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Abstract

Over the years, nanotechnology had a huge evolution and gathered the attention of many
scientists, including thosénvolved in medical sciencedlanomedicine thus appeared, trying
overcomeobstacleshat still existin conventional medicingby providing innovative approaches for
the diagnosis and treatmenif diseases

Nowadays, cancer is considered one of thajor causes of worldwide deatlDoxorubicin
(DOX) is a chemotherapeutic drug which is routinely used for cancer treatiest.toits broad
spectrum of activity, DOX is used as airs treatment combined with other drugs and procedures.
However, this dng has severassociatedside effects, beinghe injury of the cardiac muscle tissue
and myelosuppressiothe most reported Cancer nanomedicine stands up as an alternative to
conventional cancer therapy by using nanomaterials as drug carriers whichmtipdlie make the
treatment more efficient and safe. Polymbased nanomaterials are very promising vehicles for drug
delivery, due to the easiness in modelling their properties. Over the years, polymers have proven to
be capablef encapsulating and relsingdrugsin a sustained manner, improving tihéiodistribution
andaccumulationin tumours.

The main goal of this thesis was to find new drug delivery systhatscould be able to
encapsulate DO2nd successfully delivdrinsidecancercells. Hopefully, using nanomaterials for DOX
delivery, it willbe possible to overcome the side effects which are frequently associated to this

antitumor drug.

Thesis Content

1 Chapterl provides an overview ovédOXbased nanotherapeutics, from the ones whiale a
still under study in the laboratory, to those that are commercially availdhiehermore the science
underneath these nanotherapeuti@e explored and thestate of art onDOXbased clinical trialss

presented

| Chapter 1l and Il reporthe synthesis, characterization and biological evaluataintwo
different hydrogel systemss DOXdelivery vehicles.Indeed, ae important problem in cancer
treatment using DOX is its low uptake by cells dueidetrapping in the acidic extracellular
envirorment ofsolidtumours. Also because of this effect, once inside cBUBX can be retainad the
endolysosomal cell compartmentddaving these in mindnew systemsbased ona clay mineral

(Laponite’) and alginate weredevelopedfor DOXdelivery. Laponité®is asyntheticclay mineralwith
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disk shapethat has a high tendency to adsorb host moleculEarthermore, ti is biocompatible,
presenting a negative charge in the faces amHasensitivechargein the edgesurface Alginate is a
naturalpolymer, more specifically an anionic polysaccharid€his polymer is netoxic, biocompatible
and biodegadable. In addition, alginate isnown for its easy gelation process, whigh usually
achieved by the presence of divalent catio8s, in Chapter linacroscopidybrid hydrogels based on
Laponite®and alginate werg@repared which were designed to sufiersitudegradation giving rise to
nanohybrid vehicles thawere very efficient ircarrning DOXthrough the cell membraneln Chapter

lll, materialsalsobased onLaponite® and alginatgere specifically developed at the nanosctilat
were alsocapable ofcarrying a high load ddOX across the cell membrane.alidition, the results
suggested that these nanohybrids can tise acidic environment of the endolysosomes to release the

drug,while helping to break down these organelbasd thereby avoid DOX igrapping

| Finally, in Chapter |[Va new dendrimer family vea studiedfor the cellular delivery of
doxorubicin Over theyears, dendrimers have been widely exploited for biomedical applications. Their
well-defined architecture, monodispetsi, and multivalency are attractiveharacteristics which make
them almost perfect drug nanocarrier candidate®,2-bis(hydroxymethyl)mspionic acid (bisMPA}
baseddendrimersare biodegradable, bicompatible, and present a highater solubility.Due to these
features bisMPA dendrimersare very interesting materials to be used in the biomedical fieldhis
chapter, bisMPA dendrimersvere evaluatedasDOXnanocarriers. Their capability to encapsulate and
releaseDOXwasstudiedand compared witlthat of poly(amidoamine) (PAMAM) dendrimengich

are nonbiodegradable.
In summary, three different types &fOX delivery systemegere stulied. Thesamaterialswere

shown to be suitable platforms for drug delivery, presenting high drug encapsulation efficiencies, a

sustainable drug release and, finally, a high biocompatibility.

Keywords: Doxorubicin; Alginatd;aponite®Nanogels; Bndrimers; Drug delivery.
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Resumo

Ao longodos anosa areada nanotecnologigpassoupor uma grande evolucaatraindo a
atencdo de muitogientistas incluindo os relacionados com as ciéncias médiBagiu assim a
nanomedicina que tentailltrapassar obstacubs ainda existentesna medicina convencionao
fornecerabordagens inovadoras para o diagnostico e tratamento de doencas.

Atualmente, o cancro é considerado uma das principais causas de morte a nivel mAindial.
doxorubicina (DOX) é um farmaco i@untoral que é frequentemente utilizado para o tratamento do
cancro. Devido ao seu amplo espectro de a¢do, a doxorubicina € usada como tratamento de primeira
linha combinada com outros farmacos ou procedimentos. No entanto, este farmaco tem sido
associada diversos efeitos secundarios, sendo 0s mais reportados a lesao ao nivetidertascular
cardiaco e a miegupressdoNa area do cancro, entre outras vantagensaaomedicingpode conferir
aos farmacos tradicionais (j& em uso) elevados nileisfic&iae seguranca ao usar nanomateriais
como veiculos para o seu transpor@snanomateriaisconstituidosa base de polimerasio veiculos
muito promissores para a entrega tfemacos devido a facilidadem modular asuas propriedades.

Ao longo dos anogs polimeroglemonstraram secapazes de encapsular e libertar os farmacos de
uma forma sustentadanelhorando assim auabiodistribuicdo e acumulacdws tumores

O objdivo principal desta tese foi desenvolver novanao-sistemas de entrega de farmacos
gue fossem capazes de encapsular a doxorubicina e de a libertar com sucesso dentro das células
cancerigenasDesejavelmenteusando nanomateriais para entrega de DOX, sera possivel sogerar

efeitos colaterais que fregntemente estao associados a este farmaco

Conteudo da Tese

1 O Capitulo | apresenta uma visao geral sasraanomateriais que atualmente séo explorados
para a entrega de doxorubicina, desde que se encontrarem estudo no laboratério, até gueles
gue ja estdo comercialmente disponivei&dicionalmente é abordada a ciéncia subjacente a estes

nanomateriais & feitoo ponto da situacédo relativamente aessaios clinicoesm curso

| OsCapitulos Il e Il relatam a sintese, caracterizacdo e avaliacdo biolégica de dois sistemas
diferentes a base de um hidrogel como veiculos de entrega de DOX. De facto, um problema importante

no tratamento do cancro usando a DOX € a sua baixa internalizeilar devido a sua retenc¢é@o no

' YOASYGS SEGNI-OSF oA WHE OARRBNBaSZi R2 LISt 24a Gdzy2 )

desse efeito, uma vez dentro das células, a DOX pode ser retida nos endolisossomas. Tendo isto em
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mente, foram desenvolvidosonos sistemas baseados em Laponite® e alginato para a entrega de DOX.
A Laponite® é uma argila sintética com formato de disco que tem uma alta tendéncia a adsorver
moléculas. Além disso, é biocompativel, apresentando uma carga negativa nas faces e ama carg
sensivel ao pH na borda. O alginato € um polimero natural, mais especificamente, um polissacérido
anionico. Este polimero ndo é téxico, e é biocompativel e biodegradavel. Além disso, o alginato &
conhecido pelo seu facil processo de gelificacdo, quelrgerde é obtido na presenca de catibes
divalentes. Assim, no Capitulo Il, foram preparados hidrogéis hibridos macroscépicos baseados em
Laponite® e alginato com capacidade para sofrer degradacito, dando origem a nanohibridos que
foram muito eficienes em transportar DOX através da membrana celular. No Capitulo IIl, foram
desenvolvidos materiais também baseados em Laponite® e alginato, desta vez especificamente a
nanc-escala, 0s quais também mostraram ser capazes de transportar uma alta carga deaDesX a

da membrana celular. Além disso, os resultados sugerem que esteshffaiins podem usar o
ambiente acido dos endolisossomaara libetrar o farmaco, ajudando simultaneamente a romper

estes organelos, assimali evitando o aprisionamento d20X.

1 Por fim, no capitulo 1V, foi estudada uma nova familia de dendrimeros para a entrega de DOX
em células cancerigenas. Ao longo dos anos, os dendrimeros tém sido muito estudados pai@esplic
biomédicas. A sua arquitera bem definida, monodispersividadeneultivaléncia s&o caracteristicas
atrativas que os tornam candidatos perfeitos para entrega de farmacos. Os dendrimeros constituidos
com base no acido 2Jais(hidroximetil) propiénico (biMPA) séo biodegradaveis, biocompativeis e
apresentam elevada solilldlade em agua. Devido a estas propriedades, os dendrimerddissao
materiais muito interessantes para serem usados na area biomédica. Neste capitulo, os dendrimeros
bissMPA foram avaliados como transpadiaes de DOX. A sua capacidpdeaencapsulae libertar

o farmaco foi estudada e comparada com a dos dendrimeros de poli(lamidoamine) (PAMAM) que séo

nao-biodegradaveis.
Em suma, foram estudados trés tipos diferentes de sistemas para a entrega de DOX. Estes
materiais mostraram ser plataformas adegas para a entrega do farmaco, apresentando uma

elevada eficiéncia de encapsulamento, uma libertacdo de farmaco controlada e uma elevada

biocompatibilidade.

