drug release [21, 28].
Many hydrophobic drugs have been delivered using liposomes, such as indomethacin,
amphotericin B, flavopiridol and azidothymidine, some of which have already reached
the consumer market [29, 63, 64].

Solid lipid nanoparticles (SLN) either solubilize hydrophobic drug molecules
homogeneously within the lipid matrix or form a drug-enriched shell around a central
lipid core, or solubilize drug within the matrix core which is further enclosed by an outer
shell [25, 42]. More recently, modifications of SLN have been undertaken to produce
second generation SLN known as the nanostructured lipid carriers (NLC) and the lipid
drug conjugates (LDC). NLC were introduced to increase drug loading capacity for
hydrophobic drugs whereas LDC was the improved version of SLN for delivery of
hydrophilic drugs. SLN have been investigated for the delivery of a broad range of
hydrophobic drugs, including anticancer agents such as camptothecin and all-trans
retinoic acid [65, 66], anti-rheumatic agent (actarit) [35], anti-parasitic agent (quinine)
[67], and CNS-related disorders (clozapine) [68].

To deliver lipophilic drugs using nanoemulsions, drugs are added to the oil phase
which forms nanodroplets (with isotropic oil core) dispersed within a continuous
aqueous phase to give oil in water (o/w) nanoemulsions. The rate of drug release
depends primarily on the oil/water partitioning coefficient of the drug molecules as well
as the water content of the nanoemulsion system [69]. Nanoemulsion has been used as
a carrier for lipophilic anticancer drugs such as tamoxifen and dacarbazine [70, 71]. One
important consideration when formulating nanoemulsion lies in the selection of
surfactants and co-surfactants as these are often needed in large quantities (3-20%w/v)
for product stabilization. Biocompatible surfactants are highly preferable to minimize any
potential surfactant-induced toxicity [26].

Nanosuspensions allow high drug loading of an otherwise poorly soluble drugs in
agueous media [72]. In view of the tremendously huge hydrophobic surface area of the
drug nanocrystals, large quantity of surfactants will therefore be necessary. Safe, lipid
surfactant should be the preferred choice. Generally speaking, suitable drug candidates
for nanosuspensions have high melting points and crystalline structure [22].
Nanosuspensions composed of lipophilic drug particles coated with PEGylated
phospholipid monomers (sterically stabilized particles; 100-400nm) have also been
observed in aqueous media when the added drug quantity exceed the solubilizing
capacity of SSM or SSMM prepared using the co-precipitation/rehydration method [24,
27].

Besides the solubilization, lipid based carriers can also help to stabilize the water
insoluble drugs. In our recent work we have clearly demonstrated the stability and
solubility improvements of camptothecin in sterically stabilized micelles [32].

Delivery of peptide and protein drugs
Pharmaceutically active peptides and proteins often suffer from physical and/or
chemical instability in vitro, rapid inactivation and elimination in vivo. As a result, for



effective therapy, continuous intravenous infusion or frequent injections are usually
required to sustain therapeutic plasma drug concentration at disease sites [25, 73].
However, prolonged infusion simultaneously leads to protracted drug exposure to other
systemic organs, increasing risk of non-specific drug toxicity. Frequent parenteral
injection is also a common cause of patient non-compliance. To overcome these
problems, different lipid-based nanocarriers have been investigated as vehicles for
labile peptide and protein drugs [21, 25, 74]. By protecting these therapeutic
biomolecules within lipid carriers, their in vitro stability in agueous media is improved to
reduce aggregation and precipitation. When administered in vivo, peptides and proteins
are shielded from enzymatic degradation, thereby increasing their duration of action
which decreases the therapeutic dose required and corresponding dose-dependent
adverse effects.

We have observed that various amphipathic peptide drugs undergo spontaneous
association with SSM in agueous media [20, 33, 75-79]. Peptides such as vasoactive
intestinal peptide (VIP), glucagon-like peptide 1 (7-36) [GLP-1(7-36)] and gastric
inhibitory peptides, associate most probably with the PEG region of PEGylated micelles,
in view of the molecular net charge and relative hydrophilicity/hydrophobicity of these
peptide candidates, rather than the more hydrophobic micelle cores as demonstrated in
our previous fluorescence emission spectroscopic studies [76]. Micelles stabilize the
associated peptides against physical aggregation and hydrolytic degradation in vitro to
increase their shelf stability in aqueous media [33, 79, 80]. When administered in vivo,
SSM protects the associated peptides from plasma enzymes inactivation, bringing
about enhanced and significantly prolonged biological activities (Fig. 3) [33, 75, 77, 78].
Furthermore, specific peptide molecules undergo secondary conformational transition
from random coil in aqueous media to show significantly increased a helicity in the
presence of micelles. This is highly desirable for peptide drugs such as VIP, secretin
and GLP-1(7-36) where the a helical structure has been reported to be the optimal
conformation for binding to their specific receptors [20, 81].

