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Abstract

LAN FENG: Oil-filled Lipid Nanoparticles Containing Docetaxel Conjugator
Controlled Drug Release
(Under the direction of Russell J. Mumper, Ph.D.)

It has always been challenging to deliver anticancer agéetgieely, safely
and selectively to solid tumors. Taxotere, as the only marketeaigelo®rm of
docetaxel (DX), has various drawbacks. The overall objective aligssrtation was to
develop oil-filled nanoparticles (NPs) as novel alternative formulation teetdhX.

Novel oil-filled NPs were developed by sequential simplex opaton.
Miglyol 808 was selected as the oil phase due to its high solvabitity dor DX.
Despite the desirable formulation properties, DX was found to lyequéckly released
in mouse plasma in-vitro.

To overcome the poor retention of DX in the NPs, three DX lipidugatgs:
2'-lauroyl-docetaxel (C12-DX), 2'-stearoyl-docetaxel (C18-DX) and
2’-behenoyl-docetaxel (C22-DX) were synthesized. The three cdepigdnowed
10-fold higher solubility in Miglyol 808 than DX. Consequently, the coajag were
entrapped in NPs prepared with reduced surfactant and showed 50-60% amttrapme
efficiencies. All three conjugates had good retention in mouse a@lasmwvivo,
NP-formulated DX conjugates showed 8-450-fold higher plU®alues than that of

Taxotere. More importantly, C12-DX and C18-DX improved DX AlJ@ver that of



Taxotere. In addition, these conjugates were significantly less toxic than-iiXo.

To further improve the hydrolysis kinetics, a bromoacyl DX-lipid cgaje
2’-(2-bromohexadecanoyl)-docetaxel (2-Br-C16-DX) was syntkesiZzhe conjugate
exhibited similar entrapment efficiency and in-vitro relepsgfile in mouse plasma
with the other three conjugates without bromine. The NP-formulatedL6-DX
was slowly hydrolyzed to DX to an extent of 45% in 48 hr by es¢sran-vitro. The
superior hydrolysis kinetics led to improved cytotoxicity itreviwith 2-Br-C16-DX
NPs. In-vivo, the AUG., value of NP-formulated 2-Br-C16-DX was about 100-fold
higher than Taxotere in mice. Furthermore, 2-Br-C16-DX NP awga DX AUC by
4.3-fold compared to Taxotere. The 2-Br-C16-DX NPs extensivelynadeted in
solid tumors compared to Taxotere. The 2-Br-C16-DX NPs weldaledated in mice.

In mice bearing metastatic 4T1 tumor, 2-Br-C16-DX NPs showadked anticancer
efficacy as well as survival benefit over all controls. Tésutts of these studies support
that the oil-filled NPs containing hydrolyzable lipophilic DX prodr2dr-C16-DX
improved the therapeutic index of DX and were efficacious in gernrent of breast

cancer in animal models.
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Chapter 1.

Lipid-based nanoparticles for taxane delivery: A review

1. Overview

1.1. Introduction of taxanes

In the 1960s, the first taxoid was discovered by the Natioart€r Institute.
During the massive screening of the antitumor activity of napwoalucts, it was found
that the extract from bark of the Pacific yew tree had/ié¢tagainst several murine
tumors. Paclitaxel was later identified as the activeeidigint of the extract. The early
development and application of paclitaxel was limited by the gast the active
ingredient in the bark of the tree. Until 1986, docetaxel was samttietically
produced from a precursor isolated from European yew tree, 10-deacesin 111>
At a later time, paclitaxel was also semi-synthetically derived ftenprecursot.The
precursor is extracted from the regenerable needles gidhe so that a continuous
source of precursor is available for paclitaxel and docetaxel synthesis.

The taxane family includes paclitaxel, docetaxel and analogitieshe taxane
skeleton. Docetaxel has two structural modifications compared tivagat (Figure

1.1). On the 10-position of baccatin ring, docetaxel has a hydroxyl graepdnsf an

1



acetyl group in paclitaxel and in the 3’ position of the lateraingtdocetaxel has a
-OC(CHs); moiety instead of a benzamide phenyl group in paclitaxel. The high
lipophilicity and the high lattice energy of paclitaxel and docdtavhich reflect their
bulky and fused ring structure with several lipophilic substitueassilt in very limited
aqueous solubility. The water solubility of paclitaxel has begorted as 0.35-0.7
ug/mL*® Although both being water-insoluble, the structural differences make
docetaxel about 10-fold more soluble in water (3:88nL) than paclitaxef®

In 1979, Schiff et al. discovered the unique pharmacological mechanism of
taxanes. Taxanes inhibit cell growth by binding to microtubules, stabilizing them, and
preventing their depolymerizatidf!* Since the binding affinity of docetaxel to
microtubule is 1.9-fold higher than that of paclitaxel, docetaxel is approxinateky
as potent as paclitaxt!** The in-vitro and in-vivo activities of paclitaxel and
docetaxel have been studied and compared in many murine tumor models amd hum
tumor xenografts. Docetaxel was found to be 1.3- to 12-fold more poétenpaclitaxel
after 96 hr exposure in several murine (P388, SVras) and human turhtinesl
(Calcl8, HCT116, T24, N417, and KB).In another in-vitro study, 2.5-times higher
potency of docetaxel over paclitaxel was demonstrated in two nueihlenes J774.2
and P388° In a number of freshly explanted human tumor cells, more tharhivas t
of the specimens tested, including breast, lung, ovarian, and calocaocers and
melanomas, were more responsive to docetaxel than to pactitdk#l. six human

ovarian-carcinoma cell lines, docetaxel showed an average Aifbidr potency than

2



paclitaxel after continuous exposure or after a 2-hour expbsuFhe superior
anticancer potency of docetaxel has been demonstrated in-vivelbasin a B16
melanoma xenograft model, docetaxel showed 2.7-fold higher potency over
paclitaxel'®

The higher in-vitro and in-vivo anticancer potency of docetaxelmagnly be
attributed to its higher affinity for microtubules, but also to stgperior cellular
accumulation. In support of this, an in-vitro study of the uptake dftaix eof
radiolabeled docetaxel and paclitaxel on P388 leukemia cells deatedsthat
intracellular accumulation of docetaxel was 3-fold higher thanahpaclitaxel with
the same initial extracellular concentratiSrConversely, the efflux rate of docetaxel
from P388 cells was 3-fold lower than that of paclitaxel.

As analogues in taxane family, paclitaxel and docetaxel shanyy common
properties. They have similar structure and the same antitunemrhamism.
Nevertheless, paclitaxel and docetaxel are not simply two oha Kiheir main
similarities and differences are summarized in Table 1. Pacliteaseinvestigated and
delivered for at least a decade prior to docetaxel. Giverathierantroduction and thus
larger body of clinical experience, the majority of researcherliterature has focused
on the formulation and development of paclitax@ince the formulation vehicle
Cremophor EL (CrEL) used to solubilize paclitaxel presents momenattakinetic and
pharmacodynamic drawbacks than polysorbate 80 used in the presentelaztage

form, an improvement is more likely warranted for paclitaxel. ElMav, considering
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the higher antitumor potency, favorable properties for formulatian, (@igher water
solubility) and the cheaper production cost, docetaxel desemdarsattention for
development of improved delivery systems. Given the similaritydetwdocetaxel and
paclitaxel, the knowledge and experience accumulated from degigraclitaxel
delivery systems may facilitate and inspire rationale desugndocetaxel delivery
systems. Hence, although the focus of this dissertation is deté&amulation and

drug delivery, both paclitaxel and docetaxel will be discussed in the pregiemt.re

1.2. Currently available formulations in the market

Taxol®, the first injectable dosage form of paclitaxel is supplieds®¥ CrEL
(polyoxyethylated castor oil) and 50% dehydrated eth@nat. the clinic, it is
administered intravenously over a period of 3-24 hr after dilutiowtmeentration of 1
mg/mL. The most commonly prescribed dosage regimen is 135°nog/h¥5 mg/r
every 3 weeks. Following intravenous (i.v.) administration of Taxotliteael is
rapidly eliminated from circulation in a biphasic manner. Therage distribution
half-life of paclitaxel after the administration of Taxol s34 hr and the average
elimination half-life is 5.8 ht"?* The initial rapid decline in blood represents
distribution to the peripheral compartment and elimination of the drug. The later phas
represents the slow efflux of paclitaxel from the peripheral pastment and

elimination. The elimination of paclitaxel is mainly facited by CYP-mediated



hepatic metabolism (CYP2C8 and 3A4) and biliary excréetidpaclitaxel is highly
bound to plasma protein (89-98%) and the steady-state volume of distribution is large.

The pharmacokinetics of Taxol is nonlinear. It has been concludedhthat t
nonlinear disposition of paclitaxel is due to the formulation vehidlELC Two
mechanisms have been proposed to explain the nonlinear pharmacokinEdixsl: 1)
alteration of hepatic transport function by delivery vehilend 2) change of
erythrocyte accumulatiof?*® The large quantity of CrEL in the formulation especially
at high dose likely changes hepatic transporter activity, whicturim profoundly
influences hepatic uptake and biliary excretion rates of paelitar other
co-administered compounds. Another more widely accepted mechanighatis
paclitaxel is highly entrapped in CrEL micelles and the firergy fraction available for
cellular partitioning is reduced, leading to alteration of paditaaccumulation in
erythrocytes and thereby dose-dependent disposition. The nonlinearapbkimetics
of Taxol may raise additional complexities when combination chenageegimens
are applied.

The CrEL-related issue is not limited to pharmacokinetics Taixol.
CrEL-related side effects have been reported in clinical peadtiis generally believed
that the hypersensitivity reactions associated with Taxolaagely attributed to the
CrEL vehicle?” To minimize the risk of hypersensitivity reactions, patiehtsutd be
pretreated with a standard regimen containing corticosteroid dexamethasone), H1

and H2 blockers, prior to any paclitaxel infusidgtowever, minor hypersensitivity
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reactions still occur in 40% of all patients even with these pretreafiéntaddition,
neurotoxic events such as ganglionopathy, axonopathy and demyelinai@bsar
attributable to the CrEL vehicfe.

The only clinically approved alternative to Taxol is AbraXandhis
formulation consists of lyophilized cakes of paclitaxel nanopesticontaining 100
mg of paclitaxel and about 900 mg of human albumin in each 50 mi®#itaxane is
formulated utilizing 130-nanometer albumin-bound technology "tHhalh This novel
formulation is prepared by high-pressure homogenization of peallitathe presence
of human albumin, resulting in a nanopatrticle colloidal suspension widaa particle
diameter of 130-150 niif.Albumin plays a critical role in binding and delivering many
types of hydrophobic molecules including endogenous vitamins, hormones and
exogenous drugs. Paclitaxel is hydrophobic and binds to albumin withaffigty.
Through binding to a 60 kDa glycoprotein (i.e. gp60, albodin) receptor, album
initiates transcytosis of albumin-bound cargo across the endotkeliainto the
interstitial spacé® Recent evidence suggests that SPARC (secreted protein, awidic
rich in cysteine), which is overexpressed in about 50-60% of breagtrcaay plays a
role in concentrating albumin in areas of tumor, which, in turn msyltrin preferential
intratumoral accumulation of albumin-bound paclita¥&f Clinical studies have
demonstrated that the albumin-bound form of paclitaxel (i.e. nakigaad)i has many
clinical advantages over traditional Taxol. First of all, nablifzel is CrEL-free, so

that nab-paclitaxel has markedly reduced the risk of inducing $smpsitivity reactions,
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thus premedication is not requireégecondly, due to higher achievable formulation
concentration with the nab-paclitaxel formulation, the drug can be adened over a
shorter period of time (30 min) without special intravenous tubing neéldes.
nab-paclitaxel formulation either given weekly or every 3 weeks achieve >50%
higher dose than the typical dose used with CrEL-based pachbaxellation.Thirdly,

in clinical trials, the response to nab-paclitaxel was showretgreater than that of
Taxol. Last but not the least, nab-paclitaxel was betteratele than CrEL-paclitaxel.
The incidence of grade 4 neutropenia is significantly reducedvetiera 49% higher
paclitaxel dose administered in nab-paclitaxel as comparedrfa-@clitaxel>
Overall, nab-paclitaxel increases the therapeutic index olitgpeat resulting in
improved efficacy without increasing overall toxicity.

Currently, the only commercially available dosage form of doeétds
Taxoter€. The Taxotere concentrate is composed of 40 mg/mL docetagelwdid in
polysorbate 80. Taxotere injection concentrate requires two dilutionsrebef
administration. It is firstly diluted with 13% ethanol in water to 1§'mi followed by
secondary dilution to 0.3-0.74 mg/mL in either saline or 5% dextrosticsol( The
polysorbate 80 in the formulation solubilizes docetaxel into watéornying micelles
and entrapping docetaxel inside. However, the resulting micellar soligion
supersaturated, therefore, the drug ultimately crystallizes ower Eor the purpose of

physical stability of the product, Taxotere is provided in two \aig vial contains

docetaxel concentrate and another contains 13% ethanol in watedilasrd). It

7



requires that the infusion is completed no more than four hours héieddsage
preparation. In the clinic, Taxotere is usually administerediase of 60 to 100 mg/m
every 3 weeks as a one-hour i.v. infusion.

The pharmacokinetic profile of docetaxel in Taxotere in humam®msistent
with a three-compartment model, with half-lives of 4 min, 36 minldndl hr for they,
B andy phases, respectivel{Following oxidative metabolism by CYP3A4, docetaxel
and metabolites are excreted in both urine and feces, withebex@tion as the main
elimination routeln-vitro studies have demonstrated that about 94% of docetaxel is
protein bound, mainly ta;-acid glycoprotein, albumin and lipoproteif{sit clinically
relevant concentrations, polysorbate 80 significantly increasesfrdution of
protein-unbound docetaxel due to the high binding affinity of docetaxel teqrbiyte
8038 As a consequence, polysorbate 80 is associated with alteratidacefaxel
pharmacokinetics due to the alteration of docetaxel protein bindingeprigidreover,
studies have demonstrated that severe drug-induced hematologiciéy toag more
closely related to unbound docetaxel than total docetaxel expoéliBespite the fact
that polysorbate 80 influences docetaxel pharmacokinetics, theiadea the curve
(AUC) of docetaxel was proportional to its dose up to 115 mghrhich is different
from Taxol***? In addition to the drug-induced toxicity, polysorbate 80 itself causes
haemolysis and cholesta$fs.

In August 2010, Sanofi-aventis announced that the FDA approved a one-vial

formulation of Taxotere (l1-vial-Taxotéfe For the two-vial formulation
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(2-vial-Taxoter€), the drug concentrate and the diluent (13% ethanol in water) are
packed in two separated blisters, and two dilutions are requirece lzforinistration.
The one-vial formulation eliminates the need for initial dilutiogpstvith the diluent
and is ready to be added directly into the infusion solution. The newiane
formulation is composed of 20 mg/mL docetaxel in 50/50 (v/v) polysorbate
80/dehydrated ethanol. The new formulation has the same final drugnt@tion and

the same excipients as the two-vial formulation. The only differendhe alcohol
concentration. With 50% dehydrated ethanol, the docetaxel concestyatgsically
stable with reduced viscosity so that it can be directthdvawn and added to the
infusion solutior* The one-vial formulation simplifies the manufacture and clinical
preparations but does not solve the issues associated with its excipients pty&drba

and ethanol.

1.3. Concerns for taxane delivery and clinical difficulties and issues

First of all, paclitaxel and docetaxel administered in theirent dosage forms have
undesirable pharmacokinetic profiles. The rapid elimination, shoHihedf and large
volumes of distribution lead to limited drug accumulation in tumos siiigh relatively
high drug exposure in normal organs. In addition, the CrEL causes ranline
pharmacokinetic profile of paclitaxel, which complicates the conaidtration of other

antitumor agents. Furthermore, rapid elimination of the drugs netessnconvenient



dosing schedules to realize optimal efficacy.

Secondly, when administered systemically, adverse effectxiatesd with
Taxol and Taxotere include neutropenia, hypersensitivity reactitnd, retention,
peripheral neuropathy, myolosuppression, and gastrointestinal téXititAmong
these adverse effects, some of them are inevitable but contrpfiableas neutropenia
and gastrointestinal toxicity since paclitaxel and docetargbatent cytotoxic agents.
While other adverse effects, like hypersensitivity reactioresckearly vehicle-related
and require premedication of corticosteroids or antihistamines. Thesitaide
pharmacokinetic and biodistribution profiles also make some drug-indozeasity
more severe as discussed above.

The therapeutic index and toxicity of any cytotoxic agentral&ted to the
duration of time that targeted tissues are exposed to a biallggicelevant
concentration of the drug. The unfavorable pharmacokinetic profiley alah high
toxicity has a profoundly negative impact on the therapeutic indexabitgxal and
docetaxel. Unfortunately, the excipients in Taxol and Taxotere, Ipa@eEL,
polysorbate 80 and ethanol, not only fail to improve these issues katthean more
complicated. Moreover, the limited drug loading in these formulatieads| to long
clinical infusion time.

The novel CrEL-free Abraxane improved the therapeutic index of Tdtxol
almost doubles the response rate and increases the timegtession (TTPj” It is

much better tolerated than Taxol due to its decreased systeqicityt However, since
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the complexity of formulation requires recombinant albumin, the co&brdxane is
comparatively high. Relative to the significantly higher cost,ahttumor efficacy
improvement of Abraxane is only marginal. The TTP and patientvsitime with
nab-paclitaxel are longer than with Taxol but the benefit is only in the ctaleeks.
In addition to the low therapeutic index, acquired multidrug resistamsains
another major obstacle for the successful chemotherapy of takartee clinic.
Multidrug resistance (MDR) is a complex phenomenon often involvingipteult
mechanisms. Taxane resistance has been attributed to diffeegptiession of various
tubulin isotypes, decreased microtubule bundle formation, decreased Expi&ss

bcl-2, and overexpression of membrane efflux transporter -gp.

1.4. Criteria for ideal taxane delivery system

The ultimate goal of an ideal taxane delivery system ishgeae maximal anticancer
efficacy while minimizing adverse effects (Figure 1.2). Asswhscussed above,
paclitaxel and docetaxel are quite insoluble in aqueous solutions die tagh
lipophilicity and high lattice energy. An ideal formulation innbs of taxane delivery,
first of all needs to solubilize taxanes to a high extent. dhésization capability is
directly related to drug loading, which partly determines thaical infusion time.
Shorter infusion period is favorable to both patients and clinical poaers. Most

importantly, taxanes should maintain a stable therapeuticaliypimgful concentration
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in the tumor sites with minimal accumulation in normal tissues. $ystemic

administration, a high plasma AUC is a prerequisite but may natffieient for high

tumor accumulation. Considering the short half-life of paclitaxel docetaxel, the
ideal delivery system should protect the taxanes from being ragiciiynated from the
circulation to gain high AUC. To achieve high blood AUC, the formulaticzdsdo

maintain two aspects of stability in-vivo: long circulation loé delivery vehicles and
long retention of taxanes in the delivery vehicles. For long ciionlathe delivery

vehicle must escape from renal, hepatic filtration and retiodiatbelial system (RES)
uptake. The long retention in the delivery vehicles requires hightgfbf the drug for

the carrier and slow drug release. Only with high drug concentratidrprolonged
exposure in the blood, are these drugs readily available for tusnomalation over
time. Furthermore, to ensure better tumor accumulation, the ideaietadelivery

system should also have some passive or active targeting ability tb be more
specifically distributed to the tumors while minimizing the acalation in normal

organs. Additionally, in terms of adverse effects, the excipienthie formulation

should have low toxicity. By optimizing the drug release rate, phaoknaetics and
biodistribution, the delivery vehicle is able to shield or reduce tng-drlated systemic
toxicity. Another important property of the ideal taxane delivery systehaisttcould

overcome MDR, which remains a significant clinical hurdle foxate-based
chemotherapy.

From the manufacturing perspective, the manufacturing procestheof
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formulation should be simple, cheap, scalable, and reproducible. Theprfothict
should be easy to sterilize with high stability.

From a clinical practice standpoint, the formulation should be teagsepare
for administration, ideally requiring only a bolus injection.

For the sake of patients, low cost, shorter infusion time, andsarisguent

dosing schedule is desirable in addition to a high therapeutic index.

1.5. Nano-formulation and tumor delivery overview

The application of nano-formulation to deliver anticancer agents islgloslated to
the distinct physiological and pathological properties of solid tumors. These pesperti
include: abnormal tumor vasculature, increased tumor vasculatureaishy, lack of
lymphatic drainage, structural changes in interstitialriand high interstitial fluid
pressure (IFPY>*® These properties create barriers for efficient drug detivar the
other hand they provide opportunities for nano-based formulation delivery.

To maintain rapid growth, tumor cells need efficient gas exghawaste
removal, and delivery of nutrients. These rely on the recruitmemwfblood vessels
caused by a process called angiogenesis. The tumor vesselategrfeom rapid
angiogenesis are often disorganized with loops and trifurcatioadyctifferent from
those in normal tissuéThe spatial distribution of tumor vasculature is heterogeneous

because angiogenesis is more efficient near the tumor pegripeerompared to the
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center are& The insufficient blood supply to the central region of tumors mikes
difficult to deliver drug to this area. On the other hand, the ffattttimor development
highly depends on angiogenesis allows for the opportunity teestamor cells by
cutting off their blood supply.

The vasculature permeability is generally higher in tumors thamormal
tissues due to large inter-endothelial junctions, increased numbeirsestrations and
abnormal basement membranes. The pore size cutoff in most tumges feom 200
nm to 1200 nm, whereas a normal continuous endothelium has pore size ectgaeat
2 nm?*>! The difference in endothelial pore size between normal tissukfumors
provides the opportunity for nano-formulations to selectively extrazasatimor sites
without penetrating to the normal tissues with tight endotheliatipme However, the
leakiness of tumor vasculature is tumor type dependent and location depande
therefore the drug delivery counting on this structural featuodtén unpredictable
with high variance. The leakiness of tumor vasculature is paittlyouted to a
multifunctional cytokine called vascular permeability factorévdar endothelial
growth factor (VPF/VEGF) secreted by tum&tsThe overexpression of VEGF
receptors in the tumor and lining the tumor vessels also offprtemtial target for
active delivering.

Studies have shown that lymphatic systems inside solid tumors are
dysfunctionaf?*® The absence of lymphatic drainage causes prolonged retention of

macromolecules once they extravasate the leaky vasculatdréoeate inside the
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tumors. The enhanced permeability and retention (EPR) effecacfomolecules in
solid tumors is a widely accepted concept in nano-formulation deligsgarch though

recently it is argued that EPR effect is overestimateartificial.>*

However, despite
the fact that the enhanced vessel permeability and impaired dropbring potential
benefit to nano-formulation delivery, they cause another major htodlemor drug
delivery, which is increased IFP. The IFP in normal tissues is around 0 méfigash
it is significantly elevated to around 20-45 mmHg in various turftofsStudies have
shown that the IFP elevation strongly correlates with tumorasigetumor regions,
The IFP is lower near the tumor periphery but increases isigmilffy along the tumor
cross-section toward tumor central region and the larger turassagiated with higher
IFP. The detrimental outward pressure gradient not only hinders the traflavasag
penetration from blood vessel to the interstitial space but alsesayreat resistance
for transport in the interstitial space with particular difficulties igéatumors.

The tumor interstitial matrix is a space rich in collagen rband other
additional components, such as proteoglycans and glycosaminoglycanghe
mesh-like, tortuous structure of extracellular matrix alondh Wi unique contents
leads to high transport resistance to optimal drug delivery. Zeedharge and surface
properties of macromolecules determine their transport in thisespggparently, a
large particle size is not a favorable property to effectiwdiffuse through the

collagen-rich matrix. The electro-interaction of charged gdagiwith the oppositely

charged components in the interstitial space resulting in trappagpoegation causes
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another transport hindrance. Particles with flexible configuratikely transport more
efficiently than rigid particles of comparable size. Moreover, dbepositions and
distribution of components are heterogeneous in tumors and between tye®r ty
Some tumor (area) contains high collagen type | and fibrilldageh contents while
others are with low fiber concentratidh>® The heterogeneous structure of tumor
interstitial matrix also causes heterogeneous drug delaedyvariance in different
tumor types.

Nano-based delivery systems have attracted a great deardfaattin the past
two decades as a strategy to overcome the low therapadeg iof conventional
anticancer drugs and delivery barriers in solid tumors. Accottdirige definition of
National Nanotechnology Initiative, nanoparticles are particlés sizes from about 1
to 100 nm. A more commonly used definition in drug delivery researctafaparticle
is particles in the submicron range (1 to 1000 nm). The wide apphicaif
nanoparticles in anticancer agent delivery is based on their apgpeaid unique
properties.

Firstly, nano-formulations provide the physical and chemical gtiote for
water insoluble and labile drugs. To date, parenteral administratistillithe major
administration route for highly cytotoxic anticancer agents. Elghe low solubility of
some agents such as taxanes, vinblastine, and topotecan, limitsptiveal clinical
application. By utilizing proper nano-materials, the poorly water-seldblgs could

be entrapped in nanoparticles and achieve high concentration in injeatpldeus
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vehicles®>?Nano-formulations also offer protection for chemically unstahlgsiby
reducing their exposure to water or biological environments. Suwim@es include
camptothecin, SN-38, ATRA, peptides, proteins, and nucledtidés.

Secondly, nano-formulations can improve the pharmacokinetics of racgica
agents. As discussed previously, the improvement of pharmacokinetéss orlthe
long circulation of delivery vehicles and long retention of anticamagemt in the
delivery vehicles. The importance of long circulation of nanoparticles hasidely
recognized and extensively demonstrated for decades. It has beersttatadrithat
nanoparticles with hydrophobic surfaces are more prone to opsonizatiaptakd by
the RES system. To shield the hydrophobic surface and evade thel&dE&nce,
hydrophilic modifications have been made to nanoparticles. The mostadynonsed
strategy is PEGylation, which is a process of decorating thelpasurface with
polyethylene glycol (PEG)-type polymers. The hydrophilic PEKairts make
nanoparticles less visible to the RES system and thereforeadecelimination and
increase circulation time in-vivo. Various PEG-coated nano-fatians have shown
prolonged circulation time in-viv®®® However, the importance of long retention of
anticancer drugs in the nanoparticles is often underapprecidtedvifiely available
materials for nano-formulation engineering enables manipulatingsectate either by
tuning the affinity of anticancer drug and delivery materialdyyochoosing polymers
with appropriate properties (e.g., molecular weight). It istlwaioting that the

correlation of in-vitro and in-vivo release behaviors is often poor du¢hdo
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methodology of in-vitro release studies. The slow and sustairedseeprofile in
simple aqueous medium such as PBS is misleading in many cieswest A more
biologically relevant release method is crucial to predicatteal in-vivo drug release.

Thirdly, nano-formulations take advantage of the famous EPR ediedt
improve the biodistribution of anticancer agents. With a high concemtratt drug in
the circulation with prolonged period of time, the EPR effectpéalyey role in passive
targeting of nanopatrticles. However, although PEGylation redbeaddarance by the
RES, significant accumulation in the liver and spleen is stilypécal distribution
pattern for most nano-formulations. To further increase the satgctictive targeting
is utilized. The flexible surface chemistry of nanoparticlédews covalent or
non-covalent incorporation of targeting ligands. The targeted recepion may be
over-expressed in tumor cells or site is expected to “Htiraare nanopatrticles. To date,
it is still controversial about whether active targeting tralyses this “homing” effect;
however, the internalization is proven to be evidently increased in tumor cells once the
drug-loading nanoparticles reach tumor interstitial spadhe passive and active
targeting properties of nanoparticles increase the angcaagent accumulation in
tumors while decrease the penetration to normal tissues. Theosupedistribution
ultimately leads to reduced systemic toxicity and increased efficacy.

Finally, nano-formulation is versatile and multifunctional (Figure3).l.
Nano-formulations enable the co-delivery of multiple agents goec in the

nanoparticles to gain synergistic anticancer effects or ruulgtions. Various
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modifications have been made to the nanoparticle surface asAwetirding to the
application, the nanoparticles can be engineered to be positivatged or
negatively-charged. Active targeting ligands have been covalenttheattdo the distal
end of PEG chain or directly attached to the lipids or polymers. pdaitide surface
can be chelated with Ni and incorporate His-tagged antibody/affibody or vattifie
Myriads of preclinical studies have been focused on developing
nano-formulations to effectively deliver taxanes, one of the mgsbritent and most
prescribed anticancer drug types in the clinic. Some of thase-besed delivery
systems utilize natural carriers such as albumin and lipoprdteihsyhile other
systems such as polymeric nanopatrticles, liposomes, micelles, ndswoes solid
lipid nanoparticles, nanocapsules, and dendrimers use syntheticaisatdne rest of
the review will focus on the advancement on development of lipid-based nanoparticles

for taxane delivery.

2. Types of lipid-based nanoparticles to deliver taxanes

2.1. Liposomes

Liposomes may be the earliest nano-carrier applied in pharncaddigid dating back
to the 1960s. They have been extensively investigated for deliveranigus
hydrophobic and hydrophilic drugs including anticancer agents for selematies and

vast amounts of data have been generated and reviewed. Liposoreh@tidrugs
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were the first nano-formulations being approved for cancer therapyDi&\. The
liposomal anticancer drugs approved and marketed for clinical orycoéegn the U.S.
include Doxif’ (doxorubicin), DauoXonfé (daunorubicin) and DepoC¥t
(cytarabine).

In the development of liposomes to deliver taxanes, increasingsdtubility,
decreasing dose-limiting toxicities and altering undesirphBrmacokinetics are the
main goals. The most commonly used preparation method of taxane |p@ssimple.
The drugs dissolved in an organic solvent are mixed with the lipigierts dissolved
in a miscible organic solvent. The thin lipid film produced by ro&ugporation is then
hydrated by adding an aqueous solution. The resultant multilamiellessomes are
extruded through membranes with defined pore size or sonicated tosfoath
unilamellar vesicles with size range 20-150 nm. The stabiliipofomes remains one
of the most important issues in the development of taxane liposomgwepare
physically stable taxane liposomes, the lipid composition and thetdrligid ratio
have to be considered and balan€ed@he most widely utilized lipids in liposome
preparation are neutral zwitterionic lipids such as phosphatidyhehdPC). To
minimize aggregation and increase stability, cholesterol or somaia or cationic
phospholipids are often includéd’® The drug-lipid interaction determines the
accommodation of water-insoluble taxanes to the lipid bilayer ofdipes. Ideally, a
maximal drug to lipid ratio leads to high drug payload and reducesethele-related

toxicities. However, increasing the drug/lipid ratio decreéiseghysical stability of
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liposomes in aqueous medra.A drug loading of 3-3.5 mol% (paclitaxel to
phospholipid) was physically stable for weeks to months, whereasci% paclitaxel
was stable in the time range of just several hours to amgra8% paclitaxel loading
only resulted in 15 min of liposome stability. Thereby, to achievgladriug/lipid ratio
while retaining the long-term physical-chemical stabilgyfreeze-drying method is
employed to obtain a dry drug-lipid powder, which is rehydrated imjaeaus solution
immediately before us€:”® The physical stability of taxane liposomes can be
characterized by measurement of drug retention, circular dichementropolarimetry
(CD), differential scanning calorimetry (DSC) and other metfidtsBesides the
physical stability, in-vivo stability is equally important ot more important. The
long-circulation of liposomes has been realized by stericaédpilzing liposomes
using the PEGylation approathHowever, a decrease of the physical stability of
paclitaxel liposomes has been reported by the incorporation of PEGiedditiids®*

It also has been demonstrated that repeated injection of PEGhpateaines caused
accelerated blood clearance of the following injected PEGylapesdme$? The
phenomenon is attributed to the abundant IgM secreted by spleen uparédatson.

In the clinic, taxanes require repeated doses, therefore this phermomay cause
potential problems for taxane liposomal formulatidnsaddition to the stability and
drug leakage issues, liposomes have other disadvantages including ddwvglo
capacity to lipophilic drugs and the requirement for the use ofgamirsolvent in the

preparation.
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Taxane liposomes have shown slower elimination, higher antitumortgctivi
against various murine and human tumors and lower systemic toxit @ffapared to
Taxol®¥®° They have also shown antitumor effects in Taxol-resistant tanodiels’’
Cationic liposomes have been prepared from DOTAP and DOPE to elataps
paclitaxel and selectively target angiogenic tumor endothéfunmThe
paclitaxel-containing cationic liposomes remarkably inhibited tloevtjr of A-Mel-3
tumors while control tumors showed exponential growth. A liposomal tpseli
formulation composed of cardiolipin, egg PC, cholesterol andt@:opheryl acid
succinate (Vitamin E) has progressed to a phase-I cliniadfttnfortunately, despite
the promising pre-clinical results, they failed to provide advastamyer Taxol in

patients with solid tumors.

2.2. Micelles

Micelles are the simplest colloidal systems formed spontanednyslamphiphilic
molecules. Depending on the types of amphiphilic molecules, micaltebe divided
into lipid micelles, polymeric micelles and lipid-polymeric Ingbmicelles. For lipid
micelles, the amphiphilic molecules are usually small moleculdactants. Different
from the lipid bilayer structure of liposomes, the structure ofllipiicelles is a
monolayer structure with hydrophilic heads facing the outside aqueeusrement

and lipophilic tails forming the inner core. The shape of miceldes lie spherical,
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ellipsoidal or rod-like depending on the composifiorAt low concentration, the
amphiphilic molecules exist in the aqueous media in a separataed. dtacontrast,
when the concentration increases, they start to assemble tansteictures driven by
the decrease of free energy. The lowest concentration at whietieniare formed is
called the critical micelle concentration (CMC). As a simple colloidstiesy, micellar
nano-carriers are utilized in drug delivery fields to mainlijvee hydrophobic drugs,
whereas hydrophilic or amphipathic agents are sometimes deliasresell®®?
Improving drug solubility is the major rationale of designingeties nano-carriers.
Hydrophobic drugs like taxanes are entrapped in the lipophilic ctine oficelles. The
commercial dosage forms of paclitaxel and docetaxel, Taxol ardtére, can be
classified as micelles. However, lipid micellar nanaieas have two main limitations:
relatively low hydrophobic volume of the interior space and dissoniagpon dilution.
Due to the small interior hydrophobic space, the drug loading ¢gpédipid micelles
is often limited. Also, since the CMC of conventional lipid micelles is dfigh, they
are not stable and tend to dissociate when they are diluted iwitrevivo. To address
these issues, several alternative approaches have been pursiuedabe of Taxol and
Taxotere, ethanol is incorporated in both dosage forms to facili@drug dissolution
and stability. Besides the organic solvent related toxicitasTdxotere, the micellar
solutions after dilution with infusion medium are supersaturated anddaeeused in
4 hr before docetaxel begins to crystallize.

In the field of micellar nano-carriers development, a laggaount of studies
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have focused on the development of polymeric micelles becaus#itb@fpolymeric
micelles is extremely low, in the range of°1t® 10” M.?®* To combine the advantages of
lipid micelles and polymeric micelles, a novel stericallybgized micellar (SSM)
system composed of poly (ethylene glycol)-grafted
distearoylphosphatidylethanolamine (DSPE-PEG) was developed toverdeli
water-insoluble drugs including paclitaXé® These phospholipid micelles are
biocompatible and easy to prepare. The long acyl chains of DSBEciAtes a large
hydrophobic inner core. To further increase the hydrophobic space and intipeove
solubilization of paclitaxel, another phospholipid, egg PC was incorporatéin
sterically stabilized mixed micelles (SSMM) (Figure 4)SSMM solubilized
1.5-times more paclitaxel than SSM for the same total lipid ctrateon. The PEG
chains on the surface of these micelles and the strong hydrophebaciitns between
the double acyl chains of the phospholipid residues result in lower @sdahigher
thermodynamic stability compared to conventional micelles. Thecleasize and
CMC of these micelles highly depend on the length of PEG chaitis.theéi molecular
weight of PEG increased from 750 to 5,000 Da, particle sizes sstdeom 7-15 nm
to 10-35 nm, and CMC decreased from 1X1® 7x10° M.?"*® The paclitaxel-loaded
SSM and SSMM were monodispersed with mean particle sizes of bprand 13.1 +
1.1 nm, respectively. Moreover, the PEG chains are also expeateader protection
against RES uptake and thus increase drug circulation time infivthermore, the

active targeting property can be obtained by conjugating targetiggies to the distal
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end of PEG chains. The paclitaxel-loaded SSM and SSMM showed rsimitdro
cytotoxicity against human breast cancer MCF-7 with paclitdisdolved in 10%
DMSO. However, in a more recent study, it was shown that by géditessive empty
micelles (1uM), the 1G value of both formulations was about 7-fold lower than that of
paclitaxel dissolved in DMS®&. This phenomenon provides an idea of preventing
micelle rapid breakdown in-vivo by mixing empty micelles ablation cushion with
drug-loading micelles. To date, there is no direct in-vivo evidericanproved
pharmacokinetics or antitumor efficacy for the paclitaxel-loadextlies over Taxol.
The radiolabeled SSM showed increasing circulation half-litd te increase in the
size of PEG block® These micelles efficiently and specifically accumulatetiéwis
lung carcinoma and EL4 T lymphoma xenografts in mice. It has a¢sodizserved that
DSPE-PEG2000 and DSPE-PEG5000 micelles retained their sizetehatas after

48 hr incubation with blood serum at room temperature. The integrityioafles is
likely associated with the drug retention in the nano-carrieale@ively, these
evidences suggest that the SSM or SSMM loaded with padltasethe potential to
prolong the drug circulation and achieve efficient tumor accumulatyothd EPR

effect.

2.3. Nano-emulsions (Emulsions, Micro-emulsions)

Emulsions are mixtures of oil(s), water, and surfactant(s). THeratice between
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emulsion and micro-/nano-emulsion is obvious and can be detected gkt eye:
emulsions are cloudy suspensions with droplet sizes ovepm]l whereas
micro-/nano-emulsions are transparent or translucent. Howdaeemmisconception
about micro-emulsion and nano-emulsions is common in the literatitany of the
systems referred to micro-emulsions in the literaturesaatgally nano-emulsions,
while micro-emulsions are sometimes erroneously considereda@s-emulsions
because they have the same apparent structure as nano-emulsiohsgswpherical
nano-sized droplets dispersed in a continuous phase. The fundamentaincifer
between micro-emulsion and nano-emulsion is not their droplet aszesggested by
their names (micro- vs. nano-) but their thermodynamic beha¥locso-emulsion is a
thermodynamically stable system while nano-emulsion is théymamically unstable
but kinetically stable. The key differences between micro-aorund nano-emulsion
are not only critical to their preparation process and charaatiemn, but also influence
their applications (Table 2). Micro-emulsion, as a thermodynaudibrium system,

is formed spontaneously by mixing oil, water and surfactant(s)@edergy is needed.
To accelerate the emulsification process, in many cases sosrgy is input to
overcome certain kinetic barriers through mechanical stirringeating:®® On the
contrary, nano-emulsion is in a non-equilibrium state and is géndoamulated
through the “high-energy” methods such as high-pressure homogenization,
ultrasonication, to recruit high energy to breakdown the large drapletsbmicron

size!® Nano-emulsions are also formulated by low-energy methods takingtagea
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of the intrinsic physicochemical properties of the components. Theepghaersion
temperature (PIT) method is the most widely used low-energy method in ndRIgtr
Is the temperature or temperature range at which a nonionictamtfaeaches the
hydrophilicity and lipophilicity balance. The method is mainly basedherthanges in
solubility of the polyoxyethylene-type non-ionic surfactant withgemature. Another
low-energy method is “spontaneous” emulsification. Nano-emulsions Yeemed
simply by adding oil/surfactant mixture with an aqueous phase. Howtbeeorder in
which the different components are mixed is essential for trenation of
nano-emulsions in this method. Due to the small size of nano-emulgtumns,
sedimentation or aggregation rate is slow so that they are considered kinstatzlk.
The Oswald ripening is the only mechanism of nano-emulsion destabiizdhe
development of micro-emulsion is assisted by ternary phase miagsalong as the
component ratio is in the micro-emulsion forming domain, the mixingr atoes not
influence the micro-emulsion formation. An important disparity dased with this is
that micro-emulsion is not stable upon dilution because with the aque@ase
increasing, the composition of the water/oil/surfactant can readh of the
micro-emulsion forming boundary; in contrast, nano-emulsion is stabledilubion
or concentration once it is formed. Another important difference Ilegtwe
micro-emulsion and nano-emulsion is that the phase behavior of-emautsion but
not nano-emulsion is sensitive to temperature change.