PalavrasChavesDoxorubicinaAlginatg Laponite®Nanagéis; Dendrimerq€ntrega de farmacos
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A Glance Overd@xorubicinBasedNanotherapeutics: from proebf-concept studies to solutions in the market

Abstract

Cancer is one of the leading causes of death worldwide and, as such, efforts are being done to
find new chemotherapeutic drugs or novel approaches for the delivery of old ones. Doxorubicin (DOX)
is one of themost commonly used chemotherapeutic drugs as irg treatment. This drug is used
for a variety of cancer types due to its broad spectrum of activity. However, DOX use presents a few
drawbacks, being cardiovascular toxicity and ddependent myelosupm@ssion the most relevant. To
help overcoming these issues, over time, several b&s¢d nanotherapeutics appear, some of which
are already being used in the clinical scenario. In fact, it is recognized that nanomedicine may present
advantages over the coemtional administration of drugs, that is, the use of the chemotherapeutic
agents alone. The focus of this review is to give an overview oveibBs®Ed nanotherapeutics, from
the ones that are still under study in the laboratory, to those existent in theket, thus contributing
for a better understanding of the underneath nanoscience. Furthermore, a state of art chBxex

clinical trials and commercially available products will be presented.
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1. Introduction

The problem of cancer isontinuously increasing and quickly becoming a global epidemic
mostly due to population ageing, environmental problems and adopted lifestyle. According to
estimates of the World Health Organization, in 2012 there was about 14 million new cancer cases and
8.8 million cancer deaths occurred in 201%he AmericarNational Cancer Institute (NCI) defines
cancer as being a collection of related disegdesall cancer types, cebtartto divide indefinitely and
may spread to other organs. The cancer focus can be anywhere in the human body. Normally, cells
grow and divide just when they areeeded andwhen this equilibrium is destabilized, cancer can take
place. Depending on ritiple factors, cancer development can be fast or slow. Sometimes, it can take
several decades since the initial cell mutation until cardmection Usually, at this point, cancer is
already at date stage with low treatment hypothesis.

Chemotherapeutidrugs can act against cancer through different mechanisms which are often
not unique. For example, alkylating agents directly damage deoxyribonucleic acid (DNA) by covalent
binding via their alkyl group, thus preventingnour cells to divide. Antimetabiaés interferewith the
DNA and ribonucleic acid (RNA) synthesis through the substitution of the standard building blocks used
for replication and transcription. Anthicrotubule agents, on the other hand, can block cell division by
preventing microtubulefunction. Also, topoisomerasénhibitors interfere with topoisomerase
enzymes which are responsible for cutting the phosphate backbone of either one or both DNA strands,
allowing DNA to be untangled and then resealed again, during DNA replication andriptos.
Anthracyclines (antitumor antibiotics) are amongst the most common and effective antitumor drugs,
being able to exert their action independently of the cell cycle staewill be explained later, this is
due to the existence of multiple molecular targets for anthracyclines which turn them powerful
anticancer drugs. In the course of a cancer treatment, at spaoiet, the patient will receive systemic
anthracycline chemotherapy.

The long pursuit for antibiotickas begun afew decades ago. Waksman and-workers
discovered in 1942 the first antibiotic with antitumor activity, actinomycin A, an antibacterial material
extracted fromActinomyces antibioticugn the 1950s, daunorubicin was isolated from a strain of the
soitbased microorganisiBtreptonycespeucetius® A fewyears later, daunorubicin entered in clinical
trials and proved to besuccessful for the treatment of lymphoma and aclgekaemia however
having been associated to fatal cardiac toxiéityater on, inthe 1960s Arcamone and colleagues
promoted a genetic mutation in thBtreptomycepeucetiusstrain while continuing their studies. The
surviving colonies oBtreptomycegeucetius varcaesiusstarted to produce aeddishcompound,
Adriamycir®) later renamed to doxorubicin (DOX). This compound presented a better anticancer

activity than daunorubicin and, during the last decades, a great dffasbeen done to understand
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the exact mechanism of its action. Nowadays, DOX is one of tise used chemotherapeutic drugs
amongst those approved by the Food and Drug Administration (FD&3pite the broad range of
activity, DOX also presents side effects, from which the most important are cardiotoxicity and
myelosuppression, that limit its clinical u¥dndeed, since the beginning of the initial research on this
class of antitumor antibiotics,akorubicin has shown a high potential, being applied for treatment of
both solid and liquid tumour§. It can be synthesized through two different approaches: by
fermentation using Streptomycespeucetius var. caesius followed by solvent extraction and
chromatographic purifidgon or by chemical synthesis from daunorubitin.

This review is about doxorubicin (DOX) which is considered one of the most frequently used
anthracycline drugs. Especially, focus will be onD&d nanoscale systems that constitute a new
approach for delivering the drug, trying to imgve its efficiency and, simultaneously, to minimize its

side effects

2. Doxorubicin physicochemical properties and toxicity mechanisms

DOX is a noselective anthracycline whose structure is based on a wiatsluble aglycone
(adriamycinone, withlipophilic character and a watessoluble aminesugar moiety (daunosamine,
with hydrophilic character). Thedriamycinone consists in a tetracyclic ring with a quinine
hydroquinone group nearby. The amisagar moiety is linked to one of the rings throwmfglycosidic
bond Figurel).*?

0 0y, O
Adriamycinone Daunosamine Doxorubicin KP:OH

Figurel. Chemical structure of DOX.

DOX is an amphoteric molecule with acidic and basic functibrexhibits threeionizeble
groups with pKvalues of 8.2, 10.2 and 13.2, correspondent to the amino growfaahosaminethe
hydroxyl group at G, and the hydroxyl group atsCrespectively? The soluble form of DOX is the
hydrochloride salt (DOX.HCI), a crystalline oramge powder with needldike appearance and
hygroscopic behaviour. DOX is soluble in water, methanol and biological saline solutions, and nearly
insoluble in organic solvent®OX aqueous solutions can be used as an indicator of pH ashihegp
transition from orangeed at neutral pH to bluriolet at a pHralue of 9 Figure2). Thepresence of a

chromophore in the DOX molecule (dihydroxyanthraquinone) is responsible faotbisrchange.
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Drug concentration, ionic strength, type of solvent and pH are among the variables that
strongly influence the absorption spectrum DOX Figure2 showsthe ultravioletvisible (UWis)
absorption spectrum of DOX.HCI in methanol where several absorption peaks are evident (&3233, 2
290, 477, 495 and 530 nm). When in an alkaline environment, the spectrum is shifted for longer
wavelengthsi? Additionally, the DOX molecule presents intrinsic fluorescence. This fluorescence is
recurrently used to monitor the uptake and localization of DOX inside cells. Howevéniehaction
with the cell membrane, proteins and/or DNA can lead to an increase or decrease of the signal
intensity 1416 Bearing this in mind, some studies have been performed to evaluate the correlation
between the fluorescence intensity and the solvéht® According with the work developed by
Karukstiset al'’, the fluorescence of DOX decreases with an increase in concentration and with a
decrease in the environmental pH. They also found two emission characteristic peaks for DOX in
agueous solutionsg = 560 nm andz = 593 nm).

A B
1
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Figure2. A) UWis absorption spectrum of DOX.HCI in methanol (10 pg/mL) and B) Colour transition of DOX

solution in an acidic and basic environment.

Although DOX is routinely used as an effective anticancer drug, its exact mechanism of action
is complex and still not completely clear. According to literature, DOX has multiple molecular targets
but its cytotoxic effects are essentially based on two giraena: (a) first, one should consider the
intercalation of the planamadriamycinonemoiety of DOX between adjacent DNA base pairs; this
intercalation interferes with the action of the enzyme topoisomerase Il (TOP2), preventing the DNA
double helix from beig resealed and, as a consequence, stopping DNA replication and RNA
transcriptiorf-*®% and (b) second, by producing reactive oxygen species (ROS), thus, disrupting the cell
membrane, proteins and DNA1113 priefly, several cellular epmes can oxidize the quinone form of
DOX to a semiquinone free radical, an harmful metabolite that can damage DNA,; since this metabolite
is unstable, it can also be transformed back to the quinone form, giving rise to ROS which can further
induce lipid peoxidation, DNA and membrane damage, oxidative stresaatidation ofthe apoptotic

cascadeKRigure3).*!tIn fact,most of the side effects of DOX are associated with ROS, as is the case of
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cardiotoxicity. Manybody tissues possess enzymes responsible for the combat of free radicals that
prevent or limit tissue damage. Since the cardiac tissue helativelylow number of these enzymes,

it will be more susceptible tthese reactive speciés.
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3. Nanomedicine, nanomaterials and cancer

¢CKS 9dzZNRLISHY {OASYyOS cC2dzyRIFlGA2Yy o09{C0X Ay il
bl y2YSRAOAYSe¢ GKIFIG NB&adzZ 6SR FNRBY RAaOdzaaAzya 27
nano-sized tools for the diagnasi prevention and treatment of disease and to gainimereased
understanding of the complex underlying pathophysiologythef disease®?! The ultimate goal is
AYLINROSR ljdz2h fAGe 2F tATSéd Ly GkKAa OzyidSHeds GKS
case of cancer too, since it can provide solutions for -wedwn problems associateavith
conventional anticancer therapgy.Nanomaterials offer the posslity to carry poorly soluble drugs,
providing them protection and modifying their biodistributidhldeally, nanomaterials should be
designed to specifically target cancer cells (targeted hanomaterials), thus helping to diminish drug side
effects, and should be able to deliver more thame drug at the same place and at the same time,

allowing a more effective treatment when using drug combinations. Additionally, they may help to
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overcome drug resistance which is a big problem in cancer therapy and -dogalnent subject
regarding doxaubicin.