Figure 3
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Liposomes have also been extensively studied for the delivery of peptides and
proteins. Amphipathic or hydrophilic biological molecules could be encapsulated within
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the liposomal central aqueous cores [82, 83]. Hydrophobic amino acid residues within
the primary sequence of protein/peptide, on the other hand, may insert into the lipid
bilayers to interact with lipid acyl chains by hydrophobic interaction [25]. Alternatively,
peptides and proteins could be added to preformed PEGylated liposomes to associate
with the vesicles via the outer PEG region [84, 85]. Similar to SSM associated VIP,
liposomal VIP can be obtained by spontaneous interaction of VIP with PEGylated
liposomes. Liposomal VIP exhibited increased a helicity, potentiation and prolongation
of biological activity compared to VIP in buffer [20, 86]. While free VIP is susceptible to
plasma enzyme degradation and auto-hydrolysis (resulting in a short plasma half-life
lasting over few minutes), liposomal VIP was observed to be stable for 8 days when
incubated in human plasma at 37 °C [74].

The first generation SLN is generally more suitable for incorporation of lipophilic
peptides and proteins (e.g. cyclosporine A) due to hydrophobicity of their solid lipid
matrices [21, 25, 87]. However, with appropriate choice of production method,
substantial loading of relatively hydrophilic protein is still achievable with examples that
include insulin, bovine serum albumin and lysozyme [88, 89]. Alternatively, hydrophilic
biologic molecules can be chemically linked to lipid via salt formation or covalent linkage
to form lipid drug conjugate (LDC; second generation SLN). The purified LDC bulk
requires further processing, such as high pressure homogenization, to generate
nanoparticles [90]. For SLN composed of PEG conjugated lipid, it is also highly possible
that short amphiphilic peptides could interact with the outer PEG region of PEGylated
SLN as what we have observed for SSM.

Depending on the hydrophilic/hydrophobic balance of the protein or peptide in
concern, either o/w or w/o nanoemulsion can be used as delivery system for these
biologic molecules. The therapeutic agent is solubilized within the dispersed
nanodroplets for protection against in vitro physical aggregation and in vivo enzymatic
inactivation [91, 92].

Safety improvement due to targeted delivery of drugs to sites of action by lipid
nanocarriers

A major cause of drug toxicity has been attributed to the non-specific
biodistribution of drug molecules when administered into human body. One way in
which nanosized carrier can help to dramatically reduce drug toxicity is by providing
selective delivery to the intended site of action through targeting. Lipid nanocarriers can
be targeted by two mechanisms; passive and active.

Passive targeting

Normal vasculature generally has a pore size below 4nm. In contrast, the “leaky
vasculature” of solid tumor and inflamed tissues exhibit larger pore cutoff size that
varies between 200 to 780nm [23]. Therefore, while free drug molecules are typically
small enough to permeate out of normal vasculature to be taken up by tissues all over
the body, drugs encapsulated in nanocarriers are retained within the circulatory system
due to bigger patrticle sizes. The lipid-based nanosized carriers are typically greater than
10nm in diameter and cannot be cleared by the kidneys but exit capillaries at sites of
leaky microvasculature. Altered biodistribution of the encapsulated drug increases drug



accumulation at targeted tumor or inflamed sites and decreases drug concentration in
normal healthy tissues, thereby potentiating drug efficacy while reducing systemic
adverse reactions. This phenomenon is known as the enhanced permeability and
retention (EPR) effect. Our laboratory has made use of this concept to bring about
increased drug delivery to the inflamed joints of mice inflicted with collagen-induced
arthritis (CIA) [32]. As a result of EPR, camptothecin loaded SSM showed superior anti-
inflammatory activity against collagen-induced arthritis in CIA mice compared to the free
drug [32]. Similar application has been reported using SLN. When actarit, a poorly water
soluble drug indicated for rheumatoid arthritis, formulated in SLN was administered to
normal mice, in vivo drug biodistribution was altered to show decreased renal
accumulation which was desirable due to the nephrotoxic side effect of actarit [35].

Incorporation of photosensitizer drugs in stealth liposomes have been
shown to remarkably enhance the accumulation of the drugs in tumor tissues, thus
avoiding the reported potential life-threatening thrombosis upon intravenous injection of
some photosensitizer drugs [93]. In a different study, liposomes incorporating chlorin e6
(Ceb) trimethylester (for photodynamic therapy of cancer) was shown to lower the LCgg
by approximately 53 folds in gastric cancer cells compared to Ce6 sodium salt and
caused complete tumor remission in animal with gastric cancer [93]. m-PEG lipid
micelles incorporating hydrophobic benzoporphyrin derivatives, tetraphenylporphin and
pyropheophorbide derivatives have also been investigated for photodynamic therapy of
cancer [94-96]. A recent review by Nadezda et al. gives a good overview of
mechamisms of photoresponsive release of drugs from nanocarriers [97].