The instability of micro-emulsions toward dilution and temperatunéditheir
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application as parenteral drug delivery carriers although theér iay be in the
nano-scale range. When administered intravenously, the formuistiengely diluted
by blood and body fluids. In addition, the temperature is different ds Wee
breakdown of micro-emulsion in-vivo may cause a quick releasecapsuolated drug
or even drug precipitate leading to severe safety issuesefipetature sensitivity also
makes sterilization of micro-emulsions by autoclave an invalid opflgarall, despite
of the structural similarity, nano-emulsions and micro-emussiare two different
systems. The better stability of nano-emulsions to environmentéglssmakes them
more suitable for parenteral drug delivery, while micro-emulsiblase their
applications in oral or topical delivery. Since micro-emulsions and nano-emsiksie
both nano-sized drug carriers, their application in taxane delivelty bath be
reviewed.

An early effort to develop CrEL-free paclitaxel dosage fornmidated
paclitaxel in an emulsion composed of triacetin as oil phase armkao lecithin,
pluronic F68, and ethyl oleate as surfactafft¥he emulsion was able to accommodate
10-15 mg/mL paclitaxel. But as an emulsion system, the dropé&etsig large ranging
from 0.5 to 5um and increased over time and eventually phase separation occurred.
With the advance of technology in engineering, later, high-predsumogenization
was utilized to breakdown the droplets of coarse emulsion to srttal®200 nm. A
vitamin E-based nano-emulsion composed of tocopherol (vitamin E) as si,pha

TPGS and Poloxamer 407 as surfactants was prepared by high-shear
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homogenizatiod®® The nano-emulsion of paclitaxel developed by Sonus
Pharmaceuticals is named TOCOS®LThe nano-emulsions had a mean particle size
of 62 nm and could load 8-10 mg/mL paclitaxel. In-vitro drug releaseslasboth in

the presence and absence of human serum albumin. In the preclindiak sthe
paclitaxel-loaded nano-emulsion was well tolerated with 3-folchdrignaximum
tolerated dose (MTD) over Taxol. It showed superior antitumoraef§i and survival
benefit in B16 melanoma mouse model. In the pharmacokinetic and blmdisini
studies, it was found that although the blood AUC of paclitaxel nanosamulvas
similar to that of Taxol in B16 melanoma mouse model, the tumor uptake of paclitaxel
in nano-emulsion was significantly higher than that of TAX%The tumor Gax was
1.5-times higher and AUC was 2.2-times higher after adminmtraif paclitaxel
nano-emulsion compared to Taxol. Based on the promising preclinicalksres
TOCOSOL entered a clinical trial. In phase |, patients receiveddgsto 225 mg/f
every 3 weeks. In phase Il studies, the efficacy of TOCOSOL imeestigated in
patients with ovarian cancer, colorectal cancer, NSCL camd#adder cancer. In 2007,
TOCOSOL was advanced to a phase Il clinical trial. Unfortupgtbase Il studies of
TOCOSOL in women with metastatic breast cancer failed to shgpeovement on
objective response rate (ORR) compared to the Taxol arm. In addii®mates of
neutropenia and febrile neutropenia in the TOCOSOL arm wereisantlfy higher
than the Taxol arm. Consequently, all clinical trials of TOCOSOL weneitated.

A more recent report used high-pressure homogenization to prepare a
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nano-emulsion system to deliver docetdR2IThe entrapment efficiency determined
by ultrafiltration and ultracentrifugation was greater than 90k& gharmacokinetic
study revealed a 3-fold higher AUC with docetaxel formulatedhénnano-emulsion
over Taxotere. Another nano-emulsion composed of tricaproin/tricaprylin 3:1, egg PC,
and Tween 80 in glycerol solution was developed by first identifying an aslephah
high paclitaxel solubility®® It was found that the triglycerols (tributyrin, tricaproin, and
tricaprylin) generally had higher solubility to paclitaxelritthe natural oils (corn oll,
soybean oil, cotton seed oil and mineral oil) selected in the dBydsonication, the
resultant nano-emulsions had particle size around 150 nm and werdatableast 3
months when stored at 4°C. The paclitaxel-loaded nano-emulsion showed Isurviva
benefit over paclitaxel-free nano-emulsion in ascetic-tumor-beariog, but whether
the formulation had superior antitumor efficacy than Taxol was not investigated.
Nano-emulsions have also been employed to improve the oral bioaugilabil
paclitaxel. The nano-emulsion was formulated with pine nut oil andesiftin by
sonication method’’ After oral administration, a significantly higher concentnatbf
paclitaxel was observed in the systemic circulation fromitaael nano-emulsions
over a control paclitaxel solution. Yin et al. also reported enhanicadailability of
docetaxel using a micro-emulsid®. The micro-emulsion developed with the
assistance of pseudo ternary phase diagrams was composedyafl @8pCrEL and
Transcutol. The micro-emulsion significantly improved the bioalksdity of docetaxel

(34.4%) in rats compared to Taxotere (6.6%) after oral admingstralhese studies
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demonstrated a proof-of-concept that a nano-emulsion/micro-emutsitoh enhance

the oral bioavailability of hydrophobic drugs such as taxanes. Hoyasveral delivery

systems of taxanes for practical application, important tgxisgues remain to be
thoroughly investigated, because as cytotoxic agents, taxanepec@kyg toxic to the

rapid-proliferating intestinal epithelial cells.

A novel cholesterol-rich nano-emulsion resembling low-density lipoprote
(LDL) was developed by Maranhao et'¥.LDL is the main carrier of plasma
cholesterol in human. In some tumor types, LDL receptor was ovessaut in the
neoplastic cells to meet the increased need of cholesterol for new membraesisynt
Therefore, LDL can serve as a potential drug carrier to fepadty deliver anticancer
agent to cancer cells overexpressing LDL receptors. Howeveristtetion and
handling of native LDL are difficult. It led to the design of holesterol-rich
nano-emulsion that resembles the structure of LDL as a weetucpaclitaxel. The
nano-emulsion was prepared from a lipid mixture of 20 mg cholesikrgte, 40 mg
egg PC, 1 mg triolein and 0.5 mg cholesterol. The final nano-emulsion medm
particle size of 85 nm obtained by ultrasonication. The radia@dbelno-emulsion was
found to be more rapidly cleared from the patients with acute naylelakemia (AML)
than in the patients with acute lymphocytic leukemia (At%®)The fact that LDL
receptor is overexpressed in AML but not ALL suggests that théestieool-rich
nano-emulsion was taken up by malignant cells with increasedré€dptor. Later, a

lipophilic paclitaxel derivative paclitaxel-oleate was encdgted into the
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nano-emulsion. The formulation showed about 2-times higher AUC in bothanit
patients with gynecologic cancéf8*! The LDy, dose of the formulation was 9-times
higher than that of Taxol in mice. Its therapeutic efficacyi6mBLO tumor bearing mice
was remarkably greater than Taxol in terms of tumor growtlbitndm, survival rates
and % cure of treated mice. Another pilot clinical study in ninadireancer patients
also showed more than 3-fold increase of blood AUC compared to TRixplre
1.5)1? Both studies conducted in patients with gynecologic cancers arst begeer
showed 3-3.5-times higher drug accumulation in the malignant tursoesishan in the
normal tissues. The paclitaxel-oleate nano-emulsion showed greatiglfor further
clinical development. The idea of constructing LDL-like nano-eronl® target LDL
receptor overexpressing cancer cells was also exploredayes groug: Instead of
making the nano-emulsions cholesterol-rich to resemble LDL, theypoated a
29-amino acid synthetic peptide containing a lipid binding motif andCAnreceptor
binding domain. Their in-vitro studies showed that the nano-emulsions cagtaini
paclitaxel-oleate inhibited the growth of LDL receptor overexgnesGBM cells and

demonstrated that the drug was internalized via the LDL receptor.

2.4. Solid lipid nanoparticles

Compared to the lipid nano-formulations discussed above, solid lipid nactgparti

(SLN) is a relatively new colloidal drug delivery systenraduced in early 1990s.
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Compared to other lipid nano-systems, SLNs have many advantagesngaase of
preparation and scale-up with low cost, good physical stability, catrdtug release,
and versatile chemistry, in addition to others. SLNs can be prepgrkigh-pressure
homogenization, micro-emulsion method, precipitation method by solvent atiapor
W/O/W double emulsion method, and high speed stirring/ultrasonicatitmodi&*
The high-pressure homogenization methods include hot homogenization and cold
homogenization. For both techniques the drug is firstly solubilized imétied lipid.
For the hot homogenization technique, the drug-containing lipid melpierdisd under
stirring in a hot aqueous surfactant solution with the same teraper#t hot O/W
nano-emulsion is then obtained through high-pressure homogenization. &8&Ns
formed when the hot O/W nano-emulsion is cooled down to room temperatuteeand
lipid recrystallizes. Different from the hot technique, the drugaiairtg lipid melt is
dispersed in a cold surfactant solutfonthe cold homogenization technique leading to
the formation of microparticles. The microparticles are theectdy homogenized to
nano-sized SLNs at or below room temperatiit@he high-pressure homogenization
method has been scaled up to 2-10 kg batch sizes undeH'&8MSLNs can also be
produced via micro-emulsions. A mixture of lipid, surfactant, co-stafd and water
heated above the melting point of the solid lipid in the micro-emulgirming region
firstly forms a thermodynamically stable micro-emulsigrstsm. SLNs are then
formed by dispersing the warm micro-emulsion into a cold aqueedaim under mild

mechanical mixing. Mumper et al. developed a warm micro-emulpi@tursor
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process to manufacture SLNs in a one vessel prot&se process has been scaled up
to 10 liters in the lab and 1 liter under cGMP. For the precipitatiethod, solid lipid
dissolved in an organic solvent is emulsified in a surfactant solutiba. lipid
precipitates forming SLNs after organic solvent evaporatidre involvement of
organic solvent is an obvious disadvantage of this method. The W/O/W double
emulsion method is a relatively new method developed recently tqpsriate
hydrophilic molecules. The high-pressure homogenization, micro-esnutsethod,
precipitation method all have been employed to prepare SLNs tpserate paclitaxel
and docetaxel®>*?® A large pool of solid lipids (mono-, di- and tri-glycerides, lipid
acids, phospholipids, wax etc.) and surfactants are available foreBieering.
Among these excipients, some lipids (e.g., glycerides, phospholipidsudadtants
(e.g., Tween 80, lecithin, Poloxamer 188, sodium glycocholate) aeptable for i.v.
injection. The wide availability of i.v.-acceptable solid lipid andaztant makes SLN
a versatile platform for drug delivery readily translatiobal clinical application
although so far no SLN products have been introduced into the marktréorteral
use. Due to the solid status of the SLN matrix, the physidailigtaof optimized SLN
is generally more than one yéat'*®

The drug loading capacity and drug retention in the SLNs are closebdrébat
the solubility and miscibility of drug with the lipid phase, allwas the
physicochemical structure of the solid lipid matrix and the polymorptate of the

lipid material**> Choosing a lipid with high drug solubility and miscibility is a
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prerequisite for forming SLN with high drug loading and slow dratpase. A
paclitaxel-loaded SLN developed by Cavali et al. showed only 0.1% rdtease in
PBS in 2 hr following pseudo zero order rele¥8eAnother paclitaxel-loaded SLN
prepared from phospholipid and sucrose fatty acid esters releasetRdmy6.5% of
paclitaxel within 14 day¥® More impressively, Lee et al. studied the release of
paclitaxel from a SLN in 80% human plasma at 37°C using dialysihad. They
found that only 10% of paclitaxel was released from the SLNs in %4 hr.

However, the solid lipids with highly organized crystal la&tistructure are
orderly and tightly packed together leaving very limited spa@tommodate large
amounts of drug molecules, which leads to low drug loading and buwraseellt has
been demonstrated that the extent of burst release is not onliatstedth the lipid
matrix properties, but also is a function of production temperaturesarfectant
concentratiort™>*?"*?The initial burst release increases with increasing préparat
temperature and increasing surfactant concentration. With higiheduction
temperature and surfactant concentration, the drug solubility inqreoas phase is
higher. During the cooling process of SLN preparation when warnhaués used, the
drug solubility in the aqueous phase decreases while at the isaenthé lipid melts
solidify and crystallizé?® The drug re-partitions into the lipids while the lipids increase
structural perfection during the cooling, leading to the embeddingugf molecules
onto the particle surface and formation of a drug-enriched shell. This unfavorable drug

incorporation mode limits the drug loading capacity, and leads ¢pecpulsion during
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storage and burst release. To overcome this potential issue, Eiuderproposed a
novel lipid nano-system called “nanostructured lipid carriers"@Nt2° The NLC is a
modification of the conventional SLN by making the solid lipid coress lorganized
nanostructure. The lipid cores with imperfect crystal structure caedlieed by either
using spatially different lipids, such as mono-, di-, tri-glycesidath different chain
lengths, or mixing some liquid lipids (oils) with the solid lipithe space between
different fatty acid chains and crystal imperfections provideenagcommodation for
drug molecules. In addition, some drugs have higher solubility in oilsithaalid
lipids. Therefore, the NLC as a new generation of SLN increases thalyload and
decreases drug expulsion and burst release. Besides the lipik] mat also possible
to tune the release profile by adopting different production methaan(\weacool) or
modifying surfactant concentration. Finally, it is worth noting thast release may not
be necessarily a bad property for all drugs. When an initial high blood conaenisati
desirable according to the therapeutic needs, the burst reteabe aseful under more
precise control.

The in-vitro uptake and cytotoxicity of paclitaxel-loaded SLNs hbheen
demonstrated in several cell ling8!*13%13The |ipid matrix materials seem to not
only influence drug release rate but also affect cellular eptakwell. Yuan et al.
investigated the cellular uptake of several SLNs composed ofetiffépid materials
including monostearin, stearic acid, glycerol tristearate and Gmn®&38 ATO

(ATO888)*° Their results showed that the cellular accumulation prefereasén the
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order of glycerol tristearate SLN > monostearin SLN> stesgid SLN> ATO888 SLN.
This is explained by different affinity between fatty aadsl cell membrane. Moreover,
the PEGylated stearic acid SLN showed the highest celluldteiptaong the materials
tested. Paclitaxel loaded in these SLNs showed 1.6-10-fold highetoxagity
compared to Taxol. SLNs encapsulating paclitaxel not only showedrtagheancer
activity in sensitive cell lines, but also overcame MDR in Rrggrexpressing cells. In
a P-gp-overexpressing human ovarian carcinoma cell line NDRARES, SLN G78
containing paclitaxel showed 9-fold lowersiGralue’*! The potential mechanism of
overcoming P-gp-mediated MDR was also investigated. It wasmsnated that the
surfactant Brij 78 used in the SLN G78 temporarily decreasedléé? in resistant
cells, thus the energy-dependent P-gp efflux was transiently tehibihe increased
uptake of high drug payload SLNs by endocytosis along with the irdmnbati P-gp
function resulted in greater cellular uptake and higher cytotgxicitresistant cells.
The blank SLNs themselves were well-tolerated both in-vitro andvb. In-vitro
experiments showed that SLN E78 did not cause blood cell lysis atntaiman up to
1 mg/mL and did not activate platelétéIn-vivo i.v. bolus injections of cetyl palmitate
SLNs into mice at dose up to 1.33 g/kg with 6 repeats did not cautetaxicity or
increase in liver and spleen weidfit.

SLN encapsulation improves drug pharmacokinetics and biodistribution.
Similar to other nanoparticles, the long-circulation of SLNs camati@eved by

modifying the particle surface with more hydrophilic moiete@esvade RES clearance.
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The most widely used method is PEGylation. As compared to other more
well-established nano-systems such as liposomes, the developrstadlthf SLNS is

still in its initial phase. Also due to the great diversitysaNs, there are no certain rules
and approaches that can be universally applied to all or most of N iSlterms of
coating density, chain length and incorporation method. To date inetaure, stealth
SLNs are PEGylated through either PEG-grafted lipids (e.g. FEFFEG2000, stearic
acid-PEG) or surfactants with certain PEG chains (e.gj, ®0, TPGS). Two
long-circulating SLNs containing paclitaxel were developed andir the
pharmacokinetics were evaluated in mice by Chen 8f &loth of the SLNs were
composed of stearic acid and lethicin as oil phase, with Brijs78udactant in one
formulation (Brij78-SLN) and Poloxamer F68 and DSPE-PEG2000 in another
(F68-SLN). Brij78-SLN and F68-SLN increased paclitaxel AUCfbld-and 1.9-fold
compared to Taxol, respectively. The longer PEG chain of DSPE-PEGZ002000)
compared to Brij 78 (Mw 1200) may be responsible for the slightlydongculation

and higher AUC of F68-SLN. Interestingly, non-stealth SLNs with&@yation also
enhanced systemic circulation of encapsulated diidsd’ The mechanism of this
unique characteristic of SLN is not clear. It is possible thaessurfactants used in the
so-called non-stealth SLNs carry similar properties as FHeGexample, Poloxamer
used in the study of Yang et al. is a triblock copolymer composeal céntral
hydrophobic chain of polyoxypropylene flanked by two hydrophilic chains of

polyoxyethylene?®” Another example is vitamin E-TPGS (alpha-Tocopheryl
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Polyethylene Glycol 1000 succinate) which has a medium PEG clithirmwlecular
weight of 1000. These surfactants may result in a hydrophilicdsbielthe SLNs to
protect them from RES uptake. However, in more cases, this explanaty not apply.
Further thorough investigations are needed to fully understand the yumglerl
mechanism. Up until now, a considerable accumulation of SLNs in theaf RES
(liver, spleen, and lung) is still a typical distribution pattern after i.vciiga of either
non-stealth or stealth SLNs. With prolonged exposure in the systeoutation, SLNs
deliver more entrapped drugs to solid tumor tissues taking advantape &PR
effect’® An extraordinary finding by many research groups revealed Shats
improved the delivery of various drugs to br&ifit*>**"13%0ne potential explanation
of the effect is that plasma proteins (e.g., apolipoproteins) bind to partickeesignd
mediate adherence to blood-brain-barrier (BBB) endothelial ©&llshe BBB

endothelial cells are famous for their tight junctions and high ege of P-gp. Brain

uptake of paclitaxel nanoparticles was evaluated by Koztaah Bsing an in-situ rat

brain perfusion modéf® Their results suggested that entrapment of paclitaxel in SLNs

significantly increased the paclitaxel brain uptake. Possielehanisms of increased
brain delivery of these SLNs include: 1) shielding of drug froradfiinteraction with
P-gp by nanoparticle entrapment, 2) modulating BBB P-gp function byutiie@ctant
(Brij 78), and 3) triggering of endocytosis/transcytosis. Thesa dapgest the

possibility of brain delivery of chemotherapy with SLNs.
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2.5. Nanocapsules

Nanocapsules are defined as nano-scaled particles with an e@iswaounded by a
rigid shell. With the liquid oil core as a drug reservoir and rafill as a drug leaking
barrier, nanocapsules are expected to have high drug encapsulatictycgpad drug
retention and high stability. Similar to SLN, nanocapsulegganerally stable over a
year. They have fewer drug leakage problems associatedpasioines and avoid drug
expulsion problems associated with SLNs. There are two types of nanocapsdds, ba
on the structure and components of the shells: polymer-shelled nanocapdule
surfactant-shelled nanocapsule. The preparation of both polymerdshatiecapsule
and surfactant-shelled nanocapsule is closely related to nano-@mmisro-emulsion.
Polymer-shelled nanocapsules can be prepared by interfacial gyagtion,
salting-out, emulsification-diffusion, and nanoprecipitation'&tdor the interfacial
polymerization method, nano-emulsion droplets serve as individual nanorsgaut
the surface of which polymerization of monomers with differentraesms occur and
form polymeric shell encapsulating liquid oil core and drtigd** Different from
interfacial polymerization technique, the latter three methods rdispereformed
polymer on nano-emulsion surface. The latter three methods wenpaced by
Galindo-Rodriguez et &f* Methacrylic acid copolymer and poly(vinyl alcohol) (PVA)
were selected as polymer and emulsifying agent to prepareapmubes utilizing all
three methods. The size distribution of nanocapsules prepared by ngitgirec was

narrower than those by salting-out and emulsification-diffusiornoakst The factors
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influencing nanocapsule formation by salting-out and emulsificatitbastbn methods
were PVA chain interactions at the interface and in the bulitisnl while the
parameter governing the nanocapsule characteristics from neipifateon method
was water-solvent interaction. All the methods for polymer-etethanocapsule
preparation involve the use of organic solvent. Nanocapsules have been deteloped
deliver paclitaxel since 20 years a@jdUnfortunately, the mice treated with 1.5 mg/kg
paclitaxel-loaded nanocapsules died before control mice, suggegiimgokicity of
the nanocapsules which was composed of poly(lactic acid), benzybdienand
Pluronic F68. Over the past 20 years, the development of nanocapsulescamcer
drug delivery is fairly slow compared to other lipid-based nanaecarrUntil more
recently, several polymer-shelled nanocapsules are reporieacdaxel delivery with
only in-vitro studies. Nanocapsules were prepared using a fregng-dnethod to
directly disperse Pluronic F-127 triblock copolymer to the surfaicdipid core
composed of lecithin and paclitaXé?.The paclitaxel-loaded lipid cores dispersed in 10
wt% F-127 aqueous solution exhibited droplet size of 99 nm. However, hadter t
freeze-drying to induce the formation of polymeric shell, a npeaticle size of 267.4
nm and broad distribution were observed. The large particle siz&aad distribution
may cause potential risks for parenteral application. PEO-PRODHHE shell
cross-linked nanocapsules were prepared by dissolving an oil (Lifjodntl an
amine-reactive PEO-PPO-PEO derivative in DCM and consequdisggrsing in an

aqueous solution containing amine-functionalized six-arm-branched BEG

41



ultrasonicatiort*® The resultant nanocapsules had an average particle size of 110 + 9.9
nm with paclitaxel-loading efficiency of 46.5 + 9.5%. Zhang et akpared
nanocapsules through interfacial polymerization of butylcyanoaeryBB€CA) with
PEG as initiatot?’ The particle sizes, paclitaxel entrapment and hemolytic potential
PEG-PBCA nanocapsules were all related to the quantity and naslegeight of
mPEG. With longer PEG chain length, mPEG5000 served as a stgtapgiizer and
formed smaller nanocapsules compared to mMPEG2000. The encapsulatienogfbf
paclitaxel also increased with increase of PEG concentration. I8 (w/v)
PEG-PBCA nanocapsules showed about 60% of paclitaxel encapsulaibieneyt
With the increase of PEG concentration, the hemolysis rate dedreas well.
Generally, the encapsulation efficiency of paclitaxel in polystelled nanocapsules is
not very high so far.

The surfactant-shelled nanocapsules are prepared by the élhbdn Both
nano-emulsions and nanocapsules can be prepared using the PIT techiaadlysed
basic components are the same for nano-emulsions and nanocapsutreaming
an oil phase, an aqueous phase and surfactant(s). However, the funtlamenta
composition of nanocapsules falls in the microemulsion-forming re@nsor IV
region); while the composition of nano-emulsions is in the Winsoedjion. As briefly
discussed in nano-emulsion production, the PIT method is based on the dnanges
solubility of the polyoxyethylene-type non-ionic surfactant widmperature. At

temperatures below the PIT, the surfactant monolayer has a positiveiceifoaming
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O/W emulsions; while above the PIT, the curvature becomes negatimadoW/O
emulsions. During the preparation of nanocapsules, the mixture asrajonents is
heated to above the PIT (T2) then cooled to temperature belddTh@1). Several
temperature cycles between T1 and T2 were carried out followadbgden dilution
with cold water to induce an irreversible shock. This method developttk Benoit
group generally uses capric and caprylic acid triglycerides asltpkease, and a small
amount of Lipoid as the hydrophobic surfactdiif:**° The leading role is played by
the hydrophilic surfactant SolufbHS 15, which is a mixture of free PEG 660 and PEG
660 hydroxystearate. The nonionic surfactants finally crystabinee the final
temperature is below their melting point (about 301€3ding to the formation of a
rigid shell. The shell is structured as a combination of hydrophobic sunfdcipoid)
anchoring in the oil phase and hydrophilic surfactant (Solutol) oriembwgrd the
aqueous phase. The percentage of Solutol and the number of temperdasgdaye
major influence on particle size and size distribution. With higberentage of Solutol
and more temperature cycles, the particle size decreass&armtistribution becomes
narrower. Paclitaxel was encapsulated in the surfactanedhednocapsules by the
same research group. The entrapment efficiency in these nanosapasii@9.9%. The
pharmacokinetics and biodistribution of radiolabeled blank nanocapsules were
studied**° The t,, and MRT values of nanocapsules (2-3 hr) indicated long circulation
of the nanocapsules. The pharmacokinetics of paclitaxel-loaded nanecayssil

missing. However, the slow release of paclitaxel from the ragsatdes in-vitro along
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with the long-circulation of blank nanocapsules in-vivo suggested the pbtenti
improved paclitaxel pharmacokinetitd.The antitumoral activity of paclitaxel-loaded
nanocapsule was evaluated in a chemically induced hepatocelltdarocaa (HCC)
model. Animals treated with 4x70 mgfraf paclitaxel-loaded nanocapsules showed
significant increase in the mean survival time compared to #mk blanocapsule and
saline groups but with no statistical significance compared tdakel group->° The
antitumoral activity was also studied in a glioma model with MPf®aclitaxel-loaded
nanocapsules significantly lowered both the tumor mass and tumor ezgtowth;
whereas Taxol treatment showed no significant effect. The pdtemtichanisms of
overcoming MDR by these nanocapsules were inhibition of MDR efilumxp by
PEG-HS and redistribution of intracellular cholesterol. These nandeapsere also
administered orally to enhance the oral bioavailability of paai’®* The AUC of
paclitaxel-loaded nanocapsule was 3-fold higher in comparison to tkkecATaxol
group, and comparable to the Taxol + verapamil group. The improvementlof ora
paclitaxel bioavailability when it was loaded in nanocapsules ikal/ ldue to the
inhibition of P-gp by nanocapsules. Another research group prepared nanacapsule
using the same PIT method to deliver docetaxel to solid ttth&ncapsulation of
docetaxel in the nanocapsule increased its AUC in blood and in turalar dAid 5-fold,
respectively, compared to Taxotere. The pharmacokinetics and blmdtistni profiles
were found to depend on PEG density on the particle surface. PieGytzt

nanocapsules with DSPE-PEG2000 at 6, 10 and 15 mol% greatly enhanced
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nanocapsule circulation time. The highest blood concentration of doc&abe
post-injection was obtained with 120 nm 15 mol% PEG nanocapsules. Tumor
accumulation seemed to increase with PEG density but notistlyssignificant until

12 hr only between 6% and 15% of PEG groups.

2.6. Core/shell nanoparticles

In contrast to nanocapsules which are nanoparticles with lipid coreusded by
polymers, the so-called core/shell nanoparticles are nanopastitlegolymer core
surrounded by lipids although in the literature nanocapsules are sa@wetatied
core/shell nanoparticles. These core/shell nanoparticles ardiabgeomprised of a
hydrophobic poly (lactic-co-glycolic acid) (PLGA) core, a hydroighiloly (ethylene
glycol) (PEG) shell, and a lipid layer in the form of monolayebilayer. This type of
hybrid nanoparticle combines the beneficial properties of lipos@ndspolymeric
nanoparticles. The hydrophobic polymeric core provides the nanopahiglesirug
loading capacity, high stability and controlled drug release.PHE® and lipid shells
render the nanoparticles natural property, extra shield agaungtlemking, stealth
feature for long-circulation, and favorable surface for cellulaakeat The physical
stability and particle size were controlled by various fornutaparameters such as
lipid/polymer mass ratio and lipid/lipid-PEG molar rattd These factors also showed

effects on the docetaxel release rate in water when detetaz entrapped into these
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core/shell nanoparticles. The nanoparticles with 100% (w/w) lipid/pailymass ratio
released 90% docetaxel in 100 hr. Comparable release profilesalseneported by
two other studies encapsulating docetaxel and paclita@f The nanoparticles did
not cause significant cytotoxicity against HelLa cells and Hep@lls™®>* These

nanoparticles showed good physical stability in 10% (v/v) human plast@0% FBS

at 37°C.

More interestingly, the core/shell structure enables co-deliveaysecondary
drug. Combretastatin A4 (CA4) as a vascular disrupting agent mtegoped in the
lipid layer of the core/shell nanoparticles and co-delivered wittlitaxel™® The
sequential release of these two drugs over a time differen8® oir provides an
opportunity of sequential anti-angiogenesis and anticancer fun¢iagse 1.6). In
addition, the arginine-glycine-aspartic acid (RGD) was conjugatttetoanoparticles

to render the particles further vascular-targeting properties.

2.7. Prodrug strategy for better lipid nanoparticle encapsulation

Various paclitaxel and docetaxel prodrugs have been designeshjugating small
molecules, polymers, or targeting ligands etc. to realizerdiffegoals such as
increasing water-solubility, site-specific release andotutargeting™’ In this section,
we only focus on the prodrug strategies to manipulate the taxane

hydrophilicity/hydrophobicity to be better incorporated into differeliypid
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nano-carriers.

Most lipid-based nanoparticles are designed to be more suitabl#ieiethefor
the encapsulation of lipophilic drugs. Paclitaxel and docetax&Vater-insoluble and
often used as lipophilic model drugs when developing formulations émaé |s
lipophilic drug carriers. However, they have appreciable solulnli&gueous solutions
and are highly protein bound. In addition, their solubilities in many liprddimited.
Therefore, in a biological environment, especially in-vivo, taxamesho longer well
retained in the nano-carriers. This issue is often neglectanderappreciated because
most of the in-vitro release experiments are performed in siagpleous solutions like
PBS and have poor prediction of the in-vivo release behaviors. To atldsgsstential
issue, lipophilic taxane prodrugs were synthesized to further irctiegis lipophilicity
and miscibility with lipids. Stevens et al. synthesized pacli@@arbonyl-cholesterol
(Tax-Chol) and evaluated its incorporation into a nano-emulsion formufation.
Tax-Chol was incorporated into the nano-emulsion with greaterd®@nentrapment
efficiency. The release of Tax-Chol or paclitaxel from theosemulsions was
determined in 45 mg/mL bovine serum albumin (BSA). The releasexeChal was
significantly slower than that of paclitaxel from the nanaiksmon. Paclitaxel was
modified by attaching an oleoyl group to mimic cholesterylreséed enhance its
incorporation and retention in LDL-resembling nano-emulsions by several
groups 23159 he paclitaxel-oleate demonstrated significantly greamarporation

into nano-emulsions compared to unmodified paclitdXeThese paclitaxel-oleate
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nano-emulsions showed promising in-vitro properties as well as in-vivo

pharmacokinetics. To enhance the solubility of docetaxel in LaBPafaopylene
glycol dicaprylate/dicaprate), a docetaxel prodrug was syimdtedy attaching a
lauroyl group to docetaxel through an ester fitkThe 2'-lauroyl docetaxel showed
greater than 8-fold solubility in the oil compared to unmodifiedetibel. In a
nano-emulsion using Labrafac as the oil phase, 2’-lauroyl docestwsVed high
loading capacity (5.7% w/w) and high entrapment efficiency (97%iceSmedium
chain glycerides are widely used in formulating various remaisions,
micro-emulsions and nanocapsules, this strategy has its potepgktation in a
number of nano-carriers. Ali et al. synthesized a series ditgpeel prodrugs with
2-bromoacyl chains ranging from 6, 8, 12, 14 to 16 carbons in |&Hgtfor
comparison, hydrophobic paclitaxel prodrugs in acyl chain lengths@rom 6 without
bromine at the 2-position were also synthesized. In-vitro, the cytdtoxlecreased
with the increase of acyl chain length. In general, the taxaoki®ig bromine were 50-
to 250-fold less active than their bromoacyl counterparts indgativat the
electron-withdrawing group facilitated the cleavage of activelitpael. The
2-bromoacyl taxanes were formulated into liposomes and evaluatbeifoanticancer
efficacy in an ovcar-3 ovarian mouse model. In-vivo results showegrbadrugs with
a longer chain were therapeutically more efficacious than thdkeavshorter chain,
which was opposite to the in-vitro cytotoxicity. The trend was prgbakplained by

slower release and hydrolysis in the systemic circulaticedig to higher
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accumulation in the tumor site for prodrugs with a longer chain.

Different than other lipid-based nano-carriers, liposomes aréleapidirectly
encapsulating both lipophilic and hydrophilic drugs. However, drug loading of
hydrophobic drugs in lipid bilayers of liposome is often limited.h#s been
demonstrated that paclitaxel and docetaxel are difficult tagsulate and retain in
liposomes. To overcome this issue, paclitaxel and docetaxel for lipbsietvery are
modified more water-soluble. Water-soluble paclitaxel prodrug wathasized by
attachment of a methacrylic acid based oligomer with molecular weight of 1657 Da
The optimized liposomal formulation encapsulated 3 mol% of pacliparerugs with
entrapment efficiency of 91%. In 180 hr, 45% prodrug release wassetisarsaline.
However, as a prodrug, it did not release paclitaxel efficidatly in-vitro and in-vivo.

In rat plasma, less than 1% of paclitaxel was liberatedh fthe prodrug in 24 hr.
Another  study developed a weak-base derivative of docetaxel,
2'-O-(N-methyl-piperazinyl butanoyl) docetax&f. The weak-base prodrug was
actively loaded into liposomes using pH gradient loading technigugsaehieved
stable drug encapsulation and retention. In-vitro cytotoxicity studiseveral cancer
cell lines showed similar activity as unmodified docetaxel, suggesfficient
converting of prodrug to active parent drug. The prodrug formulatdgpbosomes
extended the circulation half-life to about 10 hr with 50-100-times higlesma
exposure compared to Taxotere or docetaxel derivative formulatdt iaixotere

vehicle (Figure 1.7). The MTD of liposomal prodrug was 3-fold highan that of
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Taxotere. In a human breast cancer (MDA-MB-435/LCC6) xenograft Imade
equimolar dose (25 mg docetaxel/kg), the liposomes and Taxotere had similéy;activi
while at dose level of 88 mg docetaxel/kg, the drug-loading liposevas much more
efficacious.

It has been established that 2’-OH of both paclitaxel and datexmore
reactive than the 7-OH or other hydroxyl groups and the 2’-OHritgat for
microtubule binding and cytotoxic effecf.In contrast, 7-OH is not as essential for
the cytotoxicity of taxanes as 2’-OH but derivatives at 7-OHtosare very stable
under physiological conditiort§>!°® As a result, derivatives of taxanes are almost
always carried out at 2’-OH generating less toxic taxarmrpgs. Besides the
improvement of drug encapsulation in lipid nano-carriers, taxaneygsdrave other
advantages such as reduced systemic toxicity and potentiét-spscific release to
active drugs depending on the conjugation chemistry. If the conjagkticage is
cleaved by some enzymes specifically expressed or overexpressed isitampwill
lend the prodrug formulation extra targeting properties and furdrdranced
therapeutic index. The prodrug strategies benefit taxane delivergny aspects, but at
the same time complicates taxane delivery in terms of diegse profile. In addition
to the drug release from formulations, active drugs need to betkdefrom the
prodrugs as well. Problems can be caused by either prerclavage and release of
active drugs, or too slow cleavage and inefficient liberation of active .dfigsefore,

when designing taxanes prodrug, a suitable drug cleavage rate is critical.
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3. Active targeting of taxane lipid-based nanoparticle

Passive targeting of nanoparticle is based on the unique property of
nanoparticles as well as the unique physiology and microenvironrgaolicbtumors.
Nano-scaled particles preferentially accumulate in solid tutakinsg advantage of the
EPR effect. Different from passive targeting happening suéidevel, active targeting
is based on specific molecular recognition, binding and the folloemdgcytosis. The
active targeting property can be intrinsic due to the natureeohanoparticles. For
example, cholesterol-rich nanoparticles target LDL receptorsadtieir components
and structure resembling native LB{.Cationic liposomes prepared from DOTAP and
DOPE selectively target angiogenic tumor endothefiinthere are only a few
examples of “build-in” active targeting, but it represents respiring alternative of
conventional active targeting strategy. The most commonly usede aetigeting
strategy is to graft targeting ligands such as antibody, pemidall molecules, or
aptamer on the surface of nanoparticles. Because nanoparticlely eswgt high
payload of anticancer agents, fewer ligands are required tovadhigh active targeting
efficiency compared to other delivery systems such as drugdliganjugate. Choosing
a suitable target as well as targeting ligand is critical for theesgtul active targeting
therapeutics. Ideally, the expression of the receptor on the targeteelld be highly

specific with high expression level in majority of the target cells. Intygdlis almost
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impossible that the receptors only express in malignant cetjeeHtumor to normal
tissue expression ratio provides higher selectivity. The mamecular targets for
active targeting strategy include three types: angiogeassiated targeting (e.g.,
VEGFR), uncontrolled proliferation targeting (e.g., transferrnegeptors, folate
receptors) and tumor cell targeting (e.g., HER-2, asialoghgtein receptor)®’ The
targeting ligand should have high affinity with the target resrefat ensure sufficient
retention time as well as trigger cellular uptake via receptediated endocytosis
instead of remaining bound to the receptor. Furthermore, the tarigéind should be
amenable to the required chemistries to attach the ligame toaino-carrier. To avoid
spatial shield, targeting ligands are usually conjugated to $ted énd of PEG chains.
The incorporation method of PEG-ligand includes pre-insertion and podianse
methods. The pre-insertion method is to mix functionalized lipid-R&®G other
components and prepare nanopatrticles first, and then covalently graft targetis |
to the nanoparticle surface. The post-insertion method is to prepaoparticles first
followed by mixing with preformed lipid-PEG-ligand conjugate. Altgively, the
preformed lipid-PEG-ligand conjugate can be directly mixed witlerotcomponents
and prepare nanopatrticles.