Nanomaterials by definition, present properties that are different from the ones shown by
their bulk counterparts These propertiesre related with their nanoscale size, like high surfaxce
volume ratio, and high surface energy, and can alstudecunique mechanical, magnetic, optical,
thermal and electrical behaviouf$ Nanomaterials also possess the right size to circulate inside the
human body and to interact with biological targets, like macromolecules, cells and cell organelles,
being perfect tools for the delivery of therapeutic agents. These nanoscale carrierisenpaigpared
in a diversity of different materials and shap®&¥, and exhibit special chemical and physical properties
that are dependent on their size, shape/architecture, chemical composition and surface
functionalization. They can be designed to transport drugs (small molecules, proteins and niatéic ac
and, simultaneously, to serve as contrast agents for medical imaging techniques, thus working as
theranostic materials (for simultaneous therapy and diagnostic purp38é€s3ome nanomaterials can
even act as drugs and/or contrast agents by themselves. In the present review, we will start to give an
overview over the research on D@Ased nanotherapeutics (the combination of DOX with carrier
nanomaterids) that is being conducted in the laboratories resulting in pafefoncept work. For this,
five main classes of nanomaterials will be highlighted: polymeric systems (dendrimers, hydrogels,
polymer conjugates and polymeric micelles), lipabed structues (solidipid nanoparticles,
liposomes and lipid micelles), metallic nanoparticles (iron oxide, gold and silver nanopatrticles); carbon
based structures (from fullerenes to carbon dots), and-blayed nanomaterialg={gure4). Actually
some nanomaterials do not exactly fall into only one of these categories due to their hybrid nature.

Polymeric nanocarriers

T’ e K

Dendrimers Hydrogels Polymer-drug Polymeric
conjugates micelles
Lipid-based nanocarriers Carbon-based structures

== =
09 PR ° / ) TR
925" S35
Ceo

Solid Lipid Micelles Liposomes Carbon Carbon dots
Nanoparticle nanotubes
Metallic NPs Clay-based nanomaterials
) p . O - Y
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Figured. Representation of differenti@sses of nanocarrier systems.
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To be successful, nanomaterials should be designed to surpass several biological barriers that
YIEe LIISEN Ff2y3 GKSANI NRdziS AYyaARS iddSSf 62Re @
administration and the localization of the cells/tissues to be treated or imaged, these may include the
mononuclear phagocyte system, cellular barriers, stromal barriers and cell/organelle membranes.
Beyond surpassing these difficulties, targeteahomaterials must find their molecular targets and

interact with them in an effective manner, thus being even more challenging in terms of design.

4.1. The mononuclear phagocyte system

The mononuclear phagocyte system (or reticuloendothelial system) makesfant immune
system and mainly consists of phagocytic celfsihich the most important are the macrophages.
Once inside the body, nanomaterials may suffer opsonizak@u(e5, B) by interaction with opsonins
in the blood and/or tissues, thus triggering an immune response, that is, resulting in phagocytosis and
clearance from the body (or, in alternative, accumidatin organs such as the lymph nodes and the
spleen). The surface charge of a nanomaterial can favour protein adsorption. It is reported that
negatively charged nanomaterials are less prone to opsonization and are consequently less recognized
by the phagaytic cells, thus spending more time in blood circulation. On the contrary, other reports
reveal that neutral nanomaterials, as well as positively charged ones, attract phagocytic cells
attention®3' Ly T RRAGAZ2Y S | 02YY2y &AGN)IGS3Ie (G2 RAYAYAAK
surface with a hydrophilic polymer éikpolyethylene glycol (PEG). Beyond preventing phagocytosis,
PEG also confers a higher biocompatibility to the nanocarrier and helps to improve its solubility in
agueous environment. Moreover, PEG prevents thevitro aggregation of nanomaterials and
increases the hydrodynamic diameter of very small nanomaterials, increasing their circulation half

time.32

4.2. Cellular barriers and the EPR effect
DOX is usually administrated intravenously, being able to cross the vasndiathelium cell
lining and reach most of the body tissues. However, if the idea is to use nanomaterials to avoid side
effects and target specific tissues/cells, then one shoaldehin mind that they need to go through
this cellular barrier. In fact, in respect to solid tumours, this is facilitated due to a phenomenon baptized
Fda G9YKIFYOSR t SNXYSI GA2Y [|HyiRe5WMS ThEFPR kf2ol reshlfE Fot@li ¢ 0 9
combination of two main factors: the presence of fenestrations in timmour blood vessels and
deficient lymphatic drainag&. Essentially, when a solttimour achieves a certain sizés normal

vasculature becomes an insufficient oxygen supplier for cell proliferation. In the meantime, cells start
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to produce growth factors that trigger angiogeneighis process is responsible for tipgickgrowing

of new and irregular blood vessels with a deficient epithelium and lacking a basal membhnane. T
vessel walls thewffer little resistance to extravasation, becoming leaky and hyperpermeable. Also,
the vessels can collapse due to stress and compression coming from the prolifeustiogr cells
and/or stromal cells. Depending on themour type, location and environment, the size of the
fenestrations in the capillaries can range from 200 to 2000 nm. Since the lymphatic drainage is
abnormal, this results in a reduced-adsorption of the solutes and other materials present in the
interstitial fluid?® Whereassmall molecules (~4 nm) can be-absorbed by diffusion to the blood
circulation, macromolecules or nanomaterials cannot due to their %¥iz€or this reason,
macromoleculesad nanomaterials accumulate in the tumour site. The EPR effect is, in fact, a passive
form of targeting. This means that the targeting process depends on the characteristics of the
biological system (the tumour and the new blood vessels, in this case)armh especial properties

of the nanomaterial. However, all the factors that are comprisethe EPR effect are not universal

and can be different interpatient and dependent on the tumour typm fact, the EPR effect has only
been routinely studiedn vivoin animal models (murinenodels) and, recently, its occurrence in
humans is being contested. Some researchers contribute for this controversy pointing out that murine
and human tumour microenvironments are quite distinct. When using murine models, the EPR effect
is relatively higkr than in humans due to the rapid growth of rodent tumours. For instance, a tumour
in a mice undergoes an exponential growth of 1 cm (~0.5 g) within 2 to 4 weeks, this is comparable to
a~20 cm (~1 to 2 kg) tumour size in humans which could take yedesétop*=°As consequence of

this rapid growth, the newly blood vessels presdetective and leaky vessels and a vast number of
fenestrations.

Beyond extravasation due to the EPR effect, there are several possible mechanisms of
transport across the vascular endothelium: a) lipophilic molecules are able to diffuse across the
endothelal cell membrane; b) small hydrophilic molecules can diffuse through the tight intercellular
junctions; c) receptemediated endocytosis and d) vesicular endocytdsi€onsidering that the
diffusion process varies according with the molecule, tla@sport across the vascular endothelium
gAf ¢ A0NRy3Ate RSLISYR 2y VYIY2YFUGSNRARLFf Qa LIK&&A2OK
charge. Another important cellular barrier is the blebdiin barrier (BBB) that separates the
circulating blood from the central nervous system and that is highly selective. DOX, for example, cannot
cross the BBB which is a limitation for its use in the treatment of brain catdershis case, the use
of nanomaterials espgally designed to serve as shuttles for DOX delivery into the brain would

certainly extend the possibility of benefiting from the therapeutic properties of this drug.
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4.3. Stromal barriers

After crossing the cellular barriers that separate the blood from tteeues, nanomaterials
may further find stromal barriers, that is, they must be transported through the interstitial space
between cells to reach their target. The easiness with which the nanomaterial follows its path towards
the target cells will depenan the characteristics of the biological tissue but also on their own
properties, likesize, charge, flexibility, et&tromal barriers in solid tumours can be even more difficult
to be crossed. For example, the abnormal architecture of the blood vesgalmoursand the lack of
lymphatic drainage leading to a lack of perfusion can result in an increase of the fluid pressure inside
the tumour that, ultimately, will retard the movement of nanomateridisn part, this phenomenon

counterbalances the EPR effect.

4.4. Cell/lorganelle membranes

DOX, like other drugs, can be internalized by cells through passive diffusion and accumulates
intracellularly at high concentratianwhich is attributed to its lipophilic properties and easy DNA
intercalation® On the othe side, thetumour microenvironment is often characterized by a privation
of oxygen and lowpH due to the change of cell metabolism towards fermentative proce$s8ghis
low pH can affect the cellular uptake of drugs that are wbakes, as is the case of doxorubicthe
I OAR SY@ANRYYSyild oAttt NBOGFIAY (GKS RNUzZA 2dziaARS
0 NJ LJUdihys Baintext, the use of nanomaterials can help to surpass this problem, that is, to increase
the cellular uptake of doxorubicin.

Notwithstanding, the cell membrane as well as organelle membranes also constitute barriers
for the nanomaterials themselves (loaded, or not, with a drug). Depending on the type of cells and on
their own properties, nanomaterials can enter cells by phagocytasigprpcess triggered by
opsonization) or by pinocytosis. The later can further be classified in four mechanisms: ¢lathrin
mediated endocytosis, caveolinediated endocytosis, macropinocytosis and another class where all
the other mechanisms different fronhé previous ones fatf. Then, once inside cells, nanomaterials
should be able to release their therapeutic cargo near its molecular target. This means that, possibly,
it will have to cross other biological membranes, such as the nuclear, lysosomal, or mitochondrial
membranes.The design of a nanomaterial should, then, take all these issues into account which, by

turn, are related with its specific application.
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Figures. A) EPR effect: extravasation to tumour microenvironment through the leaky sessHdiffusion within
the tumour tissue, BMononuclear phagocyte systemcognition: opsonisation and phagocytosis and C)

Active targeting: selective recognition of tumour cells through specific ligaoeptor interaction.