Since leaky vasculature is a common feature of solid tumors, many potent and
highly toxic anticancer drugs have been formulated in lipid-based nanocarriers to take
advantage of the EPR effect [22, 30, 61, 64]. Doxorubicin is an example where the
formulation plays an important role to improve drug safety and efficacy. In the
commercial liposomal preparation of doxorubicin (Doxil®/Caelyx®), the drug is
encapsulated in PEGylated liposomes of approximately 90nm in diameter. This
liposomal formulation preferentially accumulates in tumors with decreased drug
distribution to the myocardium secondary to passive targeting. Consequently,
decreased incidence of cardiotoxicity has been reported with Doxil®/Caelyx® allowing
higher cumulative drug dose in patients compared to the conventional doxorubicin
solution (Adriamycin®) [98]. For the same reason, severity of myelosuppression was
also milder in patients taking Doxil®/Caelyx® than Adriamycin® [8, 98]. Similar
improvement was observed when doxorubicin was delivered in SSM [31]. A 5 fold
increase in intra-tumor accumulation of doxorubicin was documented with
subcutaneous injection of doxorubicin in SSM, compared to the free drug in mice
bearing Lewis lung carcinoma tumor. Prolonged survival of mice and lower cardiac
doxorubicin level were observed with the micellar formulation. Another non-PEGylated
liposomal formulation of doxorubicin - Myocet® has been similarly reported to improve
the therapeutic index of doxorubicin and reduce cardiotoxicity in patients with metastatic
breast cancer [99].

Etoposide, a topoisomerase Il inhibitor, is another water-insoluble
chemotherapeutic agent commonly indicated for the treatment of lung cancer and
testicular cancer [100]. As with many other anticancer drugs, it is associated with a
multitude of side effects that can be potentially attenuated via delivery in lipid



nanocarriers. When etoposide-loaded SLN were injected subcutaneously into mice
bearing Dalton’s lymphoma tumor xenograft, six folds higher drug concentration was
detected in tumors compared to the free drug preparation. Conversely, significantly
lower drug uptake by the reticuloendothelial system organs such as liver and spleen
was recorded, indicating altered drug biodistribution due to EPR [36].

Active targeting

To further increase cellular uptake of drug moieties at the intended disease sites,
surface modification of nanocarriers with specific ligands that bind to receptors over-
expressed on target cells is an additional approach complementary to passive targeting.
Common ligands employed for active targeting include peptides, small molecules and
monoclonal antibodies [23, 101]. These ligands generally aid to retain the nanomedicine
at the disease site and in some cases enhance cellular internalization of the
nanomedicine into the targeted cells via receptor-mediated endocytosis [102, 103].

Other than its therapeutic function, VIP has also been extensively utilized by our
laboratory as a peptide ligand for active targeting [32, 59, 104, 105]. In breast cancer,
the active targeting concept lies on the basis that VIP receptors are over-expressed in
human breast cancer cells [104]. The ability of VIP ligand to augment cellular uptake of
lipid micelles has been verified by quantum dots loaded, VIP-conjugated mixed micelles
(QD-SSMM-VIP) [103]. Increased fluorescence signals (from the quantum dots) were
detected in MCF-7 cells when incubated with QD-SSMM-VIP relative to micelles without
VIP. Receptor specificity of VIP targeting was established by administration of
excessive PACAPg.35, a PACL receptor antagonist, or galanin, an unrelated peptide with
similar molecular mass as VIP, together with VIP to MCF-7 cells (Fig. 4) [103].

Figure 4

a

MNermalized Fluorescence Signal
p——y

WIP-55MM VIF-SSMM+PAC AP 6-38) SEMM+PACAPG-38)

L
=
g
Fd

VIP-55MM VIP-S5MM = Galanin SEMM+Galonin

We have also developed **Tc-HMPAO encapsulated sterically stabilized liposomes that
were actively targeted with VIP for theragonostic purpsose [105]. Our study showed
significant improvement in breast tumor uptake of “*Tc-HMPAO delivered in VIP
conjugated liposomes compared to unconjugated carrier in a rodent breast tumor model



induced in situ by N-methyl nitrosourea (MNU) (Fig. 5). *Tc-HMPAO is a
radiopharmaceutical used as diagnostic agent for breast tumor imaging. Increased
tumor accumulation of **Tc-HMPAO will therefore bring about increased detection
sensitivity while reducing radioactivity exposure to the other healthy organs. Apart from
this, Lovell et. al. have explored lipid nanocarriers for theragnosis, i.e. for visualization
and treatment of tumor [106]. For this purpose lysophosphatidylcholine was conjgated
with pyrorphophorbide to obtain lipid-prophyrin conjugates that self-assemble to form
porphysomes. These 100nm sized structures were loaded with doxorubicin and
demonstrated enhanced accumulation in tumor site and ablation of tumor following laser
irradiation in animals. The formulation showed minimal toxicity even at high dose of
1000mg/kg which highlights the safety of the formulation over inorganic photosensizers
such as gold and silica nanoparticles which are known to have safety concerns [106]. A
recent review by Allegra et. al. discusses various nanoparticles including lipid based
carriers for theragnosis purposes [107].