During the development of active targeting nanoparticles, sefaetars must
be taken into consideration. From the targeting ligand point of view,ctjegation
chemistry and preparation conditions should not alter their bindingitgffiThe

functional group or structure essential for receptor recognition aithigi should not
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be abolished or shielded due to the coupling to PEG. For some antibodiggide pe
ligands, certain configuration must be retained to keep their bindimgtyafThus,
depending on their sensitivity to environment, preparation conditions sullytas
temperature or the involvement of organic solvent should be avoided oxitisedtra
caution. On the other hand, the incorporation of targeting ligand should ntvaebga
change the properties of nanoparticles in terms of particle dimg loading, drug
release profiles and in-vivo elimination rate. Moreover, the taigdigand should
stably associate with the nanoparticles until they reach thetitag site. However, in
some types of lipid-based nanoparticle such as liposomes, thedigida constant
exchange with the environment that they in contact such as celibrares.
Consequently, there is a potential risk of losing active targetgagds in biological
condition. Finally, defining optimal density of targeting ligaondthe nanoparticles is
another important task. High ligand density in a feasible ranme intrease target
binding, yet higher than optimal density may cause issues like rhighst, or
aggregation etc.

The folate receptor is one of the mostly used targets foveatdirgeting
therapeutics. The folate receptor is significantly upregdil@aemany cancer cells
including ovarian, lung, brain, head and neck, and breast cdfit&4Vhat makes the
folate receptor an interesting target is that normal cskésthe reduced-folate carrier
pathway that only transports reduced-folate but not folate congigbsamy type, while

folate-conjugated nanoparticles can only use folate receptor pathieh has high
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specificity in malignant cell$® Folic acid has a very high affinity for folate receptor
(Kd 1109). As small molecule, folic acid has many advantages over antilyzay
including small size, nonimmunogenicity, nontoxicity, ease to hamtleanjugate to
carriers, high stability in preparation, storage and circulation,@madst. Folic acid
has been conjugated to liposom&sSLNs*° nanocapsule¥? nano-emulsions® and
core/shell nanoparticle¥ for paclitaxel and docetaxel targeted delivery. Wu et al.
developed a folate receptor-targeted liposome and demonstratedetfptizke by KB
cells, which have high folate receptor expressiSithe targeted liposomes containing
paclitaxel showed 3.8-fold greater cytotoxicity compared to nayetad liposomes in
KB cells. The in-vivo half-life of targeted liposomes was compardbl that of
non-targeted liposomes and both were much longer than the half-lifexalf (Va to
8-fold). Studies by Bae et al. revealed significantly enhancédlareuptake and
cytotoxicity of a folate-conjugated nanocapsule in KB cellagisbnfocal microscopy
and flow cytometric analysi$® Enhanced cellular uptake and cytotoxicity were also
observed for a folate-conjugated core/shell nanoparticle containintageciem MCF7
cells’*® In a folate receptor overexpressing A549 cell line, paclitmeeled SLNs
modified with folic acid-stearic acid enhanced the cellular uptake cytotoxicity
2-fold and 8.8-fold compared to non-targeted SLNs, respectitfeBteven et al.
delivered folate-conjugated nano-emulsions containing a paclitgeglhilic prodrug

to mice bearing M109 tumors. Significantly greater tumor inhibitod animal

survival were observed for targeted nano-emulsion treatment grmmpaced to
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treatment with non-targeted nano-emulsions or T&Xol.

Asialoglycoprotein receptor (ASGP-R) is a promising receptor liver
targeting. Xu et al. designed SLNs using a galactose moietyget tASGP-R-* In
in-vivo efficacy studies, mice bearing hepatoma were treaitddl0 mg docetaxel/kg
once a week for three weeks with targeted SLNs, non-targétésl & Taxotere. The
targeted SLNs demonstrated the most dramatic efficacy watmplete tumor
regression in all six mice (Figure 1.8). The outstanding antit@fficacy of targeted
SLNs was attributed to both increased accumulation in tumor indichte
biodistribution study and more cellular uptake by hepatoma cellomsnated by
confocal images.

Overexpression of epidermal growth factor receptor (EGFR) hasdetected
in one third of all solid tumorsn many of which EGFR expression characterizes a
more advanced disease stafeDocetaxel nanoparticles modified with recombinant
human EGF showed improvement of cell internalization and higher cytiyoxi
against MDA-MB-468 celld” In BALB/c mice bearing MDA-MB-468 tumor
xenografts, targeted nanoparticles exhibited stronger inhibition of tugrawth
compared to non-targeted nanoparticles or Taxotere. At a dose of dOcetgxel/kg,
tumor disappeared completely in the targeted nanoparticle treagnemp. The
dramatic antitumor activity was also consistent with the 3n@gi higher AUC over
that of Taxotere and significantly higher tumor accumulation coscptarnon-targeted

nanoparticles.
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Vasoactive intestinal peptide (VIP) receptor is a relativaBw target
investigated for active pharmaceutical targeting. VIP recemoesfound in high
densities in human lung and breast cant@E?VIP has been grafted to sterically
stabilized micelle§>*"°The in-vitro internalization of VIP-grafted micelles in human
MCF-7 breast cancer cells and increased cytotoxicity in deagtant BC19/3 cells
have been established. So far, in-vivo pharmacokinetics and antitiioacyetlata are
still lacking, and a thorough understanding of VIP expression specificitumors
compared to normal tissues remains to be mapped out.

Nowadays, there are existing controversies about whether thertgrggands
influence nanoparticle tumor localization or uptake. There existicbaliservations in
the literature. Some studies being discussed previously in thisvresigvell as others
reported enhancement of tumor accumulation, whereas others belieligatha@tonly
increases tumor cellular uptake instead of tumor localization.l®’eblal. proposed
explanations for the conflict observations based on the detailedwred three
studies-’’ Their hypothesis is that the presence or absence of PEG makes a difference.
In the works of Barlette et &% and Kirpotin et al’®, they used PEGylated
nanoparticles with or without target ligands. PEGylation alreadiyieved great
improvement of nanoparticle circulation time which in turn increagesor
accumulation by the EPR effect so that further increase iartlonalization attributed
to active ligand is masked. Conversely, when PEG chains are absetii@reports of

Wu et al.**° the contrast becomes more apparent. However, the PEG theomyadoes
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apply to many other cases. Hussain et al. reported a 2-folor taccumulation of
EpCAM-targeted liposomes over non-targeted liposomes loaded withrudnain in
mice bearing SW2 tumor xenogratts.In this study, both targeted and non-targeted
liposomes are PEGylated. For some nano-delivery systems, ttyet ligand alters
nanoparticle surface property so that the clearance is reduees teported that the
transferrin on the surface of positively charged polymeric nanolesrshielded some
charges so that the elimination associated with the non-spediéicactions was
decreased and passive targeting was incré&éétdseems that the so-called “active
targeting” is not that the ligand on the nanoparticles actaedyches for its target in the
circulation and directs the localization of its cargo; insteadive targeting is
essentially an EPR effect with reinforced retention efthat to the ligand-target
binding. Whether targeting ligand truly enhances active targeting agmbg tumor
localization is a very complicated issue. In addition to PE@ylaand nanoparticle
surface properties, other factors such as target ligand type andtyrbgand-target
interaction and tumor type also play critical roles in thiges3o date there is no single
theory that can be generalized to all observation conflicts. Compreaeasearches
are definitely needed for a more complete understanding. Despaterttneversy about
target ligand’s essential function, enhanced therapeutic @&fficsith targeted
nanoparticles is commonly reported. The improvement of anticariieacy is
explained by 1) active targeting ligand mediates endocytosisitbtesases cellular

accumulation of anticancer agents, and 2) some active targetiigpcaes carry
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anticancer activity by their own such as anti-EGFR antibody. liflaad-mediated
endocytosis is particularly important for nucleotide (e.g., giRNligonucleotide)
delivery.

Inclusion of active targeting moieties in nano-formulations rendehsnced
specificity and selectivity for delivery of anticancer ageatsimors. However, a great
deal of effort still needs to be made to address many issaesasummunogenicity,

toxicity, cost, scale-up difficulties particularly for antibody-base/adargeting.

4. Advantages and disadvantages of lipid-based nanoparticles compdr to
other nano-delivery systems

Polymeric nanoparticles are another major class of nano-baseunsfmt taxane
delivery. Because polymeric materials are synthetic, theybeatlesigned to offer a
more versatile structure and more functionality for linking variagands to the
surface of the colloidal systems. To date in the literature, raotee targeting
researches use polymeric nanoparticles as compared to ligid-basoparticles. One
of the potential reasons is the higher stability of the targéijands on the polymeric
nanoparticles both in-vitro and in-vivo over lipid-based nanoparticles. Potyme
micelles compared to conventional lipid micelles, are more sthi#eto their lower
CMC. However, polymeric nanoparticles still lack a suitablecst-efficient scale-up
production method; while large scale production methods of lipid-based miaciepa

such as liposomes and SLNs are readily available. Lipid nanopardok generally
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less toxic than polymeric systems attributed to their natural proffé&ycomparative
study demonstrated that the highest toxicity was observed fdiaster degrading
polymers, low molecular weight PLA and PLGA, and the leastctefiects were
observed for SLN$* The toxicity may partly attribute to the acidic degradation
products by these polymefE.In addition, the preparation of polymeric nanoparticles
almost always involves organic solvent which causes more productiotoxnity
issues. Most of the dendrimer carriers covalently graft taxametheir surface
functional groups2#Very few of them physically solubilize taxan&SAs a special
type of polymer, dendrimers share the disadvantages of other palWwiogeover, the
covalent conjugation makes dendrimer carrier production even more categland
difficult to scale up.

Natural macromolecules account for another class of taxaneedeli
nano-carriers. The currently marketed paclitaxel formulatioraxdme employs the
most abundant plasma protein albumin as a delivery vehicle. Thesdefaits
advantages and disadvantages have been discussed in the prescioss.
Lipoproteins including native and synthetic LDL and HDL (high-dgnigpoprotein)
have been used for taxane delivER:** As endogenous carriers for lipids, lipoproteins
have high biocompatibility, relatively long circulation half-life and fiimeal capacity
to deliver hydrophobic drugs? LDL and HLD also have intrinsic targeting properties
to LDL or HDL receptors which are overexpressed in various metigcells and

tumors®*!% Enhanced targeting can also be obtained by conjugating targetin
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ligands!®> However, native paclitaxel-LDL complexes were proven to be biesta

the presence of human plasfitaMore importantly, the availability of lipoproteins is
limited because of the difficulty in isolating native LDL/HDbr isolating
apolipoproteins for the reconstitution of synthetic lipoproteins. As@atygoroduction
scale-up is challenging and cost is too high. The lipoprotein delsyestgm is still in
their early development phase. Important safety issues suchrasmogenicity have
not been systematically investigated. Alternatively, the LDmioking
nano-emulsions without the protein component or using peptides replacing timgbindi
function of apolipoprotein B-100 were develogé#:™® These lipid-based
nanoparticles can be viewed as an evolution of lipoprotein-based formulations.

In addition to these major types of nanopatrticles, there arerather classes of
nanoparticles designed and investigated for the delivery of taxamesllaOne of the
examples is inorganic nanoparticles including silica nanopagtigldd nanoparticles,
magnetic nanoparticles, and quantum dots, as well as dthdiise surface of these
nanopatrticles is usually physically or chemically modifieduoctionalized. Except for
porous silica nanoparticles which incorporate hydrophobic drug into ibeiiar pores,
most of the inorganic nanoparticles covalently conjugate taxaheitdunctionalized
surfacet®?°* Besides their small, uniform and tunable particle sizes, anothgar
advantage of these nanoparticles is their multi-functiondlttg gold nanoparticles,
magnetic nanoparticles, and quantum dots are capable of delivericgnaeti agents

with simultaneous optical imaging and localization of tumors. An obwdoaxsback of
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these inorganic nanoparticles is their relatively low biocompatitaés compared to
lipid-based nanoparticles. Researchers are working on the improverheheir

biocompatibility by approaches like modifying the nanoparticles avitpid coating®*?

5. Future perspective

Drug delivery is a highly interdisciplinary research field. Tddvances in material
science, molecular biology and tumor biology facilitate the developaientovative
nano-carriers with the potential to achieve the criteria fofideal” nano-delivery
system.

It has been proposed by clinical oncologists that to achievendeemal
anticancer effect, therapies that hit as many potential sanggiathways as possible are
desirable because cancer cells are a population of highly heterogenenudearede, a
delivery system capable of delivering combination of multiple antier agents, such
as cytotoxic drugs, drugs targeting specific biomarkers, radiothéregevaccines,
and even siRNA, is the future direction that researchers shouldelgfieep pursuing.
Diagnostic probes can also be incorporated either on the surfaog&rapped in the
nanoparticles to achieve multiple functions. Co-delivery of anticaagents and
highly sensitive diagnostic probe may enable an early detectidrugfresponse or
resistance and an early evaluation of benefit/risk ratio eéntitherapy which makes

prompt regimen adjustment and individualized medication possible.
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Identifying novel targets and ligands with more specificitliese on the
advances in molecular biology and would benefit active taxane taggilivery. For
example, the evolution of antibody-type ligand apparently brings lenefiactive
targeting. Early development of antibodies derived from animalsses high
immunogenicity. Later, chimeric antibodies, completely humanizedahéb, Fab’,
and single chain variable fragment were developed so that nottlmmlissue of
immunogenicity was substantially reduced, but also the size oflliyas significantly
smaller which favors nano-formulations as a whole. More recamtigy generation of
binding ligands such as monobodies, affibodies, heptameric binding doheaias
been developed for basic research while at the same timet atttreasing interests for
the application in active pharmaceutical delivery due to their Iiigthng affinity and
potentially low immunogenicity. Moreover, identifying more speailly expressed
target such as receptors, integrins and enzymes in pathologstaddiis also going to
facilitate the development of active targeted therapeutics with mordisipe

To date, parenteral infusion of taxanes is the only administragige used in
the clinic. The development of oral dosage form for taxanespieded by their toxicity
to rapidly proliferating intestinal epithelium. Although severaldgs have
demonstrated enhanced bioavailability of taxanes facilitated lipi-based
nano-formulations, a great deal of efforts is needed to minimizdrtigeassociated Gl
toxicity as well as carrier-associated toxicity befoia taxane administration becomes

feasible. Central nervous system (CNS) delivery has alwaysabgreat challenge due
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to the low permeability of BBB. The advances of delivering chiaerapy across BBB
for the treatment of brain tumor are still very limited and nasfwtelogy is holding the
promise for a breakthrough in this field.

Environmentally responsive drug delivery systems in response to riomes
pH, ionic strength, enzyme, or oxidative/reductive environment oféat grdvantages
in drug delivery. The unique physiology of solid tumors such as sligitijic pH,
hypoxia in most solid tumors, and overexpression of some enzyngessialidase,
matrix metalloproteinase) provide great opportunity for the desigmwfonmentally
responsive drug delivery systems to specifically releassm&sin tumor site. However,
these types of “smart” delivery systems mainly take adgentaf unique
physico-chemical properties of polymeric materials. Since nipidtbased delivery
systems such as nanocapsules and core/shell nanoparticlesbade dfiylipid and
polymeric carriers, the idea of environmentally responsive delie¢sy has the
potential to be integrated to lipid-based nano-delivery systaitesnatively, taxanes
themselves can be modified to prodrugs with environmentally responsive linkers.

Taxane, as one of the most potent cytotoxic anticancer agafitiénhas to be
delivered efficiently, specifically and safely. Nano-formulatians a rapid-developing
field. All current-reported nano-formulations have improved some aspétbxane
delivery to some extent. However, there are still noticeable gjaghsa great deal of

efforts has to be devoted to approach the “ideal” taxane delivery system.
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6. Research hypotheses

The research was guided by three hypotheses:

Hypothesis #1: Oil-filled NPs prepared from oil-in-water microemulsion presors
can be used to formulate DX efficiently.

Hypothesis #2: DX-lipid conjugate can be stably retained in oil-filled NPsviine

and in-vivo.

Hypothesis #3: Bromoacyl DX-lipid conjugate can improve the hydrolysis kirgetic

and the overall therapeutic index of DX.

64



Table 1.1. Similarities and differences between paclitaxel and doeael

Similarity

Difference

Structure
taxane skeleton

Pharmacological
mechanism
Inhibition of
microtubule
depolymerization

Structure
Paclitaxel, 10-acetyl group, 3'-benzamide
phenyl group
Docetaxel, 10-OH, 3-OC(Chk

Water solubility
Paclitaxel, 0.35-0.ag/mL
Docetaxel, 3-2ug/mL

Uptake and efflux
Docetaxel 3-fold higher uptake and 3-fold
slower efflux than paclitaxel

Microtubule binding affinity
Docetaxel 1.9-fold higher than paclitaxel

Anticancer potency
Docetaxel about twice as potent as
paclitaxel in-vitro and in-vivo

Pharmacokinetics
Paclitaxel, nonlinear
Docetaxel, linear up to 115 mg/m
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Table 1.2. Similarities and differences between nano-emulsions and
micro-emulsions
Similarity
Appearance Transparent or translucent
Size In the nano-scale range
Spherical nano-scaled droplets dispersed in a continuous
Structure
phase
Difference
Nano-emulsion Micro-emulsion
Stability Kinetically stable Thermodynamically stable
Energy is required Energy is not required
High-energy methods: Spontaneously formed in the
high-pressure homogenization; micro-emulsion forming
Preparation ultrasonication domain of ternary phase

low-energy methods:
PIT method,
“spontaneous” emulsification

diagram, mechanical stirring
or heating may accelerate the
equilibrium

Destabilization
mechanism

Oswald ripening

Dilution and temperature

Application

Parenteral drug delivery among

others

Oral and topical delivery, not
suitable for parenteral
delivery
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Table 1.3. Major advantages and disadvantages of each type of lipid-based

nanoparticles

Advantages

Disadvantages

Mature production engineering and
scale-up techniques, capable of

Drug leakage, low loading

Liposomes encapsulate both lipophilic and capacity to lipophilic drugs
hydrophilic molecules
Relatively low drug loading
Micelles Easy production capacity, potential

dissociation upon dilution

Nano-emulsions

High drug loading capacity, versatileRelatively low stability and

chemistry

drug retention

Solid lipid
nanoparticles

Ease of preparation and scale-up w
low cost, good physical stability,
controlled drug release, versatile
chemistry

th
Potential of drug expulsion
and burst release

Nanocapsules

High drug loading capacity, good
drug retention, high stability

Low entrapment efficiency
of polymer-shelled
nanocapsules

Core/shell
nanoparticles

High drug loading capacity, high
stability, controlled drug release,
temporal co-delivery of a secondar
drug

Involvement of organic
solvent during preparation,

ypotential toxicity associated

with polymers
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Table 1.4. Advantages and disadvantages of lipid-based nanoparticlesmpared
to other nano-based delivery systems

Advantages

Disadvantages

Lipid-based
nanoparticles

High biocompatibility

Low CMC of lipid micelles

Polymeric nanopatrticles

More versatile chemistry
and more functionality,
More stable active ligand
incorporation

Higher toxicity, organic
solvent involvement during
preparation, scale-up
difficulty

Natural macromolecules

High biocompatibility,
functional capacity to
deliver hydrophobic drugs
intrinsic targeting property

Production difficulty, high
cost

Inorganic nanopatrticles

Simultaneous optical
imaging

Low biocompatibility
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Figure 1.1. Structures of (A) paclitaxel and (B) docetaxel
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Flasma radioactivity (%5)

Time (h)

Figure 1.5. Plasma decay curve of’fi]-paclitaxel-oleate in LDL-resembling
nano-emulsion (three patients, filled diamond, triangle and square) and
[*H]-paclitaxel in CrEL (two patients, multi symbol, asterisk) following i.v. bolus
injection. Reprinted from Ref [112] with permission.
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Figure 1.6. In-vitro temporal release of paclitaxel (PTX) and coforetastatin A4
(CA4) from core/shell nanocapsulesReprinted from Ref [156] with permission.
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Figure 1.7. Plasma concentration-time curves for Taxotere (triagle), docetaxel

derivative formulated in Taxotere vehicle (square), and docetaxetlerivative

formulated in DSPC/Chol liposome(diamond). Reprinted from Ref [163] with
permission.
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Figure 1.8. Antitumor efficacy of targeted SLN (tSLN), non-tageted SLN
(nSLN), Taxotere or saline on nude mice bearing hepatomeatter a schedule of
multiple doses (10 mg docetaxel/kg once a week for three wegkData are
presented as mean + SD (n=5-6). Reprinted from Ref [171] with perssion.
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Chapter 2.

Development of BTM nanoparticles to deliver docetaxel

1. Summary

To develop a lipid-based nanoparticle (NP) formulation for effictcetaxel
(DX) delivery, liquid Miglyols (the lipid) were screened for theolvation ability for
DX. Miglyol 808 was identified as the Miglyol with the higheshstion ability for DX
that was capable of forming NPs. To facilitate the optimizatibnovel BTM NPs
using Miglyol 808 as the oil phase, sequential simplex optimization was utilited. A
16 trials, the optimal NP composition was identified as Miglyol 808 (2.8 mg/Brij)
78 (3.7 mg/mL) and Vitamin E TPGS (1.2 mg/mL). The final optimiz€YIEBO8 NPs
successfully entrapped DX (0.3 mg/mL) with 85% entrapment gffigias determined
by ultrafiltration. The cytotoxicity studies showed that DX NRmificantly reduced
ICs0 values in PX-resistant cells over free DX, while in sevesitells the 1G values of
free DX and DX NPs were comparable. A novel “ex-vivo” releassthod was
developed to study the DX release from NPs in mouse plasma. ©#spitesirable
formulation properties, DX was found to be quickly released in mouse @laswitro.

To understand the rapid drug release in mouse plasma, the entreffroiemtcy of DX
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in NPs was re-characterized by size exclusion chromatogréBC). The new
entrapment efficiency results demonstrated that DX was naalfctreleased” from
the NPs upon spiking into mouse plasma, but was not truly entrapped inti*she

during preparation.

2. Introduction

DX is a potent anticancer drug used to treat various cancerglimgl metastatic
androgen-independent prostate cancer, breast cancer, and advancedlhogldung
cancer-® DX inhibits cell growth by binding to microtubules, stabilizing themnd
preventing their depolymerizatidnCurrently, Taxotef® is the only commercial
formulation of DX on the market. The formulation contains a solvenesysif
polysorbate 80 and ethanol. Adverse effects related to these ekxip@ve been
reported such as hypersensitivity and fluid retertid@reat effort has been made to
develop safer formulations to effectively deliver DX, including efies, liposomes,
nanoemulsions, solid lipid NPs, nanocapsules and polymeric'®™PSiven the
hydrophobic property of DX, lipid-based NPs, especially liquid oildilNPs, serve as
a viable alternative delivery system. Lipid-based NPs hheeatlvantages of low
toxicity, the capability of drug control release, and the potetdigpenetrate leaky
vasculature of tumors.

In early 1990s, solid lipid NPs started to attract extensientain as a novel

nanoparticulate delivery system. However, during the cooling procsstidbfipid NP
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preparation, the melting lipids solidify and crystallize. The ease in structural
perfection during the process leads to the formation of a drug enstiedid which
limits the drug loading capacity, and leads to the burst drug release and drugaxpuls
during storagé® In the light of this concept, novel liquid oil-filled BTM NPs were
developed in our laboratory. The BTM NPs were composedijof® Vitamin E_TPGS,
and Mglyol 812" Miglyol® is the trade mark of a family of medium-chain
triglycerides that differ in fatty acid content and extent onRfie R2, and R3 of the
glycerol backbone extracted from coconut and palm kernel. They ah& GRed by
the FDA and several have been shown to be safe after parenterakadion at levels
of 0.5 g/kg, and the LE in mice by i.v. injection has been reported to be 3.7 H/kg.
Thus, the relatively non-toxic Miglyol could serve as a good oil pttaaecommodate
DX due to the high partition co-efficiency of DX in medium chaiglycerides®
During the initial development of paclitaxel (PX) NPs, Migl§aP was selected as the
oil phase arbitrarily since there about nine other Miglyols avigilan the market that
were not fully screened. The oil phase with the highest drugtsmh ability represents
better compatibility and affinity of the drug with the inner Idjoil core of the delivery
vehicles thereby leading to higher drug loading capacity anddeatgntion of drugs
in the NPs.

The objective of these present studies was to develop a new gemef&TM
NPs using the Miglyol with the highest solvation ability for DXhwthe goal to achieve

high drug loading, high entrapment efficiency and slow drug release.
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3. Materials and Methods

3.1. Materials and cell culture

DX and PX were purchased from Sigma-Aldrich (St. Louis, MO). Wigb12, 808,
810, 812, 8108, 818, 829, 840, and 8810 were obtained from Sasol (Witten, Germany).
Polyoxyl 20-stearyl ether (Brij 78) was obtained from UniggWémington, DE).
D-alpha-tocopheryl polyethylene glycol succinate (Vitamin ES® was purchased
from Eastman Chemicals (Kingsport, TN). BALB/c mouse plasaspurchased from
Innovative Research Inc. (Novi, MI). Sepharose CL-4B was purchased Gi&m
Healthcare (Uppsala, Sweden). Oasis HLB SPE cartridgeowabased from Waters
(Milford, MA).

The human prostate cancer cell lines, DU-145 and PC-3, were obteoned f
American Type Culture Collection (ATCC) and were maintainedRPMI-1640
medium with 10% fetal bovine serum (FBS). The corresponding PXtaascell lines,
DU-145-R and PC-3-R, were generously provided by Dr. Evan T. Kels&tgatory
(Unit for Laboratory Animal Medicine and Department of Patholagdyyiversity of
Michigan). They were maintained in RPMI-1640 medium with 10% FB®%arM DX

upon arrival.
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3.2. Methods

3.2.1. Liquid lipid screening for DX NP development

3.2.1.1 Semi-quantitative estimation of DX solubility in Miglyols

Five (5) mg of each type of Miglyol (612, 808, 810, 812, 8108, 818, 829, 840, and 8810)
was weighed accurately into 1 mL glass vials. Various amouriisXdp.25-2.5 mg)
dissolved in ethanol were added to the vials containing Miglyols. Tleewee heated

to 65°C on a hotplate. During mixing at 65°C, ethanol was evaporated witfogen
stream. The mixture was allowed to cool down to room temperathesdiEsolution

and dispersion of DX in each Miglyol were visually assessed.

3.2.1.2 Preparation of blank BTM NPs

Blank NPs were prepared using a warm oil-in-water (o/wya@eitulsion precursor
method previously developed in our laborat8ryefly, 2.5 mg of the chosen Miglyol,

3.5 mg Brij 78 and 1.5 mg Vitamin E TPGS were accurately wdigtte glass vials

and heated to 65°C. One (1) mL of pre-heated 10% lactose in water was added into the
mixture of oil and melted surfactants. The mixture was stioe@0 min at 65°C then
cooled to room temperature. The resultant NPs were monitored forafip@arance

and particle size right after preparation and after 24 hr storage at 4°C.
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3.2.1.3 Quantification of DX solubility in Miglyol 808 and 812

Approximately 5 mg of DX was added to individual vials containing50f Miglyol
808 or Miglyol 812. The mixtures were stirred at room temperatur@4 hr. The
samples were then centrifuged for 1 hr at 14,000 rpm to remove unddsdalge After
centrifugation, the saturated supernatant was diluted with acgeorfACN) and
analyzed by HPLC.

The DX concentrations were quantified by HPLC using a FinniganeSarv
HPLC system with a Photodiode Array (PDA) plus detector, aotpter and LC pump
plus with a Inertsft ODS-3 column (4um, 4.6x150 mm, GL Sciences) at 25°C.
Chromatographic separation was achieved by gradient elutionaisiadile phase of
2-propanol, ACN and water (5: 50: 45 v/v/v). The flow rate was 1.0 mL/mintlae

total run time was 25 min for each gb injection. The wavelength was 230 nm.

3.2.2. Optimization of DX BTM NPs by sequential simplex

Miglyol 808 was selected as oil phase, and Brij 78 and VitaniRP&S were used as
the surfactants to prepare the BTM 808 NPs. Sequential simplexizgiton was
performed to prepare BTM 808 NPs with desirable properties usingSihojiiex
Software (CambridgeSoft Corporation, Cambridge, MA). The threealordriables
were Miglyol concentration, Brij 78 concentration and TPGS conceortrafine four

response variables were particle size, polydispersity index (Blue, peak number
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and % dust. The target response was set as: particle size 1B80.rvalue 0.15, peak
number 1, and % dust 0. The starting simplex was based on our previouslizeqbti
BTM 812 NP composition (2.5 mg/mL Miglyol 812, 3.5 mg/mL Brij 78 and 1¢dmb
Vitamin E TPGS). The sequential simplex optimization was paedrfollowing the

variable-size simplex ruleg.

3.2.3. Characterization of DX BTM NPs

3.2.3.1. Particle size and zeta potential measurements

Particle size and size distribution of NPs were determined winy5 Submicron
Particle Size Analyzer (Beckman). Five (B) of NPs was diluted with 1 mL of water
to reach the intensity required by the instrument. Partizke 8as determined at 90°
light scattering at 25°C. The zeta potential of NPs was datedwsing the Zetasizer

Nano Z (Malvern Instruments, Southborough, MA).

3.2.3.2. Drug entrapment efficiency

Drug entrapment efficiency was determined by separatireg D¢ from DX-loaded
NPs using a Microcon Y-100 column. Briefly, 100 of DX BTM NPs was applied to
the Microcon Y-100 column and centrifuged at 14,000 rpm for 20 min. DX
concentrations in filtrate and retained above filter were soveal by HPLC

respectively. The % drug entrapment efficiency was defined as 100% x thefriue
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drug retained above filter to the total drug added.

3.2.3.3. Morphology

The morphology of BTM NPs was examined using a Zeiss EM 908sifrigsion
Electron Microscope (TEM). Briefly, a drop of diluted NP suspension wasctate
standard copper microscopy grids, examined and photographed with TEM at a

accelerating voltage of 60 kV (Carl Zeiss, Thornwood, NY, USA).

3.2.3.4. Physical stability of NPs
The DX BTM NP suspension was stored at 4°C. At designatedtimes, the particle
size was measured after the NP suspension being allowed tdoedeilto room

temperature.

3.2.4. In-vitro cytotoxicity of drug BTM NPs

3.2.4.1. In-vitro cytotoxicity in sensitive and resistant cells

The MTT assay was utilized to assess the cytotoxicifyeef DX and DX NPs. Serial
dilutions of free DX or DX-containing NPs were added to the rigstells and
incubated for 48 hr. The cells were then incubated with the MTT solution tiora#d

the formazan dyes were solubilized by DMSO. The absorbanceneasured using
the Synergy 2 Multi-Detection Microplate Reader at 570 nm, andotiheeatration of

drug that inhibited cell survival by 50% @ was determined from cell survival plots.
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3.2.4.2. Expression of P-gp in sensitive and resistant cells

Cells (DU-145, PC-3, DU-145-R and PC-3-R) cultured in T75 flask washed twice
with ice-cold PBS and lysed in RIPA lysis buffer. Total protein content of smyds
guantified by BCA assay with BSA as the reference standardadiples were diluted
in sample buffer to the same protein concentration and subject&®$ePAGE,
electrophoretically separated. Proteins were transferred taaaliulose membrane in
the presence of a transfer buffer. The membrane was blocked witmiB&4n
Tris-buffered saline with Tween 20 (TBS-T) for 1 hr at room tenapee. The target
protein (P-gp or beta-actin) was detected with a primary antibodya horseradish
peroxidase conjugated secondary antibody at the desired dilutiomérhbrane was
exposed to chemiluminescence reagents. The Chemi-Doc ImaginghSyaseused to

visualize the target protein.

3.2.5. In-vitro release in mouse plasma

3.2.5.1. Development of in-vitro release method in mouse plasma

To study the separation of NPs with plasma proteins u2Gff blank BTM NPs were
mixed with 300uL of BALB/c mouse plasma and applied to a Sepharose CL-4B
column (15 cm, gravity-packed) and eluted using PBS pH 7.4. The dymgittic
scattering intensity in each fraction (1 mL/fraction) wasedreined using an N5

Submicron Particle Size Analyzer. The protein concentration ih &action was
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quantified by BCA assay with BSA as the reference standard.

To study the extraction recovery of DX from plasma proteinsdiiy phase
extraction (SPE) method, 1@, 50 uL and 100uL of 50 ug/mL DX stock solution in
methanol was aliquoted to individual tubes. Methanol was dried inagertrstream
and 0.5 mL of BALB/c mouse plasma was added to each tube to digseleiy. The
DX was extracted from plasma proteins by SPE method. Brigfli SPE cartridge
was first activated and equilibrated by 20% methanol in DCM, 100%amek and
water successively. The DX-dissolved plasma samples were applied to the
cartridge. The cartridge was rinsed with 5% methanol in watdr55% methanol in
water. Finally, DX was eluted by 20% methanol in DCM. The sasnpkere dried in
nitrogen stream and reconstituted in mobile phase followed by LBAE &nalysis. To
study the recovery of SEC plus SPE, the same DX-dissolved gplaamples were
firstly applied to a Sepharose CL-4B column and eluted using PB&id#rs 1-20 were
collected and subjected to SPE extraction as described above. mpkesavere
analyzed by LC/MS/MS.

The DX concentration was quantified by LC/MS/MS using a Finnigameyor
Autosampler Plus and Finnigan Surveyor MS Pump Plus. Chromatographrasons
were achieved by gradient separation using a SunFire™ C18 column3@1hm, 3.5
um particle size, Waters) at 25°C. The mobile phase consis@ti%fformic acid in
water and methanol. The flow rate was 0.5 mL/min and the totalmenvtas 8 min for

each 25uL injection. Mass spectrometric analysis was performed ugifignermo
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Scientific TSQ Quantum Access with positive ionization. The @piltemperature
was set up to 390°C, and the spray voltage was 4000V. For DX anaifzs&30.0—
549.0 was monitored with PX (m/z 876-3 308.0) as an internal standard. The
recovery was calculated as 100% x the ratio of total DX htelgtected after SPE or

SEC+SPE to the DX weight spiked in the plasma.

3.2.5.2. In-vitro release in mouse plasma

Before a release study, 0.5 mL of DX NPs were purified uairigicrocon Y-100
column and resuspended in 0.5 mL 10% lactose. The concentration of D€ in
resuspended NPs was measured by HPLC. Abouk 89 purified DX NPs was mixed
with 870uL of BALB/c mouse plasma and the release mixture was inctilzitg7°C
under constant shaking. At pre-determined time pointsulQff the release mixture
was removed and immediately applied to a Sepharose CL-4B column and eluted using
PBS. Fractions 9 to 22 of the eluent (1 mL/fraction) wereectdd. DX was extracted
from the plasma proteins by SPE method as described above. The @tiaent DX
reconstituted in mobile phase was determined by LC/MS/MS 941X released at
any time point was calculated as 100% x (Drug weight detecfeaiction 9-22 / Total

drug weight).
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3.2.6. Re-characterization of DX BTM NPs

3.2.6.1. Entrapment efficiency determined by SEC

DX NPs were separated with the free drugs using a Sash&L-4B column. NPs
were eluted using PBS in fraction 5-8 (1 mL/fraction). Eachiraavas evaporated to
dryness in vacuo, resuspended in 1 mL ACN and analyzed by HPL@tondee the
concentration of DX in each fraction. The % drug entrapment eftigizvas defined as
100% x (Weight of drug detected in fraction 5-8 / Total drug weigtdctied in all
fractions collected). Free DX solution in water was also apphi¢ite SEC column as a

control.

3.2.6.2. Particle size analysis of fractions from SEC
Five hundred (500)L of blank BTM NPs were applied to a Sepharose CL-4B column
and eluted using PBS. The particle size in each fraction (1 actiin) was determined

using an N5 Submicron Particle Size Analyzer (Beckman).

3.2.7. Statistical analysis

Statistical comparisons were performed using one-way analyssiahces (ANOVA)
(°1992-2007 GraphPad Prism Software, Inc.). Results were consideredtaigrft

95% confidence interval (p < 0.05).
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4. Results

4.1. Oill lipid screening for DX nanoparticle

The concentrations in vials with visible white specks were definedluble” and the
concentrations in vials with clear and transparent appearanceefgred as “soluble”.
Based on the maximal soluble concentrations of DX in each Migh@Miglyols were
divided into 3 groups: high (> 0.2 mg/mg oil), medium (0.05-0.1 mg/mg oil) an¢dow
0.05 mg/mg oil) solubility of DX as shown in Table 2.1. They weredigt the order of
solubility from the highest to the lowest. In the same table hbmical composition(s)
of each Miglyol was also listed.

Based on the semi-quantification results, the Miglyols in thegoay of “high
solubility” were used to prepare NPs based on the previously develdpé@B NP
composition (Miglyol 812, Brij 78 and Vitamin E TPGS). However, #ifforts to
develop NPs using all three Miglyols with high solubility did nohiave desirable
results. Miglyol 829 formed turbid suspensions with particle size2d@nm and high %
dust. Miglyol 840 and 612 formed acceptable NPs right after prépardaat phase
separation was observed for both after the storage at 4°C overnigas $peculated
that the difficulty of formulating NPs using these Miglyols ymiae due to their
unfavorable properties, such as high viscosity (Miglyol 829) or vityatiglyol 612,
840). Fortunately, Miglyol 808, the Miglyol with solubility right after the highbsté
Miglyols was capable of formulating NPs with desirable pattte using Brij 78 and

Vitamin E TPGS as surfactant and co-surfactant.
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To confirm the semi-quantification results of DX solubility, #wdubility of DX
in Miglyol 808 and 812 was quantitatively determined. The quantitatiwdt sdsowed
that the solubility of DX in Miglyol 808 (52.07 + 0.84 mg/mL) was sfgraintly higher
compared to that in Miglyol 812 (36.11 £ 0.10 mg/mL, p < 0.01). Assalt, Miglyol

808 was chosen as the oil phase for further formulation development.

4.2. Sequential simplex optimization of DX BTM NPs

Sequential simplex optimization was performed as summarizetale 2.2. A
comparison of each trial was based on the membership value vepigdsented the
proximity of current trial to the optimum considering the fourpoese variables
(particle size, P.I. value, peak number and % dust) of the trialhigher membership
means that the responses were closer to the optimum. After K5 foiar leading
formulations were selected. In comparison, NPs of trial 6 and & ss stable than
NPs of trial 13 and 15 after storage at 4°C for a week. As a reglli,5 (Miglyol 808
2.8 mg/mL, Brij 78 3.7 mg/mL and Vitamin E TPGS 1.2 mg/mL) waalfynchosen as

the optimal formulation to be further studied.

4.3. Characterization of DX BTM NPs

The resultant blank BTM 808 NPs had a mean patrticle size of 190ithnow P.1.

value and a zeta potential of -5.78 mV (Table 2.3). Surprisingly, laiéeling 0.3
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mg/mL of DX, the particle size decreased to around 160 nm. Tageiraf the NPs
observed by TEM showed consistent particle size with that detedrby photon
correlation spectroscopy (PCS) (Figure 2.1B). The entrapmianere€y of DX in the
NPs determined by ultrafiltration was 85.3%. The physical #haloif DX NP was
evaluated by monitoring changes of particle sizes at 4°C uportdamgstorage. The
particle size of DX BTM NPs did not significantly change4&C for three months

(Figure 2.2).