5. Nanomaterials and active tamging

Nanomaterials can actively be targeted towards biological entities. Active targeting, also
known as liganenediated targeting, relies on the use of ligandsgy(small molecules, carbohydrates,
hormones, antibodies, peptides) with specific affiniby & molecular receptor that can, for example,
be localized in the surface of the cells totbeated (Figureb, C). This recognition between the lighn
and the receptor may lead to a receptorediated mechanism for the cellular internalization of the
nanomaterial, improving its efficacy as a delivery systéimm. fact, the success of the process is
dependent on several factors, the most important being the level of overexpression of the receptor in
the target cells, and the affinity and selectivity of the ligand for the receptor. In cancer therapy, active
targel Ay 3 KF& (GKS AYLRNIIYy(d 202S00A0S 2F 20SND2YAY
effect (increased accumulation), active targeting approaches (increased specificity) can greatly

improve the performance of nanomaterials as anticancer drug dglivehicles.
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6. Proof-of-concept studies on DOKased nanotherapeutics

The importance of DOX in the context of anticancer drugs justifies the large number of
scientific studies that have been made in this area, as well as the variety of nanoscale systems that
have been studied for its delivery in cancer cells and in tumdins following sections will review the
research on DONRased nanotherapeutics, highlighting the characteristics, advantages and
disadvantages of the different classes of nanomaterials. Representative examples will be given for each

class which are organiden the form of tables.

6.1. Polymerbased nanocarriers

In nanomedicine, polymebased systems are amongst the most successful nanocarriers.
t 2 @ YSNAO VYIy2YFGSNAIFIfa 3IFGIKSNBR NBASHNOKSNEQ
features, suchaschemcal composition, size, morphology/architecture, solubility, functionalization,
mechanical properties and biodegradabilifyin this sense, they seem to be the perfect drug carriers
for a variety of applications, being versatility thenain advantage. Polymers have proven thet
capable to maintain a sustained drug release of encapsulated drugs, protecting them from the
surrounding environment, and of targeting cancer tissues both in passive (through the EPR effect) and
active forms Importantly, they can provide shelter to hydrophobic drugs, improving their aqueous
solubility* Often, they are used in combination with other classes of nanomaterials to improve their
properties, as is the case of PEG that, as mentioned before, among other objectisseslig used to
camouflage nanoscale systems and avoid opsonization. Also, especially by varying the chemical
O2YLRaAGAZ2YS AlG Aa LIaarofsS (G2 GdzyS LRf&aYSNDa
nanomaterials used in medicinEor instane, poly(lactieco-glycolic acid) (PLGA) is one of the most
known biodegradable and biocompatible polymer. When exposed to normal physiological conditions,
PLGA is hydrolysed producing the original monomers, lactic acid and glycolic acid. Fpes#ubis
are later metabolized through the normal metabolic pathways. PLGA is considered safe and is
approved by FDA anluropean Medicines Agency (EMA, in Eurdpehuman use? Possibly, the
bigger disadvantage associated with polymers, that may limit their use in nanomedicine, is the
difficulty in preparing molecules with welkefined sizes (theyawally present a high polydispersity)
and to assure homogeneity among product batches. Even so, chemical synthesis methodologies are

continuously evolving and allowing, more and more, a better control over this problem

6.1.1. Dendrimers
Dendrimersconstitute a special group of polymers. Dendrimers were first synthesized by the

group of Vogtle in 197&.1n 1985, Newkomet al*’ published the synthesis of poly(amide) dendrimers
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and Tomaliat al*® described the synthesis of poly(amidoamine) (PAMAM) dendrimers which are the
dendrimers most studied until now due to their early commercial availability. Since then, many other
families of dendrimers appeared. Dendrimers possess a regular andefiekd architecture, narrow
polydispersity(especially when comparing them with the classical polymers) and a high number of
terminal surface groups (multivalency) which allows further modification. Typically, the basic
dendrimer structureconsistsof three man parts: a) the core; b) the branched shells (their number
defines the dendrimer generation); and c) the outer functional groups that can be used for further
conjugation? Dendrimers can carry drugs by electrostatic interaction, by chemical conjugatibait
surface functional groups or by encapsulation inside their inner voids. Not only by their intrinsic
chemical nature, but also by the modification of their peripheral groups, it is possible to control the
drug release rate, both in case of drug epsalation or conjugatiof’

Tablel presents examples of nanotherapeutics based on dendrimers and evaluated for the
cellular/tumour delivery of DOX. There, one can observe that dendrimers are ideal scaffolds for the
simultaneous conjugation of different chemiaaitities, each one serving a distinct objective. In fact,
RdzS (2 RSYRNAYSNRa VYdzZ GAQIfSyOex AG A& Ll2aarof:
targeting, PEG arms, other nanomaterials for bioimaging purposes (imaging contrast agents) or
additional therapy (like those used for cancer hyperthermia), as well as the drug itself. Indeed,
dendrimers are being studied for the development of theranostic materials as they can act as vehicles
for drug delivery and, also, have a role in the diagnosis @&adi&s, and especially of cancer. For
instance, several studies showed that theranostic nanomaterials based on dendrimers are able to
serve as contrast agents for Magnetic Resonance Imaging (MRI) or/and for Computed Tomography
(CT) imaging Apart fromthe advantages, dendrimers also present weaknesses. In particular, those
dendrimers that have terminal groups with a positive charge at physiological pH can present a high
toxicity that grows with increasing generatiéh Also, some works reveal that dendrimers can have a
greataffinity for metal ions, lipids, proteins, salts and nucleiaacieading to disruption of biological
processes and, consequently, presenting a toxicity higher than deSiNaturally, the possibility of
constructing dendrimers with different chemical nature also opens new routes to surpass these
difficulties, as is the case of biodegradable dendrimers which are expected to offer a better

performance in terms of bia@mpatibility.
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Tablel. Examples of dendrimdrased nanomaterials for DOX delivery*.

Dendrimer Nanocarrier description Payload Tumour model Refs Year
Family
PAMAM PEGylated PAMAIG4cis DOX Skin cancer Zhuet aPk8 2010
aconitytDOX conjugates (in vitro& in vivg
Peptide T#modified DOX and Liver cancer cell line | Hanet aF3 2011
PEGylated PAMAIG5 TRAIltencoded (in vitro)
plasmid
Oligonucleotides®AMAMG4 DOX and Breast cancer Leeet aP* 2011
bioconjugates oligonucleotides (in vivo
PSMAtargeted aptamer DOX and CpG Prostate cancer Leeet aP® 2011
oligonucleotide PAMANG4 oligonucleotides (in vitro & in vivo
bioconjugates
Wheat germ agglutinin and DOX Brain cancer Heet aP® 2011
transferrintargeted PEG (in vitro & in vivog
PAMAMG4
PEGPAMAMAU nanorod DOX Colon cancer Liet aP’ 2014
dendrimer conjugate (in vitro& in vivg
FA and RGinodified DOX Brain cancer Heet aF8 2015
PEGPAMAMGS conjugates (in vitro)
Hyperbranched DOX Gastric cancer Nieet aP® 2016
PAMAMPE GcisaconitytDOX (in vitro& in vivg
conjugates
PAMAMSSPEG conjugates DOX Skin cancer Huet aF® 2016
(in vitro& in vivg
FA and borneelargeted DOX Brain cancer Xuet aPft 2016
PAMAMGS dendrimer (in vitro& in vivg
conjugates
NAcGaktargeted PE@is DOX Hepatic cancer Kuruvillaet | 2017
aconitylPAMAMGS5 dendrimer (in vitro& in vivg als?
conjugates
Polyglutamic | Biotintargeted poly(kglutamic | DOX Breast cancer Puet aF? 2013
acid}G3 dendrimer (in vitro & in vivg
Polylysine DOXHSBAPEGpoly-lysineG5 | DOX Breast cancer Kaminskas | 2011
dendrimer conjugate (in vitro& in vivg etalé4
Cationic polylysineG6 DOX Prostate cancer AlJamakt | 2013
dendrimers (in vitro) alko
Lung cancer
(in vivg
PPI Dextranconjugated PPI DOX Lung cancer Agarwalet 2009
dendrimers (in vitro& in vivg alés
Acetylated PPI dendrimers DOX Breast cancer cell ling Wanget 2012
(in vitro) alée
Lung cancer cell line
(in vitro)

*T7: a transferrin receptespecific peptide; RGRrginineglycineaspartic acid; PSMA: prostaspecific membrane antigen;
FA: Folic acid; NAcGalN-acetylgalactosamine; HSBA(Rydrazinosulfonylbenzoic acid; PPI: poly(propylene)

6.1.2. Hydrogels

Research on hydrogetasbecome very popular since tH®60swith the interesting work of
Wichterle and Lin¥? Hydrogels are defined as thretmensional (3D) networks made of credisked
polymers that can almsb large amounts of water (or biological fluids) and swell still maintaining their
3D structure. Since hydrogels exhibit a high water content, soft consistency, flexibility and porosity,

they resemble the microenvironment of the natural living tissti#8.Furthermore, hydrogels can
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result from physical or chemical crosslinking of natural and/or synthetic polymers, resulting in chemical
stable systems, or eventually unstable by disgnation or dissolutiorf® There are different hydrogel
materials that take into consideration the size of the physiedivork. For instance macrohydrogels
present a macroscopic network; microgels are discrete hydrogel particles with diameters above 1 um;
and nanogels are hydrogel particles at the submicrometer rdhgée hydrogel porosity can simply

be regulated by adjusting the creBsking density in the gel matrix and, at the same time, the water
affinity of the hydogel. This feature allows drug loading into the hydrogel and further release with
different diffusion rates depending on the molecule siZeThe high biocompatibility degree and
biodegradability of most hydrogels makes them special candidates for introduction in the clinical
scenario. In the meantime, many nanotherapestibased on hydrogels and used for the
cellular/tumour delivery of DOX are being develop@able2). Smart hydrogels that respond to
environmental changes (such as pH, redox conditions and temperature, among other stimuli) have

been the focus of diverse works performed bathvitro andin vivo.

Table2. Examples of hydrogélased nanomaterials for DOX delivery*.