In another study, enhanced cytotoxicity of paclitaxel encapsulated in SSMM and
actively targeted through VIP (P-SSMM-VIP) was apparent in P-gp-mediated paclitaxel
resistance BC19/3 cells (ICso of 59.76+11.27ng/ml), compared to P-SSMM and
paclitaxel in DMSO (ICso of 136.7 £ 23.0 and 282.3 = 82.9ng/ml respectively) [104].
Therefore, through VIP receptor targeting to amplify cellular drug uptake and potentially
saturate the P-gp efflux pump, P-SSMM-VIP could possibly overcome paclitaxel
resistance in multi-drug resistant breast cancer. In addition, based on the same notion,
since VIP receptors are also expressed on immune cells (T cells and macrophages) that
accumulate at sites of inflammation [108], active targeting using VIP was also applied to
increase drug uptake into immune cells at the inflamed joints of CIA mice. Delivery of
camptothecin using VIP conjugated SSM to CIA mice decreased the effective drug dose
required for anti-arthritic effect to one-third of the dose needed when given in
unconjugated micelles [32].

Other than VIP, a recent publication by Ashley et. al. reported the use of a novel
targeting peptide, SP94 peptide, on a type of modified liposomal nanocarrier, named
protocell, where the liposomal lipid bilayer encapsulate over a nanoporous silica core.
Their study showed that the targeting moiety resulted in 10,000-fold higher binding
affinity (as indicated by the respective Ky values) for hepatocarcinoma cells compared
to normal hepatocytes or endothelial cells in vitro [102].

Figure 5



| W Te-99m-HMPAQ encapsulating SSL |
| O Te-98m-HMPAD encapsulating VIP-SSL |
S I |

0.35 1

03+ ‘#
|
0.25
E
= |
S 024
B .
g 0.15 -
= |
a1
!
0.05
m
04 —— 1
Mormal breast Breast Cancer

Monoclonal antibody (mAb) is another class of commonly used targeting moiety
in drug delivery [23, 109, 110]. Either the whole antibody or the variable Fab fragment of
the mAb can be chemically conjugated to the surface of lipid nanocarriers to bring about
increased cellular uptake at the targeted disease sites. We have previously conjugated
antihuman fibrinogen and intercellular adhesion molecule (ICAM-1) antibodies onto
acoustically reflective liposomes composed of phospholipids and cholesterol [110].
When injected into miniswine with plaque formation induced in the carotid and
iliofemoral arteries, antifibrinogen conjugated liposomes were found to attach to thrombi
and atheroma while anti-ICAM-1 conjugated liposomes attached to early atheroma,
providing ultrasonic image enhancement of the targeted structures compared to
unconjugated liposomes. Incorporation of thrombolytic drugs into these antibody
conjugated liposomes may be a potential future application to actively target drugs to
the atherosclerotic plagues.

In another study, the monoclonal antibody 2C5 (mAb 2C5) has been covalently
attached to the PEG region of phospholipid micelles and liposomes without interference
of its specific binding ability to tumor cell surface bound nucleosome [61, 111]. When
utilized as a targeting moiety for PEGylated liposomal doxorubicin, the immuno-
liposomes increased drug accumulation in colon and lewis lung carcinoma tumors and
reduced drug distribution to the skin of mice compared to Doxil®, leading to lower
incidences of auricular erythema which is a dose-limiting cutaneous skin reaction seen
with Doxil® treatment due to the drug vesicant property [111]. HER-2 receptor that is
upregulated in breast and prostate cancer has also been actively targeted with anti-
HER2 mADb using paclitaxel loaded nanoemulsion to induce greater anti-tumor activity
[112]. While mAb exhibits high receptor specificity which is important for targeting
purpose, it is also critical to consider potential immunogenicity and toxicity of mAb. To
date, hypersensitivity reactions as well as other potentially fatal side effects have been
reported for different therapeutic mAbs currently under clinical investigation [113, 114].
Such safety concern must therefore be thoroughly addressed before mAb targeted
nanocarriers can possibly progress into clinical trials. In a different study by the same
group, PEGylated micelles or liposomes conjugated with TAT peptide or biotin with a pH
sensitive hydrazone bond between PEG and PE was used to obtain pH sensitive
nanocarriers [115]. At normal physiological pH, the nanocarriers demonstrated minimal



binding to avidin column or internalization into cells due to shielding of the biotin and
TAT peptide by PEG chain. However at lower pH (5.0-6.0), the PEG layer detached due
to acidic hydrolysis of hydrazone and the nanocarriers demonstrated strong retention
onto avidin column and internalization into cells. Stimuli sensitive nanocarriers including
lipid nanocarriers have been extensively discussed in reviews by Torchilin and Ganta et.
al. [116, 117].