4.4. In-vitro cytotoxicity

The cytotoxicity of DX NPs was tested in DU-145 and PC-3scadl well as their
corresponding PX-resistant lines (Figure 2.3). DX NPs showed digsmdent
cytotoxicity against all cells tested. In sensitive celé$, the 16, values of free DX

and DX BTM NP were comparable. While in resistant cell litles )G values of free

DX in DU-145-R and PC-3-R were 200-fold and 60-fold higher than those in sensitive
lines respectively, showing that the PX-resistant cells aisie cross-resistant to DX.

In resistant cell lines, the ¥gvalue of DX NPs was about 3-fold lower compared to
free DX. Blank NPs did not cause significant cytotoxicity in @ll lines in the
equivalent concentration. Western blotting results showed that P+ggigtant cells

was overexpressed but not in the sensitive cells (Figure 2.4). MordébeeP-gp

expression level in DU-145-R was higher than in PC-3-R cells.
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4.5. In-vitro release

A novel “ex-vivo” release method was developed to study thagelef DX from the
NPs in 100% mouse plasma. In the “ex-vivo” release method, NPspikea directly
into 100% mouse plasma. Drug-containing NPs were separated fréenground
DX and free DX by a Sepharose CL-4B column. The 15 cm, grpaitked Sepharose
CL-4B column was able to achieve baseline separation of theviliPglasma proteins
and free drugs, validated by dynamic light scattering inigr8CA assay and HPLC
analysis (Figure 2.5 and Figure 2.7B). The SPE method and SE(RiushSwed 90 —
110% recovery (Table 2.4).

For the release studies, the DX-containing NPs were firstiguairiby a
Microcon Y-100 column. Unfortunately, upon spiking into the mouse plasma, BX wa

almost immediately released from the NPs (Figure 2.6).

4.6. Re-characterization of DX BTM NPs

The entrapment efficiency of DX BTM NP was characterizgadraby another method,
SEC. As indicated by dynamic light scattering intensitgyFe 2.5), NPs were eluted
from Sepharose CL-4B column in fraction 5-8. However, DX was not teeten
fraction 5-8 (Figure 2.7A). As shown in control, free DX was ntyaeluted after
fraction 13 (Figure 2.7B). For DX BTM NPs, about 70% of the drag wiuted in

fraction 13-20, and another 30% in fraction 9-12, indicating that DX neadruly
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entrapped in the NPs.
Particle sizing of each fraction from SEC showed that fradi@contained
particles with size 100-180 nm while fraction 9-12 was another papulet smaller

particles with particle size around 50 nm (Figure 2.8).

5. Discussion

A novel liquid oil-filled NP BTM was previously developed in our ladtory, which
was composed of Miglyol 812, Brij 78 and Vitamin E TPB®uring the initial
development, Miglyol 812 was selected arbitrarily from a famililiglyols available.
For more rational formulation development, the oil phase was firsesed in the
Miglyol family in terms of their solvation ability for DXIo make a quick estimation, a
semi-quantification method was first utilized. The higher solubdftgome oils (e.qg.,
Miglyol 829 and 840) may be attributed to their structural uniquenessr Om these
oils, the data showed a general trend that DX favored triglysewitl shorter alkyl
chain (C6 > C8 > C10) within the range of the medium-chaihytaggides tested,
probably due to the structural miscibility. Unfortunately, the thikéiglyols with
highest solubility of DX failed to form homogeneous and stable KiBsould be noted
that the results were merely based on limited combinations oacsamts and
concentrations. The potential of these Miglyols to formulate NBsweath further and
more thorough investigations. For the present studies, Miglyol 808 heseit for

further development. In addition, the result of quantification was densiwith the
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semi-quantification observation, suggesting that the semi-quantificatbservation as
a preliminary estimation method is reliable and has the potemti& applied to future
formulation development. To facilitate the NP formulation optimizgtisequential
simplex was used. Sequential simplex optimization is a powetfdranental design
method. In this method, a simplex is a triangle in a hyperphatiethree trials as its
three vertices. The trial with the response furthest from optinsureflected in the
hyperplane to form a new simplex. New simplices are contindatiyed until the
optimum is reached. Sequential simplex optimization is a siep-strategy that helps
to achieve optimal results with minimal number of experimenigkt Also, it takes
inter-factorial interactions into consideration. Based on parsicke, P.l. value, peak
number and % dust, the optimal NP composition was identified as ®lig08 (2.8
mg/mL), Brij 78 (3.7 mg/mL) and Vitamin E TPGS (1.2 mg/mL). Timalf optimized
BTM 808 NPs successfully entrapped DX (0.3 mg/mL) with 85% pntest
efficiency as determined by ultrafiltration.

The results of cytotoxicity studies indicated that DX NPs §gantly reduced
ICs5o values in PX-resistant cells over free DX. The mechanisni®Xefesistance in
DU-145-R and PC-3-R cells have been extensively investigatedebgrdup who
established therf. They demonstrated that P-gp overexpression was the major
mechanism of PX-resistance in these cells. Our western blatisgts of P-gp
expression in these cells were in agreement with their findBigee DX is a P-gp

substrate, it is not surprising that the P-gp overexpressingneaiscross-resistant to

111



DX. It has been reported that the BTM 812 NPs were able to overcome P-gp-mediated
multidrug resistance by inhibiting P-gp and depleting ATlPhas been demonstrated
that Brij 78, and not TPGS decreased ATP levels in resistdist Because P-gp efflux
is an energy-dependent process, ATP depletion led to decreasedfldeuthus higher
intracellular drug accumulation. In addition, the increased uptdkeéNRs by
endocytosis could partially bypass P-gp. Current studies have ngetbon the
mechanism(s) of DX NPs overcoming multidrug resistance, howeker,to the
similarity between BTM 812 and BTM 808 NPs including Brij 78 asmmponent with
comparable concentration and high drug loading, the mechanisBiEM{812 NPs
overcoming P-gp are likely to be logically extended to BTM 808 NPs as well.
Previously, the release of PX from BTM 812 NPs was studied $1#&h 0.1%
Tween 80 by dialysi§’ The cumulative release of PX was only 50% after 72 hr.
However, in in-vivo pharmacokinetic study, PX BTM 812 NPs showedsupesable
pharmacokinetic profile with Taxol (data not shown). The superimposable
pharmacokinetic profile suggests that PX was very quickly reteitem NPs in-vivo
so that it failed to take advantage of the long-circulating vehithe in-vitro drug
release of nano-formulation is usually studied in aqueous buifey aslialysis method.
However, the correlation between the in-vitro release and in-vivar@takinetic
profile is often poor due to the more complex in-vivo environment, suitle ggesence
of large amounts of proteins and enzymes in the plasma. The poor teamrelathis

case and many others certainly demands a more predictiveanalgase method. In
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the present studies, we developed a novel “ex-vivo” release methettdomimic the
in-vivo environment. By using this “ex-vivo” release method, it was fabatiIDX was
very quickly released from the NPs. Although in-vivo pharmacokineiitysivas not
performed for DX BTM 808 NPs, based on the “ex-vivo” release sestilis fair to
predict that DX BTM 808 NPs would have a very similar pharmacakipetfile as
with Taxotere.

Previously, in our laboratory, drug entrapment in NPs was routinelynuiatd
by ultrafiltration. The entrapment efficiency of DX in BTMPs measured by this
ultrafiltration method was 85.3 + 1.4%. However, different methods @ajysis)
have been employed to determine the drug entrapment efficiensplid NPs,
liposomes and other nano-formulations. As the result of different $igpanaethods,
the entrapment efficiencies in these systems varied widélgr the purpose of
comparison and to understand the rapid drug release in mouse plasemapment
efficiency of DX in NPs was characterized again by sepaydtee DX from DX NPs
using Sepharose CL-4B column. Surprisingly, no DX was detected frabtions. It is
speculated that the DX eluted from latter fractions included Dr¥edissolved in
agqueous phase, DX loosely associated with surfactants and DX edtrappe&elles
formed by excessive surfactants. Although the particle siBXeafontaining BTM 808
NPs was regarded homogeneous based on the PCS result, thghiessflected
micelles are often underestimated or neglected in this methmaeR2.8 supports the

hypothesis that another population of particles with smaller sited in the NP
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suspension. However, the ultrafiltration method could not differentiatdrtigein the
latter two forms with the drugs truly entrapped in the NPs. Thisajparent that the
inability to discriminate these different forms led to an overedton of the
entrapment efficiency in the BTM NPs. The structure and theteoomposition of
these smaller particles remain unknown. However, regardle8siofstructure and
composition, drugs in these systems in the latter fractions peetexi to be eliminated
from systemic circulation more quickly than desired in-vivo. AltHoD is generally
considered a water-insoluble drug, it has measurable solubilagueous solutions,
which causes low drug entrapment and poor drug retention in the N@sMigjlyol
808 as oil core. Collectively, it is clear that DX was not¢agsed” from the NPs upon
spiking into mouse plasma, but was not truly entrapped in the NiRs ifirst place.
Strategies have to be taken not only to entrap the drug into theul&so to retain the

drug in the NPs in the biologically relevant environment.
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Table 2.1.

Physico-chemical properties of Miglyols

Solubility | Viscosity Abt|(I)|ty
Miglyol | Chemical composition of mPa.s at| Volatility
DX 20°C form
NP
612 Glyceryl trihexanoate 15 + Bad
829 Capryllcl:/caprllc/succml( g 300 ] Bad
triglyceride >0.2
mg/mg oil
840 .Propylene glycol g/mg 10 N Bad
dicaprylate/dicaprate
808 Caprylic triglyceride 23 - Good
Caprylic/capric
8108 triglyceride Medium 25 N/A N/A
Butylene glycol 0.05-0.1
8810 dicaprylate/dicaprate | mg/mg oil 1 N/A N/A
810 Caprylicicapric 26 NA | NA
triglyceride
318 Capryl|.c/capr|.c/I|noIe|c Low 33 N/A N/A
triglyceride
Caprylic/capric <0.05
812 prylicieap mg/mgoil| 28 i Good
triglyceride
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Table 2.2. Optimization of BTM 808 NPs by Sequential Simplex

Trial Miglyol | - B TPGS Par.tlcle Peak % Current
808 78 Size P.I. .
No mg/mi number | Dust | Membership
mg/ml | mg/ml nm
1 2.5 3.5 1.5 191.1] 0.380 1 2.5 0.59
2 2 3 2 1479| 0.81p 2 1.3 0
3 3 3 1 183.2| 0.198 2 1.2 0.37
4 3 4 2 206.5| 0.310 1 0 0.57
5 3.7 4 1 186.5| 0.192 2 2 0.35
6 3.3 3.8 1.3 1828/ 0.336 1 4 0.62
7 2.9 4.5 2.2 112.3| 1.04 2 3. 0
8 3 3.4 1.3 1875 0.279 1 4 0.62
9 2.9 3.1 0.7 192.9] 0.170 2 1.9 0.34
10 3 3.8 1.7 203.2| 0.262 2 2.5 0.28
11 2.6 3.8 1.4 196.3] 0.322 1 8 0.44
12 2.9 3.5 1 199.7| 0.202 1 2.7 0.61
13 2.8 3.8 1.2 185.6/ 0.282 1 4.4 0.62
14 3.2 3.8 1.5 198.8| 0.263 1 2.9 0.59
6RE1| 3.3 3.8 1.3 178.9| 0.234 2 0 0.38
15* 2.8 3.7 1.2 184.1 | 0.359 1 3.7 0.61
16 3 3.5 1.2 190.6| 0.313 2 0 0.33

* Bold font indicates leading formulations
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Table 2.3. Characterization of DX BTM 808 NPs

. Zeta % Drug
) Particle . Drug
Formulation size (nm) P.1. potential loadin entrapment
(mV) g efficiency
0.19 + 0.3
DXBTM 808 | 167.8+1.7| "~ " -3.08+0.68 | mgm|
' wiw 853+ 1.4
+ .
Blank BTM | 1917+3.9| %19%| 578+ 1.36| drugloi
808 0.1 10.7%

* The data are presented as the mean of the particle shieésoin different batches +

SD (n =5).
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Table 2.4. Recovery of DX from plasma from SPE or SEC plus SPE

DX concentration in Low Medium High
plasma g/ml) 1 5 10
Recovery of SPE (%) 111.9 106.4 109.9
Recovery of SEC + 114.4 101.9 89.9

SPE (%)
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Figure 2.1. Morphology of (A) DX BTM 808 NPs and (B) TEM image®f DX
BTM 808 NPs.
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Figure 2.2. Physical stability of DX BTM 808 NPs in 10% lactose stored at 4°C
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Figure 2.3. In-vitro cytotoxicity of free DX, DX BTM NPs and blark BTM NPs
in (A) DU-145 and PC-3 cells, and (B) DU-145-R and PC-3-R celifter 48 hr
incubation. Blank NPs were dosed at drug equivalent dose. Dg equivalent dose
of NPs are calculated from the NP compositions.
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Figure 2.4. The expression of gp in DU-145 and PC3 cell lines and their
corresponding PXyesistant DU-145-R and PC-3-R cell lines.
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Figure 2.5. The separation of NPs with mouse plasma proteins Sepharose
CL-4B column (15-cm, gravity-packed).

123



100+
80+
60+

404

%Release

201

0

0 2 4 6 8 10
Time (hr)

Figure 2.6. The “release” of DX from BTM 808 NPs in mouse plasma at 37°C.
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Figure 2.7. (A) The entrapment of DX in BTM 808 NPs determied by SEC as
compared to (B) free DX dissolved in 10% lactose.

125



900 -+ - 200

800 - - 180
700 - - 160
8
2 600 - - 140 o
> 500 - - 120 2
z )
S 400 - - 100 @
(')
2 300 - 80 =
c 3
2 200 - 0 =
<
100 - - 40
0 - - 20
100 0 1 23456 7 8 91011121314151617181920 g
Fraction

Figure 2.8. The particle size of each fraction from SepharosgL-4B column
after blank BTM NPs were eluted using PBS.
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Chapter 3.

Development of lipid nanopatrticles containing docetaxel fatty acid conjugas to
control the drug release rate in-vitro and in-vivo

1. Summary

Three docetaxel (DX) Ilipid conjugates: 2’-lauroyl-docetaxel 1Z3MX),
2'-stearoyl-docetaxel (C18-DX) and 2’-behenoyl-docetaxel (DX} were
synthesized to enhance the drug loading, entrapment and retention dnoliefilled
lipid nanoparticles (NPs). The three conjugates showed 10-fold higher solurbiliey
liquid oil phase, Miglyol 808, than DX. To further increase the drugapnient
efficiency in NPs, orthogonal design was performed. The opginniarmulation was
composed of Miglyol 808 (2.5 mg/mL), Brij 78 (1.7 mg/mL) and VitamihRES (0.8
mg/mL). The conjugates were successfully entrapped in the redudadtant NPs
with entrapment efficiencies about 50-60% as measured by esiobusion

chromatography (SEC) at a final concentration of 0.5 mg/mL. All threeigatgs

L Feng,H Wu, P Ma, RJ Mumper, and SR Benhabbour, “Development of Lipid
Nanoparticles Containing Docetaxel Conjugates Designed to ContididlgeRelease
Rate In-vitro and In-vivo.International Journal of Nanomedicin2011 (6):
2545-2556



showed 45% initial burst release in 100% mouse plasma. Whereas>C&Reiwed
another 40% release over the next 8 hr, C18-DX and C22-DX in N#sed no
additional release after the initial burst of drug. All conjugateswed significantly
lower cytotoxicity than DX in human DU-145 prostate cancer cCElis. |G values of
free conjugates and conjugate NPs were comparable except for)XC28Hizh was
non-toxic in the tested concentration range and showed only vehicletytoxiogn
entrapped in NPs. In-vivo, the AYC values of all DX conjugate NPs were
significantly greater than that of Taxotere, demonstrating protbregention of drug in
the blood. The AUg., value of DX in Taxotere was 8.3-fold, 358.0-fold and 454.5-fold
lower than that of NP-formulated C12-DX, C18-DX and C22-DX, respelgti The
results of these studies strongly support that the physical/cakeproperties of DX
conjugates may be fine-tuned to influence the affinity and retentibiXah oil-filled
lipid NPs which leads to very different pharmacokinetic profiled blood exposure of
an otherwise potent chemotherapeutic agent. These studies and metlesdolayi

allow for improved and more potent NP-based formulations.

2. Introduction

The enhanced permeability and retention (EPR) effect is #jermmechanism for
passive targeting of nano-formulations to accumulate in the tuteoiTsi ensure that

the NPs take advantage of the EPR effect, the NPs need to im&viaaspects of
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stability in-vivo: long circulation of delivery vehicles and loregention of anticancer
agents in the NPs. The importance of long circulation of NPs has \biekety
recognized and extensively demonstrated for decades. Varioushytéyet glycol
(PEG)-coated nano-formulations have shown prolonged circulatieniivivo* On
the other hand, the importance of long retention of anticanceriagbetnano-carriers
is often underappreciated. The enhancement of drug retention in lontating NPs
increases drug uptake and accumulation in the tumor tissue. Totstudgtention of
drugs in the NPs, many in-vitro release studies have been conduatpeeous buffers
(e.g., PBS) and are expected to predict the in-vivo retention behakiohe
nano-formulation. However, the correlation between the in-vitro sele@a PBS and
in-vivo release behavior is often poor, especially when theagped drug has
extremely low aqueous solubility and/or high protein binding affidiyen that DX
has poor water solubility and high protein bindinge developed a more predictive
“ex-vivo” release method to better mimic the in-vivo environmerih whe goal to
achieve better correlation with the in-vivo pharmacokinetic profiles.

Previously, we developed liquid oil-filled BTM 808 NPs by sequential simplex
optimization to deliver DX. However, despite the desirable forhmrgroperties (e.g.,
monodispersed particle size, apparent drug entrapment efficiency, éaa®found
to be very rapidly released in mouse plasma in-vitro. Further igaésh revealed that
DX was not truly entrapped into the NPs during preparation. DegpteDX is a

poorly water-soluble drug, DX has appreciable solubility in aqueoligions and the
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affinity of DX with the oil core was not high enough to preventagsd diffusion from

the oil core to the agueous phase. Strategies have to be taken mwnw/éne poor
retention of DX in the NPs in aqueous phase and in biologically relevadium. Most

lipid-based NPs are more efficient for the encapsulation of liiopdiugs. In the

literature, lipophilic taxane prodrugs have been synthesized tteefuncrease their
lipophilicity and miscibility with lipids which in turn increasdseir entrapment in the
lipid-based NPs by several research grdtifs.

The objective of these present studies was to improve the affinity andaetent
of DX in the NPs to thereby achieve prolonged in-vivo blood exposure.slTerttdi we
synthesized three lipid-DX prodrugs with different fatty adhain lengths. The chain
lengths (12, 18 and 22) were chosen to be compatible with the liquiorejlMiglyol
808, which is composed of caprylic acid triglycerides. By utiliZing new release
method to investigate the in-vitro release of the conjugates flmwe NPs, a
correlation between the in-vitro release and in-vivo pharmacokingtissachieved.
The superior pharmacokinetic profiles of the three conjugates s défmpared to
Taxotere makes these NPs promising candidates for preclamtigbncer efficacy

studies.
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3. Materials and methods

3.1. Materials and Animals

DX, paclitaxel (PX), lauroyl chloride (98%), stearoyl chlori@@7%), behenoyl
chloride (>99%), 4-(dimethylamino)pyridine (DMAP) ang-nitrophenylacetate
(PNPA) were purchased from Sigma-Aldrich (St. Louis, MO)glybl 808 was
obtained from Sasol (Witten, Germany). Polyoxyl 20-stearyl efBej 78) was
obtained from Unigema (Wilmington, DE). D-alpha-tocopheryl polyethyiggeol
succinate (Vitamin E TPGS) was purchased from Eastman CHsifaagsport, TN).
BALB/c mouse plasma was purchased from Innovative ResearchNoei, (MI).
Sepharose CL-4B was purchased from GE Healthcare (Uppsala, r§wede
Hybrid-SPE cartridge was purchased from Sigma-Aldrich Supelco (St. Louis, MO).
The human prostate cancer cell line, DU-145, was obtained from éaneri
Type Culture Collection (ATCC) and was maintained in RPMI-1640 omedvith 10%
fetal bovine serum (FBS). Male athymic nude (nu/nu) mice, 4 toeksveld, were
obtained from the University of North Carolina, Division of Latorg Animal
Medicine (DLAM) and housed in a pathogen-free room. All experisméntolving
mice were conducted according to an approved animal protocol by thersity of

North Carolina Institutional Animal Care and Use Committee.
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3.2. Methods

3.2.1. Synthesis

3.2.1.1. General procedure for the synthesis of 2’-lauroyl-docetaxel (1, C12-BX)

A flame-dried round-bottom flask was charged with DX (0.2 g, 2.48%midl, 1 equiv)
and DMAP (0.06 g, 4.95 x Tmol, 2 equiv) in dry ChCl, (8 mL) under argon. The
solution was stirred for 10 min at 0°C. Lauroyl chloride (57.2 pl, 2.48 %nid), 1
equiv) was added, and the reaction mixture was stirred fort@h€aThe reaction was
monitored by thin layer chromatography (TLC) (&Hb: MeOH 9:1 v/v; Rf = 0.7) for
completion. After completion, the solvent was removed by rotary evaporatvacuo

and the crude product was dissolved in diethylether (50 mL) and washed with 5% HCI
(3 x 40 mL), and finally with brine (40 mL) to remove the safifogucts. The organic
phase was dried over anhydrous sodium sulfate, and the solvent \pasaé@ in
vacuo. The product was purified by silica-packed column chromatogréhphy
CH,Cl,:MeORH) to give the desired DX derivative as a white solid (0.21 g, yield 85%).
'H NMR (400 MHz, CDCJ): & (ppm) = 1.12 (t, 3H, —B3(CHy)10), 1.23 (s, 6H, H1g19),

1.34 (s, 9H, Hr.g), 1.72 (s, 3H, Hig), 1.75 (M, 14H, —(8,),CH,CHs), 1.81 (m, 2H,
—CH,CH,Cy), 1.84 (s, 3H, Hig), 1.87 (M, 2H, Hi4), 2.26 (d, 2H, —€1,Cy), 2.36 (s,

3H, Ha2), 2.67 (M, 1H, Ha), 3.43 (s, 1H, H7), 3.9 (d, 1H, Hy), 4.17 (d, 1H, He),

4.24 (m, 1H, Hs), 4.3 (d, 1H, Hag), 4.61 (s, 1H, H1o), 4.93 (d, 1H, H13), 5.21 (d, 1H,

—Hi0), 5.67 (d, 1H, Hy), 6.21 (t, 1H, Hy), 7.31 (m, 1H, Hs), 7.36-7.61 (m, 8H,
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—Ar-Has.05 and ArHso.s9), 8.1 (d, 2H, —ArH,s 9. °C NMR (100 MHz, CROD): &
(ppm) = 9.9 (€19, 14.4 (€H3(CHy)1), 20.6 (-Gg), 22.5 (€), 24.8
(—(CHp)oCH,CHz), 26.44 (€1617), 28.2 (€7.9), 31.9 (<CH2)sCr), 34.4 (€614, 43.1
(—C15), 46.4 (C3), 56.4 (€3), 57.6 (€g), 72 (Cra), 72.4 (€7), 74.5 (<), 74.8
(—C10), 76.6 (20), 78.8 (€s), 80.2 (1), 81.1(-Cs), 84.1 (-Cs), 126. 7 (31,339,
128 (-Ca2.39), 128.7 (€26.29, 130.2 (€24.25.29, 133.7 (-G7), 135.9 (€11), 138.5 (€12),

155.3 (€5), 167.1, 167 (S23), 172.7 (€21), 174 (<€1), 177.8 (€1), 211.6 ().

3.2.1.2. General procedure for the synthesis of 2’-stearoyl-docetaxel (2, C18)DX
2’-stearoyl-docetaxel was synthesized following the same prosedtimed above for
2’-lauroyl-docetaxel using stearoyl chloride to give the final conjugatewhite solid
(0.17 g, yield 65%). *H NMR (400 MHz, CDCY): & (ppm) = 0.8 (t, 3H, —B3(CHa)1s),
1.05 (s, 6H, Hig1?), 1.14 (s, 9H, Hrg), 1.16 (s, 3H, Hig), 1.26 (m, 14H,
—(CH2)15CH,CHg), 1.45 (m, 2H, —B1,CH,Cy), 1.68 (s, 3H, Hig), 1.88 (M, 2H, H1),
2.25 (d, 2H, —€1,Cy), 2.37 (s, 3H, Ha), 2.38 (m, 1H, H3), 3.43 (s, 1H, H-), 3.85 (d,
1H, -H,), 4.12 (d, 1H, He), 4.24 (m, 1H, Hs), 4.3 (d, 1H, H>0), 4.88 (d, 1H, Hi3),
5.14 (s, 1H, Hio), 5.3 (d, 1H, H1g), 5.61 (d, 1H, H.), 6.2 (t, 1H, Hy), 7.2 (m, 1H,
—Hg), 7.25-7.53 (M, 8H, —AH2s.0sand ArHag.ss), 8.05 (d, 2H, A5 59. °C NMR
(100 MHz, CROD): § (ppm) = 8.9 (€19), 13.2 (€H3(CHy)16), 19.9 (-Gg), 21.6
(—C22), 23.7 (—(CH)15CH2CHs), 25.3 (€1617), 27.1 (€7-9), 30.9 (-CH2)14Cy"), 32.7

(—Cée,14), 42.1 (€15), 45.4 (€3), 56.4 (€3), 57.6 (€g), 70.8 (€13), 73.1 (€7), 73.5
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(=C2), 74 (C10), 77.9 (€20), 79.4 (€g), 79.9 (1), 83.2 (1), 84.1 (€5), 125.3
(~Ca133.33, 127.1 (€32.30, 127.8 (€26.29, 129.2 (€24 2529, 132.6 (=G7), 134.5 (€1o),
138.2 (-€12), 154.1 (€5), 166.1 (€53), 167.2 (€21, 168.7 (€1), 171.8 (€1), 210.6

(—Co).

3.2.1.3. General procedure for the synthesis of 2’-behenoyl-docetaxel (3, C22)DX
2’-behenoyl-docetaxel was synthesized following the same procedtlireed above
for 2’-lauroyl-docetaxel using behenoyl chloride to give the fomdjugate as a white
solid (0.26 g, yield 95%).'H NMR (400 MHz, CDCJ): § (ppm) = 0.81 (t, 3H,
—CH3(CHa)20), 1.05 (s, 6H, His179), 1.14 (s, 9H, H7.¢), 1.16 (S, 3H, Hig), 1.23 (m,
36H, —(QH,)18CH,CHs), 1.26 (M, 2H, —€1,CH,Cy+), 1.45 (s, 3H, Hig), 1.62 (M, 2H,
—H1a), 1.67 (d, 2H, —€1,Cy), 1.9 (s, 3H, Hy), 2.26 (M, 1H, Ha), 2.4 (s, 1H, H7),
3.86 (d, 1H, Ha), 4.12 (d, 1H, He), 4.23 (M, 1H, Hs), 4.26 (d, 1H, Ha), 4.61 (s, 1H,
—Hi), 4.9 (d, 1H, H13), 5.14 (d, 1H, Hig), 5.62 (d, 1H, Hy), 6.2 (t, 1H, H), 7.2 (m,
1H, -Hs), 7.22-7.53 (m, 8H, —AHs.o5 and ArHsgs9), 8.05 (d, 2H, —AtHas 9. 2°C
NMR (100 MHz, CQOD): § (ppm) = 8.9 (€19), 13.2 (CH3(CHy)20), 19.9 (—Gg), 21.6
(—C22), 23.7 (—(CH)1oCH2CHg), 25.3 (€16,19), 27.1 (€7.9'), 30.9 (—CH2)18C17), 32.7
(~Co.19), 42.1 (€15), 45.4 (€3), 56.5 (€3), 57.2 (€g), 70.8 (€13), 73.1 (€7), 73.5
(=Cy), 74.0 (€10), 76.3 (€20), 77.9 (€¢), 79.9 (-€1), 83.2(-Cs), 84.1 (€s), 125.3
(—Cs1,3339, 127.1 (€32,39, 127.8 (€26,29, 129.2 (€24.25 29, 132.6 (—G7), 134.5 (€11),

138.2 (1)), 154.2 (€5), 166.1, 167.2 (C23), 168.4 (€,1), 171.8 (€,), 177.8 (€v),
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210.6 (o).

3.2.2. Characterization of DX and DX conjugates

3.2.2.1. Mass spectrometry

Electrospray lonization (ESI) coupled with direct injection was eysal to determine
the m/z of the final synthetic conjugate products by Thermo Seen®Q Quantum
Access with positive ionization. The mass of the observed molaonkamwere m/z =
1012.6, 1096.7 and 1152.8, which clearly corresponded to thaddacts of C12-DX,

C18-DX and C22-DX, respectively.

3.2.2.2. High performance liquid chromatography (HPLC)
The DX conjugate concentrations were quantified by HPLC usimgregan Surveyor
HPLC system with a Photodiode Array (PDA) detector, autosaraptet. C pump plus
with a Inertsi ODS-3 column (4pm, 4.6x150 mm, GL Sciences) at 25°C.
Chromatographic separation was achieved by gradient elutionaisiadile phase of
2-propanol, acetonitrile (ACN) and water (5: 55: 40 v/v/v). The flowe maas 1.0
mL/min and the total run time was 25 min for eachuRSnjection. The wavelength
was 230 nm.

The DX concentration was quantified by LC/MS/MS using a Finnigameyor

Autosampler Plus and Finnigan Surveyor MS Pump Plus. Chromatographrasons
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were achieved using a SunFire™ C18 column (2.1 x 30 mm, 3.5 um paitele
Waters) at 25°C. The mobile phase consisted of 0.1% formic acatén and methanol
using gradient separation. The flow rate was 0.5 mL/min and tHedatéime was 8

min for each 25uL injection. Mass spectrometric analysis was performed using a
Thermo Scientific TSQ Quantum Access with positive ionization. Cagillary
temperature was set up to 390°C, and the spray voltage was 4000Y2X Baalysis,

m/z 830.0— 549.0 was monitored with PX (m/z 876-3 308.0) as an internal

standard.

3.2.3. Evaluation of DX conjugate solubility in Miglyol 808 and mouse plasma

Approximately 50 mg of each DX conjugate was added to individual eai&aining

50 uL of Miglyol 808. For the evaluation of DX conjugate solubility in mouse plasma,
around 1 mg of each DX conjugate was added to a vial containing 1 BAL&/c
mouse plasma. The mixtures were stirred at room temperatu?d fo. The samples
were then centrifuged for 1 hr at 14,000 rpm to remove undissolved drieg. Aft

centrifugation, the saturated supernatant was diluted with ACMNraadgized by HPLC.

138



3.2.4. Preparation and characterization of BTM NPs

3.2.4.1. Preparation of BTM NPs containing DX conjugates
DX conjugates containing NPs were prepared using a warmm-vi&ier (o/w)
microemulsion precursor method previously developed in our laborat8refly,
Miglyol 808 and surfactants (Brij 78 and Vitamin E TPGS) wareurately weighed
into glass vials and heated to 50-60°C. Drugs dissolved in ACN werd addethe
organic solvent was removed by nitrogen flow. One (1) mL of preetlei% lactose
in water was added into the mixture of melted oil, surfactamdsdrugs. The mixture
was stirred for 20 min at 50-60°C then cooled to room temperature. Orthogonal design
was performed to optimize NPs with desirable properties, inclysntcle size and
drug entrapment efficiency.

For in-vivo studies, NPs were concentrated and PEGylated. Theil&tirom
was concentrated four-fold by adding four-fold less 10% lactosencmnis phase
while keeping the other components of the formulation unchanged. The N€s we
PEGylated by adding 8% Brij 700 during the preparation wherein 8thgav/w ratio

of Brij 700 to Miglyol 808.

3.2.4.2. Characterization of BTM NPs containing DX conjugates
3.2.4.2.1. Particle size and zeta potential
Particle size and size distribution of NPs were determined @sinij5 Submicron

Particle Size Analyzer (Beckman). Five (&) of NPs was diluted with 1 mL of water
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to reach the intensity required by the instrument. Partizke \8as determined at 90°
light scattering at 25°C. The zeta potential of NPs was detedwsing the Zetasizer

Nano Z (Malvern Instruments, Southborough, MA).

3.2.4.2.2. Drug entrapment efficiency

Drug entrapment efficiency was determined by SEC. DX corgudBs were separated
with the free drugs using a Sepharose CL-4B column (15 cm). MRseluted using
PBS in fraction 5-8 (1 mL/fraction, confirmed by dynamic ligbatsering intensity).
Each fraction was evaporated to dryness in vacuo, resuspended in Thklad
analyzed by HPLC to determine the concentration of DX conjugaach fraction.
The % drug entrapment efficiency was defined as 100% x tlweafathe weight of

drug detected in fraction 5-8 to the total drug weight detected.

3.2.5. In-vitro drug release in mouse plasma

In-vitro release studies were performed in 100% plasma from BAbBce. Briefly,
100 puL of purified DX conjugate NPs were spiked into 2 mL of mouse padrhe
release mixture was incubated at 37°C in a water bath shakimsi§nated time points
from O hr to 8 hr, two aliquots of release mixture were removad.allquot (10QuL)
was used to determine the total drug concentration by solid ghésetion (SPE)

using Hybrid-SPE precipitate method. Briefly, one volume of releaiséure was
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mixed with three volumes of 2% formic acid in ACN. Following vortard
centrifugation, the supernatant was applied to a Hybrid-SPEdggrt The eluate was
collected for HPLC analysis. Another aliquot (1300 was used to determine the drug
remained in the NPs using the method described above. The % BXeelat any time
point was calculated as 100% x [(Total drug detected — drug rexgain the

NPs)/Total drug detected].

3.2.6. In-vitro esterase digestion

3.2.6.1. DX conjugate digestion in fresh mouse plasma

The esterase digestion study was performed in fresh mouse plasma. The DX conjugate
DMSO stock solutions (5 mg/mL) or DX conjugate NPs (0.5 mg/mLgwpiked into
the plasma to make a final concentration ofuymL. The mixture was incubated at
37°C in a water bath shaker. At designated time pointgu[160digestion mixture was
removed. The concentration of DX conjugates was determined by d-$B
precipitate method as described above followed by HPLC analikes.% DX
conjugate remaining at any time point was calculated as 100%ratio of remaining
drug amount to the total drug spiked into this volume of plasma. The conicentfa
DX in the same sample was determined by LC/MS. The % DXugatg hydrolyzed to
DX at any time point was calculated as 100% x [(DX amount ttecconjugate Mw

/ 807)/ the total drug spiked into this volume of plasmal].
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3.2.6.2. Esterase activity in plasma samples

Fresh mouse plasma, commercial mouse plasma or human plasrdduted in PBS
to a protein concentration of about 0.3 mg/mL and incubated with PNPApat
37°C for 15 min. After incubation, equal volume of ice-cold ACN was added
terminate the reaction. The suspension was centrifuged for 5 min at 1dn0@d 4°C.
The liberateg-nitrophenol was determined £ 1.62 x 10 M*cm™) by measuring the
absorbance at 405 nm using the Synergy 2 Multi-Detection MicroBlkedeler. One
unit of esterase activity was defined as the quantity of enzgopgred to release 1

umol of p-nitrophenol per minute under assay conditions.

3.2.7. Evaluation of in-vitro cytotoxicity

The MTT assay was utilized to assess the cytotoxicity ef ¥ conjugates and the
DX conjugate NPs. Serial dilutions of free drugs or drug coimiga NPs were added to
the DU-145 cells and incubated for 48 hr, 72 hr or 96 hr. The cellstihamencubated
with MTT solution for 4 hr and the formazan dyes were solubilize®lhs0. The
absorbance was measured using the Synergy 2 Multi-Detectioopléits Reader at
570 nm, and the concentration of drug that inhibited cell survival By 6Gsg) was

determined from cell survival plots.
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3.2.8. In-vivo pharmacokinetic studies

Male athymic nude mice were randomly divided into four groups. The mice (ne3/tim
point) were injected via tail vein with test samples (Taxgt€12-DX NPs, C18-DX
NPs and C22-DX NPs), all at a DX dose of 10 mg/kg. At desgntane points from 3
min to 24 hr, the mice were given an overdose of ketamine (100 nagilgpomitor
(0.5 mg/kg) for deep anesthesia prior to cardiac puncture tacblted and a cervical
dislocation was then performed to euthanize the mice. For plaga@sen, the blood
collected in heparin-coated tubes was centrifuged at 12,300 rpm for 15Thain.
obtained plasma was processed with Hybrid-SPE precipitate methddsasbed
above. The concentrations of DX conjugates in plasma were detdrhyinéPLC, and
the DX concentrations were quantified by LC-MS. Pharmacokinetadysis and
modeling was performed by WinNonlin (version 5.2.1; Pharsight Corp, MoWwjitain

CA).

3.2.9. Statistical analysis

Statistical comparisons were performed using one-way analyssiahces (ANOVA)
(°1992-2007 GraphPad Prism Software, Inc.). Results were considerectaigrft
95% confidence interval (p < 0.05). Orthogonal experimental design foultion
optimization was performed and statistically analyzed usinggBdsxperf (Version

7.1 Trial; Stat-Ease, Minneapolis, MN).
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4. Results

4.1. Synthesis and characterization of DX conjugates

The DX-lipid conjugates in these studies were prepared by atemessterification
reaction using acid chloride derivatives of various chain lengihdatds (Figure 3.1).
Although there are multiple hydroxyl groups in DX molecule, the B'4© the most
reactive and accessible one, followed by 7:0thas been previously reported that the
conjugation of fatty acids to DX and PX occurred preferentially e®R: %2 By
controlling the molar ratio of the fatty acid chloride to DX d¢allg, 2’-mono
substituted DX conjugates were obtained with minimal formation of 2’,7-disutesti
byproducts and unreacted DX. In the case of C22-DX, only 2’-O¢t dstivative was
obtained after washing with 5% HCL and brine as determinedlUsy and NMR
without further chromatography required. The yield for this reactvas as high as

95%.

4.2. Solubility of DX conjugates in Miglyol 808 and mouse plasma

To enhance the drug loading capacity and retention of drug in theDNRsonjugates
were synthesized and investigated for their solubility in MigB@8 (Table 3.1). The

solubility of all three DX conjugates in Miglyol 808 was about 10-falgher than the

144



solubility of DX in Miglyol 808. The solubility showed no chain-lengibpendency.
The chemical composition of Miglyol 808 is caprylic acid trigiyde, so DX
conjugates with a 12-22 carbon chain are more compatible than DXghyol 808

due to the similarity of the chemical structure.