Nanocarrier description Payload Tumour model Refs Year
Poly(Vinyl AminePEGDOX hydrogels DOX N/A Saitoet al’® | 2007
Starshaped PLGREG Block copolymer hydrogel | DOX Mice bearingumours | Leeetal* | 2008

from KB cell line
(in vitro& in vivg

CHEDOX conjugates and pluronic hydrogels DOX Lung cancer Choet al’> | 2009
(in vitro& in vivg

Polyprganophosphazer)eDOX conjugate DOX Gastric cancer Chunet 2009

K&RNRIASEt & oS |-ahding.Imethox$ h (in vitro & in vivo al’e

PEG

CHl/dipotassium orthophosphate hydrogel DOX Bone cancer Taet al’” 2009
(in vitro& in vivg

Polyprganophosphazenenydrogels bearing lleOE{ DOX Gastric cancer Kwaket 2010

Iy Ramino-. -methoxy-PEG and ethy2-(O-glycyl) (in vitro& in vivg al’s

lactate

Acetylated hyaluronic acid with low molecular DOX HelLa cell line Parket al® | 2010

weight (in vitro)

Disulfidecore-crosslinked PE@oly(amino acid)s DOX HelLa cell line Dinget aF® | 2011
(in vitro)

Silkbased hydrogels DOX Breast cancer Seibet aB! | 2013
(in vitro& in vivg

Polyacrylic acid and gelatin hydrogel crosslinked | DOX 9KNI A OKQa& | Jaiswakt 2013

with polycaprolactone diacrylate murine breast alt2

carcinoma cell lines
(in vitro & in vivg

Alginate (AG) hydrogel crosslinked with cystamin¢ DOX Bone cancer cell line | Macielet 2013
(in vitro) al8s

Oxidized AG hydrogel formed by reaction with BC DOX Breast cancer Shiet ap4 2014

succinic acid conjugatesosslinkedy Schiff bases (in vitro & in vivg

Hybrid AG/LP hydrogels crosslinked wa#iicium DOX Bone cancer cell line | Gongalves | 2014

cations (in vitro) et aP°

Dendrimer/AGnhanogelausing calcium cations as | DOX Bone cancer celine Gongalves | 2014

crosslinker and PAMAXG5 amine terminated as a and mouse fibroblasts | et aP®

co-crosslinker (in vitro)
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| 8LISND NI yOKSR L2t &3f & Ol DOXand HNEZ1 epithelial cancer| Zhanget 2015
cyclodextrin hydrogel system camptothecin cell line als’
(in vitro& in vivg
Peptidezgraphene oxide hybrid hydrogel DOX Hepatic cancer WuetaPf® | 2015
(in vitro& in vivg
Poly(Nisopropylacrylamideo-acrylic acid) DOX Bone cancer cell line | Zhanet aB® | 2015
yIy23Sta ONER skis{adryoyl)lSR & (in vitro)
Otaill YAyYS -netiyleachisakrylamid Q
HAY2 RATASR 6 A (K -tydodexttiny ( DOX and N/A Mealyet 2015
doxycycline al®®
Dextrinnanogelscrosslinked with formaldehyde or| DOX Colon cancer Manchun 2015
glyoxal (in vitro& in vivg et aP!
PMAAChCHP,W;5 POM hydrogel DOX Breast and HelLa cancg Azizullahet | 2017
cell line Vero cell line | al®?
(in vitro)
PELE&PEGPELG hydrogel DOX, K2 and Skin cancer Lvet aP3 2017
IFN! cytokines | (in vitro& in vivg

*CHI: chitosantleOEt: kisoleucine ethyl ester; AG: alginate; ILRponite® HA: hyaluronic acid; PMMA: poly(methacrylic
acid); ChCHI: chitosan hydrochloritV:s POM: 15tungsto-2-phosphate polyoxometalates; PEPGGPELG: Poly{gthyl-

L- glutamate}PEGpoly(gethyl-L-glutamate)

6.2.

Polymerdrug conjugates and resultant polymeric micelles

Drugs can be covalently linked to polymers that will then act as carriersdinrdelivery inside

the body. Usually, the conjugated drugs are hydrophobic and the polymer provides to the system the

required solubility in aqueous environments. Often, due to their amphiphilic nature, when in aqueous

solution, conjugates tend to orgard and sethssemble as micellé49°

The first model suggested for a polymanug conjugate was introduced by Helmut Ringsdbrf.
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solubility; a drug which can be linked directly to the backbone or to a polymeric arm; and a targeting

ligand for biological recogfion. Polymerdrug conjugates enhance drug stability (due to the covalent

conjugation), allow a highdifespanin blood circulation, improve wategolubility and provide superior

target-specificity?” As previously mentioned, polymeric micelles are formed by theassiémbling of

amphiphilic polymers. The traditional structure consdfta spherical corehell structure. Usually, the

core is hydrophobic and can accommodate hydrophobic drugs, while the shell is hydrophilic conferring

solubility in water and preventing aggregati&iDrugs can be conjugated to the hydrophobic moiety

of the polymer or simply be encapsulated in tt@e. When present at low concentrations in water,

the amphiphiles exist adiscrete entities When concentration increases, the conjugates start to- self

assemble into supramolecular structures (micelles) to maintain the hydrophobic core protected from

thS§ LJ2f I NJ

AdzZNNR dzy RAy 3a o

¢ KAaAa

0 dzNy Ay 3

02y OSy NI {

02y OSy i NI (A 2y depéndsaithé tgpe of Ko/mer, pdlymer chaiength, temperature,

pressure and concentratioti.The main advantage gblymeric micelles is their facility of production.

Considering that anticancer drugs are usually associatédpoor aqueous solubility, low stability and
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low affinity for specific molecular targets, the use of polymer drug conjugates, alone or iorthe f
micelles, can represent an important step in anticancer therdple3 shows several examples of
these systems that can be found in the literador the specific delivery of DOX. Only by the examples
presented, it is already possible to see that these systems can be very diverse in terms of chemical

composition and versatile in terms of the strategy followed for drug delivery.

Table3. Examples of drug conjugates/polyrdgaised micelles for DOX delivery*.

Nanocarrier description Payload Tumour model Refs Year
PEGLJ2 f -@&ndnb ester) block copolymers DOX Skin cancer Koet alto0 2007
(in vitro& in vivg
PEGGPLGV or GPLGVRG pepb@X conjugates DOX Lung cancer Leeet afto? 2007
(in vitro &in vivo
HPMAbased copolymebOX conjugates DOX Lymphoma Chytilet al92 | 2008
(in vitro& in vivg
DOXCHI oligosaccharidgtearic acid conjugates DOX Lung cancer Huet alto3 2009
(in vitro & in vivg
PEGpoly(allyl glycidyl ether]DOX block copolymers| DOX Lymphoma Vetvickaet 2009
(in vitro& in vivg alo4
Multi-functionalized PE®oly(3-caprolactone) (PCL) DOX Breast cancer Xionget alt%s | 2010
YAOSttSa gAGK h@io Ayl (in vitro& in vivg
PEGPHBPEO triblock copolymers DOX Cervical cancer Kimet afto® 2010
(in vitro& in vivg
Folic acid (FAhaleilatedpullulanDOX conjugate DOX Ovarian cancer cell line| Zhanget al%7 | 2011
(in vitro)
Monoclonal antibodytargeted PEG DOX Ovarian cancer cell line| Percheet 2012
phosphatidylethanolamine (PE) micelles (in \itro) altos
HPMA copolymebOX conjugates with linear and | DOX Lymphoma Etrychet alt®® | 2012
star architectures (in vitro & in vivg
FAPEGh-PLA, PEBG-P(LAco-2-Mercaptoethanol DOX Hepatic cancer Huet aft10 2012
(ME)/ Rhodamine B), and P&(LAco-ME/Dox) (in vitro& in vivg
micelles
PEGPE micelles DOX and Breast cancer Qinet aft1t 2013
vinorelbine | (in vitro& in vivg
OctreotideModified NOctytO, NCarboxymethyl DOX Breast cancer Zouet a2 2013
CHI Micelles (in vitro& in vivg
HPMA copolymebOX conjugates DOX Ovarian cancer Panet al13 2013
(in vitro & in vivg
DOXglucuronide prodrug linked to mPHi5 DOX Lung cancer Ruiz 2014
p(HPMAmLagco-AzEMA) copolymers (in vitro& in vivg Hernandezt
a|114
PEGPCL micelles with different linked moieties DOX Breast cancer Lianget al1> | 2015
(in vitro & in vivg
PEGblockPCL micelles containing DOX and Lung cancer Shihet alt16 2015
Rhenium188 (88Re) 188Re (in vitro& in vivg
cRGBfunctionalized PESSPCL micelles DOX Brain cancer Zhuet altt” 2016
(in vitro& in vivg
cisaconitytDOX conjugate prodrug linked to DOX and Pharmacokinetic studiey Ma et alt18 2016
Pluronic F127CHI conjugates paclitaxel in rats
Polymer PGIPOX prodrug PMGRPMEMA2- DOX Liver, breast and lung | Wanget al'® | 2016
HydrazideDOX cancer cell line
(in vitro)
HA:2-(octadecyloxy-1,3-dioxane5-amine conjugates DOX Breast cancer Qiuet alt20 2017
(in vitro & in vivg
Chondroitinsulphatépoly (lactide-co-glycolide) DOX Breast cancer cell line | Zhanget al?1 | 2017
block copolymer (in vitro)
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solanesyPECGdithiodipropionateand solanesyl DOX Hepatic cancer Qinet alt22 2017

PEGsuccinate micelles (in vitro& in vivg

DOXcis-aconitytN,N,Ntrimethyl CHIFA DOX and Hepatic cancer Wuet all23 2017
interleukin2 | (in vitro& in vivo