Among the small molecule targeting agents, folate is often used in the delivery of
anticancer drugs as these receptors are found to be over-expressed in many different
malignant human tumors. As such, folate coated SLN has been utilized to improve
therapeutic efficacy of neutron capture therapy by increasing tumor (human
nasopharyngeal carcinoma) uptake and retention of gadolinium (loaded in SLN)
compared to uncoated SLN [118]. Similar biodistribution improvement has also been
reported for folate conjugated liposomes loaded with doxorubicin or 5-fluorouracil
compared to their unconjugated counterparts [119, 120]. However, off target effects
should not be overlooked when using folate receptors for targeting purpose.

Besides covalently conjugating ligands onto nanoparticle surfaces, cholesterol-
rich nanoemulsion exhibits another unique mechanism of acquiring targeting property
after administration into blood stream. When circulating in plasma, the cholesterol-rich
nanoparticulate systems undergo interaction with apolipoprotein E molecules. The
resulting complexes are recognizable by low density lipoprotein (LDL) receptors and
hence taken up by cells expressing LDL receptors. Since LDL receptors are over-
expressed in several cancer cell types, cholesterol-rich nanoemulsion has been utilized
to increase drug distribution to specific tumor cells [121]. Alternatively, core or surface
loading of LDL into lipid-based nano-delivery systems will also allow active targeting of
these nanocarriers to tumor cells over-expressing LDL receptors [122].

When preparing an actively targeted nanomedicine, the choice of targeting ligand
should be chosen with great care. Over expression of the ligand receptor at the
diseased tissue is important but not sufficient. If the target receptor is also expressed at
the normal tissues then off target effect can cause serious toxic effects since a single
nanoparticle can deliver relatively high drug dose to healthy tissues. VIP receptors are
ideal targets with this respect. They are only expressed at extravascular space and
overexpressed at cancer and inflamed tissues. Since VIP conjugated nanocarrier can
only extravasate out at leaky vasculatures of disease sites, no adverse effects of the
peptide (such as vasodilatory effect) can be observed on healthy tissues. This was
experimentally demonstrated when parenteral administration of the free peptide (in
buffer) to animals resulted in drastic hypotension which was significantly ameliorated
when VIP was delivered in SSM demonstrating that non-specific extravasation is
eliminated (Fig. 6) [43].

Figure 6



125
115 M

105 A

——

95 4

85 4

75 A

65 -

Blood pressure (mm Hg)

55 A

45 T T T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60

Time (min)

Safety improvement by altering pharmacokinetic profiles of drugs using lipid
nanocarriers

Encapsulation or association of drugs to lipid nanocarriers typically alters the
intrinsic pharmacokinetic profiles of the drug molecules. Delivery systems can act as
intravascular drug depots and exhibit prolonged drug release, with controlled release
(drug release in response to stimuli or time) profile depending principally on the lipid
degradation rate and/or drug diffusion rate through the lipid constructs [20, 21, 25, 33].
Factors such as drug loading, drug concentration and drug aggregation within the lipid
core of the nanocarriers affect drug release kinetics. Delivery of drugs in these lipid
nanocarriers generally resulted in a more sustained release (slow release of drug over a
period of time) profile that can minimize drug toxicity, dosing frequency and plasma drug
concentration fluctuation. Ideally, for targeted systems it is desired to have no drug
release during circulation so that most drug dose is accumulated in the target tissue.
Both sustained or no drug release systems will in turn improve therapeutic safety and
efficacy.

Particularly for SLN, the solid state of the lipid matrices at body temperature
results in much slower degradation, making them attractive carriers for formulation of
long-acting controlled release preparations over extended period [21, 25]. Furthermore,
depending on the drug deposition pattern in the solid lipid matrices (drug-enriched core,
solid solution or drug-enriched shell), drug release characteristics can be varied to our
advantage for attainment of the desired release profile. For instance, a biphasic drug
release has been observed for the drug-enriched shell model via an initial burst release
from the outer shell followed by a more gradual drug release from the lipid core. The
drug-enriched core model, on the other hand, can be employed to achieve a more
prolonged sustained drug release effect due to increased drug diffusional distance from
the lipid matrix core [90]. Guo et. al. have utilized SLN incorporating 2-methoxyestradiol
and loaded it onto hydrogels to achieve thermosenstive release of the drug upon
systemic administration [123]. A prolonged release profile over 46 days was observed in
the release media and the SLN loaded hydrogels demonstrated reversible
thermosensitive property indicating that the formulation could be used to provide
enhanced accumulation and prolonged delivery of drug to tumor sites to improve
efficacy of cancer treatment.