Since the in-vitro release of DX conjugates from NPs wadiexl in mouse
plasma, the solubility of DX conjugates in BALB/c mouse plasmadetermined and
compared as well (Figure 3.2). In contrast to solubility in Mig8@8, the solubility of
DX conjugates in plasma showed significant chain-length depend&¥yitly an
increase in lipid chain, the solubility of the conjugate in plasteereased. The
solubility of C12-DX (377.0 £ 21.;,ug/mL) was about 10-fold higher than that of
C22-DX (34.4 £ 0.6ug/mL) and 6.5-fold higher than that of C18-DX (57.5 £+ 2.6
ug/mL). Given the extremely low water solubility of the D&ngugates, the solubility
of the conjugates in plasma was attributed almost entirely to their §indglin plasma

proteins.

4.3. Optimization of DX conjugate containing NPs by orthogonal design

The orthogonal design was based on the NP previously developed to feriila
which was composed of Miglyol 808 (2.8 mg/mL), Brij 78 (3.7 mg/mL), BRG.2
mg/mL) and DX (0.3 mg/mL). In the present study, the partick® sind drug

entrapment efficiency were chosen as responses in the optimpadaass. A criterion

145



in the orthogonal design strategy was to reduce the total amosmitfattant used in

the formulation, as it had been previously observed that increasédflsugfactants in

the formulation decreased drug entrapment, especially for drugs that have annphipat

properties.

Based on the preliminary studies, a 3 level-3 variable orthogopaliment

(L-9 3%) was designed as shown in Table 3.2. The two responses selected were particle

size and % entrapment efficiency. In this experiment, C12-D> wsed as a
representative DX conjugate. The resulting NP compositions baskd opttmization
using C12-DX were applied to other conjugates. Nine (9) batcheE2sDX NPs were
prepared and characterized. The results are also shown in TablaBs#c8l analysis
showed that temperature as a variable was not significant toatiel (p > 0.05). The
particle size, as a defined model response, was not responsiveaaahées (p > 0.05).
It should be noted that the general placebo composition for this fdromulaas
previously optimized. Thus, it was anticipated that continued optimizatitnDX
conjugates would lead to a relatively narrow response rangen Weenodel focused
on the effect of surfactant concentrations on the % entrapmenémdfy, it was clear
that decreasing the surfactant concentrations increased dragreeftt in the NPs
(Figure 3.3). Although the % entrapment efficiency of batch 2 was slightightban
batch 5, batch 5 was more stable over long-term (one month) stodfgerefrigerator
(data not shown). The final composition was selected as shown em38bDue to the

enhanced solubility of drugs in the oil core, the newly developedufation was
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capable of loading more DX conjugate (0.5-1 mg/mL conjugates v@i3usg/mL DX)
without significantly changing the physical properties of gsailtant NPs. The optimal

NPs had a mean patrticle size of 200 nm with a zeta potential around 0 mV (Table 3.3).
The entrapment efficiencies of the three DX conjugates 8+ 2.3%, 56.3 £ 7.6%

and 59.6 + 1.6% for C12-DX, C18-DX and C22-DX, respectively. The similar
entrapment efficiency of three DX conjugates was predictedhby comparable

solubility in Miglyol 808 as shown in Table 3.1.

4.4. In-vitro release of DX conjugates from NPs in mouse plasma

In this study, the release of DX conjugates from the NPs stadied by the novel
“ex-vivo” method in 100% mouse plasma. For the release studies, trmn)Xgate

containing NPs were first purified by SEC and only NPs witke simound 200 nm
(fraction 5-8) were collected. For all three DX conjugate N#Psinitial 45% burst
release was observed upon spiking into the mouse plasma (Figure &dAjhafnitial

burst release, C12-DX was slowly released to 86% in 8 hr, whiglditional C18-DX
and C22-DX was released from the NPs within 8 hr. A longer pioiret (96 hr) release
study was carried out for the C18-DX NPs; however, no drug ieasexl from the

NPs after the burst (data not shown).
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4.5. In-vitro esterase digestion

The digestion rate of both free DX conjugates and DX conjugateufated in NPs in
fresh mouse plasma was chain-length dependent (Figure 3.5A). X12+D the
shortest fatty acid chain length showed 100% parent drug loss withinr4n free
form and in NPs; while about 80% and 90% of C18-DX and C22-DX inftleeiforms
were detected after 48 hr incubation, respecti&lyprisingly, when entrapped in NPs,
the loss of C18-DX and C22-DX was more rapid than their foemd. After 48 hr
incubation, only 43.7% and 66.5% of C18-DX and C22-DX remained intact,
respectively.

The DX liberation rate in fresh mouse plasma was consistenthettiigestion
rate of each DX conjugate (Figure 3.5B). In 48 hr, 60% and 45% eé¢nti@pped
C12-DX and free C12-DX were cleaved to DX, respectively. Wheoefs 14% of
NP-entrapped C18-DX was hydrolyzed to DX and negligible DXhyasolyzed from
free C18-DX, free C22-DX and NP-entrapped C22-DX. It is worth ndtiag the
fraction of remaining DX conjugate plus the fraction of DX conjagaansferred to
DX did not reach 100% for all three conjugates. The recovery efcoajugates was
44%, 82% and 90% for C12-DX, C18-DX and C22-DX in 48 hr, respectively. The
recovery of NP-entrapped conjugates was 52%, 57% and 68% for C12-D>0Q>XC18
and C22-DX in 48 hr, respectively. It suggests that besides ggdrdb DX, DX
conjugates have other transfer pathways and the reactivity dexreath the

chain-length increases.
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4.6. Esterase activity in plasma samples

The non-specific esterase activity of different plasma samglshown in Figure 3.6.
The fresh mouse plasma without freezing-thawing cycle showeklighest esterase
activity. The esterase activity in human plasma was oven@stilower than that in
fresh mouse plasma. The commercial mouse plasma used in thesldasg rstudies
had the lowest esterase activity, which was 6-times l@esrpared to that in fresh

mouse plasma.

4.7. In-vitro cytotoxicity

The cytotoxicity of DX conjugate NPs was studied in human prostateer DU-145
cells using the MTT assay (Figure 3.7). Both free DX conjugatdsDX conjugate
NPs showed a dose-dependent and time-dependent cytotoxicity in DlelgISIre
general, all three DX conjugates had significantly loweotoxicity than unmodified
DX in DU-145 cells. The decrease in cytotoxicity was chaimgplerdependent. As
shown in Figure 3.7A, free C12-DX was 20.6-fold less active than @, free
C18-DX was 36.5-fold less active than DX after 48 hr incubation. EB2DX was
almost non-toxic to DU-145 cells. For 48 hr incubation, C12-DX and C18-PX N
showed comparable égvalues with their free forms, while C22-DX NPs only showed

similar toxicity to the blank NPs. The blank NPsdGvas 1842 + 287 nM in DX
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conjugate equivalent dose.

Figure 3.7B and C demonstrated the time-dependent cytotoxicirg@fDX
conjugates and NPs. For free C12-DX, thg Malue decreased about 3-fold from 48 hr
to 72 hr incubation and 2-fold from 72 hr to 96 hr. Free C18-DX and C2aid not
show increased cytotoxicity in 72 hr over 48 hr; while from 72 hr to 9éhbriG
values of both C18-DX and C22-DX decreased 2-fold. Thev&lue of C12-DX NP
decreased 8-fold from 48 hr to 72 hr incubation but only 1.7-fold from 7@ 98 tr.
For both C18-DX NP and C22-DX NP, thestvalues sequentially decreased 2-fold

from 48 hr to 72 hr to 96 hr incubation.

4.8. In-vivo pharmacokinetics

The plasma concentration-time curves in mice receiving i.v. bolestions of
Taxotere, C12-DX NPs, C18-DX NPs and C22-DX NPs at a dose of 10 mg DX/kg are
shown in Figure 3.8A. Pharmacokinetic parameters obtained using a
noncompartmental model of analysis are listed in Table 3.4A. The Av&@ues of all
NP-formulated DX conjugates were significantly higher than tiafaxotere. The
AUCs increased as the conjugate chain lengths increased. T@g. Atdlues of DX

were 8.3-fold, 358-fold and 454.5-fold lower than that of NP-formul&@&&d-DX,
C18-DX and C22-DX, respectively. The terminal half-lives of fdfrulated C18-DX

and C22-DX were 1.9-fold and 3.4-fold longer than that of DX respectivdlg
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terminal half-life of NP-formulated C12-DX was shorter thart ¢feDX. The volume
of distribution of DX conjugates after administration of C12-DX N€%8-DX NPs,
and C22-DX NPs were comparable. Overall, the volume of distributio®>of
conjugate NPs was 20-fold lower than that of Taxotere.

The plasma concentrations of DX as an active metabolite lygeblfrom
C12-DX, C18-DX and C22-DX were determined and shown in Figure 3.88. D
concentrations of Taxotere are also shown as a referenceofmgpadson. The
pharmacokinetic parameters of noncompartmental model are showblerST4B. The
plasma concentrations of DX from C22-DX NP were below the lokveit of
quantification. C12-DX NPs and C18-DX NPs improved DX AUC about 3-fold
compared to Taxotere. The AUC of DX from C12-DX NP was didtigher than that
of C18-DX NP and the gux of DX from C12-DX NPs was 16.7-fold higher than that of
C18-DX NPs. However, the terminal half-life of DX from C18-DMPs was 5-fold
higher than that of C12-DX NPs. The DX from C12-DX NPs deccegsemptly
below the level of DX from C18-DX NPs 4 hr post injection. EigB} lir post
administration, the DX concentration from C12-DX NP decreased teetine level as

Taxotere, whereas DX from C18-DX NP could be detected until 24 hr.

5. Discussion

In the present studies, three DX-lipid conjugates, C12-DX, C1&mKC22-DX were
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synthesized and characterized. The solubility of all three pPM-lconjugates in
Miglyol 808 was enhanced >10-fold over that of DX. Following optimizatiothef
DX conjugate NP using orthogonal design, the final optimized Négained
significantly reduced surfactant concentrations and increasededitvgpment. The
improved retention of DX conjugates in the oil-filled NPs led @yyvdifferent
pharmacokinetic profiles and blood exposure of DX.

A novel liquid oil-filled NP was previously developed in our laboratotyich
was composed of Miglyol 812, Brij 78 and Vitamin E TPB®uring the initial
development of NP to formulate DX, Miglyol 808 was selected ovehidli¢12 due to
the significant higher solubility of DX in Miglyol 808 (52.07 + 0.84 mglnebmpared
to in Miglyol 812 (36.11 £+ 0.10 mg/mL, p < 0.01). The oil phase with higheg dru
solubility represents better compatibility and affinity of thegdwith the inner liquid
oil core of the delivery vehicles thereby leading to higher dlvading capacity and
longer retention of drugs in the NHA$e high drug loading capacity allows formulating
more drugs with less vehicle components so that the potential yoxidite delivery
vehicle could be minimized. The >10-fold increase in the solubiliBX6tonjugates in
Miglyol 808 compared to DX allowed for a significant increasaiug loading and
entrapment. The comparable entrapment efficiency of the thrembjgates in BTM
808 NPs was consistent with solubility of the conjugates in théyMig08 liquid oil
core.

While the solubility of DX conjugates in Miglyol 808 strongly udinced the
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drug loading and entrapment efficiency in the NP formulation, thitipa of DX
conjugates in plasma was the driving force of their releasesin Results from the
In-vitro release studies showed that after an initial bursaddrtional 40% of C12-DX
having a relatively higher solubility in plasma was releasenh fthe NPs in 8 hr. In
contrast, the C18-DX and C22-DX were extensively retained iNBEseafter the initial
burst release. It should be noted that all three DX-lipid conjugates showed &d hdiia
burst release in mouse plasma using this “ex-vivo” method, which stggtpat the
burst release was not related to the lipid chain length indghiger 1t is likely that the
relatively more hydrophilic head group of the DX-lipid conjugatesdexl on the
surface of NPs and promptly partitioned to plasma proteins upon muihglasma.
The burst release may not be a desirable property of NPs; hovtelmost certainly
reflects the true release behavior in-vivo.

In fresh mouse plasma bearing high esterase activéyligestion rate of DX
conjugates showed clear chain-length depend&i3:DX, with a shorter acyl chain,
likely has less steric hindrance and was more rapidly cldawedease DX. In contrast,
the longer acyl chains of C18-DX and C22-DX make them lesseptisie to
hydrolysis.A surprising finding in this experiment is that when entrapped is, DX
conjugateswere more quickly hydrolyzed to DX than in their free forms.
Nano-formulations are designed in many studies to protect chbynilabile
compounds. However in this case, oppositely, NP-encapsulation acsub|dhat

digestion kinetics of DX conjugates. A hypothesis to explain tfiecteis that the
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amphiphilic DX conjugates locate on the surface of the oildfiNPs with relatively
hydrophilic head orienting toward the aqueous phase and the lipid tail anchoring in the
oil core. The huge specific surface area of NPs makes DXgatemireadily accessible

to enzymes including esterases in the agqueous phase to transtenjD¥ates to DX

and others. On the contrary, free DX conjugates, once spiked into plagmis bind

to the plasma proteins (e.g., albumin) leading to the shield of cleavage site.

The chain-length dependent and NP-accelerated hydrolysis obbj¥gates is
consistent with their in-vitro cytotoxicity patterns. C12-DXtwithe highest hydrolysis
rate/extent exhibited the highest cytotoxicity, whereas fre22-@X and
NP-encapsulated C22-DX with no liberation of DX in 48 hr exhibited notayicity
and only vehicle-related toxicity, respectively. When the intabaime was extended
to 72 hr and 96 hr, the cytotoxicity of all conjugates and their iNBf®ased. The
time-dependent cytotoxicity increase is more obvious in DX conjudatecompared
to their free forms especially for C18-DX and C22-DX. In addition, at 72 hr and 96 hr,
the cytotoxicity of C18-DX NP and C22-DX NP was significgiritigher than their free
forms while this effect was less remarkable for C12-i& likely that after 48 hr, DX
was slowly hydrolyzed from C18-DX and C22-DX, with even lowedrolysis rate
and/or extent in their free forms. From the digestion studygiea that the hydrolysis
rate of C12-DX was much faster than the other two and theethfferbetween free and
NP was not as significant as the others. It is consistent itgithess remarkable

time-dependent and NP-enhanced cytotoxicity.
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It should be noted that the commercially bought mouse plasmaaeediffrom
the fresh mouse plasma in terms of esterase activity asiediin Figure 3.6. The
reason of low esterase activity in commercial mouse plasmmakinown. It is possible
that the handling process and/or storage of commercial plasmprammed its
enzymatic activity. In contrast to the digestion of NP-formualddeX conjugates in
fresh plasma (except for C22-DX), all DX conjugates were kegptt in commercial
plasma and no DX was detected from any of the conjugatas lgast 8 hr in the
in-vitro release studies (data not shown). The release problasned in the plasma
lack of esterase activity may not reflect the overall behasiddX conjugate NPs
in-vivo, however, the presence of physiologically relevant conderiraf proteins
still makes commercial plasma a more relevant releaskumeover simple aqueous
solutions. Even better, the lack of esterase activity simpttisystem and enables the
study to focus only on the “release” behavior without entangling with the hydralys
the same time. The enzyme expression and activity in plasneaspacies difference.
The lower esterase activity in human plasma compared to moussagiasnd in this
study is consistent with other repof{?1t has been reported that butyrylcholinesterase,
paraoxonase, and albumin esterase but not carboxylesterase ard presuman
plasmat® The lower esterase activity in human plasma may potentigllyence the
prodrug activation in human systemic circulation. It remains podsiateéhe esterases
in tumors cleave the prodrug and release active DX after DXigatg§ NPs passively

accumulate in the tumor site via the EPR effect.
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In-vivo, NP-formulated C12-DX, C18-DX and C22-DX achieved much higher
AUCs compared to Taxotere, which was expected due to thedr leithoring in the
long circulating NPs. The low volume of distribution of DX conjugates attributed
to the size of NPs which limited their distribution to the norrisalies.’” In addition to
the elimination of conjugate containing NPs by the reticuloendotissisaiém (RES),
the elimination of the conjugates was also attributed to two other possible methanis
including release of the conjugate from the NPs and hydrolysieeafonjugates. The
elimination routes and the relative contribution of each route vemieshch conjugate.
The DX plasma concentration-time curves indicated that C12x@X more quickly
hydrolyzed to DX in-vivo than the other two conjugates, which is camistith the
in-vitro digestion results. C12-DX in NPs was either rele&sed the NPs followed by
hydrolysis to DX or was hydrolyzed to DX first followed by quicdease as DX.
Regardless of the mechanism, C12-DX had the shortest termirfidifenah-vivo,
which was even shorter than Taxotere; however, the plasma expo$dxevads the
highest after C12-DX NP injection. In contrast, C18-DX is mtoely hydrolyzed and
better anchored in the NPs in-vivo resulting in a significant aszreof the plasma
exposure of the conjugate. As a result, the AUC of NP-formulat8dlX was 43-fold
higher than that of C12-DX. Because of the slower hydrolysisDXeAUC from
C18-DX NPs was lower compared to C12-DX NPs. However, as shdwglre 3.8B,
the duration of DX exposure after C18-DX NP administration was rarger than

C12-DX NPs. C18-DX NPs served as a drug reservoir and rdl€6én a sustained
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manner. It has been reported that prolonged time above a threshold cdiarendr
ideal for cell cycle-specific drugg.Although DX was not detected after C22-DX NPs
were injected into the blood, it is possible that the hydrolysigikgef C22-DX was
too slow and the released DX was too quickly eliminated to be ddtdcttis worth
noting that in the tumor site the overall anti-tumor toxicity cofr@s three forms: DX
taken up by the tumors from the systemic circulation, the accumulating DX cosjugate
by their own, and the DX hydrolyzed from the accumulating conjggatihe site. It is
possible that C22-DX is hydrolyzed to DX slowly after accumulating in thersim
While conjugating fatty acid chains to DX decreased itsgrelvth inhibitory
activity in-vitro, the activity in-vivo may actually be enhanchthny studies have
reported the reduction of PX or DX activity in-vitro by conjugaftiatjy acid chains to
2'-OH.29?This study is consistent with the previous reports that in geradréiree
DX-lipid conjugates were less potent than DX against DU-1485,@ild increasing the
lipid chain length decreased the cell growth inhibitory activiiyitro. It has been
previously demonstrated that esterification at 2’-OH abolished itr@tmbule binding
affinity of the conjugates but not the total toxicityThe DX conjugates as ester
prodrugs are expected to be cleaved to release free DX amdtexatitumor toxicity
after cleavage. In addition, it is possible that DX conjugates a4 priadrugs are with
alternative cytotoxic mechanisms other than microtubule binding. Tdudiéonal
mechanisms, if any, still remain to be investigated. The chaigtHedependent

cytotoxicity reduction may be explained by their different/eatent of cellular uptake,
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different cellular compartmental sequester, and/or differene/esdent of
hydrolysis/degradation. However, many studies have reported thatvive efficacy
does not necessarily correlate with their in-vitro cytotoxiditya previous study, a
series of PX prodrugs with various linkers and lipid anchors were synthesized. Among
the lipophilic prodrugs of PX, the most potent compound (compound 7) in-vivo only
showed moderate in-vitro cytotoxicity. Another study showed that the
2’-(2-bromo)-hexadecanoyl PX with the lowest in-vitro cytotdyidn its kind was
most effective in-vivo, showing 100% survival at day 300 for ovcar-34g&CID
mice’ The DHA-PX on clinical trial Ill prepared by linking PX to disahexaenoic
acid (DHA) was less toxic than PX in-vitro but cured 10/10 M109 tupearing mice,
whereas PX cured 0/f1n the present studies, the pharmacokinetics of the DX-lipid
conjugate NPs provided the basis for enhanced in-vivo efficacy.

In conclusion, the NP developed in these studies have low toxicity, long
circulation in the blood, and released DX-lipid conjugates in a sluvsastained
manner in the plasma. Thus, the NPs have the potential to exerosw@graritumor
efficacy and less systemic toxicity in-vivo. The resultheke studies strongly support
that the physical/chemical properties of DX conjugates mdynbduned to influence
the affinity and retention of DX in oil-filled lipid NPs which tiedore leads to very
different pharmacokinetic profiles and blood exposure of DX. These studies
demonstrate that the affinity of a drug for the core NP nadteray influence the

retention and release rate of a drug from these NPs. In addii®mmetv “ex-vivo”
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release method along with the digestion study provided good carnetettd prediction
of the in-vivo pharmacokinetic profile. These studies and methodologiealloe for

improved and more potent NP-based formulations.
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Table 3.1. Solubility of DX and DX conjugates in Miglyol 808 and entrapment
efficiency in BTM NPs (N=3)

Drug DX C12-DX C18-DX C22-DX

Solubility in Miglyol 808

52.1+15 523.0+£182 550.5+235 553.0£21.0
(mg/mL)

Entrapment efficiency

+ + +
(%) 0 55.2+23 56.3+7.6 59.6+1.6
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Table 3.2. Orthogonal design and responses

Brij 78 TPGS Temperature Entrapment Size

RUN (mg/ml) (mg/mL)  (C) )  (m)
1 3.7 1.2 50 36.25 219.7
2 1.7 0.4 55 66.66 202.4
3 3.7 0.8 55 44 .44 198.2
4 2.7 0.8 60 54.88 198.4
5 1.7 0.8 50 65.12 202.9
6 2.7 0.4 50 51.46 189.3
7 2.7 1.2 55 52.15 204.0
8 1.7 1.2 60 46.49 198.0
9 3.7 0.4 60 45.89 184.0

Note: Miglyol 808 concentration was 2.5 mg/mL for all 9 runs.
C12-DX concentration was 0.5 mg/mL for all 9 runs.
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Table 3.3. Compositions and properties of BTM 808 NPs

Miglyol Brij 78 TPGS F)X Temperature Particle Zetg
808 (mg/mL) (mg/mL) conjugate ) size (nm) potential
(mgimL) M9 g (mg/mL) (mV)
+
2.5 1.7 0.8 0.5 55 20;'93 -~ -0.97+0.08

Note: a. Temperature was not a significant variable so that avéeaygerature of
orthogonal design was utilized.
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Table 3.4. A. Pharmacokinetic parameters of DX conjugates and Taxotere in
mice after i.v. bolus administration

Taxotere  C12-DX NP C18-DX NP C22-DX NP

ty2 (hr) 3.63 0.99 6.80 12.4
AUCq.24 (h*mg/L) 1.51 12.8 509 505
AUC., (h*mg/L) 1.55 12.9 555 704

V4 (L/kQ) 5.61 0.22 0.17 0.26
Ke (1/hr) 0.19 0.70 0.10 0.06
CL (L/hr/kg) 6.43 0.77 0.02 0.01
Ciax (Mg/L) 7.21 71.6 108 108
MRT (hr) 0.87 0.29 9.27 18.3

B. Pharmacokinetic parameters of DX after i.v. bolus administration of X
conjugates and Taxotere in mice

Taxotere  C12-DX NP C18-DX NP C22-DX NP

t12 (hr) 3.63 1.09 5.42
AUCoq.24 (h*mg/L) 1.51 4.64 3.51
AUC,., (h*mg/L) 1.55 4.66 3.66 a
Kel (1/0r) 0.19 0.63 0.13 -
Crmax (Mg/L) 7.21 12.3 0.74
MRT (hr) 0.87 0.89 6.98

Note: # Belowlower limit of quantification.
Abbreviations: AUC, area under the curve; MRT, mean retention time.
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Figure 3.1. Synthesis of 2’-docetaxel conjugates.
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Figure 3.2. Solubility of DX conjugates in mouse plasma.
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Figure 3.3. 3D surface plot for the modeling of the effect d@rij 78 and TPGS
concentrations on % drug entrapment.
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Figure 3.5. The digestion of free DX conjugates and DX conjugal¢Ps in fresh
mouse plasma. (A) The loss of DX conjugates. (B) The formati of DX. Data
are shown as mean £ SD (n = 3).
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Figure 3.8. Plasma concentration-time curves for (A) DX, C12-DXC18-DX
and C22-DX after administration of Taxotere, C12-DX NPs, C18-DX Rs and
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171



References

10.

11.

Isacchi B, Arrigucci S, Marca GL, et al. Conventional and longutating
liposomes of artemisinin: preparation, characterization, and pharmatoki
profile in mice.J Liposome Re®ec 16 2010.

Cole AJ, David AE, Wang J, Galban CJ, Hill HL, Yang VC. Polykshe glycol
modified, cross-linked starch-coated iron oxide nanoparticles for erhance
magnetic tumor targetinggiomaterials.Mar 2011;32(8):2183-2193.

Kim CK, Kim JY, Kim JK, Park JS, Byun Y. The use of PEGyldipdsomes to
prolong circulation lifetimes of tissue plasminogen activd@amaterials.Oct
2009;30(29):5751-5756.

Immordino ML, Dosio F, Cattel L. Stealth liposomes: review ltg basic
science, rationale, and clinical applications, existing and potemitialJ
Nanomedicine2006;1(3):297-315.

Devaleriola D. Study of excretion balance, metabolism and prbteding of
C-radiolabelled Taxotere (RP56976, NSC628503) in cancer patiemim
Assoc Canc Re$993;34:373.

Stevens PJ, Sekido M, Lee RJ. A folate receptor-targeted lipid nénkgpa
formulation for a lipophilic paclitaxel prodrug.Pharm Res. Dec
2004;21(12):2153-2157.

Lundberg BB, Risovic V, Ramaswamy M, Wasan KM. A lipophilic gagkl
derivative incorporated in a lipid emulsion for parenteral admitistral
Control Releaselan 9 2003;86(1):93-100.

Huynh L, Leroux JC, Allen C. Enhancement of docetaxel solubility via
conjugation of formulation-compatible moietie®rg Biomol ChemSep 7
2009;7(17):3437-3446.

Ali S, Ahmad I, Peters A, et al. Hydrolyzable hydrophobic taxasgsthesis
and anti-cancer activitiednticancer DrugsFeb 2001;12(2):117-128.

Nikanjarn M, Gibbs AR, Hunt A, Budinger TF, Forte TM. Synthetic hano-LDL
with paclitaxel oleate as a targeted drug delivery vehiclegfmblastoma
multiforme.Journal of Controlled ReleasBec 20 2007;124(3):163-171.

Mumper RJ, Dong XW, Mattingly CA, Tseng M, Cho M, Adams VR.
Development of new lipid-based paclitaxel nanoparticles using sggue
simplex optimization. European Journal of Pharmaceutics and

172



12.

13.

14.

15.

16.

17.

18.

19.

20.

BiopharmaceuticsMay 2009;72(1):9-17.

Ansell SM, Johnstone SA, Tardi PG, et al. Modulating the therapaciivity
of nanoparticle delivered paclitaxel by manipulating the hydrophgbafit
prodrug conjugates. Med ChemJun 12 2008;51(11):3288-3296.

Mumper RJ, Dong XW, Mattingly CA, et al. Doxorubicin and
Paclitaxel-Loaded Lipid-Based Nanoparticles Overcome MuljdResistance
by Inhibiting P-Glycoprotein and Depleting ATRancer ResearchMay 1
2009;69(9):3918-3926.

Liederer BM, Borchardt RT. Enzymes involved in the bioconversion of
ester-based prodrugsPharm SciJun 2006;95(6):1177-1195.

Lu XL, Howard MD, Talbert DR, et al. Nanoparticles Containing
Anti-inflammatory Agents as Chemotherapy Adjuvants Il: RolePtdsma
Esterases in Drug Releagaps JMar 2009;11(1):120-122.

Li B, Sedlacek M, Manoharan I, et al. Butyrylcholinesterasgggamnase, and
albumin esterase, but not carboxylesterase, are present in hunsam.pla
Biochem PharmacoNov 25 2005;70(11):1673-1684.

Allen TM, Cullis PR. Drug delivery systems: entering themaieamScience.
Mar 19 2004;303(5665):1818-1822.

Gardner SN. A mechanistic, predictive model of dose-responsesdorveell
cycle phase-specific and -nonspecific drug€ancer Res. Mar 1
2000;60(5):1417-1425.

Deutsch HM, Glinski JA, Hernandez M, et al. Synthesis of comgeaed
prodrugs. 3. Water-soluble prodrugs of taxol with potent antitumoritgcti
Med ChemApr 1989;32(4):788-792.

Bradley MO, Swindell CS, Anthony FH, et al. Tumor targetingbgjugation
of DHA to paclitaxel.J Control Releaselul 6 2001;74(1-3):233-236.

173



Chapter 4.

Oil-filled lipid nanoparticles containing 2’-(2-bromohexadecanoyl)-acetaxel for
the treatment of breast cancer

1. Summary

A docetaxel (DX) lipid conjugate 2’-(2-bromohexadecanoyl)-doadtax
(2-Br-C16-DX) was synthesized to enhance the drug loading, entnajame retention
in liquid oil-filled lipid nanoparticles (NPs). The conjugate wascessfully entrapped
in the previously optimized NPs with an entrapment efficiency of 5&8%veasured
by size exclusion chromatography (SEC). In-vitro release $tub§0% mouse plasma
showed an initial 45% burst release with no additional releasenw@hnr. The
conjugate was able to be hydrolyzed to release DX by estemasdtro and the
hydrolysis rate was accelerated by encapsulation in NPs.oRiggate was less potent
than unmodified DX in DU-145 and 4T1 cells. However, NPs containegdhjugate
showed significantly higher cytotoxicity compared to its free fespecially in 4T1
cells. In-vivo, the AUG., value of NP-formulated 2-Br-C16-DX was about 100-fold
higher than DX in Taxotere. Furthermore, 2-Br-C16-DX NP improved AJC

4.3-fold compared to Taxotere. The high concentration and prolonged exposute of bot
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2-Br-C16-DX and DX from 2-Br-C16-DX NPs in circulation caused®fold and
1.5-fold higher accumulation of 2-Br-C16-DX and DX, respectively,tumors
compared to Taxotere. The 2-Br-C16-DX NPs were well taddrat mice with a 5-fold
and 2.5-fold increase in the single-dose and multiple-dose maximenateal dose
(MTD), respectively, over Taxotere. In mice bearing 4T1 xenogtafhors,
2-Br-C16-DX NPs showed marked anticancer efficacy as welliagval benefit over
all controls. The results of these studies support that the ed-fMPs containing
hydrolyzable lipophilic DX prodrug 2-Br-C16-DX improved the therapeirtdex of
DX and were more efficacious in the treatment of breast cafice formulation may
have broad applications in other tumors and the prodrug approach may balbptent

applied to other anticancer agents.

2. Introduction

Previously, we developed oil-filled BTM 808 NPs by sequential sixnpfgimization
to deliver DX. However, despite the desirable formulation properfesg.,
monodispersed particle size, apparent drug entrapment efficiencyDayas found
to be very quickly released in mouse plasma in-vitro. Further iigatisn revealed
that DX was not truly entrapped into the NPs during preparatioov@i@ome the poor
retention of DX in the BTM 808 NPs in simple aqueous phase and in icalyg

relevant medium, DX was modified by attaching fatty acid chaitis different chain
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lengths to the 2’-position of DX via an ester bond. The three pid-lconjugates
synthesized in Chapter 3 increased the solubility in Miglyol 808 1Byfold.
Consequently, the actual entrapment efficiency determined byrsE€2ased from zero
for DX to about 50-60% for the DX-lipid conjugates. The DX-lipid conjagavere
well retained in the NPs even in 100% plasma. The retention of DXigaess in the
long-circulating NPs resulted in significantly reduced eliriorg high and prolonged
in-vivo drug exposure.

However, in-vitro cytotoxicity studies revealed that thesedoKjugates were
much less potent than the unmodified DX. Similar results have bpertiaé by other
groups' It has been long recognized that the 2'-OH is criticalther microtubule
binding and cytotoxic effect of DX.Hence, the biological activity of these ester
prodrugs mostly depends on the liberation of active DX. The comprogys®Edxicity
suggests inefficient release of DX in cell culture. The imvitydrolysis and in-vivo
pharmacokinetics also revealed sub-optimal hydrolysis kinetics of thegsates.

Ali et al. synthesized a series of lipid paclitaxel (PX) puggrwith or without a
bromine atom at the 2-position on the fatty acid cRaingeneral, the prodrugs lacking
bromine were 50- to 250-fold less active than their bromoacyl courterpdicating
that the electron-withdrawing group facilitated the cleavageaaiive PX. The
bromoacylated PX showed higher anticancer efficacy againSEARY3 tumor
in-vivo.>* Their findings suggest that a straightforward modificationthaspotential

to favorably change the physicochemical and biological propertideeafurrent DX
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conjugates.

The objective of these present studies was to further tune the phodinadysis
kinetics while retaining the high drug entrapment and retention ioitid#led NPs.
With optimized activation kinetics, the new prodrug containing NPsxpected to
achieve sustained release of active drug, low systemic tigxacid enhancement of

antitumor efficacy in-vivo.

3. Materials and methods

3.1. Materials and Animals

DX, PX, 2-bromohexadecanoic acid (>99%), 4-(dimethylamino) pyridineABMand
N,N’-dicyclohexyl-carboiimide (DCC, 99%) were purchased from Sigrsi¢h (St.
Louis, MO). Miglyol 808 was obtained from Sasol (Witten, Germamglyoxyl
20-stearyl ether (Brij 78) was obtained from Unigema (Wilmingtorg).D
D-alpha-tocopheryl polyethylene glycol succinate (Vitamin ES® was purchased
from Eastman Chemicals (Kingsport, TN). BALB/c mouse plasaspurchased from
Innovative Research Inc. (Novi, MI). Sepharose CL-4B was purchased Gieém
Healthcare (Uppsala, Sweden). Hybrid-8PEartridge was purchased from
Sigma-Aldrich Supelco (St. Louis, MO).

The human prostate cancer cell line DU-145, and murine breast cahliderec

4T1 were obtained from American Type Culture Collection (ATGDY were
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maintained in RPMI-1640 medium with 10% fetal bovine serum (FBS).aleem
BALB/c mice, 4 to 5 weeks old, were purchased from Charles Riviémington, MA)
and housed in a pathogen-free room. All experiments involving mice eeerducted
according to an approved animal protocol by the University of NQ@dholina

Institutional Animal Care and Use Committee.

3.2. Methods

3.2.1. General procedure for the synthesis of 2’-(2-bromohexadecanpyl

-docetaxel (2-Br-C16-DX}

A flame-dried round-bottom flask was charged with (£)-2-bromohexadec acid
(0.62 g, 1.85 x 1®mol, 1.5N) and DCC (0.5 g, 2.47 x“1fol, 2N) in dry CHCI, (200
mL) under argon. The solution was stirred for 10 min at room tenyperdaX (1.0 g,
1.24 x 10° mol, 1N) was added along with a catalytic amount of DMAP (0.15 g,xL.24
10° mol, 1N) and the reaction mixture was stirred at room temper&r an extra 5
min. The reaction was monitored by TLC (&Hb: MeOH 95:5 v/v; Rf = 0.58) for
completion. The white precipitate of dicyclohexylurea byproductfikesed through a
fritted funnel, and the filtrate was evaporated under vacuo. The prodect was
purified by preparative TLC in CHEIMeOH (95:5). The silica gel was removed by
filtration through a fine fritted funnel and the filtrate was pwvated under vacuo to
give the desired product as a white powder (0.4 mg, 86%).NMR (400 MHz,
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CDCl): 5 (ppm) = 0.8 (t, 3H, —83(CHy)14), 1.05 (s, 6H, Hi6.17), 1.16 (S, 9H, H7.g),

1.19 (s, 3H, Hig), 1.23 (M, 28H, —(82)14CHs), 1.68 (S, 3H, Hig), 1.78 (M, 2H, H14),

1.67 (d, 2H, —€1,Cy+), 1.87 (S, 3H, Hzy), 2.24 (m, 1H, H3), 2.38 (s, 1H, H7), 3.86 (d,
1H, Hs), 4.12 (d, 1H, Hy), 4.2 (t, 1H, —EIBrCy), 4.26 (t, 2H, H13), 4.88 (d, 1H,
—Hig), 5.2 (d, 2H, Hag), 5.22 (d, 1H, Hy), 5.62 (d, 1H, Hz), 7.22-7.53 (m, 8H,
—Ar-Has.05 and ArHsgss), 8.05 (d, 2H, —AiHs-9. *C NMR (100 MHz, CROD): &

(ppm) = 8.9 (€19), 14.1 (€H3(CHy)z), 20.9 (-Gg), 22.6 (€z), 23.7
(—(CHp)16CHoCH3), 27 (C1617), 28.1 (€r9), 29.6 (—CH2)14C1), 31.9 (s 1), 43.1
(—Ci5), 44.5 (€3), 45 (CHBY), 46.4 (€3), 57.5 (<), 71.8 (€13), 72.1 (<), 74.4
(-C2), 75 (Cro), 75.3 (€20), 78.9 (€¢), 79.9 (€1), 80.9 (-C,), 84.2 (€s), 126.3
(—Ca1,33,39, 128.9 (€32,39, 129.2 (€26 29, 130.2 (€24,25 29, 133.6 (—G7), 135.5 (€11),
138.9 (C10), 154.2 (€5), 167 (C2a), 167.3 (€21), 169 (Cy), 169.7 (€1v), 211.5

(—Co).

3.2.2. Characterization of DX and DX conjugates

3.2.2.1. Mass spectrometry

Electrospray lonization (ESI) coupled with direct injection was eysal to determine
the m/z of the final synthetic conjugate product by Thermo StieeSQ Quantum
Access with positive ionization. The m/z of the observed molecottawas 1125,

which clearly corresponded to thé kdduct of 2-Br-C16-DX.
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3.2.2.2. High performance liquid chromatography (HPLC)

The 2-Br-C16-DX concentrations were quantified by HPLC usiRgpaigan Surveyor
HPLC system with a Photodiode Array (PDA) detector, autosaraptet. C pump plus
with an Inertsif ODS-3 column (4um, 4.6x150 mm, GL Sciences) at 25°C.
Chromatographic separation was achieved by gradient elution usinde npblaise
2-propanol, acetonitrile (ACN) and water (5: 55: 40 v/v/v). The flowe maas 1.0
mL/min and the total run time was 25 min for eachuRSnjection. The wavelength
was 230 nm.

The DX concentration was quantified by LC/MS/MS using a Finnigameyor
Autosampler Plus and Finnigan Surveyor MS Pump Plus. Chromatographrasons
were achieved using a SunFire™ C18 column (2.1 x 30 mm, 3.5 um paitiele
Waters) at 25°C. The mobile phase consisted of 0.1% formic acidaier vand
methanol using gradient separation. The flow rate was 0.5 mL/mirhantal run
time was 8 min for each 28 injection. Mass spectrometric analysis was performed
using a Thermo Scientific TSQ Quantum Access with positiveatioiz. The capillary
temperature was set up to 390°C, and the spray voltage was 4000V. RoabXis,
m/z 830.0— 549.0 was monitored with PX (m/z 876-3 308.0) as an internal

standard.
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3.2.3. Preparation and characterization of BTM NPs

3.2.3.1. Preparation of BTM NPs containing 2-Br-C16-DX

NPs containing 2-Br-C16-DX were prepared using a warm oilatew (o/w)
microemulsion precursor method previously developed and later optimmzedri
laboratory’ Briefly, Miglyol 808 (2.5 mg), Brij 78 (1.7 mg) and Vitamin E G8 (0.8
mg) were accurately weighed into glass vials and heated to 608Gs [0.5-1 mg)
dissolved in ACN were added and the organic solvent was remowvatidyen flow.
One (1) mL of pre-heated 10% lactose in water was added imaixhae of melted oil,
surfactants and drugs. The mixture was stirred for 20 min at &@tCcboled to room
temperature.