*PEG: poly(ethylene glycol); Peptide GPLGVPH.euGly-Val; Peptide GPLGVRG:-Big-LeuGly-VatArgGly; HPMA: N
(2-hydroxypropyl) methacrylamide; CHI: chitosan; PCL: palgfBolactone); PE@GHBPEO: poly(ethylene oxid@ply[(R}3-
hydroxybutyratejpoly(ethylene oxide); FA: folic acid; PE: phosphatidylethanolarfifiee: Rheniuri88; PCP: Poly(choline
phosphate); PMCP: Poly(&hethacryloyloxy) ethyl choline phosphate; PMEMA: Palgé2hoxy-2-oxoethyl methacrylate)

6.3. Lipidbased nanocarriers
Sincethe 1960s lipid-based nanomaterials have been deeply studied as potential systems for

chemical and biomedical applicatioff4!?® This kindof nanomaterials became popular due to their

Gy FiddzNF £ ¢ fALAR O2YLRaA (X dhere keytRree (imdj& NiBdbBadS f 2 ¢

nanomaterials: solidipid nanoparticles (SLNs), liposomes, and micelles. SLNs are usually spherical, and
possess a solid lipid core matrix and an outer layer of a surfactant. Lipophilic drugs can be transported
in the core. Lig components of SLNs should be solid at both body and ambient temperature and can
be prepared from triglycerides, complex glyceride mixtures or even waxes. The other two sgstems
mainly prepared frommaturally occurring and/or synthetic phospholipids $glfassembly. Micelles
are considered the smallest and simplest-sa§embled lipid structures formed by one layer of polar
lipids in aqueous solutions, forming spheres. Liposomes abswmist of spherical assemblies of
phospholipids that, in this casare organized in bilayers (sometimes multiple bilayers) with a diameter
size typically in the 5200 nm range. In aqueous solutions, the formed micelles possess a hydrophobic
core, whereas liposomes possess a hydrophilic core. Hydrophobic drugs carolmiaied into
micelles. Since liposomes have an aqueous core and a lipid bilayer, they can accommodate both
hydrophilic and hydrophobic moleculé®. Cholesterol is generally added to the formulations of
liposomes to &bilize the lipid bilayers.

The main advantages of lipithsed nanocarrierare that they can transport lipophilic drugs
and are able to protect them from severe environmental conditions, bothvitro and in viva
Additional advantages are the easinedspooduction, functionalization and control over the drug
release proces¥:*2°Over the last years, lipidased nanocarriers have been used as delivery vehicles
for a diversity of molecules, like chemotherapeutics, enzymes, geptinucleic acids, antigens,
antifungals and imaging agent8:1*° Table4 presents recent examples of research studies on-ipid

based systems for the releas€ DOX.
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Table4. Examples of lipithased nanomaterials with DOX*.

Lipid Nanocarrier description Payload Tumour model | Refs Year
family
Solid lipid | TransferrinPEGPE DOX and EGFP Lung cancer Hanet alt3! 2014
NP encoded plasmid (in vitro & in vivo)
Micelle Labrafac WL 1349® and Solutol Hl DOX and docetaxel | N/A Vrignaudet 2011
15® micelles alts?
DSPHEPE GoorCRGDK micelle DOX Breast cancer Weiet alt33 2013
(in vitro& in vivg
FACMCHDSPDOX DOX and cisplatin | HeLa cancer cell | Zhanget al34 | 2017
line
(in vitro)
HAwvitamin E succinate grafted DOX and curcumin | Breast cancer Ma et aft3> 2017
polymer (in vitro& in vivg
Liposome | LYY dzy 2 f A LJ2 & 266 4 DOX Fibrosarcoma Hatakeyama | 2007
antibody fragment (invitro& invivg | et a3t
Immunoliposomes with HER2 DOX and hollow gol¢ Carcinoma and Liet alts7 2015
antibody nanospheres lung cancer
(in vitro& in vivg
HSPC/CH liposomes modified with DOX and Sarcoma cancer | Sunet alt38 2016
sialic aciebctadecylamine dexamethasone (in vitro& in vivg
palmitate
Immunoliposomes with GE11 DOX Breast cancer cell | Haeriet al'3® | 2016
LISLIIARS FyR 0OSig line
antibody fragment (in vitro)
DPPC/DSPC/CH/DSHEG DOX and gadoterido| Breast cancer Rizzitelliet 2016
liposomes (invitro& invivg | all40
DSPC/CH; DSPC/DOTAP/CH and| DOX and Breast cancer Camacheet 2016
DSPC/PEBSPE/ DOTAP/CH 5-Flurouracil (invitro&invivg | al'4!
micelles
H/K(R).-modified peptide DSRE DOX Brain cancer Zhaoet a2 2016
PEG liposomes (in vitro & in vivg
DPPC/DSPC/DPHiBosome DOX and gadoterido| Sarcoma cancer | Pelleret a4 | 2016
(in vitro& in vivg
PEGDSPE/DOTAP/CH liposomes | DOX and Hepatic cancer Fanet al44 2017
micro-RNA (in vitro& in vivg
PEGDSPE/DPPC/CH liposomes | DOX and curcumin | Colon cancer cell | Sesarmaret 2017
line al4s
(in vitro)
DOTAP/DSPEEG and DOX, tobramycin HelLa cancer cell | Plourdeet 2017
POPC/CH/DSHEEG liposomes and DNA aptamer | line al4e
(in vitro)
Seleniumfunctionalized lecithin DOX Lung cancer Xieet a4’ 2018
S100/DOTAP/CH liposomes (in vitro & in vivg

*Labrafac WL 1349®: Caprgapric acid triglycerides; Solutol HS 15®: mixture of free PEG660 and P@6&0stearate

DSPE: 1;Distearoyisnglycero3-LIK 2 8 LIK2 SGKI y2f I YAYST Ja/ Il LY ODiRDbBEBYSGiKef
hydroxysuccinimidyl propionate); HERHuman epidermal growth factor recept@ HSPC: Hydrogenated soy
phosphatidylcholine; CH: Cholesterol; @PR.2Dipalmitoytsn-glycera3-phosphocoline; DSPC: stearoyisnglycere3-
phosphocoline; DSPE: Distearsgglycero3-phosphoethanolamine; DOTAPR2-dioleoyl3- trimethylammoniumpropane;

H/K(R). peptide: AeRRK(HHHHHHHMRIR, peptide; DPP& 1,2-dipalmitoytsnglycera3-phosphodiglycerol; POPC: 1
palmitoy}t2- oleoytsnglycera3-phosphocholine

6.4. Metallic nanoparticles
Nanoparticles made of metals and metallic oxides present special properties, such as

electronic, magnetic and optical, that che tuned by adjusting their size, shape and compositién.
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Numerous types of metallic NPs are under study for the purposes of therapy, medical imaging contrast
enhancing or both (theranostic applications). Indeed, they can transport drugs adsorbed éitto th
surface and, simultaneously, act as contrast agents in imaging techniques, like MRI (this is the case of
iron oxide nanoparticles) or CT imaging (like gold nanoparticles). These nanoparticles are also
promising due to their robustness, stability, amgistance to enzymatic degradatiétiAlso, as is well

known, some metals possess antimicrobial and-arftammatory properties, for instance gold, silver

and platinum!*® Table5 shows representative examples of the possible use of metallic nanoparticles
for DOX delivery.

6.4.1. Iron oxide nanoparticles

Usually, it is not difficult to functionalize metaliPs with different surface groups, keeping
the inner properties for imaging applications. Amongst metallic NPs, those of iron oxide are quite well
studied and explored due to their magnetic properties. Their size ranges from 5 to 50 rthegicdn
be eadly synthesized , being possible to control their size, shape and soldtilitpwever, to achieve
such stability, they need to be stabilized which is achieved by surface modification wittemtiffe
ligands, suchas carboxylates, phosphates, and also with polymers, fikéyethylene glycol and
polyvinyl alcohol (PVAj?153 Interestingly, iron oxide nanoparticles can be used as drug delivery
systems, contrast agents in medical imaging and, in addition, by applyirdegnate magnetic field,
for the thermal ablation of cancer (cancer hyperthermia treatment). As naked iron oxide nanoparticles
are toxic, they are usually coated, for example with polysaccharides, PEG, inorganic materials, etc..
Also in this case, the coag can confer stealth properties to the nanoparticles so that they can avoid

recognition by the immune system and phagocytosis

6.4.2. Gold nanopatrticles

Gold nanoparticles (AuNPs) are unique amongst nanomaterials because of their inherent inert
chemicalproperties, low toxicity, controllable size, shape and ease functionalization. The most usual
method to synthesize AuNPs is through citrate reduction of chloroauric acid in WTgreir typical
diameter is between 150 nm being their colour shape/sizgependent. The colour shifts from red to
blue which can be detected in the visible part of the electromagnetic spéttiide role of AUNPS in
the biomedical field inclde labelling (for example, they can be used as contrast agents in transmission
electron microscopy), drug delivery (by adsorbing drugs at their surface), heating (like iron oxide NPs,
they can be used for cancer hyperthermia treatment) and sensing (dutaeiv optoelectronic
properties). Furthermore, AUNPs can attenuatea)}(s and, so, are being investigated to be used as

contrast agents in CT imaging. Very important is also the fact that they are very easily functionalized
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at the surface through the reaon of gold with sulfhydryl @H) groups present in organic or

biological molecules

6.4.3. Silver nanoparticles

Silver nanoparticles (AgNPs) are being used in our daily life in a wide range of fields, including
food, healthcare medicine and industrif® AgNPs exhibit special features suasoptical, thermal,
electrical and biological properties. One important characteristic is their strong antimicrobial and
antifungicidalactivity. Dueto this property, they have been employed in several materials for medical
care, namely in silicon catheters, sterilizing filters, sutures and, also, as medicines for dermatitis.
Recently, AgNPs have also been studied as anticancer agents themselvesl theypossibility of

being used as drug carriers. Like AUNPs, they may be applied as diagnostic or probing métfiztors.