As for nanosuspension, those nanoparticulate drugs that dissolve rapidly (in the
order of seconds or minutes) in systemic circulation will show similar pharmacokinetic
profiles as drug solutions. Conversely, slow dissolving particles that persist as
nanoparticulate systems stabilized by surfactant coating in vivo behave similarly to
liposomes or SLN with respect to their pharmacokinetic characteristics [22, 58, 72]. The
organ distribution of a clofazamine (an anti-microbial drug) nanosuspension, injected
intravenously, was not significantly different from that of a comparative liposomal
preparation [41].

For targeted systems ideally no drug release during intravascular transport is
preferred, so that high drug concentration is achieved at the target tissue. For example
the breaking of drug loaded phospholipid micellar system can be avoided by
incorporating required amount of empty micelles in the formulation to retain the
intermolecular concentration upon dilution. Both for non-targeted and targeted systems
the nanocarriers need to circulate long time in the blood and should not be cleared by
opsonization. The most effective way to decrease opsonization is to attach hydrophilic
polymers such as PEG to the particle surface.

PEGylation of lipid-based nanocarriers

PEGylation is an important surface modification widely applied to nanoparticulate
systems to reduce immunogenicity and impart long circulating property. Nanoparticles
possess tremendously high surface area that can potentially interact with immune cells
and plasma proteins when circulating in blood stream [124]. Certain bound protein
increases recognition of the nanoparticles by the reticuloendothelial system (RES), such
as IgG, complement factors and fibrinogen. Such interaction may therefore promote
phagocytosis and rapid removal of the nanoparticles from systemic circulation. Although
the mechanism of nanoparticle-protein interaction is still not completely understood,
hydrophobicity of nanoparticle surface has been shown to increase the amount and
influence the type of protein bound to nanoparticles. Hypdrophobic particles are
generally more rapidly opsonized compared to hydrophilic particles. Other than
hydrophobic interaction, electrostatic interaction (due to nanoparticle surface charge) is
another potential means of nanoparticle-protein association [125]. Lundgvist et. al.
reported that hydrophobic polystyrene nanoparticles bound extensively to
immunoglobulins and proteins when incubated in plasma. Conversely, these
interactions were significantly reduced when the nanoparticle surface was modified with
hydrophilic polyethylene glycol (PEG) [126, 127]. For lipid-based nanocarriers,
PEGylation is useful in shielding the hydrophobic nanoparticle surface and any surface
charge that is presented. PEGylation typically involves chemical attachment of PEG
chains onto individual lipid monomers which are subsequently incorporated into the
carrier systems [128]. The resulting PEGylated lipid-based nano-system has a
hydrophobic lipid structure camouflaged by an outer PEG region. However, the
coverage of PEG layer on particle surface is very critical. Unfortunately for liposomal
preparations only limited amount of PEGylated lipid can be incorporated. A recent study
has shown uptake of PEGylated nanoparticles by macrophages, and size of the
particles affects this uptake more than surface charge [129].

In aqueous environment, the PEG chains are strongly hydrated, resulting in an
“exclusion volume” which prevents approach of other molecules [130]. Through this



mechanism, there is reduced recognition of the carrier systems by the opsonins and
hence RES and their consequent sequestration [131]. The avoidance of RES renders
the formulation long circulating as demonstrated by Lee et. al. whereby decreased
clearance of drug from the general circulation was observed when given in PEGylated
liposomes relative to non-PEGylated control intravenously [132]. Similar observation
was observed with nanoemulsion stabilized with DSPE-PEG in contrast to its non-
PEGylated counterpart [133]. PEGylation thereby works co-operatively with the
nanocarriers, which retard drug release via a diffusional barrier effect, to bring about
prolonged and sustained drug pharmacological actions [21, 22, 101]. Other than
reducing peak-to-trough plasma drug fluctuation as mentioned earlier, prolonged acting
formulations also decrease the dosing frequency needed which may likely improve
patient compliance and reduce risk of medication error [134]. Furthermore, sustained
plasma drug concentration is at times crucial for certain drug therapies, such as anti-
virus treatment, to ensure therapeutic efficacy [135]. In addition, the long circulating
feature of PEGylated nanocarriers is an important requirement for effective passive and
active targeting. With longer retention time within the systemic circulation, there is
increased opportunity for the drug-carrier constructs to extravasate at locations of leaky
vasculature and be taken up into cells via receptor-mediated endocytosis [136].