For in-vivo studies, NPs were concentrated and PEGylated. Theil&tiom
was concentrated 4-13-fold by adding 4-13-fold less 10% lactose contiphass
while keeping the other components of the formulation unchanged. The N€s we
PEGylated by adding 8% Brij 700 during the preparation wherein 8thgav/w ratio

of Brij 700 to Miglyol 808.

3.2.3.2. Characterization of BTM NPs containing 2-Br-C16-DX

3.2.3.2.1. Particle size and zeta potential

Particle size and size distribution of NPs were determined wsiniy5 Submicron
Particle Size Analyzer (Beckman). Five (&) of NPs was diluted with 1 mL of water

to reach the intensity required by the instrument. Partizke \8as determined at 90°
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light scattering at 25°C. The zeta potential of NPs was datedwsing the Zetasizer

Nano Z (Malvern Instruments, Southborough, MA).

3.2.3.2.2. Drug entrapment efficiency

Drug entrapment efficiency was determined by SEC. 2-Bri-3X6NPs were

separated with the free drug by a Sepharose CL-4B column (L3\&s were eluted
using PBS in fractions 5-8 (1 mL/fraction, confirmed by dynangbtlscattering

intensity). Each fraction was evaporated to dryness in vacuo, resigsiia 1 mL ACN

and analyzed by HPLC to determine the concentration of 2-Br-C18yBXch fraction.
The % drug entrapment efficiency was defined as 100% x tlweafathe weight of

drug detected in fractions 5-8 to the total drug weight detected.

3.2.3.2.3. Physicochemical stability of 2-Br-C16-DX NPs
The 2-Br-C16-DX NP suspension was stored at 4°C. At designatedpbints, the
particle size was measured after the NP suspension beingdlioegquilibrate to room

temperature. The 2-Br-C16-DX concentration was determined by HPLC.

3.2.4. In-vitro drug release in mouse plasma

In-vitro release studies were performed in 100% BALB/c mousenm. Briefly, 100

uL of purified 2-Br-C16-DX NPs were spiked into 2 mL of mouse plasma. The release
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mixture was incubated at 37°C in a water bath shaker. At @dgsijtime points from 0
hr to 8 hr, two aliquots of release mixture were removed. One a(itR@ilL) was used
to determine the total drug concentration by solid phase extracsBi)(using
Hybrid-SPE precipitate method. Briefly, one volume of releagéune was mixed with
three volumes of 2% formic acid in ACN. Following vortex and cergafion, the
supernatant was applied to a Hybrid-SPE cartridge. The elaateallected for HPLC
analysis. Another aliquot (1QQ.) was used to determine the drug remained in the NPs
using the method described above. The % DX released at any timevpsicalculated

as 100% x [(Total drug detected — drug remaining in the NPs)/Total dregjebt

3.2.5. 2-Br-C16-DX digestion

3.2.5.1. 2-Br-C16-DX digestion in fresh mouse plasma

The esterase digestion study was performed in fresh BAh®/ase plasma. The
2-Br-C16-DX DMSO stock solution (5 mg/mL) or 2-Br-C16-DX NPs (h§/mL)
was spiked into the plasma to make a final concentration @igAiL. As controls,
2-Br-C16-DX DMSO solution mixed with blank NPs or Brij 78 (1.7 mgjrahd TPGS
(0.8 mg/mL), was as well spiked into the plasma to make adoraentration of 10
ug/mL. The mixture was incubated at 37°C in a water bath shakdesignated time
points, 10QuL of digestion mixture was removed. The concentration of 2-Bri046-

was determined by Hybrid-SPE precipitate method as descrilma dollowed by
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HPLC analysis. The % 2-Br-C16-DX remaining at any time poad calculated as 100%
x the ratio of remaining drug amount to the total drug spiked irgosthiume of plasma.
The concentration of DX in the same sample was determined WY1I3.CThe %
2-Br-C16-DX hydrolyzed to DX at any time point was calculaasd100% x [(DX

amount detected x 1124 / 807)/ the total drug spiked into this volume of plasma].

3.2.5.2. 2-Br-C16-DX digestion in 4T1 tumor homogenate

The 4T1 solid tumor was collected from 4T1 xenografted mice affitianasia. Three
hundred (300uL of PBS was added to every 100 mg of tumor tissues. Tumors were
homogenized using Omni Bead Ruptor 24 homogenizer with 2.8 mm zirconiden ox
beads (Omni International, Kennesaw, GA). The 2-Br-C16-DX DM®ckssolution

(5 mg/mL) or 2-Br-C16-DX NPs (0.5 mg/mL) was spiked into the hanatge to make

a final concentration of 10g/mL. The mixture was incubated at 37°C in a water bath
shaker. At designated time points, 1QQ of homogenate was removed. The
concentration of 2-Br-C16-DX was determined by Hybrid-SPE pitatgomethod as
described above followed by HPLC analysis. The % 2-Br-C16-Dixaneing at any
time point was calculated as 100% x the ratio of remaining dngyat to the total
drug spiked into this volume of tumor homogenate. The concentration of ER¢€ in
same sample was determined by LC/MS. The % 2-Br-C16-DX hygirdlto DX at
any time point was calculated as 100% x [(DX amount detect&é@4/1807)/ the total

drug spiked into this volume of tumor homogenate].
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3.2.6. Evaluation of in-vitro cytotoxicity

The MTT assay was utilized to assess cytotoxicity of er-C16-DX and the
2-Br-C16-DX NPs. Serial dilutions of free drugs or drug camig NPs were added to
the DU-145 cells or 4T1 cells and incubated for 48 hr. The welie then incubated
with MTT solution for 4 hr and the formazan dyes were solubilize®RSO. The
absorbance was measured using the Synergy 2 Multi-Detectionlity Reader at
570 nm, and the concentration of drug that inhibited cell survival By 6Gso) was

determined from cell survival plots.

3.2.7. In-vivo pharmacokinetics and biodistribution of 2-Br-C16-DX NR

Female BALB/c mice were injected s.c. in the right intgoatar region 1 x 18 4T1
cells suspended in 1QQ of FBS-free RPMI-1640 medium. When the tumor volume
reached 400 — 500 nimmice were randomly divided into two groups. The mice
(n=3/time point) were injected via tail vein with Taxotere @dr2=16-DX NPs, all at a
DX dose of 10 mg/kg. At designated time points from 3 min to 96 hmibe were
given an overdose of ketamine (100 mg/leg)d Domitor (0.5 mg/kg) for deep
anesthesia prior to cardiac puncture to collect blood and a cenalmadation was then

performed to euthanize the mice. After euthanasia, organs (heaxtspleen, lung and
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kidney) and tumor were collected and flash frozen in liquid nitrodg®r plasma
separation, the blood collected in heparin-coated tubes was cemtrédtde,300 rpm
for 15 min. The obtained plasma was processed with Hybrid-SPE paeeipiethod as
described above. For organs and tumor, d06f 2% formic acid in ACN was added to
every 100 mg of tissues. Tissues were homogenized using Omni Beaal Rdpt
homogenizer with 2.8 mm zirconium oxide beads. Following vortex and foggaifion,
the supernatant was applied to a Hybrid-SPE cartridge. Thee el collected for
analysis. The concentrations of 2-Br-C16-DX in plasma and tisstract were
determined by HPLC, and the DX concentrations were quantified@AMS.
Pharmacokinetic analysis and modeling was performed by WinN(w@msion 5.2.1;

Pharsight Corp, Mountain View, CA).

3.2.8. Evaluation of maximum tolerated dose (MTD)

3.2.8.1. Single-dose MTD

Female BALB/c mice were randomly divided into four groups. The ifmce 8) were

injected via tail vein with test samples (100 mg conjugatd/83,mg conjugate/kg and
150 mg conjugate/kg 2-Br-C16-DX NPs). The mice in the control groene wwot

treated. All mice were monitored after injection. Body weightl body conditions

were monitored daily for a week.
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3.2.8.2. Multiple-dose MTD

Female BALB/c mice were randomly divided into five groups. The rfnce 5) were
injected via tail vein with test samples Q7d x 3 (40 mg congdggt 70 mg
conjugate/kg, 100 mg conjugate/kg and 130 mg conjugate/kg 2-Br-C16-DXTi@s)
mice in the control group were not treated. All mice were momitafeer injection.

Body weight and body conditions were monitored daily for three weeks.

3.2.9. In-vivo antitumor efficacy

Female BALB/c mice were injected s.c. in the right intepsdar region 1 x 104T1
cells suspended in 1GQ. of FBS-free RPMI-1640 medium. When the tumor volume
reached 70 — 100 miymice were randomly divided into multiple groups. For the first
efficacy study, the mice (n = 8) were injected via tail weitin test samples twice per
week (10 mg conjugate/kg 2-Br-C16-DX NPs, 10 mg DX/kg Taxotmnd, 10 mg
conjugate/kg 2-Br-C16-DX in Taxotere vehicle). For the secondaeffistudy, the
mice (n = 9) were injected via tail vein with test sarm@)éd x 2 (130 mg conjugate/kg
2-Br-C16-DX NPs, 130 mg conjugate/kg equivalent blank NPs, 20 mg DXKajdre,
and 10 mg conjugate/kg 2-Br-C16-DX in Taxotere vehicle). For the dffficacy study,
the mice (n = 9) were injected via tail vein with test sasy@&d x 2 (70 mg
conjugate/kg 2-Br-C16-DX NPs, 70 mg conjugate/kg equivalent blank NP%g20

DX/kg Taxotere, and 10 mg conjugate/kg 2-Br-C16-DX in Taxotere lghithe mice
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in the naive group were not treated. Tumor volume was measureligey taree times
per week. Tumor volume was calculated as length x (Wi@hHyhe body weight and
body conditions were monitored as well. Tumor growth and mouse moniadity

recorded until day 23. Percentage survival of each group was cadcatad plotted for

the third efficacy study.

3.2.10. Statistical analysis

Statistical comparisons were performed using analysis ofan@s (ANOVA)
(°1992-2007 GraphPad Prism Software, Inc.). Results were consideredtaigrft

95% confidence interval (p < 0.05).

4. Results

4.1. Synthesis and characterization of 2-Br-C16-DX

DX were modified to a more lipophilic prodrug 2-Br-C16-DX by oae-step
esterification reaction with a 2-bromohexadecanoyl! chain attietchthe 2’-position of
DX (Figure 4.1). The 2’-OH is the most reactive hydroxyl groummgnthe multiple
hydroxyl groups in DX molecule, followed by 7-OH and 10-OHhe presence of
bromine on the acyl chain made the carboxylic acid more redhbtweits counterpart

lack of bromine so that in addition to 2’-substitution, byproducts withand
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10-substitution were also formed. Pure 2’-monosubstituted DX conjugatebtained
after purification by preparative TLC and confirmed by TLC, NMRd mass

spectrometry.

4.2. Preparation and characterization of 2-Br-C16-DX BTM NPs

The previously optimized BTM NPs were able to entrap 2-Br-C16Math an
entrapment efficiency of 56.8 + 2.8%. The 2-Br-C16-DX NPs had a meanaitiel

of 210 £ 2.15 nm with a zeta potential of -5.52 + 0.97 mV (Table 4.1). The
2-Br-C16-DX NPs were physically and chemically stable at 4p©n long-term
storage. The particle size slightly increased from 210 nm to 230 nm and 2-B»>C16-

concentration in the NP suspension was unchanged for at least 5 months (Figure 4.2).

4.3. In-vitro drug release in mouse plasma

The release of 2-Br-C16-DX from NPs in 100% mouse plasma twdged using the
“ex-vivo” method developed in previous studies. Similar to C18-DX and@2fack
of bromine, an initial 45% burst release was observed upon spikinghmtmause

plasma with no additional release within 8 hr (Figure 4.3).
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4.4. 2-Br-C16-DX digestion

In fresh mouse plasma, 10% of 2-Br-C16-DX was hydrolyzddXan 48 hr when it
was spiked into plasma in DMSO solution (Figure 4.4). When entrapp¢iesn45%
of 2-Br-C16-DX was hydrolyzed to DX and 35% of 2-Br-C16-DX ramed intact in
48 hr. The NP-encapsulation induced digestion was consistent with the other three DX
conjugates lack of bromine. The digestion rate and extent of 2-BibXl6vas
significantly higher than C18-DX and C22-DX as expected esalhpavhen being
entrapped in NPs. The mass balance did not reach 100% for NP-eneampsulat
2-Br-C16-DX after 48 hr incubation suggesting the presence of dlterrteansfer
pathways. To further investigate the mechanism of NP-encapsutadiaced digestion,
free 2-Br-C16-DX was also incubated with blank BTM NPs orgsame surfactant
components in BTM NPs in fresh mouse plasma. The digestion profittese two
controls were more comparable to that of free 2-Br-C16-DXerdtian 2-Br-C16-DX
NP, indicating that the drug has to be encapsulated in the NPsmreerapidly
hydrolyzed.

In 4T1 tumor homogenate, only 6% of NP-encapsulated 2-Br-C16-DX2%nd
of free 2-Br-C16-DX were hydrolyzed to DX within 48 hr (Figur®). However, the
loss of conjugate in NPs in 48 hr was 100%, whereas 20% loss of paugntvas
observed with free 2-Br-C16-DX. The recovery of total drug mass was abour82%

6% for free conjugate and NP-encapsulated conjugate, respectively.

190



4.5. In-vitro cytotoxicity

The in-vitro cytotoxicity was evaluated in two cell lines hunpaostate cancer cell
DU-145 and murine breast cancer cell 4T1. In DU-145 cells, filee@16-DX was
16.4-fold less active than DX (Figure 4.6A). Compared to the threedhjugates
without bromine, the free 2-Br-C16-DX was more toxic than anja$e¢ conjugates.
C12-DX and C18-DX NPs showed comparablg;alues with their free forms, and
C22-DX NPs showed only vehicle-related toxicity for 48 hr incubatimoohtrast, the
cytotoxicity of 2-Br-C16-DX NPs increased 6.5-fold compared ¢e £2-Br-C16-DX,
which was still 2.5-fold lower than DX.

In 4T1 cells, free 2-Br-C16-DX was 2.8-fold less potent than D¥uie 4.6B).
When entrapped in BTM NPs, the cytotoxicity increased 12.7-fold coahpariee
2-Br-C16-DX. More impressively, the g value of 2-Br-C16-DX NP was 4.5-fold
lower than that of free DX. It is the first time in thesedies that a DX conjugate in any
form had higher cytotoxicity than unmodified DX. The blank NPs did matws
significant cytotoxicity in either cell lines (kgwas 1842 + 287 nM in DU-145 and

2955 £ 435 nM in 4T1 in drug equivalent dose, respectively).

4.6. In-vivo pharmacokinetics and biodistribution of 2-Br-C16-DX NPs

The plasma concentration-time curves in mice receiving i.v. baljections of

Taxotere and 2-Br-C16-DX NR# a dose of 10 mg DX/kg are shown in Figure 4.7A.
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Pharmacokinetic parameters obtained using a noncompartmentalohadalysis are
listed in Table 4.2. The AUC. value of NP-formulated 2-Br-C16-DX was about
100-fold higher than that of Taxotere. The DX concentration in plasradelaw the
lower limit of quantification after 8 hr, whereas 2-Br-C16-0D&uld be detected until
96 hr. The terminal half-life of NP-formulated 2-Br-C16-DX wa¥-fold higher
compared to that of Taxotere. The plasma concentrations of D Xaas$iae metabolite
hydrolyzed from 2-Br-C16-DX were determined and shown in Figure .48
concentrations of Taxotere are also shown as a referenceofmpadson. The
pharmacokinetic parameters of DX from 2-Br-C16-DX NP are sit®wn in Table 4.2.
The DX from 2-Br-C16-DX NP was detectable until 24 hr and beleatower limit of
quantification after that. 2-Br-C16-DX NP improved DX AUC 4.3-folimpared to
Taxotere. The terminal half-life of DX from 2-Br-C16-DX Nifas comparable with
that of Taxotere but its MRT was 6.4-fold higher than that of Taxotere.

The biodistribution of 2-Br-C16-DX and DX in main organs and tumors iate
administration of 2-Br-C16-DX NP and Taxotere is presented in &igu8. The
concentrations of DX from Taxotere in all organs rapidly deeckagth time except
for in tumors (Figure 4.8B). The lack of time-dependent eliminatidghe tumor likely
reflects the abnormal tumor vasculature and dysfunctional lyngptedinage. The
overall concentrations of 2-Br-C16-DX were significantly higtiman DX in all organs
and tumors. A significant accumulation of 2-Br-C16-DX in liver aptesn was

observed after the administration of 2-Br-C16-DX NP (Figure 4.8Ahe
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2-Br-C16-DX concentration in liver and spleen increased in tis¢ $ieveral hours
indicating the slow uptake of NPs by RES. The tumor accumulati@rBefC16-DX
and DX was shown in Figure 4.9. The Abigof 2-Br-C16-DX was 10-fold higher
compared to Taxotere in xenografted 4T1 solid tumors (Table 4.3). Khé&dn
2-Br-C16-DX NP in the tumor generally increased with time dred AUG).9s Was
1.5-fold higher than that of Taxotere. The Ald¢naand AUGymor of Taxotere obtained

in these studies are comparable with other reports in the litefdture.

4.7. MTD of 2-Br-C16-DX NPs

The tolerability of 2-Br-C16-DX NP was assessed by bodygktethange and body
conditioning evaluation. The MTD was defined as the maximum dose that causes only
minor signs of toxicity (e.g., weight loss, poor coat condition) and noalitgriAfter

single i.v. bolus injection of 150 mg conjugate/kg 2-Br-C16-DX NP,nTi& died 5

min post injection and 1/8 died after 24 hr indicating acute toxititlyis dose, likely
hematologic toxicity. The body weight of the control group and grougsviag single
injection of 100 mg conjugate/kg or 130 mg conjugate/kg 2-Br-C16-DX NRas/n

in Figure 4.10A. Mice receiving 100 mg conjugate/kg dose gained about 296 bod
weight while mice receiving 130 mg conjugate/kg dose kept theiy Wwedght almost
unchanged, suggesting that these doses were well toleratedesdt, the single-dose

MTD was identified as 130-150 mg conjugate/kg (equivalent 93-108 miggPXThe
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MTD of Taxotere has been reported in the literatures as 15-3&yfitjThe MTD of
2-Br-C16-DX NP was about 5-fold higher than that of Taxotere.

Multiple-dose MTD was also evaluated because in preclinicabelf studies
and in clinical practice, repeated treatments are required. Thiplerdose MTD was
assessed by treating BALB/c mice with 2-Br-C16-DX NP at a dosenmgufiigim 40 to
130 mg conjugate/kg, once per week for three weeks. Figure 4.10Bsieates the
body weight change of all five groups in three weeks. After tbenskdose at day 7,
mice in 100 mg conjugate/kg group and 130 mg conjugate/kg group continumgisly |
weight. Until day 18, 2/5 mice in 100 mg conjugate/kg group and 3/& mit30 mg
conjugate/kg group were observed over 20% body weight loss. In contrasticthe
receiving 70 mg conjugate/kg 2-Br-C16-DX NP kept their body teignchanged
during the experimental time frame, therefore the multiple-8oEe was identified as
70 mg conjugate/kg (equivalent 50 mg DX/kg) for at least threatrtrents. The
multiple-dose MTD was about 2.5-fold higher compared to Taxotere tidjctnat

2-Br-C16-DX NP can be administered at significantly higher doses.

4.8. In-vivo antitumor efficacy

The antitumor efficacy of 2-Br-C16-DX NP was evaluated in a #idast cancer
xenograft mouse model. In the first study, mice were treatéd avlow dose of

2-Br-C16-DX NP and Taxotere with high dose frequency (10 mg DX or conjkgate/
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twice a week). The greatest tumor growth inhibition was obdemiin 2-Br-C16-DX
NP treatment group (Figure 4.11). Taxotere and free 2-Br-C16-BXsilowed some
antitumor effect as compared to naive group. A statisticadlyifscant difference of
2-Br-C16-DX NP with all other treatments was observed at Iynd 15, with
post-hoc least significant difference test.

In the second efficacy study, a single-dose MTD of 2-Br-C16NPX(130 mg
conjugate/kg) and Taxotere (20 mg DX/kg) was administered. Dusetsdubility
limitation, the maximum formulatable dose of 2-Br-C16-DX in Tas@techicle (10
mg conjugate/kg) was adopted. Mice were treated with these duses 5 days.
Tumor volume increased with control, blank BTM NPs, free 2-Br-C16-&nd
Taxotere administration (Figure 4.12). The tumor growth in the 2I&-0X NP
treatment group was almost completely inhibited. Taxotere athibis dose also
significantly inhibited tumor growth. A statistically signifita difference of
2-Br-C16-DX NP with all other treatments was observed ataaly as day 5 and
continued to the end of the study, with post-hoc Tukey's test. Howevegtessive
dose regimen caused evident toxicity in 2-Br-C16-DX NP treatign@up. At day 12, a
20% of body weight loss was observed in 3/9 mice in 2-Br-C16-DX&#ment group
after only two doses. It should be noted that mice in Taxotere gisapost some body
weight but not as significant as 2-Br-C16-DX NP group. The t®xil the second
efficacy study demonstrated that dose adjustment for multipktntests was

warranted.

195



In the third efficacy study, multiple-dose MTD of 2-Br-C16-DXP was
administered and dose frequency was adjusted to Q7d. Tumor volume edonetis
control, blank BTM NPs, free 2-Br-C16-DX and Taxotere admirtistngFigure 4.13).
The most significant tumor growth inhibition was observed with ZB8-DX NP
treatment group. Antitumor effect of Taxotere was comparatletihe second efficacy
study. In the third efficacy study, a statistically sigrafit difference of 2-Br-C16-DX
NP with all other treatments was observed starting fronvdayd continued to the end
of the study, with post-hoc Tukey’s test. Figure 4.14 shows the Kafdaer survival
curves of mice until day 23. The 50% survival time of naive, blank BT/ fike
2-Br-C16-DX and Taxotere groups was between 14 days and 19 dayscdlh naive,
blank BTM NP, free 2-Br-C16-DX and Taxotere groups died within 21s.day

2-Br-C16-DX NP treatment group, 100% survival through day 23 was observed.

5. Discussion

In the present studies, a lipophilic DX conjugate 2-Br-C16-DX syaghesized and
characterized. The new conjugate was well entrapped and retaithedbil-filled NPs.
The digestion kinetics of 2-Br-C16-DX was improved compared tohtteee DX-lipid
conjugates which lacked bromine. The retention of the conjugate wrpeirculating
NPs, along with its very different digestion kinetics, resultedairsignificantly

improved pharmacokinetic profile, blood exposure of DX and tumor accuonylati
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which in turn led to superior antitumor efficacy.

In the previous chapter, three DX-lipid conjugates were synthegzed
overcome the poor retention of DX in the BTM 808 NPs in aqueous phdsm a
biologically relevant medium. The >10-fold increase in the sotylmfiDX conjugates
in Miglyol 808 compared to DX allowed for a significant increas drug loading,
entrapment and retention in plasma. However, as prodrugs, their didesétios was
not optimal. The hydrolysis of C12-DX was too rapid whereas tdeohysis rate and
extent of C18-DX and C22-DX were too low in mouse plasma behrigigesterase
activity. To further optimize the hydrolysis kinetics while aiat the good drug
entrapment and retention, the DX conjugate was modified by choodipml avith
chain length between 12 and 18, and with a bromine at the 2-positionlipidiahain.
The new DX conjugate 2-Br-C16-DX was successfully encapsuiatdhe BTM NPs
with comparable entrapment efficiency and very similar seleprofile in mouse
plasma with the other DX-lipid conjugates. The ester bond is mameegtible to
hydrolysis with an electron-withdrawing group at the 2-position.eApected, the
hydrolysis profile of 2-Br-C16-DX fell in between C12-[a3Xd C18-DX. In contrast to
C12-DX, 60% of which was rapidly hydrolyzed to DX in 4 hr, or C18-DX, ddl%o of
which was hydrolyzed to DX in 48 hr, 2-Br-C16-DX was slowly ojgzed to DX to
an extent of 45% in 48 hr. The slower but higher extent of hydrakysgpected to
benefit the sustained release of DX in-vivo and further improve thbl@otl exposure.

Despite of the different digestion kinetics, a NP-encapsulation idduce
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digestion was also observed for 2-Br-C16-DX in-vitro. A hypothesis proposed in
the previous chapter to explain the phenomenon. It is speculated thatghiplailic
DX conjugate molecules locate on the surface of the oil-fill& Mith relatively
hydrophilic head orienting toward the aqueous phase and the lipid tail anchoring in the
oil core. The huge specific surface area of NPs makes DX conjugatly seadissible
to enzymes including esterases in the aqueous phase to transtenDiate to DX
and others. On the contrary, free DX conjugate molecules, once spikeolasina,
tightly bind to the plasma proteins (e.g., albumin) leading tehiedd of cleavage site.
To rule out the possibility that some components in the BTM NPergigtically
accelerated the hydrolysis of DX conjugate, in the presentestutivo control
experiments were conducted. The blank BTM NPs or the same auatfaotmponents
in BTM NPs co-incubation with free 2-Br-C16-DX did not accdlethe hydrolysis of
2-Br-C16-DX indicating that the more rapid hydrolysis of NPagsulated
2-Br-C16-DX was not caused by the catalysis of NP ingredjeri(sthermore, the
results also rule out the possibility that the NP-encapsulation iddiigestion was
caused by a simple solubilization effect, since the surfacteuitts the same
concentration in the NPs were also capable of solubilizing the cdejugawever,
these surfactants also did not accelerate the digestion. These resultstyfitet the
hypothesis described above.

The cytotoxicity of 2-Br-C16-DX was higher compared to aleéhDX-lipid

conjugates without bromine in DU-145 cells after 48 hr incubation. Tgkehi
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cytotoxicity may be partly attributed to its sustained but higbard of hydrolysis to DX.
It remains possible that intact 2-Br-C16-DX possessesrmeiith inhibition activity by
its own right. The cytotoxicity of 2-Br-C16-DX NP was 6.5d@nd 12.7-fold higher
compared to free 2-Br-C16-DX in DU-145 and 4T1 cells, respectividlis effect
could be explained by NP-encapsulation induced digestion of 2-Br-C16iDbe
medium or intracellularly, but there are other possibilities a&#l. Whe higher
cytotoxicity of 2-Br-C16-DX NP may also be explained by @ased cellular uptake
and/or different cellular compartmental sequester facilitayedP. These factors may
also contribute to the higher cytotoxicity of 2-Br-C16-DX NPha highly aggressive
breast cancer cell 4T1 compared to unmodified free DX. The logitaéty of 4T1
cells to DX is probably due to their extremely rapid prolifiera as well as other
intrinsic detoxification mechanisms (e.g., degradation of DXhdéde the uptake of
high drug payload NPs by endocytosis followed by sustainedseet#faD X may play
essential roles in the improved cytotoxicity of 2-Br-C16-DX NP in 4T1 cells.
In-vivo, NP-formulated 2-Br-C16-DX achieved 100-fold higher AUC
compared to Taxotere. The remarkably high AUC, long terminallifal&nd long
MRT were attributed to the stable anchoring of 2-Br-C16-DXhimlong-circulating
NPs as predicted by the in-vitro release study. The elimmabutes of 2-Br-C16-DX
include: 1) uptake of drug containing NPs by RES, 2) release of comjiojawed by
elimination as free drug, and 3) hydrolysis of the conjugate to DDNR-formulated

conjugates shared the first elimination route while NP-formulatBd@16-DX also
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had similar release profile with NP-formulated C18-DX and CX2-The significantly
higher hydrolysis kinetics differentiated NP-formulated 2-B6€DX from the other
two conjugates. As a result, the pharmacokinetic profile of NPtiated
2-Br-C16-DX fell in between NP-formulated C12-DX and C18-DXhieh was
consistent with their trend of the in-vitro hydrolysis raf@ge to the sustained and high
extent of hydrolysis, the AUC of DX in the plasma after the iagmation of
2-Br-C16-DX NPs was not only over 4-fold higher than that of Tarpteut also
significantly higher than the other three conjugates. The 2-Br-C46HBs served as a
drug reservoir and released DX in a sustained manner as showruia EigB. The
high concentration and prolonged exposure of both 2-Br-C16-DX and DX from
2-Br-C16-DX NPs in the plasma were beneficial to their pasgimor accumulation
via the EPR effect. The AUgnor Of 2-Br-C16-DX was 10-fold greater than that of
Taxotere. The AUGmorof DX from 2-Br-C16-DX NP was 1.5-fold greater than that of
Taxotere. However, the overall ratio of AlJGor 0f DX from 2-Br-C16-DX NP to that
of 2-Br-C16-DX was low in 96 hr. The DX in the tumor was from two poatnbiutes:
direct uptake of DX from the systemic circulation and cleaviage the 2-Br-C16-DX
accumulated in the tumors. The clear ascending trend of DX with ih the tumor
suggests that the in-situ hydrolysis dominated the DX tumor otnaten. The low
rate of hydrolysis in the tumor in-vivo is consistent with its in-vitro tumor hamnatg
hydrolysis, suggesting low esterase activity in 4T1 tumor. Adrespecific esterase

activity in various human malignant tumors has been studied by histazi@nalysis.
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It has been previously reported that the esterase activityeasttumors is generally
low.? In contrast, esterase activity is highly elevated in samm®t types compared to
their normal tissue of origin such as colon and rectum adenocarciaochahyroid
tumors. It is likely that these tumor types with high esteeasiwity would serve as
better models for the ester prodrugs that mostly depend on tyraa&inz conversion to
their active forms to exert antitumor effects. The NP-fornegl&-Br-C16-DX showed
a marked accumulation in liver and spleen and the accumulation weasmgy during
the first several hours of the study. It clearly indicatedw siptake of drug containing
NPs by the RES. Although PEGylation reduces RES clearancegiaagcumulation in
RES-related organs is unfortunately still a typical distributiaitepa for most of the
NPs ot

Murine breast cancer 4T1 is a highly aggressive and metastatos tmodel.
They can spontaneously metastasize to the lung, liver, lymph nodes endhita the
primary tumor grows in-situ after injected s.c. into BALB/c enidhe tumor growth
and metastatic spread of 4T1 cells in BALB/c mice very cjoseiic human breast
cancer>*3 The in-vivo efficacy study in mice bearing breast cancer #d@hografts
using low dose (10 mg DX or conjugate/kg) demonstrated a stallistsignificant
tumor growth inhibition effect by 2-Br-C16-DX NP compared to ttamdard-of-care
therapy, which was consistent with their superior plasma pltakimeetics and tumor
distribution. However, given the high aggressiveness of 4T1 tumor modelnat

surprising that the low dose regimen did not achieve optimal amtitafiicacy. Since
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2-Br-C16-DX NP was much better tolerated than Taxoteredisated by the MTD
studies, higher doses can be given expecting to achieve maximumiiinibition. In
the second efficacy study, the single-dose MTD of 2-Br-C1aNPXalmost completely
inhibited the tumor growth. However, the single-dose MTD with atikedly high
dosing frequency caused fatal toxicity in mice at the same. fThe acceptable body
condition scoring values and body weight after treatment with #mkINPs suggested
that the toxicity was not caused by the delivery vehicle batcanmulative effect of
2-Br-C16-DX itself (data not shown). It is speculated thattrobshe systemic side
effects are likely attributed to the DX released in theutation due to the high esterase
activity in mouse plasma. However, since human plasma estertagéy as much
lower than mouse as shown in Chapter 3 and demonstrated by'8thérs;an be
anticipated that in humans or in esterase-deficient mice;2iBfrDX NP would be
better tolerated than in BALB/c mice. DX as a potent cytotoxic agent, onceaeliea
the circulation, causes inevitable toxicity to normal cells@afig rapidly proliferating
cells. Therefore, a fine balance between tolerable adverstsedfed as high as possible
efficacy is critical when choosing a therapeutic dose. Withotbjective to better
balance the toxicity and efficacy, a third efficacy study padormed. Although the
tumor inhibition effect was not as outstanding as in the second shelyhady
conditions of NP-treatment group were well maintained suggesting 7thaing
conjugate/kg is an optimal dose for the repeated treatment olC2BDX NP. The

tumor growth was significantly suppressed by only two doses of@iBrDX NP and
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the suppression effect continued to at least day 23. The longglastitumor effect of
2-Br-C16-DX NP reflected its prolonged exposure in the circudaas well as in
tumors. In contrast, in Taxotere treatment group, after the lastieat at day 7, tumor
growth quickly resumed. The rapid tumor growth after the ternmnatf the
treatment caused 100% mortality in 21 days despite its antiteffincacy during the
treatment. The short antitumor effect of Taxotere was consisith its short half-life
in-vivo.

In conclusion, the 2-Br-C16-DX NP developed in these studies amadak the
high drug entrapment and long drug retention in the NPs while imprawieag
hydrolysis kinetics of the conjugate in-vitro. The 2-Br-C16-DX d&¥eloped in these
studies had long circulation in the blood, high accumulation in the tumoroand |
toxicity, which therefore led to superior antitumor efficacy aggs Isystemic toxicity
in-vivo. Collectively, these studies demonstrate that the agefiiipid NPs containing a
DX-lipid conjugate with fine-tuned lipophilicity and activation kinet®sgccessfully
improved the therapeutic index of DX. The encouraging results of shadies suggest

that the novel formulation holds great promise for further clinic development.
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Table 4.1. Compositions and properties of 2-Br-C16-DX NPs

, . 5
Migyol g7 TPGS 2-Br-C16-DX Temperature ' oicle  Zet %
808 (mg/mL) (mg/mL) (mg/mL) C) size  potential Entrapment
(mg/mL) g g g (nm) (mV) efficiency
2156+ -552+
2.5 1.7 0.8 0.5 60 56.8 +2.8

2.15 0.97
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Table 4.2. Pharmacokinetic parameters of 2-Br-C16-DX and DX imice after i.v.
bolus administration of 2-Br-C16-DX NP and Taxotere

Taxotere NP-formulated DX from
2-Br-C16-DX 2-Br-C16-DX NP
ta» (hr) 4.04 35.3 5.62
AUC.g6 (h*mg/L) 2.36 230 10.1
AUC,_, (h*mg/L) 2.47 265 10.6
Vg (L/kg) 4.48 0.55 --
Ker (1/hr) 0.17 0.02 0.12
CL (L/hr/kg) 4.05 0.04 -
Ciax (Mg/L) 10.5 192 2.59

MRT (hr) 1.10 15.2 7.06
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Table 4.3. Tumor accumulation of 2-Br-C16-DX and DX in mice after i.v. bolus
administration of 2-Br-C16-DX NP and Taxotere

NP-formulated DX from
2-Br-C16-DX 2-Br-C16-DX NP
AUCo.6 (1g/g*h) 7.10 70.6 10.4

Taxotere

206



o

Ho)l\ék* :DCC
13

Br -

DMAP/CH,CI,

room temp

Figure 4.1. Synthesis of 2’-(2-bromohexadecanoyl)-docetaxel conjugate
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Figure 4.3. Release of 2-Br-C16-DX from BTM NPs in 100% mougdasma at
37°C.
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Figure 4.4. The digestion of 2-Br-C16-DX in fresh 100% mougalasma at 37C.

(A) The loss of DX conjugates. (B) The formation of DX. Datare shown as mean
+ SD (n = 3).
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Figure 4.5. The digestion of 2-Br-C16-DX in 4T1 tumor homogenate at 32Z. (A)
The loss of DX conjugates. (B) The formation of DX. Data are shawas mean +
SD (n = 3).
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Figure 4.6. In-vitro cytotoxicity of free 2-Br-C16-DX and 2-Br-C16-DX NPs in
(A) human prostate cancer cell DU-145 cells and (B) murenbreast cancer cell
4T1 cells.Blank NPs were dosed at drug equivalent dose. Drug equivalent dose of
NPs are calculated from the NP compositions.
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Figure 4.7. Plasma concentration-time curves for (A) DX and -Br-C16-DX

after administration of Taxotere and 2-Br-C16-DX NPs (10 mg DX{g), and (B)
DX as an active metabolite from 2-Br-C16-DX NPs using Taxoteresaa reference.
Data are shown as mean + SD (n = 3).

213



2-Br-C16-DX NP B 3 min B 15 min
m30min ®m1lh
100 m2h m4h
c m8h m24h
.0
)
o
T =
g s
5.4
O
x 2
g
i
Q
&
~
Heart Liver Spleen Lung Kidney Tumor
B
H 3 min H 15 min
30 Taxotere ¥ 30 min Hlh
m2h m4h
m m8h m24h
)
3 20
E
c
o 15
L4
©
s
g 10 -
o
c
S
< 2
[a)
O -

Heart Liver Spleen Lung Kidney = Tumor

Figure 4.8. Biodistribution of (A) 2-Br-C16-DX and (B) DX in heart, liver,
spleen, lung, kidney and tumor after i.v. administration of 2-B-C16-DX NP and
Taxotere (10 mg DX/kg). Data are shown as mean + SD (n = 3).
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Figure 4.9. Tumor accumulation of (A) 2-Br-C16-DX from NPs ad DX from
Taxotere, and (B) DX as an active metabolite from 2-Br-C16-DX NPafter i.v.
administration of 2-Br-C16-DX NP and Taxotere (10 mg DX/kg) usig Taxotere
as a reference. Data are shown as mean = SD (n = 3).
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Figure 4.11. The first antitumor efficacy study. 4T1 xenograftedemale BALB/c
mice bearing 70 — 100 mrhtumor were treated i.v. with 10 mg/kg 2-Br-C16-DX
NPs, 10 mg/kg Taxotere, or 10 mg/kg 2-Br-C16-DX in the Taxotere vehicle on day
0, 3,7, 10, and 14. Data are shown as mean = SD (n = §).<0.05.
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Figure 4.12. The second antitumor efficacy study. 4T1 xenograftefémale

BALB/c mice bearing 70 — 100 mr tumor were treated i.v. with 130 mg/kg

2-Br-C16-DX NPs, 130 mg/kg equivalent blank NPs, 20 mg/kg Taxoterer 10

mg/kg 2-Br-C16-DX in the Taxotere vehicle on day 0 and 5. Data ashown as
mean £ SD (n =9). p < 0.05.
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Figure 4.13. The third antitumor efficacy study. 4T1 xenograftedfemale
BALB/c mice bearing 70 — 100 mm tumor were treated i.v. with 70 mg/kg
2-Br-C16-DX NPs, 70 mg/kg equivalent blank NPs, 20 mg/kg Taxotere, or 10
mg/kg 2-Br-C16-DX in the Taxotere vehicle on day 0 and 7. Data ashown as
mean £ SD (n =9). < 0.05.
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Figure 4.14. Kaplan-Meier survival curves of 4T1 xenografted femalBALB/c
mice treated with 70 mg/kg 2-Br-C16-DX NPs, 70 mg/kg equivaie blank NPs, 20
mg/kg Taxotere, or 10 mg/kg 2-Br-C16-DX in Taxotere vehicle (n=9) oday 0 and
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Chapter 5.