Table5. Examples of metallibased NPs with DOX*.

Metal Nanocarrier description Payload Tumour model Refs Year
Family
Iron Gelatincoated magnetic iron oxide | DOX N/A Gaihreet al*® | 2009
Oxide NPs
PNIPAMcoated magnetic iron oxide | DOX Liver cancer Purushotham | 2009
NPs (in vitro & in vivg et alt60
PVAcoated iron oxide NPs DOX N/A Kayalet alt61 2010
Multifunctional PEGrimellitic DOX Liver cancer Maenget al62 | 2010
anhydride chloridefolate (in vitro& in vivg
superparamagnetic iron oxide NPs
PEGcoated superparamagnetic vs | DOX Stealthiness Allard-Vannier | 2012
citrate-stabilized iron oxide NPs evaluation in rats et ak®
(in vivo
PEGylated iroplatinum@iron oxide | DOX Breast cancer Liuet alt63 2013
coreshell NPs (in vitro& in vivg
PEGb-PVBFcoated iron oxide NPs | DOX Colon cancer | I OdB] || 2014
(in vitro& in vivg et alt64
Mesoporous siliczoated DOX N/A Pourjavadet 2015
superparamagnetic iron oxide NPs ales
Hydroxyapatite coated DOX Breast cancer cell Avalet a6 2016
superparamagnetic iron oxide NPs line
(in vitro)
Superparamagnetic iron oxide DOX Liver cancer Tanget al¢7 2017
chondroitinsulphateCHI (in vitro& in vivg
microparticles
Gold AuNPs stabilized with PAD*OX3b- DOX Breast cancer cell Prabaharamet | 2009
PEGOHFA line ales
(in vitro)
FAmodified gold nanoclusters DOX and a NIR | Lung, liver, breast Chenet aflts° 2012
fluorescent dye | and colon cancer
ICGDer-02 cells
(in vitro & in vivg
Multifunctional gold nanorods DOX, cRGD and Brain cancer Xiaoet alt70 2012
ab4Cu chelator | (in vitro& in vivg
DOXCPLGLAGG peptide AuNPs DOX Mouse head and Chenet alt"? 2013
conjugate neck carcinoma cell
line
(in vitro & in vivg
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PECcoated hollow gold nanoshells | DOX Breast cancer Leeet alt72 2013
(in vitro& in vivg

DOXPEGAUNPs conjugate DOX Breast cancer Sunet a3 2014
(in vitro & in vivg

Human serum albumin/indocyanine | DOX Breast cancer Topeteet a4 | 2014

green/FAcoated gold nanoshells (in vitro& in vivg

PEGylated magnetic AUNPs DOX Breast cancer Elbialyet al’> | 2015
(in vitro& in vivg

AuNPs crosslinked with RGL DOX Mouse head and Jeonet all7® 2015

PDMAEMA-PEG neck carcinoma cell
line
(in vitro& in vivg

PEGylated PDPAUNP complex DOX Human head and Leeet alt’7 2015

neck squamous
carcinoma cell line

(in vitro)
AuNPsDOX conjugate DOX Skin cancer Zhanget a8 | 2015
(in vitro& in vivg
Oligonucleotideconjugated AuNPs | DOX Colon cancer Leeet alt™® 2017
(in vitro & in vivg
Silver Alendronatecoated AgNPs DOX and HelLa cancer cell line| Benyettouet 2015
alendronate (in vitro) al1so

*PNIPAM: pohln-isopropylacrylamide; PVA: polyvinyl alcohol; PEG: poly(ethylene glycol); PyaR4
vinylbenzylphosphonate); CHI: chitosan; P(LA): paelgflartate); FA: folic acid; PCL: polgé®rolactone); PDMAEMA: poly(2
(dimethylamino) ethyl methacrylate); PDP3H[2-pyridyldithio]propionyl hydrazide;

6.5. Carbonbased nanomaterials

The existence of nitiple carbonbased nanomaterials is associated with the vast and varied
chemistry of this element. They have notable chemical and physical properties (e.g., electrical and
thermal conductivity, high mechanical strength and optical properties), thus beseg in many
different applications. Carbehased nanomaterials such as graphene, carbon nanotubes (CNTs) and
fullerenesstem¥ NB Y 3INJ LKA (S | B Graphite strdiude y6 8 coibinate ik statkédd
layers of carbon atoms arranged in a honeycomb latt@@phene is single layer sheet structure with
a thickness ba carbon atom and can be prepared from graphite. Its robust structure and, at the same
time, its high flexibility makes it attractive for biomedical applications. CNTs are cylindrical hollow
structures with the walls made of sheets of carbon, also withickness of a carbon atom. Graphene
and CNTspresent similar electrical, optical and thermal propertt&sAnother interesting carbon
structure is the popular g, also known as buckyball. Like CNEsb€ongs to the fullerene family of
carbon materials. Fullerenes were discovered in 1985 and resulted Nob&l Prize in 19983
Currently, other carbon nanomaterials appeared like carbon nanohorns, derived from CNTs but having
a conical cap, and carbon dotéiwh are fluorescent nanomaterials. Curiously, many of the mentioned
carbon structures were tested for drug delivery applications and, particularly, for the delivery of DOX

as can be seen in the examples listed @ble6.
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Table6. Examples of carbebased nanomaterials with DOX*.

Nanocarrier description Payload | Tumour model Refs Year

PEGylated Oxidized Carbon Singlalled DOX Lung cancer cell line Murakamiet 2006

Nanohorns (in vitro) als4

Multi-walled CNTs DOX Breast cancer cell line Ali-Boucettaet | 2008
(in vitro) allss

AG, CHI and FAodified Singlavalled CNTs | DOX HelLa cancer cell line Zhanget alt8é 2009
(in vitro)

PEGylated Singlsalled CNTs DOX Lymphoma Liuet al8? 2009
(in vitro & in vivg

Gso DOX Breast cancer cell line Liuet afss 2010
(in vitro)

PEGylated SingMalled CNTs with hydrazon| DOX Lung cancer cell line Guet alt8d 2011

linkage (in vitro)

FAmodified MultiWalled CNTs functionalize] DOX HelLa cancer cell line Liet al1% 2011

with iron NPs (in vitro)

PEGylated oxidized MulValled CNTs DOX Brain cancer Renet a9t 2012

modified withangiopep2 (in vitro & in vivg

Gso DOX Chicken embryo Blazkovaet 2014
(in vitro & in vivg a9z

FAPEGMulti-Walled CNTs DOX HelLa cancer cell line Dinanet alt93 2014
(in vitro)
Liver perfusion study
(in vivg

FAmodified carbordots functionalized with | DOX Vero cell line and HelLa cancer| Mewadaet 2014

bovine serum albumin cell line (n vitro) a4

Geo DOX Lung cancer Prylutskaet 2014
(in vitro & in vivg alos

PEiderivatized fullerene DOX Skin cancer Shiet alt% 2014
(in vitroandin vivg

PEGylated fullerene DOX Breast cancer cell line Magoulaset 2015
(in vitro) a7

Gso DOX Lung cancer Panchulet al'%8 | 2015
(in vitro & in vivg

Gso DOX Lung cancer Prylutskaet 2015
(in vitro & in vivg aloe

Galactosylated CHixidized MultiWalled DOX Liver cancer Qiet ap® 2015

CTNs (in vitro & in vivg

Nuclear localization signal peptidargeted DOX Lung cancer Yanget aPot 2016

carbm dots (in vitro & in vivg

Transferrinmodified carbon dots DOX Brain cancer cell line Liet ako2 2016
(in vitro)

Carbon dots DOX HelLa cancer cell line Wanget aP% 2016
(in vitro)

Heparinmodified carbon dots DOX Breast and lung cancer cell line| Zhanget ak%* 2017
(in vitro)
Hela cancer cell line
(in vitro)

Polydopaminecoated carbon dots DOX HelLa cancer cell liné(vitro) Sunet ak% 2017

Carbon dots DOX Mouse fibroblast cell line Yuanet aP%% 2017
(in vitro)
Adenoid cystic carcinoma cell
line (n vitro)

PEimodified carbon dots DOX Mouse fibroblast cell line Gaoet aPk? 2017
(in vitro)
HelLa cancer cdlhe
(in vitro)

*AG: alginate; CHI: chitosan; FA: folic acid; PEI: Polyethylenimine;

[25]



A Glance Overd@xorubicinBasedNanotherapeutics: from proebf-concept studies to solutions in the market

6.6. Claybased nanomaterials

Other drug delivery systems that are now being explored in the biomedical field areaday
nanomaterials. These clays are already beirgldsr cosmetic and pharmaceutic applications and, so,
researchers are now trying to take advantage of their properties for further application in tissue
engineering, regenerative medicine, medical imaging and cancer treatment. Especial attention is being
given to the synthetic clay Laponite® (N SeMJs sLib.3)O20(OH)]* 7, LP) that can be produced with
a controllable composition at a large scale and low cost. Although there are several different LP grades
commercially available, for medical applicats, the grades having high purity and low heavy metals
content should be use®? LP is composed of nanoscalgstals with a disk shape (about 25 nm in
diameter and 0.92 nm in thickness). In these disks, the faces are negatively charged whereas the edges
possess pHlependent chargé® Like other clays, LP presents a high swelling capacity and tendency
to adsorb many types of molecules at its surface. Furthermore, by reaction of the silanol groups
present at its edges withlleoxysilanes with additional reactive groups, the clay can also be covalently
linked to molecules of interest. Also, although this clay degrades when exposed to acidic environments,
it gives rise to no#toxic products such as aqueous silica, and magnesiodium and lithium iong!®
For these reasons, LP is now being evaluated as a nanocarrier for diverse biological and therapeutic
molecules, including for the transport of DOX

The first work on the use of LP for DOX delivery, was authored by Wang and cofi€dbats
used naked LP for #t purpose. Their study showed promising results since LP was loaded with a high
content of DOX, being the drug released in a sustainable ardepeindent manner. Thesa vitro
results revealed that the DAXP platform was more efficient in diminishingthiability of cancer cells
than DOX alone. As can been inTable7, several other LBased nanoscale systems (nanohybrid
materials) were meanwhilassayed for DOX delivery. All these platforms were developed having in
view the improvement of the behaviour of LP as a drug delivery system, namely in what concerns the

drug release profiles and stability in the physiological environment.