When formulating PEGylated lipid-based nanocarriers, the molecular weight of
PEG chain is a critical consideration as it affects agueous solubility of the PEGylated
phospholipid molecule, size of the resulting carrier and its solubilizing capability for
hydrophobic drugs [22, 24, 137]. Phospholipids PEGylated with longer PEG chains
have increased solubility in agueous media, giving rise to higher CMCs and hence
fewer micelles at the same lipid concentrations (above CMCs). Therefore, SSM
composed of DSPE-PEGsoo exhibited lower solubilizing capacity for poorly water
soluble drugs (e.g. diazepam) compared to DSPE-PEGz00 [24]. Another possible
reason is the greater hydrophobic to hydrophilic phase ratio of SSM with shorter PEG,
resulting in more efficient loading of water-insoluble drugs compared to micelles with
longer PEG chains. Moreover, as a linker between lipid molecule and its targeting ligand,
the length of the PEG spacer will also influence efficiency of active targeting [138]. The
PEG linker should ideally be sufficiently long to project outwards and allow “non-
hindered” interaction of the conjugated ligand to its targeted receptor. It should be
highlighted that PEG is definitely not the only polymer that can be used to alter surface
property of lipid-based nanoparticles. Other polymers and polysaccharides have also
been utilized for similar applications, e.g. poloxamer, though not as commonly seen as
PEG [125].

Lipid nanocarriers reduce drug interaction with plasma components

The interaction of drug molecules especially hydrophobic drugs to plasma protein
is a known crucial factor affecting in vivo pharmacokinetic and biodistribution profiles of
drug. As described earlier for nanoparticles, binding of drug molecules to opsonins
would similarly increase immunogenicity and induce rapid clearance from systemic
circulation [125]. Drug molecules that bind extensively to plasma protein usually exhibit
non-linear saturable pharmacokinetics [139]. Under specific circumstances, such as
saturation of plasma protein-drug binding sites with rapid intravenous drug
administration or disease conditions producing hypoalbuminaemia, plasma protein



displacement reactions can become clinically important to result in drastic increase in
circulatory free drug concentrations, leading to dose-related drug toxicity [140, 141].
Therefore, dose titration and therapeutic drug concentration monitoring is often required
for this category of drugs to prevent toxicity in clinical setting.

In contrast, when drugs are encapsulated within lipid-based nanocarriers, there
will be reduced chance of direct physical contact and interaction between the
encapsulated drug moieties and circulating blood components. Moreover, lipid
composition of nanocarriers can be tailored to further minimize plasma protein
interaction. The addition of cholesterol to the neutral phospholipid, 1,2- distearoyl-sn-
glycero-3-phosphocholine (DSPC) liposomes has been shown to reduce protein
adsorption, possibly due to decreased membrane surface defects that served as
potential sites for protein binding [52]. PEGylation of lipid-based nanocarriers is another
strategy as described above [52, 130, 142]. For drug molecules that exert direct toxicity
on erythrocytes and/or leukocytes, the nanocarriers will further act as barriers to prevent
the encapsulated drugs from exerting unwanted cellular toxicities on circulating blood
cells before the drug molecules reach their target sites of action [143, 144].
Amphotericin B is an anti-fungal drug with undesirable hematological side effects.
Delivery of amphotericin B in liposomes (Ambisome®), lipid micelles and
nanosuspension reduced hemolysis of erythrocytes without compromising its anti-fungal
activity [29, 145]. Similarly, encapsulation of all-trans retinoic acid (ATRA) within SLN
showed diminished hemolytic potential compared to free ATRA when incubated with red
blood cells in vitro [66].

Conclusions

Lipid-based nanocarriers have been receiving increasing attention in the field of
pharmaceutical research due to growing importance of nanotechnology as well as the
established safety of their lipid components. Besides providing safe vehicles to increase
solubility and stability of hydrophobic drugs and biologics, these nanocarriers could also
help to drastically reduce drug-related toxicities through reduction of non-specific
biodistribution by passive and active targeting, preventing drug sequestration by RES
via surface modification of nanocarriers and minimizing drug interaction with other
components of the circulatory system by acting as a physical barrier. In view of the
heightening attention on drug safety, lipid-based nanocarrier is therefore a promising
option for formulating drug products. Selection of the optimal lipid-based nanocarrier for
delivery of specific drug entity depends on many factors including drug solubility profiles,
thermosensitivity and crystalline property. Heat-labile drugs, for instance, will not be
appropriate candidates for formulating into nanosuspension due to the high energy level
input during production which will generate intense heat and elevate temperature [22,
25]. When formulating nanoemulsions, SLN and nanosuspensions, the choice of the
appropriate surface active agent is also very important as they contribute significantly to
the overall safety of the pharmaceutical products.