Summary and future directions

1. Summary

DX is one of the most potent anticancer drugs used in the cliréedinent of
various cancers. Taxotere is currently the only commerciagédsam of DX on the
market. Drawbacks associated with the formulation have beenywetmgnized and
reported. The overall goal of this project was to develop a fotionlghat safely,
effectively and selectively delivered DX to solid tumors mitilg state of the art
nanotechnology. The developmental process generated three generations of
formulation. The first generation was oil-filled NPs containing.DMhe second
generation was oil-filled NPs containing DX-lipid conjugatethwdifferent fatty acid
chain lengths. The third generation was oil-filled NPs contaimingromoacyl DX
conjugate 2-Br-C16-DX. The three generations of DX formulatiornre wescribed in

detail in Chapter 2, Chapter 3 and Chapter 4, respectively.

Generation 1
The focus of the studies in Chapter 2 was the development of all-fille The

highlight of these studies was the methodology of studying the diegsesin pure
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mouse plasma. The formulation was based on the previously developed BTM 812 NPs
for the delivery of PX. Liquid lipid Miglyols were firstly sa@aed for their solvation
ability for DX to select a lipid phase with the highest drugilsidity. Miglyol 808 was
identified as the Miglyol with the highest solvation ability X that was capable of
forming NPs. Miglyol 808 was used as the oil phase to develBié/ NPs by the
guidance of sequential simplex optimization. The final optimiBddM 808 NPs
successfully entrapped DX with 85% entrapment efficiency aerrdated by
ultrafiltration. The formulation was physically stable at 48C dt least three months.
The oil-filled NPs containing DX showed similar cytotoxicity quemed to free DX in
sensitive DU-145 and PC-3 cells while in their resistant courntsrplae 1@, values of

DX NPs were 3-fold lower compared to free DX. These resultsrowed our previous
findings that the oil-filled BTM NPs could overcome P-gp-media¢sgstance in-vitro.

To better mimic in-vivo physiological environment and overcome the poor
in-vitro/in-vivo correlation, a novel “ex-vivo” release method was e to study

the DX release from NPs in mouse plasma. To our knowledge, this igst in-vitro
release method in which NPs are spiked directly into 100% plaamales. Despite the
desirable formulation properties, DX was found to be very quicklysetean mouse
plasma. The re-characterization by SEC revealed that &Xnwt truly entrapped into
the NPs during preparation. The different entrapment efficiensiggiest that
depending on the formulation, different measurement methods may irestery

different results. The first generation oil-filled NPs containD¥ may not be
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considered a successful formulation. However, the methodologies deveiabede
studies provided more meaningful guidance for the development of improved

formulations with better drug retention.

Generation 2

To overcome the poor retention of DX in the oil-filled NPs in serggjueous phase and
in biologically relevant medium, three DX lipid conjugates (C12-@A8-DX and
C22-DX) were synthesized and fully described in Chapter 3.thte® conjugates
showed >10-fold solubility increase in the liquid oil phase Miglyol 808r DX. On
the basis of previously developed BTM NPs, another experimentgihdexthogonal
design was performed to further increase the drug entrapmeanereffy in the NPs.
The optimized formulation significantly reduced the surfactant exanation. The
conjugates were successfully entrapped in the reduced-surfidétantith entrapment
efficiencies about 50-60% as measured by SEC. The DX conjwgatesvell retained
in the NPs not only during preparation in 10% lactose, but also in rptasea. In 100%
mouse plasma, after the initial 45% burst of drug, C12-DX showed additterelease
within 8 hr, whereas C18-DX and C22-DX in NPs showed no additiohehse.
In-vitro hydrolysis studies showed that the hydrolysis rate @&2-DX > C18-DX >
C22-DX, which was predicted by their different steric hindranée-vivo,
NP-formulated DX conjugates showed 8-450-fold higher pAU®@alues than that of

Taxotere, demonstrating prolonged retention of DX conjugate in the bloote M
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importantly, C12-DX and C18-DX improved DX AUYC over that of Taxotere. The
prolonged exposure of DX from C18-DX demonstrated that C18-DX HiRed as a
drug reservoir and released DX in a sustained manner. C18-DX NPs have the potential
to exert higher in-vivo anticancer efficacy. The generation 2 fatiom comprised of
oil-filled NPs containing DX-lipid conjugates achieved stable detgntion and the
consequent superior pharmacokinetic profiles. The highlight otta@pter is that the
in-vitro release in mouse plasma and in-vitro hydrolysis ealielated with the in-vivo
pharmacokinetic profiles of both DX conjugates and activated DX, atidg that the
combination of these in-vitro assays could serve as a good predictibrefin-vivo
pharmacokinetics. However, the DX conjugate with more desirableivin
pharmacokinetics (C18-DX) showed significantly lower cytotoxicigntibX in-vitro.
The results suggested that the activation kinetics of DX lipid catgugmains to be

further tuned.

Generation 3

The generation 3 formulation focused on the modification of the entrappedgrédru
bromoacyl DX conjugate 2-Br-C16-DX was synthesized to maintairhidje drug
loading, entrapment and retention in oil-filled lipid NPs while impriheshydrolysis
kinetics. The conjugate was successfully entrapped in the previopishyized NPs
with an entrapment efficiency of 56.8%. In-vitro release studi@®0% mouse plasma

showed an initial 45% burst release with no additional releasenw&hihr. The
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entrapment efficiency and release profile were similandsé of C18-DX. In contrast,
45% of the new conjugate was hydrolyzed to DX by esteraséran-in 48 hr.
Consistent with its more efficient hydrolysis, the conjugate sldowomparable
cytotoxicity with unmodified DX in DU-145 and 4T1 cells when encapsulated in NPs
In-vivo, the AUG_, value of NP-formulated 2-Br-C16-DX was about 100-fold greater
than that of Taxotere. 2-Br-C16-DX NP improved DX AUC 4.3-fold comgao
Taxotere. More importantly, the high concentration and prolonged expokiah
2-Br-C16-DX and DX from 2-Br-C16-DX NPs in circulation led &10-fold and
1.5-fold greater accumulation of 2-Br-C16-DX and DX in tumors compar&dxotere,
respectively. The 2-Br-C16-DX NPs were well tolerated iiteamas compared to
Taxotere. In mice bearing metastatic 4T1 tumors, 2-Br-C16NPX showed marked
anticancer efficacy as well as survival benefit over all rodsit The highlight of the
studies in this chapter is that the generation 3 formulation imgrelve overall
therapeutic index of DX and was significantly more efficacioushie treatment of

metastatic breast cancer relative to the standard-of-care T@axoter

In conclusion, an injectable NP formulation was successfully developed for the
delivery of DX by step-by-step and rationale development and izatilon approach.
The encouraging results of these studies suggest that théedilNiPs containing
bromoacyl DX conjugate 2-Br-C16-DX hold great promise to besteded to clinical

application and the approach may be extended to other tumor typestrdtegy of
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developing a hydrolyzable lipophilic prodrug may render an altemafpproach for
other therapeutic agents to be delivered in lipid-based NPs. Inoaddhe novel
“ex-vivo” release method developed in these studies provides malietpre in-vitro

guidance for the development of improved and more potent nano-formulations.

2. Future directions

The nano-formulations developed in the present studies have been proven t
passively target solid tumors taking good advantage of the EPRagifttachieve high
tumor accumulation. The next logical step would be incorporatingeatetigeting into
the formulation to actively target tumors and selectively ¢@hcer cells. Human
epidermal growth factor receptor (EGFR), a transmembranptogcbas emerged as
an attractive target for targeted drug delivery. Overespyasof EGFR has been
detected in one third of all solid tumors, in many of which EGFRression
characterizes a more advanced disease Staper laboratory has successfully
developed oil-filled NPs with surface-chelated nickel (Ni-NiFshg a Brij 78-NTA-Ni
conjugatée’ The surface of the Ni-NPs was decorated with a novel hiigtitghistidine
x6-tagged EGFR-binding Z domain (heptamefi€Zdomain) via his-tag-Ni affinity
binding. The novel targeting ligand was generated by Liu et alfusing a
heptamerization domain with an EGFR-binding Z domain of an affibargcule. The
EGFR-targeting NPs have shown enhanced internalization in EGFBxpvessing

A431 cells in-vitro. In-vivo studies showed an extensive locatinatl 9% of the total
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detected fluorescence) in tumor tissue and 2-fold increase atefitrlar uptake with
the targeted Ni-NPs. Our colleagues and collaborators are now wankia trimeric
EGFR-binding ligand that is more stable with smaller size. I@omy the
EGFR-targeting NPs with the hydrolyzable, long-retention DX mgd higher
anticancer efficacy is expected in the EGFR-overexpressm@rt models such as
A431 and MDA-MB-468 tumors. Our preliminary studies have shown that the
incorporation of trimeric EGFR-binding ligand did not alter theagnrtrent efficiency
of 2-Br-C16-DX in the NPs. This formulation remains to be furtpgimized and fully
characterized. With the concerns of in-vivo stability, alternatjiwge can covalently
attach cysteine-terminated EGFR-targeted Z domain to the N&eswsing a Brij
78-maleimide reagent.

Despite the thorough characterization of the DX conjugate NRisracn-many
aspects of their in-vivo behaviors are not yet clear. First,ahalpharmacokinetics and
biodistribution studies only quantified the total drug concentrationgertains
unknown that what fraction of the total drug represents releaggdadd what fraction
is still retained in the NPs. The most commonly used method ty $tigl is to
radiolabel the NP%.The radioactivity-time curve represents the circulation of the
delivery vehicles. A stable drug to NP ratio indicates stablg detention in the
delivery vehicles. Alternatively, a more direct approach is to diffextnthe free drug
with the NP-formulated drug. Zamboni et al. have developed a solid-papagation

method to physically separate liposome-encapsulated and rel@asgpdn mouse
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plasma®® Compared to the radiolabeling method, the development of this approach
takes a lot more effort, and the method is often drug and formulatpendent. Not
until we can differentiate the free drug with NP-formulatedydmill it be clear about
how the drug release in-vitro correlates with the in-vivo sdearofile of the NPs.
Without the direct evidence showing the in-vivo release of NPs |d¢n® in-vitro
release in plasma and high in-vivo AUC suggest that a slovivinfelease is very
likely. If it holds true that 2-Br-C16-DX as well as C18-@KRd C22-DX are not further
released from the NPs in-vivo after the burst, is it a favonatdperty or not? In the
systemic circulation, “no release” is surely a good propertytierdrugs to take
advantage of the long-circulating NPs and avoid systemic tpxbeitause the drug
must be released to exert its pharmacological activity. Groagdd in the tumor site, at
the cellular level, the integrity of drug-containing NP iaistical. For example, for
NPs that overcome efflux pump mediated resistance, the endoogtdsigh drug
payload NPs is one of the mechanisms. For active targetingdiies the targeting
ligands are on the NPs, the retention of drug in the NPs is aplyacesirable.
Collectively, generally speaking, “no release” before theulgllinternalization is a
favorable property. Given that “no release” is desirable, the talestse observed with
the current formulations should be reduced or prevented by formulatiomzgiton.
Following this issue, many questions remain to be answered. How amel arkethe
drugs released from the NPs in the cell? What is the utim#iacellular fate of lipid

NPs? How do NPs traffic intracellularly? What enzymesrasponsible for the NP
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breakdown and what are their kinetics? Further investigations wiigidy help us to
understand the NP behaviors on the cellular level.

Another issue associated with formulation remaining to be @haracterized
and further improved is PEGylation. So far, a reliable approactctoately quantify
the PEG chain on the NP surface is still missing. In the developof Ni-NPs for
active targeting, it was found that the incorporation of Brij 78-NNiAn the NPs {~
90%) was significantly higher than the incorporation of Brij 700-NTA~50%)?
The results suggest that a surfactant with a medium PEG chajn7@p anchors
better in the oil-filled BTM NPs probably due to its miscibiltyth Miglyol 808. On
the contrary, surfactant with a relatively longer PEG chainj (B00) tends to
participate into the aqueous phase due to its higher hydrophilicitigellight of this
hypothesis, Brij 78-PEG 750, a PEGylation agent with medium PE® ohas
synthesized in our laboratory. To fully understand what PEG chagthlemd what
PEG density are optimal for RES stealth, systematic stadeesefinitely needed in
the future.

Prodrugs are an important drug delivery strategy. In addition to therge
carrier, there remains opportunity to improve and optimize the progmugach. In
Chapter 3, three DX conjugates were synthesized and compareds fouval that
many physical/chemical properties of these conjugateshaia-tength dependent. In
Chapter 4, only one modified conjugate 2-Br-C16-DX was synthesizell a

investigated based on the previous findings. Although this modified conglyatesd
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improved hydrolysis kinetics compared to the other three DX congigaig marked
in-vivo anticancer efficacy, it is premature to claim th&r2=16-DX is the best of its
kind. The acyl chain length and the electron-withdrawing groupnaréactors that can
be further tuned. In addition, it remains unclear about whether the corgjingatetheir
own antitumor activity and, if any, what then is the mechanisi@(g)colleague found
that a PX-lipid conjugate C22-PX had appreciable microtubule-binding affinitghwhi
is different from most of the reports in the literatbif@esides the microtubule binding
mechanism, other mechanisms if any remain to be investigated.

Choosing a suitable animal model plays essential roles in dentostize
advantages of ester prodrug containing NPs and interpreting tHmipetgesults to
the relevance of clinical applications. In the present studiestr;nand in-vivo results
all indicated that 2-Br-C16-DX was highly cleaved in the plaboianot in the tumor
tissues. In an ideal scenario, DX should not be released in teengysirculation but
only liberated in the targeted action site such as the tumor. Howewvease plasma
bears high esterase activity while the esterase activityei4T1 breast cancer selected
in these studies is probably low. This former limitation mayotercome, to some
extent, by using a carboxylesterase-deficient mouse modeltter Ineimic human
plasma. On the other hand, the DX ester prodrug that mostly depents on
esterase-mediated activation may exert significantly ermtbauaticancer activity in the
high-esterase-activity tumor models such as colon tumors aiditymors. Additional

in-vivo efficacy studies will be carried out in more clinicalglevant cancer models.
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Currently, we have shown preliminary efficacy in an orthotopic nortsral lung

cancer (NSCLC) mouse model with 2-Br-C16-DX NPs. The orthotoSICINC model
was established by directly injecting luciferase-expresab¥p-luc-c8 cells (Caliper
Life Sciences) into the left lung parenchyma of nude nhicehis model, 2-Br-C16-DX
NPs administered i.v. at a dose of 70 mg/kg, Q7d x5 showed sigHifidamer

luminescence level than 20 mg/kg standard-of-care Taxol andteFax Survival
benefit is expected in the future studies. The efficacy of-&-B5-DX NPs will also be
evaluated in genetically engineered mouse model (GEMM) dewkloggNC Mouse
Phase 1 Unit (MP1U) by collaboration. These studies will exten@pp&cation of

oil-filled NPs containing DX prodrug to the treatment of various cancers.
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Appendix.

SiRNA targeting using injectable nano-based delivery systems

Summary

The 2006 Nobel Prize in Physiology or Medicine was awarded to Anidire
and Craig Mello who demonstrated a fundamental control of gene expresded
RNA interference. Since the first time siRNA was shown to kmtmavn the expression
of a target protein in mammal cells in 2001, a significant safgaterest has been
focused on this promising area. This chapter will provide an overvigRNAI and
SsiRNA, siRNA-based therapeutics, as well as review the muskte-of-the-art of
injectable siRNA nano-delivery systems and targeting sfiege The review will also
discuss the chemical, physical, and biological barriers as agelteal criteria for

effective sSiRNA nano-based therapeutics.

L Feng, and RJ Mumper. “siRNA targeting using injectable nano-lzbdaery
systems”Pharmaceutical Dosage Forms: Parenteral Medicatidfdited by Sandeep
Nema and John D Ludwig. Vol 3: Regulations, Validation and the Futurel Edition.
Informa Healthcare. (2010) Chapter 6, 86-108.



I. Overview

1.1. RNAIi Mechanisms and siRNA

Antisense is a ubiquitous and conserved phenomenon in cells. Antisense
nucleotides suppress the gene expression through several distinct meshsimténas
RNaseH-induced degradation of complimentary mRNA through antisense
oligonucleotides hybridizing to their target mRNA; sterical inioii of MRNA
translation or pre-translational splicing; cleavage of targelmBy some ribozymes
or deoxyribozymes due to their intrinsic catalytic activity; Rhduced silencing
complex (RISC)-mediated degradation of target mRNA by douldexddd RNA
(dsRNA) [1-3].

RNA interference, or RNAI is the antisense effect causgdRINA.
Double-stranded RNAs (dsRNAs) are important regulators of gepeession in
eukaryotic cells. Interfering dsRNAs cleave mRNA through sdv&eps. First, the
“‘DICER” enzyme and its co-factors cleaves dsRNA to 21-23-pasr segments,
which are called small interfering RNAs (siRNAs) and stssiheir loading onto the
RISC. RISC removes the sense strand, uses the antisense saaguldesto seek the
complimentary region in the mRNA and pairs the antisense stoaitsl target. RISC
contains an important protein Argonaute 2 (Ago 2) which has an RNédseHeimain
carrying the activity of RNA cleavage. After cleavade tesulting 5’ and 3’ fragments

are subsequently subjected to full degradation by other nucleagés Ipterfering
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dsRNA can be either endogenously produced or exogenously provided. However,
exogenous dsRNAs longer than 30 base pairs cause severe toxic regporeamals
which limit their applications [5]. In 2001, Elbashir and colleagues gl a paper in
Nature reporting the use of synthetic 19 base-pair duplexes siRNAs witlse& 3ja
overhangs to mediate RNAI in mammalian cell culture sysféingater, researchers
extended this to recombinant DNA expressing similar short imiegf@NA in order to

have longer effect in cells. siRNA has quickly become one of the¢ poegerful and

indispensable tools in molecular biology.

1.2. Therapeutic Target and Applications

Since siRNA is a highly specific tool for target gene knockdowinas been
used in the field of molecular biology to understand gene functiorglbaswo identify
and validate genes [7-11]. On the basis of knowledge of genedunsifRNA designed
to target gene encoding disease-associated protein is curkamdlr intensive
investigation as a potent and specific therapeutic agent.

RNAIi was found as an anti-viral defense in plant [12]. Thus siRiNAa
treatment of human virus diseases may hold the greatest prortiiseclinic. Recently,
several groups have explored the therapeutic effects of RNAI patitg B virus
(HBV) [13], Hepatitis C virus (HCV) [14], human immunodeficiency vitype 1
(HIV-1) [15-17], Herpes simplex virus 2 (HSV-2) [18], respiratognytial virus
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(RSV) [19, 20], human papillomavirus (HPV) [21, 22] as well as stlierough
inhibiting viral replication and production mechanisms. All the studie® lygelded
encouraging results. Another strategy is to inhibit the host peotieir pathogen
invasion or signaling pathways that initiate the inflammat@sponse such as cell
death receptor Fas [23-25] and Caspase 8 [26, 27].

A second therapeutic application for RNAI is the treatment of damti
genetic diseases. Autosomal dominant diseases caused by muianergmding
essential proteins can be treated by siRNA targeting thetedusidieles. Studies have
demonstrated that many familial neurodegenerative diseases, sudhnangton’s
disease, spinobulbar muscular atrophy and slow channel congenitathemyas
syndrome (SCCMS) caused by the overexpression of mutated ge@égCarepeat
expansions that encode polyglutamine in the disease protein mighediedtroy
SiRNAs [28, 29]. Another example is the Cu, Zn superoxide dismut&del(Sgene in
amyotrophic lateral sclerosis (ALS). Schwarz et al. repotiatt 5iIRNA was specific
enough to discriminate single nucleotide polymorphism. Many SOD1 iongatre
single nucleotide mutations which makes siRNA a promising potethishpeutic
strategy for the treatment of ALS [30].

Along with the intensive research in molecular biology on cancer, the
involvement of more and more signaling pathways and oncogenic gendseda
demonstrated, which in turn makes RNAI anticancer therapy pas$inleogenic

genes are often important for cell survival and growth when norreaflyessed and
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strictly regulated. In addition, inhibitors of oncogenic proteins argpextific and often
cause severe side effects. The high specificity of siRNAwal the selective
knockdown of mutated oncogenes without influencing normal cells. MutatidRasof
are present in many cancers such as pancreatic cancerscaotmns, leukemia, as
well as others. In oncogenic K-RasV12, a point mutation results innee wastead of a
glycine in wild-type K-Ras. A viral siRNA transfection tatigeg this region strongly
inhibited the expression of K-RasV12 and tumor formation in nude rite32].
Besides targeting oncogenes like Bcr-Abl [33], Bcl-2 [34], Survi\db],[ some
alternative strategies have also been investigated and have olsiatceds to some
extent. Suppression of tumor angiogenesis by effectively silgrepidermal growth
factor receptor gene (EGFR) and vascular endothelial growtthr faceptors (VEGFR)
inhibited the in-vivo growth of non-small lung cancer [36] and PC-3tat®<ancer
cells [37], respectively. An RNAI approach also enhanced the efiecteemotherapy

in resistant breast cancer cells due to the suppression of MDR1 [38, 39].

1.3. Delivery Barriers and Challenges

As a potential therapeutics of human diseases, siRNA needsetbdmntly
delivered in-vivo. Before designing an effective delivery sydtamiRNA, it is crucial
to understand the six main challenges and barriers of SIRNA delivery.

First, sSiRNAs are vulnerable to nucleases in serum and tiemmnd, siRNA
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would be rapidly cleared from circulation by renal excretion atiduleendothelial
system (RES) uptake especially delivered in a nanoparticidateulation that was
prone to RES uptake and elimination. Third, extravasation of SiRNA sadhes
endothelium and access to the target tissue is difficult duesiaétgand negative charge.
Fourth, as hydrophilic, negatively charged macromolecules, siRNAshiange poor
plasma membrane penetrating properties. Furthermore, if tHe¢Asirenter cells
through endocytosis mechanism, another important barrier is endosocagke.es
Eventually siRNA would end up in late endosome or lysosome and beedigiettey
could not be released to cytoplasm where its effect takes place. Finapigrdistence

of siRNA effect is not permanent due to inability to reproduce itself.

1.4. Available Delivery Approaches

Both non-carrier and carrier strategies are availablafeivo siRNA delivery.
Aimed at overcoming individual delivery barriers, various non-carsiestems or
methods have been developed. Chemical modifications have been appiaaee
the nuclease stability of siRNA; for example, sulfur substitut@na non-bridging
oxygen in the phosphodiester linkages [40]. Simple conjugation of siRMtks
ligands represents a large portion in this category. Cholesi&nNIAsconjugation
reduces renal excretion and increases circulation half-lilerming to plasma albumin.
Long chain fatty acid conjugation of SIRNA may facilitdte tellular uptake of SiRNA
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by receptor-mediated endocytosis [41]. A considerable effort é&rs dhevoted to cell
penetrating peptide (CPP) conjugate investigation. These smatiagiolyic peptides
rich in arginine and lysine promote the cell penetrating of tpled cargo, which
could be siRNA or siRNA containing complexes. However, the meahaoiisiptake
and the delivery efficiency is still controversial. An intravenaysction of naked
siRNA in massive volume through mouse tail vein has been perfoomedréase the
transport of siRNA through capillary endothelial cells. This metieodermed
hydrodynamic injection and induces hepatic gene silencing [42]. @Qthercarrier
methods include topical application and the gene gun, among othersalyetisgse
methods are less efficient and/or practical than carrier strategies.

As for carrier strategies, these can be further dividedvind and non-viral
carriers. To this point, viruses are still the most efficiehiales for gene delivery. Due
to their intrinsic nature and function, they can easily penetrgifacg membranes,
cell membrane and even nuclear membranes to reach their desting&hen the
SiRNA containing nucleic acid is inserted to the genetic DNAnables long-term
expression thus has the ability to chronically suppress genessiqgn. However, the
disadvantages are obvious and inevitable. For example, viral sah#&re the
difficulties of preparation and storage, immunogenicity, and poteraialnogenicity if
they either suppress tumor suppressor genes or activate oncodéemse, extensive
attention has been attracted to the design and study of non-virascaleosiRNA

delivery systems. Although this is a relatively novel arearawigg number of

241



achievements have been made in the recent years as will be discussed in detail

1.5. Differences between siRNA and pDNA Delivery

As double-stranded nucleic acids, siRNA and double-stranded DXDAI@&)s
share many common properties. They have similar back-boneustrwath the same
negative charge to nucleotide ratio. They both can interact edeatically with
positively charged agents so that many delivery systems agne@dased on this
principle. Plasmid DNA (pDNA) has been investigated and delivienedt least two
decades. Considering the similarity between siRNA and pDNg#plyeng the
knowledge from pDNA delivery systems can facilitate rationgpr@aches to the
delivery of siRNA. However, understanding the key differences betw&NA and
siRNA is critical for designing the most efficient and safe sSIRNAvde} systems.

First, RNA is more sensitive to enzymatic degradation than DNAe
5’-carbon sugar in RNA nucleotides is ribose instead of deoxyribo&NA. This
structure makes the RNA backbone more susceptible to spontaneous breakdiow
hydrolysis by nucleases. Moreover, DNase and RNase are prieserdrious
environments both in-vitro and in-vivo. To avoid unexpected degradation during
handling and preparation process, creating a DNase/RNase-fremnemant is of great
importance. However, DNase inhibition can be easily achieved whileeRNaibition
is much more difficult. In particular, RNase A is extreynstable in an aqueous
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environment [43]. Chemical modifications have been performed to inctbéase
stability of dsRNA, e.g. 2’-O-methyl modification, incorporation lotked nucleic
acids (LNAs), phosphorothioate etc. [40]. The greater susceptimilRNA highlights
the critical need for a protective carrier to effectively delivieiNs\.

Second, the delivery destination or intracellular location needed f¢A@Dd
siRNA action is quite different. Plasmid DNA requires delivieitp the nucleus of the
host cell where it can use the transcriptional machinery diidsecell to carry out its
therapeutic effect. Unlike pDNA exerting its effect in thelaus, the target of SIRNAis
its complementary mRNAs that has already been released threnmucleus after
transcription. Therefore, siRNA only needs to be delivered to cytopl&sr this
reason, pDNA delivery often requires a nuclear localization nmsimasuch as the
inclusion of a nuclear localization sequence or carriers thataay their cargo to
nucleus.

Third, due to their different action mechanisms, the durationRifiAiand
pPDNA effects differs as well. Naked siRNAs, unlike pDNA-expeessiRNAS, are not
regenerated in cells. Thus, in rapidly dividing cells, the typieakgsilencing duration
is 3-7 days because of the dilution of the siRNAs below a cdeta#h In contrast, in
slowly or non-dividing cells, the gene knockdown effect can last asder3 weeks
depending on the stability and half-life of the suppressed prté]. The therapeutic
effects with pDNAs not only depend on their own stability, but alsstifeagth of their

promoters if they are non-integrative. In comparison, it is well kndhat the
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therapeutic effects of integrated DNA vectors could be long-tereven permanent.
Hence, the contrast between the pDNA and siRNA requirements alghlght the
fact that successful siRNA therapy will necessitate tepgeaeatment which makes
selection of the carrier with low cytotoxicity and immunogenieNgn more important
for siRNA.

Another obvious difference between pDNA and siRNA is the molecular
weight and size of the molecules. The pDNAs used in gene therapy are usteally se
kilobase pairs while siRNAs are only 21-23 bp. In pDNA deliveiig, aften complexed
and condensed to nanometric-sized particles directly with catigaits However, it
is well known that many types of cationic condensing agents (padyringids, etc.)
often times lead to aggregation of the condensed particles. Dug smadtller size,
siRNA is perhaps easier to complex with cationic condensing agents. velpdese
complexes with siRNA are often unstable and decomplex since thlieessiRNA is
not condensed and the ionic interaction is much easier to confipstthaounter-ions.
RNA is somewhat stiffer than DNA. The persistence lengthich is a basic
mechanical property quantifying the stiffness of a long chain culde of dsDNA is
450-500 A and that of double-stranded RNA is ~700 A [45]. At 2.7 A pergmisehe
persistence length for RNA is 260 bp. So basically, 21-23 bp siRNA/eslzes a rod
and is not likely to be further condensed. Therefore, electistétraction between
siRNA and cationic agents could lead to a relatively uncontrolledartiten and

forming complexes of large sizes and poor stability, and as aquersese incomplete
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encapsulation [46].

Considering the differences discussed above, the stratetjyefalelivery of
pDNA and siRNA should be interrogated carefully. One should not &sshat a
delivery system that works for pDNA could be simply transfetcesiRNA delivery

system before more thorough investigation is performed.

II. Ideal injectable nano-based systems for siRNA delivery

For an ideal injectable nano-based delivery system to effigidaliver SIRNA,
no matter it is for topical or systemic administration, cartaiteria must be met. For
systemic injection of siRNA, additional criteria need to be considered.

Generally speaking, at the cellular level, a successfilaiglvehicle must be
formulated to have the following characteristics: (1) provide ptiote to SIRNA
against degradation in extracellular fluids; (2) facilitatecefht cellular uptake; (3)
facilitate endosomal escape before the early endosome becaimesntiosome or
lysosomes in which the siRNA will be destroyed; (4) be abteadily release siRNA
upon arrival at the cytosol where the RNAI effect takes pl@jajon-toxic to the cells;
(6) be stable during storage and in the vehicle for administraodation i.e.,
chemically and physically stable.

For a systemically administered siRNA nano-carrier, taeeesome additional
concerns: (1) provide protection to siRNA against degradation not anlythe
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extracellular fluids but also in the systemic circulation; {g)stable in the systemic
circulation with limited break-down and/or aggregation beforerives at the target
site; (3) be able to extravasate blood vessels and penetsagstte gain access to the
target site; (4) maintain proper particle size and sunpacperties to avoid clearance
and/or elimination via the kidneys and RES.

To further increase the efficiency of in-vivo siRNA deliveayget strategies are
widely applied. As for targeted systemic nano-carrier, choosing a sutitagpde ligand
is critical as well. First of all, the targeting should pedfic enough, i.e. the expression
of the receptor on the target cells should be highly specific,yhexpressed, and not
shed, among others. Second, the targeting ligand should have high aifthitihe
target receptor to ensure sufficient retention time as welligger cellular uptake via
receptor mediated endocytosis instead of remaining bound to the receptor. Last but not
least, the targeting ligand should be amenable to the requiretdsthes needed to

attach the ligand to the nano-carrier, as well as have low or no immunogenicity.

[ll.  Nano-based delivery systems

3.1. Complexes

RNA is a molecule consisting of a chain of nucleotide units. Eadeatide is
composed of a nitrogenous base, a ribose sugar, and a phosphate. RNA is

negatively-charged molecule due to the negative charge on phosphate groups a
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physiological pH. siRNA molecules are double stranded RNA witR118ase pairs.
Calculating the charge density gives about 3 negative chargdsigealton (kD)
molecular weight of sSiRNA.

To date, complexes of siRNA with various positively charged nazdgeby
electrostatic interaction represent the largest portion ofeatsearch. In this category,

there are two major subgroups and some others.

3.1.1. Lipoplex

The most often referenced formulation in this group is cationic lipesom
When cationic liposomes are mixed with negatively charged siRN& organized
bilayer structure of the liposome is altered by electrastatieraction so that they are no
longer referred to as liposomes, but have a new name of “lipoplexes”.

The DOTAP Liposomal Transfection Reagent is a commercialbilable
liposome formulation of the monocationic lipid
1,2-Dioleoyl-3-Trimethylammonium-Propane (DOTAP) that can be usedtife
transfection of nucleic acids. Mixing the DOTAP reagent withrtbgatively charged
siRNA results in a spontaneously formed stable complex that cdindotly added to
the tissue culture medium with or without serum. Commerciallyladta DOTAP is
not only used as an instrumental tool for in-vitro sSiRNA deliverint@stigate gene

functions in molecular biology, it has been used to deliver siRNA @@ mai prove the
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concept and feasibility  of certain therapeutic ideas [47-50].
Dioleoyl-phosphatidylethanolamine (DOPE) is a neutral helper lipid ysuséld with
DOTAP to formulate transfection reagent. It is generallielded that DOPE enhances
transfection due to its tendency to form hexagonal phase struetutemperatures
above 10°C which facilitates siRNA endosomal escape [51].

Based on this classical liposome formulation, targeting ligands ha&en
included to deliver siRNA to specific tissues. For example, Gledral. developed a
tumor targeting immunoliposome that takes advantage of elevatesfierring receptor
(TfR) levels on tumor cells to deliver pDNA, antisense oligoratdes, imaging agent
or siRNA [52-54]. The anti-transferrin receptor single-chain angiboalgment was
incorporated into the liposomes and formed immunoliposomes. This intralyenous
administered immunoliposome delivered its cargo (which could be pDhisease
oligonucleotides, imaging agent or siRNA) specifically and ceffitly to
primary/metastatic tumors. In addition, a pH-sensitive histidisewypeptide (HoKC)
was included in the complex to further increase the endosompkesea recent report,
the results showed increased potency of the liposome-HOKC completeandtility
of carrying anti-HER2 siRNA to target and sensitize tumdis csilencing the target
gene, and inhibiting tumor growth in-vivo [55]. Lima et al. assedatransferrin
instead of the TfR antibody to DOTAP/cholesterol liposome, another otorel
cationic liposome, to target TfR expressing cells [56]. Imvixperiments by the

group showed enhanced gene knockdown activity of transferrin-assoljpisome
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compared to the conventional liposomes by anti-GFP siRNA. Besides tugetirtgy
siRNA liposomes are targeted to other tissues and organs sthehlizer. Kim and his
colleagues formulated anti-HBV siRNA into a complex of DOTAP/Chol hpos and
apolipoprotein A-I (apo A-l) [57]. Apolipoprotein is recognized by clBsgsype 1
scavenger receptor (SR-BI) which is predominantly expresstilver. When the
liver-targeting formulation was injected intravenously into a H&rfrying mouse
model, the viral protein expression was reduced to about 30% andétdasted up to
8 days upon a single treatment.

In addition to the commercially available lipids, some catiomicié are also
designed and synthesized to improve the transfection efficiendyreduce the
cytotoxicity. It has been reported that an ether linkage contagaitignic lipid, such as
1,2-dioleyloxypropyl-3-trimethylammonium chloride (DOTMA), has higlewnivo
transfection efficiency than the corresponding ester analo@AP [58]. Based on
the structure-activity information, Chien et al. synthesized ritieed cationic
cardiolipin analogue (CCLA) where the phosphate groups of cardiolipm neplaced
with quaternary ammonium groups as shown in Figure A.3 (a) [59].

Their report showed that the transfection efficiency of thddtase reporter
gene in mice was seven-fold higher than the commerciallyai@iDOTAP-based
liposome and the CCLA-based liposome had lower toxicity than DRfansfection
reagent. When the CCLA-based liposome was used to deliver thai®hk in mice

bearing human breast cancer (MDA-MB-231) xenografts, the tumor lyrowss
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inhibited 73% as compared to free siRNA treatment. For the ssasern, many groups
synthesized other cationic lipids to meet the needs of in-vitroravidé delivery such
as cationic cholesterol-based polyamine lipid N’-
cholesteryloxycarbonyl-3,7-diazanonane-1,9-diamine (CDAN) [46], 2{d&- (3-
amino- propyl)- amino]- propylamino)- N- ditetradecylcarbamoyhke acetamide
(RPR209120) [60], MVL5 [61]. Their structures are shown in Figure A:8)(b
Positive charges could also be incorporated by adding aminoglycaositie tipid.
Desigaux et al. synthesized a series of cationic lipids (DO®BK, DOSP, DOSN)
bearing various aminoglycosides (tobramycin, kanamycinA, paromamgaid
ethylthioneomycin B, respectively) linked to two dioleyl chainsisyccinyl spacer for
specific interaction with siRNA [62].

Besides lipid-aided cellular delivery, some positively chargéidpeaetrating
peptides (CPP) have been incorporated into conventional liposomesstuidyaby
Mudhakir et al., liposomes composed of egg phosphatidylcholine (EPC) and
cholesterol were modified by direct conjugation of a novel pepR@RRRR (IRQ) to
the surface of liposomes [63]. IRQ is a peptide ligand that tasigelstal muscle found
by in-vivo phage display. Since the novel peptide IRQ is richgmare, it not only
serves as a tissue-target moiety, but also triggers theacellptake via caveolar
endocytosis.

An interesting concept called site-specific release isegpdi liposomal SIRNA

targeting delivery as well. It is well known that under pathaalgconditions the
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expressions of many proteins are altered including intracetkdaptors and enzymes,
as well as others. Most of the recent studies have focused otin@grgeodified
receptors using either an antibody or a small molecular @cspbstrate. However,
changed expression of enzymes in the pathological tissue coulcealsoas a novel
target by triggering site-specific release of therapagent. For example, sPLAs an
enzyme upregulated in cancer and inflammatory tissues, butdsisrirat low levels in
the blood circulation. Foged et al. formulated a liposome includimpd li
dipalmitoylphosphatidylglycerol (DPPG), which is favored by Hunmroup 1A
sPLA.. They hypothesized that the liposome could site-specificaliasel SIRNA in
inflammatory tissue but not in the systemic circulation or diksues [64]. Moreover,
the hydrolysis products were thought to disturb the cellular memelkand facilitate the
uptake of siRNA. Although their data showed that the sRigyradable liposomes did
not silence EGFP expression in HelLa cells, they did show thagiRRNA from the
liposomal formulation was taken up by HelLa cells and that uptakewgeented by
the addition of sPLA The concept of site-specific release with no active tagetin

moieties opens an alternative avenue and deserves more attention.

3.1.2. Polyplex

Polymers, either natural or synthetic, represent another magrp gof

complexing agents for siRNA delivery. The formulation of nucleidsacomplexed
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with polymers is generally called “polyplex” in this chapter etleough in various
literatures they are sometimes referred to as nanoparticles olesnicel

Cationic polymers, e.g. polyethylenimine (PEI), polypropylenim{el),
poly-L-lysine (PLL), polyallylamine (PAA), cationic dextramd chitosan are the most
commonly used materials for sSiRNA complexation. Among them, PEiasmost
widely used polymer for complexing with siRNA.