From the industrial perspective, ease of mass production with maintenance of
product consistency and quality control are crucial considerations. Compared to
liposomes, SLN and nanosuspensions, thermodynamically stable nanoemulsions and
lipid micelles, which develop spontaneously in aqueous media with well-defined
reproducible particle size, are relatively easier to manufacture on a large scale [23, 26].



For nanosuspensions, variation in particle size due to potential agglomeration, varying
crystal size and shape can increase product variability. Insufficient mixing is another
factor that can affect dosing reproducibility [58]. In addition, sterilization of lipid
nanoformulations is often another issue of concern for manufacturers. Heat sterilization
is generally inappropriate for most lipid-based delivery systems since many lipid
constituents degrade at high temperature. Certain delivery systems are also unstable at
high temperature, such as nanoemulsions and nanosuspensions, due to susceptibility to
phase inversion, flocculation and coalescence in extreme heat. Therefore, aseptic
technique and sterile filtration are the common viable options adopted [26, 58]. However,
these procedures may increase difficulty of manufacturing process and the
corresponding production cost. Furthermore, to address another essential consideration
for product commercialization: shelf stability, lyophilization studies of the different lipid-
based nanocarrier systems need to be extensively developed.

In view of these concerns, lipid nanomicelles such as SSM stand very promising
compared to other lipid nanocarriers. They can effectively solubilize hydrophobic drugs
and associate with amphiphilic peptides and deliver them to their target sites due to
their ideal size (~15nm). They are easy to prepare, can be sterilized by filtration,
lyophilized without any cryo or lyoprotectant and scaled-up, therefore have great
promise to be utilized in future nanomedicines. However it is important to note that
molecular weight, polarity and structure of molecules influence loading of drugs onto
lipid micelles and therefore these nanostructures cannot be utilized to deliver all types of
hydrophobic drugs and amphiphilic peptides.
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Figure and Table Captions with Legends

Figure 1. lllustrations of various lipid based carriers
Schematic diagrams of (a) unilamellar liposome, (b) PEGylated phospholipid micelle, (c)
solid lipid nanoparticles, (d) o/w nanoemulsion, and (e) nanosuspension dispersed in



agueous media. Please note that for preparation and stabilization of solid lipid
nanoparticles, o/w nanoemulsions and nanosuspensions, other surfactants are quite
commonly used instead of phospholipids, which can raise toxicity concerns.

Figure 2. Assessment of cytotoxic potential of SSM on cells.

Percent survival of MCF-7 breast cancer cells when treated with empty SSM (e) as
assessed through MTT assay. Values are means * SEM; each group, n=3.
(unpublished result).

Figure 3. Enhancement of duration of activity of secretin in presence of micelles
Effects of secretin (1.0, 5.0, and 10.0nmol) in saline and in SSM on duration of
vasodilation in intact hamster cheek pouch. Values are means+S.E.M.; each group, n=4
animals. *p<0.05 in comparison to baseline; "p<0.05 in comparison to secretin in saline
[75]. Reprinted with permission from Elsevier.

Figure 4. Active targeting of VIP through receptor mediated internalization
Normalized fluorescence signal in human MCF-7 cells after 2h incubation with VIP-
grafted, quantum dots-encapsulated sterically stabilized mixed phospholipid micelles
(VIP-SSMM-QD) or SSMM-QD in the absence and presence of excess PACAP(6-38)
(a) and galanin (b) (each 30uM). 'p<0.05 in comparison to SSMM-QD with excess
PACAP(6-38) and galanin, respectively [103]. Reprinted with permission from Elsevier.

Figure 5. Enhanced accumulation of actively targeted liposomes in cancer tissue
Accumulation of Tc-99m-HMPAO encapsulating VIP—grafted sterically stabilized
liposomes (SSL) and Tc-99m-HMPAO encapsulating SSL in normal breast tissue and
breast cancer tissue (each data, n=5, meantS.E.M.). *p<0.05 compared to Tc-99m-
HMPAO encapsulating SSL in breast cancer; #p<0.05 compared to Tc-99m-HMPAO
encapsulating SSL and VIP-SSL in normal breast; "p<0.05 compared to Tc-99m-
HMPAO encapsulating SSL and VIP-SSL in normal breast [105]. Reprinted with
permission from Elsevier.

Figure 6. Abrogation of VIP adverse effects when associated with micelles
Effects of VIP in micelles (m) and VIP alone (o) on mean systemic arterial blood
pressure in mice [43]. Reprinted with permission from Elsevier.

Table 1. Lipid-based nanocarriers for drug delivery.

Comparison of various lipid based nanocarriers with examples and phase of
development.