The native branched PEI (25 kDa) is a prototype polymeric traisieagent
that has gained widespread use. Branched PEI contains primary, sg@ntitertiary
amines in the molar ratio of 1:2:1. The primary amines are ynaggponsible for
nucleic acid condensation while the secondary and tertiary amioesle buffering
capacity and therefore facilitate endosomal escape via thallsd-“proton sponge”
effect. The transfection efficiency of PEI, along withagsotoxicity, strongly depends
on its molecular weight. Usually, high molecular weight PE haher transfection
efficiency but with higher toxicity as well, while low moleaulweight PEI has lower
cytotoxicity with reduced transfection efficiency. To enhance gleame delivery
efficiency and minimize cytotoxicity of PEI, there has beegreat deal of effort
focused on structurally modifying PEI. For example, Hua et ralsselinked low
molecular weight 800 Da PEI with short diacrylate linkages tm foigher molecular
weight PEI structures [65]. The modification combines the favoralletdxicity of
low molecular weight PEI with the higher transfection efficienn¢ high molecular

weight PEIl. The biodegradable ester bonds are hydrolyzed under physadl
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conditions within the cell after delivery and convert the cross-irtkigh molecular
weight PEI into low toxic low molecular weight PEI. In a study of pDNA ti@ctson,
an optimal cross-linked PEI, EGDMA-PEI 800-4h (the product of conjoigabif
amino groups of 800-Da PEI to EGDMA for 4 h), resulted in a 9ifaicease in gene
delivery efficiency in B16F10 cells and a 16-fold increase in 28316 compared to
commercially available 25 kDa PEI control. Later the modifiEtiWwas used to deliver
plasmid-encoded focal adhesion kinase-1 (FAK) siRNA in-vivo and protbiige
survival of the tumor-bearing mice [66]. To address the assoawteibxicity with the
use of PEI for siRNA delivery, Swami et al. cross-linked REh 1,4-butanediol
diglycidyl ether (bisepoxide) [67]. The modification converted prinaarynes, which
are believed to be the main source of cytotoxicity to seconddrgecondary to tertiary
amines. The system was found to deliver siRNA more efficientty HEK cells as
compared to native PEI 25 kDa with significantly reduced cytotoxicity.

Jere et al. conjugated low molecular weight PEI and PEG with driadable
poly (B-amino ester) (PAE) [68]. The high repetitive PEI units are thbtagyresult in
high delivery efficiency while PEG units and the ester linkaglifate more rapid
intracellular siRNA release and lead to enhanced polymer deigradasulting in
lower cytotoxicity. As a result, PAE as a carrier was found to be lessaoait.5-fold
more effective than standard PEI 25 kDa. Several other PEl igaigihs have been
investigated by Wagner et al. [69]. The groups performed a numbeodifications

including ethyl acrylate, acetylation of primary amines, omuhtiction of negatively
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charged propionic acid or succinic acid groups to the PEI structurdheAdonjugates
led to reduced toxicity in comparison to the unmodified PEI. In pdatic
succinylation of PEI resulted in up to 10-fold lower toxicity in Neuro2A cells.

In order to facilitate release of siRNA in the cell, brarscbh€PEI have been
derivatized with ketal linkages [70]. Ketal linkages are acgra#able under mild
acidic pHs (e.g., pH 5.0) and facilitate the release of siRiNAhe endosomal
environment as shown in Figure A.4. The ketalized PEI complexed WRihAsinto
SiRNA/PEI polyplexes with a particle size range of 80-200 mowed enhanced
delivery efficiency with reduced cytotoxicity.

One of the primary disadvantages of the use of positively-edarxgmplexing
agents is that they are prone to aggregation or disassociatidre ibldod when
complexed to siRNA. Moreover, positively-charged complexing agerdgdenteract
with the negatively-charged proteins in the systemic ciraraind are taken up by the
RES system. To address this potential problem, PEG has beerduti shield the
surface of the complex which serves to provide enhanced staPiiG.has either been
conjugated directly to siRNA or to the cationic polymer. For examigim et al.
conjugated PEG to siRNA via a disulfide linkage which could thendmevet in the
reductive environment in endosomes and cytoplasm. The PEG-siRNA cenyuast
then complexed with PEI to form a nanoparticle [71]. The resulting naicdpdas an
inner core comprised of sSiRNA/PEI surrounded by a hydrophilic 8#&B. This kind

of structure is similar to amphiphilic lipidic micelle and cob&lspontaneously formed,
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so it is called a self-assembled micelle even though thelpasize is often not in the
traditional micellar range. In-vivo imaging results from Kanhal. showed enhanced
accumulation of micelles in the tumor region following intravenomgction.
PEGylated siRNA has also been complexed with other cationic poatysuch as
poly-L-lysine (PLL) [72].

PEG has also been conjugated to the cationic polymer. For exaRipt
derivatized diblock or triblock copolymers have been designed and sSyethdxsy
many groups. A recent publication reported the synthesis of a trilgokmer
consisting of monomethoxy poly(ethylene glycol) (PEG), poly(3-captohe) (PCL)
and poly(2-aminoethyl ethylene phosphate) (PPEEA) (Figure A.5) [73]pdlgmers
in an aqueous solution spontaneously formed positively charged mseltesinded
by PEG corona. siRNA was post-loaded into the formed micelladtings in
complexes with an average particle size from 98 to 125 nm dependihg nitrogen
to phosphate (N/P) ratio.

Besides the linear copolymers, cationic graft comb-like copatymeere
synthesized and used to deliver siRNA. Sato et al. prepared and edausdries of
cationic comb-type copolymers (CCCs) consisting of a PLL backbodePEG or
dextran side chains [74]. The water soluble dextran side chaiine obpolymer are in
abundance (more than 70 wt. %) and the highly dense PEG brush asintbie
electronic interaction between copolymers and siRNA instead ofriigde The most

remarkable property of the CCC with higher side chain content {20 RLL and 90%
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wt.% PEG) is that it increased circulation time of siRNAmMouse bloodstream by
100-fold [74]. Interestingly, even when the CCC was injected into mntragenously
20 min prior to the injection of siRNA, the CCC still increased hb#-life of the
post-injected siRNA by more than 60-fold suggesting that the @€féers interaction
with siRNA to other anions existing in blood.

While some investigators increase the stability and systeatiidife of SIRNA
polyplexes by incorporating PEG, others provide protection to the ga@psiRNA
complex with another layer of lipid coating. Kim et al. synthedia water soluble
lipopolymer (WSLP) by conjugating cholesteryl chloroformate to R&kDa through
a hydrophobic lipid anchor [75]. The lipopolymer combined the advantageslof bot
liposomes and cationic PEI. While the positively charged head groupdfifilexed
with siRNA and enhanced endosomal escape, the lipid coating oartipdex further
protected the complex from aggregation and RES clearance and éuctéascell
membrane permeability. The in-vivo data showed that WSLP/VEGQGEAT®mMplexes
reduced tumor volume by 55% at 21 days and by 65% at 28 days relativetitol
tumors.

While most of the approaches discussed so far increase theettaonsf
efficiency of PEI by reducing its cytotoxicity or provide prdiex against systemic
clearance to some extent, a novel approach is to directly agdeBirwith a membrane
active peptide. Melittin (Mel) is the major bioactive component of the bee venom. Mel

has been conjugated to PEGylated PEI or PLL [76]. To avoid itsceHtrar lytic
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activity, the amines of Mel were modified with dimethylmalanhydride which was
cleaved under acidic pH in the endosome and enhanced the endosomaWticadct
Mel. PEG-PEI-Mel and PEG-PLL-Mel showed 70% and more than 90%trm
luciferase gene knockdown, respectively.

To achieve targeted delivery, targeting moieties have beschatt to PEI. PEI
is usually PEGylated with ligands conjugated to the distal etfted?EG, while direct
attachment of ligands to PEI is performed as well. Schiffederal. targeted tumor
neovasculature expressing integrins by conjugating an Arg-GytR&D) peptide to
25 kDa PEI [77]. siRNA specific to vascular endothelial growthoiaceceptor-2
(VEGF R2) was complexed with the modified PEI at a N/P @@ to 6, resulting in
the formation of polyplexes with average particle size of about @0 The
intravenous administration of these polyplexes to nude mice showad-$gscific
accumulation of PEI-PEG-RDG/siRNA. Related, Kim et al. wdia similar approach
to complex siRNA with PEI-PEG-folate [78]. Interestingly, thedsults showed that
the delivery of siRNA led to the most pronounced gene silentiect eompared to the
delivery of antisense oligodeoxynucleotide (AS-ODN) or siRNAregsing plasmid
DNA. Another recently published paper reported on the using of hyaluronic acid (HA)
as a ligand to target lymphatic vessel endothelial hyalurocapta-1 (LYVE-1) [79].
In-vitro data showed that increased siRNA uptake in HA recegfmessing cells but
not in non-expressing cells, and that the gene silencing effeéhinbged by free HA

in a concentration-dependent manner.
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Compared to the relatively extensive investigation of PEIls and fLISSRNA
delivery to date, studies on the use of other polymers is limitadosan is one
polymer being investigated for siRNA delivery. Although chitosandess studied for
more than a decade as delivery system for pDNA, there ardeanbtudies using it as
a carrier of siRNA. Chitosan is a copolymer of N-acetyliDegsamine (GIcNAc) and
D-glucosamine (GIcN) produced by the alkaline deacetylation ¢tihciis a natural
polymer, chitosan is considered to be biocompatible and non-toxiqugh this
depends on various physical-chemical properties such as purityaéétgation, and
Mw, among others. The primary amines in the chitosan backbone becorneeposi
charged at the pH levels below the pKa of the primary amine §@{ao that chitosan
forms complex with siRNA with electrostatic interaction. SaVestudies of
chitosan/siRNA complex have shown that the ability of the chittusdeliver sSiRNA to
cells is dependent on the weight ratio, Mw of chitosan, and the degree of deaxetylati
[80-83]. Similar to other complexes, chitosan/siRNA complexesbeaformed by
simple mixing and stirring process. Different from other sytth@olymers, the N/P
ratios to prepare chitosan/siRNA are much higher. For pbarjems et al. used N/P
ratio as high as 285, however, these high ratios reduced cell viability [80]. Theoin-vit
data showed that chitosan/siRNA complexes formed using high Mva(id470 kDa)
and deacetylation degree (84%) at N/P 150 were most stable wittlepsize about
200 nm [81]. The group showed that 80% enhanced green fluorescent proteR) (EG

gene silencing efficiency was obtained after 24 h in H1299 gcedla in-vitro.
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Effective in-vivo gene silencing was achieved in mice bronchiole egitlodils (37%
and 43% reduction of EGFP positive cells compared to scrambléAsaRtll untreated
control, respectively) after nasal administration. However, the ability afdimplexes
to deliver siRNA systemically requires further investigation.

Thiamine pyrophosphate (TPP) has been used to form salts witisarhito
improve chitosan water solubility [83]. Chitosan is a weak base pKia value of
6.2-7.0, thus of poor solubility at neutral to alkaline pH. TPP is dtenanic
compound, which can increase the water solubility of chitosan due fhitsphate
groups. On the other hand, the amine groups of TPP together with chitodato
negatively charged siRNAs to form complexes. The maximal E@#ie silencing
effect mediated by chitosan-TPP/SIRNA was 70-73%. Another diydyatas et al.
used sodium tripolyphosphate to ionically cross-link chitosan to form narobgsrt
[82]. siRNA was either mixed with sodium tripolyphosphate, and thigpehl into a
chitosan salt solution, or adsorbed to preformed chitosan/tripolyphosphatéepa
The particle size of chitosan/tripolyphosphate was 510 £ 22.9 nm and 276 = 17.9 nm
formed using chitosan glutamate 470 kDa and 160 kDa, respectivelyarticle size
of chitosan/tripolyphosphate was 709 + 50.3 nm and 415 + 44.6 nm formed using
chitosan hydrochloride 270 kDa and 110 kDa, respectively.

Mixson et al. synthesized several branched peptide polymers composed of
histidine and lysine (HK polymer) [84]. Figure A.6 shows the strectiira branched

HK polymer with eight terminal branches and histidine-rich doméiti&8b). An
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integrin-binding ligand RGD was further added to increase the dgleféciency of
siRNA. Although the sizes of HK polymer/siRNA polyplexes werera@ nm, the
in-vitro delivery efficiency was significant. The complex of°k8b and
anti-galactosidasepfgal) siRNA inhibitedB-gal expression by more than 80% after
48 h in SVR-bag4 cells that stably expresgaghl. The HK8b/anti-luciferase siRNA
complex inhibited more than 90% luciferase activity in MDA-MB-438ls which

were cotransfected with a luciferase expression plasmid.

3.1.3. Others

In addition to the two larger families of cationic complexirnggents, lipids and
polymers, there are several other molecules that have been pmrofmseake
nano-based siRNA delivery systems.

Positively charged natural proteins are a pool of convenient reagéeitss of
their potential to complex and deliver siRNA. In a broad sense, pistaiso a group
of polymers. To date, atelocollagen is the only protein used alonditergesiRNA
both in-vitro and in-vivo [85]. Atelocollagen is a highly purified decomipasiproduct
of type | collagen derived from dermis of cattle with a molaculeight of 300 kDa.
The amino acid sequence at both N- and C-terminal of a collalied tdopeptide is
the main source of the immunogenicity. Therefore, atelocollaagndf telopeptides,

obtained by pepsin treatment, is low in immunogenicity. It is dikednolecule with a
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length of 300 nm and a diameter of 1.5 nm. Atelocollagen, which isyabgicharged,

interacts with the negatively charged siRNA to form an atelagei/SIRNA complex
with a diameter of 100-300 nm. An interesting property of ateloaallag that it is

soluble at a lower temperature but solidifies at a temperature di@rBterefore, the
atelocollagen/siRNA complexes were prepared and storé@ a©fce introduced into
animals, the complex becomes solidified and releases siRNeointelled manner for
a period of time due to the biodegradable nature of atelocollagent Diratumoral

injection of human HST-1/FGF-4 (fibroblast growth factor) siRbZmplexed with

atelocollagen resulting in about 12-fold and 8-fold tumor growth inhibdemnpared

to atelocollagen alone and control siRNA, respectively, in an orthatepgraft of a

human non-seminomatous germ cell tumor at 21 days after treatment.

Based on the barriers that must be overcome to deliver siRNA isnowative
carriers have been synthesized to fulfill multiple functions ime osystem.
1,4,7-triazanonylimino-bis [N-(oleicyl-cysteinyl-histinyl)- Irénoethyl)
propionamide] (THCO) (Figure A7) and (1-aminoethyl) imino-bis
[N-(oleicyl-cysteinyl-histinyl-1-aminoethyl)propionamide] KEEO) are two molecules
containing a protonatable amines head group of different pKas, twoneysésidues
and two 8-heptadecenyl tails [86, 87]. They form stable complexksiRNA through
charge and hydrophobic interaction. The protonatable amino head group cohsists
primary, secondary and tertiary amines having different pKas e values of

primary, secondary and tertiary amines are approximately 6.5, 7.0 aresp£xtively),
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which is similar to branched PEI. Thus, these molecules not only egmaitNA, but
also facilitate endosomal escape. The dithiol groups in the molecalesbe
polymerized by forming disulfide bonds to further provide stability to ftrened

SiRNA complex. The disulfide bonds may be reduced in the endosometaptasyn

resulting in the dissociation and release of sSiRNA. The multifomat compounds
mediated 40-88% silencing of luciferase expression with 100 nMAIRNJ87-luc

cells.

Additionally, there are some interesting carriers that are guaigue in terms of
geometry and other physical-chemical properties. For examplepna-shaped
macrocyclic octaamine as shown in Figure A.8 has been proposed bhynAa®t al.
[88]. The novel carrier has four long alkyl chains and eight aminopg on the
opposite side of the calix[4]resorcarene macrocycle. What miileesnacrocyclic
octaamine different from other cationic lipids or polymers & theing a small and
single molecule (Mw 1740), the compound unimolecularly presents a padigvge
cluster motif with a well-defined geometry. Like amphiphilicicaelle-forming
polymers, the macrocyclic octaamine itself may form smadklle-like particles, with
hydrophilic amino groups outside and lipophilic chain inside as illustraté-igure
A.8. As a result, the cone-shaped macrocyclic octaamine formegleas with
SiRNA in compact size of ~10 nm. Although the in-vitro deliverynacrocyclic
octaamine/siRNA complex occurred with 90-95% knockdown of luciferase expression

in HeLa, HepG2 and HEK?293 cells at 48 h, its in-vivo performance nsntai be
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investigated.

The KALA peptide (WEAK LAKA LAKA LAKH LAKA LAKALKAC EA )is
a well-known cationic, amphiphilic and fusogenic peptide, which has been ggpula
studied as an endosomal escaping peptide complexing with various racisc
However, it was reported that KALA/siRNA complexes did not sksaificient gene
silencing effect in the presence of serum proteins. In a restedy, two cysteine
residuals were added to both terminals of KALA [89]. The cystKieA-cysteine
peptide (CWEAK LAKA LAKA LAKH LAKA LAKA LKAC) self-cros slinked
through reducible di-sulfide linkage. The crosslinked KALA (cl-KAL#&rmed more
stable and compact complexes with siRNA. To further improve theidallstability,
siRNA was modified with PEG. According to a previous report ofsiéwme group,
direct PEG conjugation to siRNA could form more stable complexedtioge by PEG
modified  cationic  polymers  [71]. Although  cl-KALA/siRNA and
cl-KALA/sIRNA-PEG only showed 23.6% and 47% knockdown of GFP expression in
MDA-MB-435-GFP cells at the N/P ratio of 64, the data showed pwential as a

nano-based delivery system for siRNA.

3.2. Nanoparticles

In a broad sense, all particles in the nano-scale rangmkled nanoparticles.

However, in this chapter, nanopatrticles are differentiated from nanocomplexesrby t
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more organized structures, i.e., well defined shell and core structures.

Huang et al. has developed a targeted nanoparticle formulationRidA s
systemic delivery to metastatic tumors overexpressing theasigceptor [90, 91]. The
core of the nanoparticle is a complex of siRNA, calf thymusANd protamine, a
highly positively charged peptide. The shell of the nanopartzla reorganized
liposome structure consisting of DOTAP and cholesterol (1:1 mdiaj (&igure A.9).
Thus, the nanoparticle is referred to as “LPD”, or Liposome-Patyc&@INA. The
nanoparticles are formed spontaneously by mixing the core complékgse-formed
cationic liposomes. To create a sterically-stabilizedigartand for subsequent
targeting, DSPE-PEfgo (1,2- distearoyl-sn- glycerol-3- phosphoethanolamine-N-
[methoxy(polyethylene glycaljod) or DSPE-PEG-anisamide was post-inserted into
the preformed LPD. The in-vitro results showed that the delieffiigiency of the
targeted nanoparticles was 4-7-fold higher than the non-targetedantitiep. The
in-vivo tissue distribution results suggested that LPD surfacefreddby PEG
delivered a therapeutic dose to the tumor and avoided substactiahaation in the
liver with either targeted or untargeted LPD. These resuljgest that the tumor
accumulation of LPD with particle size around 100 nm is primalilg to the EPR
(enhanced permeability and retention) effect as compared ttingrgfefter a single i.v.
injection of 150ug/kg anti-luciferase siRNA, 70-80% luciferase activity wigensed
in a metastatic mouse tumor model. To avoid potential immunogenéeity

inflammatory responses with calf thymus DNA, the calf thyddd&A has also been
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replaced with hyaluronic acid to produce LPH (Liposome-Polycatigaiuronic acid)
nanoparticles [92]. The results showed that while the gene siigefiect of LPH
nanoparticles is comparable to LPD nanopatrticles, the immunotoafdiPH is much
lower.

A similar structure to LPH has also been reported by Peal. & develop
leukocyte-directed nanoparticles to deliver anti-Cyclin D1 siR®8}. The pre-formed
liposome is composed of phosphatidylcholine (PC),
dipalmitoylphosphatidylethanolamine (DPPE), and cholesterol (Cholh td@ecular
weight hyaluronan (850 kDa), was attached to the outer surface tpasemes by
covalent linkage to DPPE to provide steric stabilization. The raguftanoparticles
were equipped with targeting function through covalently conjugatmmgthe
hyaluronan a monoclonal antibody FIB504 agaifistintegrins which are highly
expressed in gut mononuclear leukocytes. Anti-Cyclin D1 siRNA loaded nanogarticle
were formed by rehydrating lyophilized liposomes with watesntaining
protamine-condensed siRNA. In an experimentally induced colitis nmoodel, the37
integrins targeted nanoparticles knocked down the Cyclin D1 expression to the normal
level and ameliorated the colitis score.

An organic-inorganic hybrid nanoparticle was developed by Kataoka[@dal.
95]. The organic-inorganic shell-core structure is a core compufseahnocrystals of
SsiRNA/CaP (calcium phosphate) complexes surrounded by a hydrogielicod a

PEG-PAA block copolymer (polyethylene glycol-aspartic acid). Bués potential
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biocompatibility, CaP is widely applied in various biomedical appbaoat Its binding
affinity to a variety of molecules including proteins, nuclesddaand small molecule
drugs makes it a potential controlled release material. Howavenf the difficulties

in using CaP to form nanoparticles is the relatively rapidtaiiz=ation rate of CaP. In

the absence of other materials, the growth of SIRNA/CaP complex crysigbsdsand
precipitates are formed within minutes after mixing SiRNA@a® solutions. However,

in the presence of a PEG-polycarboxylate block copolymer, suclE@sPRA, the

rapid crystal growth is controlled or even prevented through the absorption of the PAA
segment of PEG-PAA on the formed crystal surface. The resuttorgplex
nanoparticles have diameters ranging from 100 to 300 nm depending on the PEG-PAA
and CaP concentrations. Moreover, the CaP core dissociates in theeliatar
environment with lower calcium concentration as compared to thacektrlar fluids,
allowing the controlled release of siRNA from the core matdawever, since the
complex nanoparticles lack the ability to escape the endosomedroingane
knockdown experiments are performed by pretreatment of the cilshoroquine, a

well known adjuvant to provide endosomal escape. Although the in-vitro lsgfera
expression was silenced by the siRNA/CaP/PEG-PAA nanoparticlabout 40% in

293 cells, the requirement of chloroquine makes this formulationplessical for
siRNA delivery. To facilitate endosomal escape provided by timepaticle itself,

PAA was replaced with polymethacrylic acid (PMA), another polyaiiat undergoes

a conformational change at pH 4-6 to expose a more hydrophobic structuseathiat i
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to interact with the endosomal membrane and disturb its structere. résult, the
luciferase activity was inhibited to 20% in 293 cells using as tdwa SiRNA
concentration of 25 nM without the use of chloroquine.

Davis et al. designed a modular-delivery vehicle that utilem@sinclusion
complex for targeted delivery of siRNA [96]. The inclusion comples womprised of
siRNA and a synthesized cyclodextrin-containing polycation (GbB&t)provided two
functions. One, the polycation contains 2 mol of positive charge per CDP ragpnom
which complexes with negatively charged siRNA and self asserntblenoparticles.
Two, the cyclodextrin motifs on the surface of the nanopartciesas a “loading dock”
to incorporate PEGs and target ligands. PEG molecules contagangaatane (AD)
on the proximal end and either methoxy (AD-PEG) or a targdigzond such as
transferrin (AD-PEG-Tf) on the distal end was mixed with Cb&H&1 AD-PEG3-CD
(mol/mol) ratio in water. AD-PEG or AD-PEG-Tf was attadhe the polymer via
inclusion complex formation between adamantane andftf® motifs on the
polycation backbone. A calculation of the stoichiometry of each particle estirtett
a 70 nm particle contained about 2000 siRNA molecules and around 100 ADfPEG-T
molecules. Thus, each CDP nanopatrticle could theoretically dellaeyeapayload of
siRNA with a large ratio of siRNA to targeting ligand (20:1). The functiofiaiency
of CDP nanoparticles was demonstrated through knockdown of lucifexpsger
protein expression. HelLa cells treated with CDP nanopartiolgsiaing both pGL-3

plasmid DNA expressing firefly luciferase and siRNA agaiusiférase showed 50%
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lower expression of luciferase than cells that received ditfeeplasmid alone or the
plasmid plus control siRNA.

While most of the nanoparticle designs tend to entrap or hide siRNiAe
nanoparticle core thus providing siRNA protection against degradatitaw groups
have attempted to adsorb siRNA on the surface of solid nanopartiolesx&mple,
Kim et al. developed cationic solid lipid nanoparticles consistimatfral components
of protein-free low-density lipoprotein (LDL) to deliver siRN9V]. LDLs are natural
nano-carriers abundant in the bloodstream, transporting lipids, clolggteteins and
hydrophobic drugs throughout systemic circulation. Solid lipid nanopesticl
mimicking natural LDL, have been shown to be very stable and behailarlsirno
native LDL when injected into the bloodstream. The solid lipid nanopestiwere
comprised of 45% (w/w) cholesteryl ester, 3% (w/w) trighae, 10% (w/w)
cholesterol, 14% (w/w) DOPE, and 28% (w/\v@}[3- (N’, N’- dimethylaminoethane)-
carbamoyl]- cholesterol (DC-chol). The function of the cationicdGl was to make
the surface of the nanoparticles positively-charged with apaential of about +40
mV. siRNA was conjugated to PEG via a disulfide linkage and anchoredtioat
surface of cationic solid lipid nanoparticles through charge interacUnder an
optimal weight ratio of DC-chol and siRNA-PEG conjugate, the LiRe-I
nanoparticles silenced the expression of green fluoresceninpi@€P) and VEGF to
40% and showed much less cytotoxicity than PEI 25k in MDAMBA435 cells. Although

work with the LDP-like particles has only progressed to in-\gtualies, it is expected
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that the LDL-like nanoparticle may be useful for in-vivo tumagéding delivery of
siRNA since elevated levels of low density lipoprotein recefiDi R) are reported in
various cancer cells such as myeloid leukemic cells, colon, kidneypramdtumor
cells.

Finally, like DOTAP liposomes, nanoparticles for nucleic acidiveey
including siRNA are also patented and commercially availableghferpurpose of
scientific research. Bioalliance (Paris, France) patentedchi&osan-coated
poly-isohexylcyanoacrylate (PIHCA) nanoparticle in 2004. The nanolganvas
directly utilized by Pille et al. to deliver anti-RhoA (Ras laogous A) siRNA in mice
and to prove the therapeutic potential of the strategy to treatsmipg breast cancers

[98].

3.3. Nanocapsules

Nanocapsules are structurally similar to nanoparticles excephaving a
liquid-filled core instead of a solid core. To date, thergustea few publications on the
use of nanocapsules as siRNA delivery carriers. The followinigdisituss two such
nanocapsules that have novel properties as potential SiRNA delivery systems.

Ideally, to entrap siRNA in the internal core of a nanocapsuleptteeshould be
agueous to accommodate the hydrophilic sSiRNA. The preparation of nanlesaps

usually involves the preparation of an emulsion. An oil-in-wateslgion is unable to
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encapsulate the hydrophilic SIRNA alone. In addition, a water-iaroillsion leads to
nanocapsules suspended in an oil phase which may not be desirableaf@miois
administration or would have to be removed prior to injection. To taiglithe
formulation of siRNA in a hanocapsule, Couvreur et al. developed a nanacajtsul
an agueous core that also could suspend in an aqueous vehicle [99]. Anvadter-i
nanoemulsion was first prepared by adding an aqueous phase corgdrhidgto an
oil phase comprised of Miglyol and Span 80. Then, isobutylcyanoacryB@Ajl
monomer was added to the nanoemulsion under mechanical stirring. Whén IBC
polymerized, it formed a shell structure surrounding the aqueorgs aontaining
entrapped siRNA. Later, the oil phase and surfactant were removed by
ultracentrifugation. The resulting pellet was resuspended in watgrdduce a
nanosuspension with a particle size of 350 + 100 nm. In-vitro studies in NIidé¥$3
stably transfected with human EWS-FIlil gene showed thatAigjdinst EWS-FIlil
oncogene delivered in the nanocapsules inhibited the EWS-Flil mRNAded@%.
When tested in-vivo in xenograft mice bearing EWS-Flil-expngssumors, the
nanocapsules were found to inhibit 80% of the tumor growth aftertunoaal
injection when compared with the saline treated control mice. $hisei first study
reporting on the use of aqueous core nanocapsules for the deliveilgNoA with
resulting efficacy in-vivo.

To facilitate endosomal escape and release siRNA to the cytbsoé RNAI

events take place, various endosomal escaping agents have beed wstich as
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fusogenic lipids and peptides, polymers exerting proton-sponge eftech eovel
endosomal breaking formulation called thermo-sensitive hydrogedcapsules were
developed by Park et al. [100]. The thermo-sensitive Pluronic F-1272REI
nanocapsules were synthesized by interfacial crosslinking aradbetween
pre-activated Pluronic F-127 and low Mw PEI 2K at the oil-in-watéerface. The
resulting Pluronic/PEI 2K nanocapsules had an interior structled filith aqueous
fluid surrounded by a crosslinked Pluronic/PEI 2K shell. Most pluronic gopk
have the critical micelle temperature (CMT) ranging fromic280C. Above the CMT,

the pluronic co-polymers self-assemble to form a sphericalllaricstructure by
dehydration of the poly-(propylene oxide) (PPO) moieties withinsthecture. The
average patrticle size of Pluronic/PEI 2K nanocapsules was 118.9 arh5a 37°C

and 412.3 + 83.2 at 16, respectively. According to the temperature-dependent
property of pluronic, the collapse of the nanocapsules with incretsimgerature is
primarily caused by enhanced hydrophobic interactions between the PPO blocks in the
Pluronic F-127 copolymers. PEG conjugated siRNA was anchored to tlaeesoff
Pluronic/PEI 2K nanocapsules through charge interaction. In in-\etraransfection
experiments, 3 h after the cells treated with the nanopar&t!87C, 15 min of 15C

cold shock was given to the cells. The increased particle size WBW2 caused a
41.7-fold volume change which disrupts the endosomal membrane by pky&ngth.
With cold shock treatment, the expression of GFP in HelLa cell8/&&F in PC-3

cells was reduced to 37.3% and 3.2%, respectively.
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3.4. Dendrimers

Polycationic dendrimers such as poly-(amidoamine) (PAMAM) dendsime
have long been used to deliver DNA. Recent studies have shown tha&NPAh&y
also serve as siRNA delivery carriers [101]. PAMAM dendrimmstain primary
amine groups on the surface and tertiary amine groups in the internarokit The
primary amines bind siRNA, while the tertiary amines ach gsoton-sponge and
facilitate the endosomal release of siRNA into the cytopladm. sSiRNA-PAMAM
complexes are very stable which could only been dissociated undestrarg ionic
strength conditions. PAMAM dendrimers are termed asvi#h n denoting dendrimer
generation number. As the generation number increases, the numipendtemines
increases. Thus, similar to DNA-PAMAM affinities, an increasPAMAM generation
leads to stronger interactions between the dendrimer andRiNA sZhou et al. showed
that GL3Luc siRNA-G complex reduced the expression of luciferase to 20% in
A549Luc cells in-vitro [102]. To lower the cytotoxicity of,(PAMAM dendrimers
while maintaining the siRNA binding affinity, surface PAMAM-Nivas acetylated
with acetic anhydride, and internal PAMAM-OH was quanternized with rhittigle
[103]. Both modifications generate neutral outer surface widmnat positive charges.
It was found that the modifications did not interfere with the bindibigjtya but
significantly decrease the cytotoxicity of BAMAM dendrimers. An effort was also
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made to further increase the cellular uptake of sSiRNA-PAMARMplex by
conjugating the cell penetrating peptide, Tat; however, the conjugatitet did not
improve the efficiency of the dendrimer [104].

The terminal groups of £PAMAM dendrimer was partially conjugated with
a-cyclodextrin 4-CDE) to deliver siRNA [105]. CDE, at high concentration, disturbs
the cellular membrane components such as phospholipids and cholestdnod tea
increased membrane permeability. Moreover,of@DE has low cytotoxicity even at
high charge ratio ofi-CDE/nucleic acid. Thus, the3;GPAMAM dendrimerd-CDE
conjugate was developed to reduce the cytotoxicity and increasdittegydefficiency
for nucleic acids. A pilot study showed that siRNA against pGLBerase delivered
by G; PAMAM dendrimer é-CDE conjugate suppressed the luciferase gene expression
level in-vitro by about 50% in NIH3T3-luc cells.

Dendritic poly(L-lysine) generation 6 (KJwas used to deliver several sSiRNAs
by Okitsu et al. [106]. K@was used in combination with the amphiphilic weak-base
peptide Endo-Porter (EP), which is a commercially availablelaeldelivery reagent
available from Gene-Tools. Neither K@or EP could efficiently deliver GAPDH
siRNA when KG or EP was used alone. However, whengf&B was used together,
GAPDH was efficiently knocked down at both protein levels and mRNAldein

HA4IIEC3 cells.
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3.5. Other novel carriers

In addition to the traditional siRNA delivery carriers discussed above, dhere
several highly innovative new strategies that are being devedmpested as potential
delivery systems for siRNA.

Quantum dots (QD) are a nano-scaled semiconductor inorganic ahabeti
has provided greatly enhanced capabilities for medical imaging agrabgizcs. Gao et
al. developed a class of dual-functional nanoparticle for both siB&l&ery and
imaging based on the use of QDs [107]. Highly luminescent Qs first synthesized
and encapsulated in the poly-(maleic anhydride-alt-1-tetradeceaendesurface
carboxylic acid groups. The carboxylic acid groups were then lpartianverted to
tertiary amines. It was found that by balancing the ratichefdarboxylic acid and
tertiary amine moieties, the proton-sponge effect could be pneaeatrolled. The
resulting polymer coated QDs were suitable for siRNA binding, tpeivey the cell,
and for providing a mechanism for endosomal escape (Figure A.10). In comparison t
cationic lipids and polymer-based siRNA delivery systems, théo@ded nanoparticles
have much smaller size and more uniform size distribution. Qscare size of 6 nm
yielded polymer coated dots with sizes of 13 nm and 17 nm before tandi&NA
binding, respectively. The QD nanoparticles efficiently deliverd@Ngi against
cyclophilin B in a human breast cancer cell line and led tdyneamplete suppression
of cyclophilin B expression, which was superior to three most commasdyl

transfection reagents (Lipofectamitfe TransIT-TKO™, and JetPE}). Another
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advantage of the QD-siRNA particles is that they provide samatius delivery of
siRNA with imaging allowing for real-time tracking and intrtgkar localization of
QDs during delivery.

Guo et al. have also engineered protein- and lipid-free multibnmad RNA
nanopatrticles to deliver siRNA and combine targeted therapy andhgniaga natural
modality, pRNA (packing RNA), by utilizing RNA nanotechnology [108]. pRiNA
vital component of molecular motor which uses ATP as energy to ga€KsA into the
procapsid during the replication of linear dsDNA viruses. The 117%atide pRNA
monomer contains two functional domains: the intermolecular-interadtingain and
the double-stranded helical DNA packaging domain. The intermoleotégacting
domain contains left and right loops like two arms that interlodk wther pRNA
monomers via base-pairing to form dimer, trimer, or hexamehssige of 10-30 nm.
Figure A.11 shows the structure of a pRNA trimer. Accordinghtgr study, the
replacement of pRNA helical region with siRNA, or connection oRN& aptamer, or
connection of other chemical components did not interfere with the folainag
trimering of the pRNA as long as the two strands are pairedhadunction of SiRNA
and other connected moieties. Therefore, they tried to replacelited hegion with
small RNA fragments and connect RNA aptamer or other chemical compaoéhis
region to engineer a variety of chimeric pRNAs. The pRNA trinvéth size of about
20 nm are extremely compact and versatile nanoparticles and of edlvantages. For

example, as shown in Figure A.11, a trimeric complex composed oAfaiRidmer
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(CD4), pRNA/siRNA (BIM), and pRNA/FITC could target CD4 positigells and
simultaneously deliver siRNA against proapoptosis factor BIM andimganolecule
FITC to these cells. In addition, more than one siRNA could be coredrtatthe
pPRNA nanoparticles to inhibit the expression of multiple oncogenes. &ite#mers,
comparing to antibodies and phage-displaying peptides, have vemtounogenicity.
Furthermore, the size, shape, stoichiometry and the functions ah#hgrfoduct are

highly controllable.

IV. Future Perspective

The promise of siRNA applications as a powerful therapeutic agkes on a
successful delivery vehicle. In part Il, a series of datef an “ideal” nano-based
SiRNA delivery system were addressed and can be summarizeffi@snt, specific
and safe. From part lll, it is obvious that a great deal of sfteais been devoted to
pursuing the “ideal” nano-based systems for siRNA delivery anfieldes developing
rapidly. However, all current-reported formulations have recognizable gaps

The delivery efficiency depends on many factors. First, the structuoesradr
materials are critical. Currently, although there are soememgl rules to design and
synthesize siRNA complexing agents (for example, the presdmuesitive charges),
the investigation of structure-efficiency relationship is stiltler a trial-and-error mode.
In the future, when large amount of compounds have been studied,sgatalbéd be
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built, and thus computer simulation and modeling would be performed to fbtiona
design the delivery agent and to predict binding and assembly with siRNA.

Particle size is another factor controlling the in-vivo éfincy of SiRNA
nanoparticles. Nanoparticles with a broad range of particléfstas 20 nm up to about
800 nm) have been reported in the literature to deliver siRNAla-\However, since
most of the studies have stopped at in-vitro experiments, the irefficacy of the
siRNA nanoparticles remains a question so that the optimal particle dizacihtates
cellular uptake, tissue penetration and minimizes systemicaolea is not fully
understood yet.

In addition to particle size and size distribution, other propentiels as shape,
mechanical properties, and surface texture and morphology are a@lsdant factors
affecting siRNA delivery efficiency of nanoparticles both itreviand in-vivo. While
chemical modifications of carrier materials are the majoategyy to increase the
efficiency of siRNA delivery nowadays, the influence of phylsmaperties of the
nano-formulation has been underestimated. Together with pariaelettsese physical
properties and their influence on the nanoparticle behavior in ciauolatissue
distribution, cell penetration, and cellular trafficking require more attention.

The specificity of SIRNA delivery primarily depends on theesibn of a target
and ligand, both of which would benefit from progress and advances in alus: fi
The advances in molecular biology would help find more specifiexibyessed target

such as receptors, integrins or enzymes in pathological tissues as welkasgppuitic
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and high affinity ligand via, for example, in-vivo phage display.

Years ago, the incorporation of PEG in various nano-formulations dcathat
decreased their non-specific RES clearance and increased theatmrchhlf-life. As
the non-specific RES clearance decreases, the accumulation of nigtespa target
organ or tissue increases. Hence, to increase the deliverfigpedactive targeting
using a targeting ligand is preferred; however, improved delivepalsive targeting
may also have therapeutic potential and utility.

In terms of the safety of nano-based siRNA delivery systenpnenhand,
efforts need to be given to further decrease the cytotoxititgrrier materials and to
look for less immunogenic targeting ligands. On the other hand, the@ya({idifferent
formulations is mostly identified and/or estimated by in-vitrpeexments. However,
cytotoxicity is often cell-type dependent. Thus, the field aldo rseed of improved,
predictive, in-vitro models to more accurately reflect the in-vivo environment.

There is no doubt that delivering siRNA safely and efficierstlg challenging

task. The field is in need of a breakthrough.
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Figure A.2. Challenges for siRNA delivery. The barriers inalde (1)

susceptibility in the blood circulation and tissues afterinjection, (2) rapid

clearance by renal excretion and RES uptake, (3) extravasation rass the
endothelium and to the target tissue (4) penetration throgh the cell membrane, (5)
endosomal escape, and (6) transient persistence in cells
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Figure A.10. Adsorption of siRNA onto surface-modified QDs.
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SiRNA, aptamer and fluorescent label.
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