Table7. Examples of clagased nanomaterials with DOX*.

Nanocarrier description Payload Tumour model | Refs Year

DOXloaded LP disks DOX Liver cancer Liet aP12 2014
(in vivg

PEGPLAmModified LP disks DOX Bone cancer Wanget aP13 2014
(in vitro)

Alginatecoated LP nanodisks DOX Bone cancer Gongalve®t 2014
(in vitro) al14

PEGLactobionic acignodified LP nanodisks DOX Liver cancer Chenet aP15 2015
(in vitro)

Polyelectrolyte multilayer (PAH/PSS)ated DOX/LP| DOX Breast cancer Xiaoet aP16 2016

nanohybrids (in vitro)
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Hyaluronic acid functionalized PPAGPEIAUNPs DOX
modified LP disks

Hela cancer cell
line
(in vitro& in vivg

Zhuanget aP?

2017

*LP:Laponite® PEGPEG: poly(ethylene glycol); PAH: poly(allylamine) hydrochloride; PSS: poly(sodiumstyrene sulfonate);

PLA: poly(lactic acid)

7. DOXbased nanotherapeutics in the clinical scenario

As will be detailed in the following sections, several B@sed nanotheapeutics are already

in clinical use or under clinical trials. It is known that, despite the extensive research work on drug

delivery, only very few nanocarriers achieved preclinical and clinical study phases. Some of the DOX

based nanotherapeutics wereotvever successful in this process since they met the needed

requirements, like increasing DOX solubility and efficacy and, simultaneously, decreasing its clearance

rate and systemic toxicity.

In fact, from the discovery phase and before reachingritaeket, drugs (and nanodrugs too)

must go through a selection process which is closely followed by regulatory agencies (like FDA in the

United States or the EMA, in Europe) to assure their safety and effectivefigaseg).2'8 Along this

path, the number of dug candidates decreases and few are considered promising for further

evaluation. First, researchers should perform experimenis witro andin vivomodels (only animal

atdzRASa0 G2 20GFAy aegaidsSyriaodo REGL

NB dbeskaRhey 3 (G K S

body), and pharmacokinetics (what the body does to the drug) which is considered a preclinical phase

of drug development. The preclinical phase main objective is, then, to provide knowledge concerning

the safety of the drug and establishetfsafe dose for the firsh-man study. Then, experiments can

start in humans, step by step, from Phase | to Phase Il clinical studies. For these, specific protocols

should be followed that clearly establish who is qualified to participate, number obpsystudy

duration, administration method, dosage and how data will be collected and anallygpd€6). Still,
Ad AYLRNILF Y

even after the drug reaching the mjaS (i =

performance while it is in active medical use.
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Figure6. Stages of clinical triaf&?

Many years may pass since the beginning of the preclinical studies until the end of clinical
trials. Often, the results do not match the expectations and the studies fall apart. Nowadays, there are
several nanotherapeutics in the market and at clinicagetabeing the main effort headed by the
oncology field Figure7 presents a timeline relative to DEased nanotherapeutics highlighting the
most important landmarks in this area. Information regarding these nanotherapeutics, such as their
generic name, fonulation type, therapeutic indications and clinical phase status is also summarized
in Table 8. These nanotherapeutics cover different nanoplatfornmpedy, including liposomes,
nanoparticles, polymedrug conjugates, polymeric micelles, or even biological derivatiVablé¢
8).22%226 |1t must be mention thafTable8 does not include generic versions or very similar variants of

the listed DO>based nanotherapeutics that meanwhile appeared in the market.
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Figure?7. Timeline based for the D@sed nanotherapeutics in clinical stages or already in the market.
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Table8. DOXbased nanotherapeutics in the market and in clinical stages.

Nanocarrier ~ Generic Formulation type Therapeutic Phase Refs
platform name indication status
Liposomes DoxilRiCaely® PEGylated liposomal Y I L2 aA Qa Approved Stewart et &??
DOX Breast cancer Northfelt et af28
Ovarian cancer hQ. NA 8y
Multiple myeloma Gordon et &30
Rifkin et ad31
Myocet® Liposomal DOX Breast cancer Approved Batistet aP32233
Harris et &34
Chan et &P°
ThermoDo® Thermosensitive Nonresectable Phase Il NCT02112658°
liposomal DOX hepatocellular
carcinoma
Nonresectable Phase Il NCT0061798%"
hepatocellular
carcinoma
Breast cancer Phase I/l NCT0082608%58
Sarcodoxome Liposomal DOX Small cell lung cancer Phase Il LopezPousa et
containing lipochroman alk39
6
2B3101 Glutathione PEGylated Meningeal Phasdl NCT01818713°
liposomal DOX carcinomatosis
Brain metastases Phase | Kerklaan et &ft
anti-EGFR EGFR targeted Solid tumours Phase Il Mamot et aP42
ILsDOX liposomal DOX
MM-302 HER?2 targeted HER?2 positive breast Phase I Miller et aP43
liposomal DOX cancer ADCreview
Website44
NPs Livata® DOXloaded Hepatocellular Phase I Onxeo
poly(isohexy carcinoma company45.246
cyanoacrylate) NPs
Polymerdrug | FCE28068/PK1 N-(2-Hydroxypropyl) Breast cancer Phase Il Leonard et &7
conjugates methacrylamideDOX  Non-small cell lung
copolymer cancer
Colorectal cancer
FCE28069/PK2 N-(2-Hydroxypropyl) Primary/metastatic Phase Il  Seymour et &8
methacrylamideDOX  liver cancer
Galactosamine
Polymeric SP1049C DOX block copolymer Nonresectablestage  Phase lll  Valle et &4°
micelles micelle IVb adenocarcinoma
NK911 mMPEGDOXpoly- Solid tumours Phase Il Matsumura et
aspartic acid also
conjugates
Bacteria EDWt Y A y ; DOXloaded EDV Glioblastoma Phase | Whittle et aP>5!
derived nanocells multiform

*MM -302 Phase Il clinical trial was discontinued in March 2017.

**Livatag Phase llI clinical trial was discontinued in September 2017.



A Glance Overd@xorubicinBasedNanotherapeutics: from proebf-concept studies to solutions in the market

7.1. Doxil®/Caelyx®

Liposomes are experiencing an exponential evolution since almost 50 year8? &uxil®,
currently commercialized byohnson & Johnsomvas the first nanotherapeutic approved by FDA in
19952% Doxil®@ was pioneer in the field of drug carriégnsthe US market and, in Europe, is
commercalized under the name CaelyX®At the beginning, Doxil® was approved for the treatment
of ADSNB f | G SR Y I B¥2aad) I&er onafbr M8Owerafht ovarian cancer (1998)metastatic
breast cancer (2003Y and multiple myeloma (2007f. This system is based on a PEGylated liposome
containing DOX in the internal cavity and has a mean diameter of about 80 to ¥9Doxil® liposome
is composed ofthree main lipid components: the hydrogenated soy phosphatidylcholine (HSPC);
cholesterol and 1,2-distearoylsnglycera3-phosphoethanolaminé\N-(methoxyPEG (DSPPEG)
(Figure8). These lipids are considered safe once they do part of the diet and they are present on the
cell membrane. The molar ratioSq: 38:5) among them are responsible for maintaining the liposome
structure?°29The rigid bilayer at physiologid@mperatureis achieved by the ratio between HSPC
and cholesterol. DSPE is incorporated in the liposome bilayer and works as a docking point for PEG
conjugation. Doxil® was conceived considering three objectives: to avoid the retentidie by
mononuclear phagocyte stemand, as consequence, to prolong the circulation time; to achieve a high
YR aidloftS t2FRAYy3a 2F 5h-T YR (G2 KIFI@ZS (KS AL
requirements were achieved using: PEGylation to improve the biodistribution;rémsmembrane
ammoniumsulphate (NH;).SQ) gradient driven force for DOX encapsulation; and the use of HSPC

which exhibits a high phaseansition temperature(melting temperature, Tm3>°

§ DOX
Rty

PEG

W o @ %é;
w@& ®
8 N
SIEe

Figure8. lllustration of a PEGylated Doxil® liposome.

Interestingly, Barenholz and eworkers>® developed a remote drug loading approach which
was responsible for the high efficiency and stable drug loading. This method relies on a transmembrane
gradient of(NH,)>SQ, which involves a higher concentration (dfH:).SQ inside the liposome when
compared with the outside. This difference between the concentration in both compartments works
as a driving force for the loading of DOX. With this loatiegnique,it was possible to reach a very

high accumulation of DOX indttore (around 1900 DOX molecules/liposome).
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According toliterature, more than ten Phase /Il clinical trialere performed in patients
suffering from AIDSIBf G SR YI LR aAQa alNO2YlFI® h@SNrftx LI G
presented improved esponses when compared with conventional chemother&pyrassing to the
Phase Il clinical triglswo independent randomized studies were perfornéd??® Stewart and
colleague¥”’ evaluated if Doxil® could be an effective approach when compared with the traditional
bleomycin and vincristine treatment. They sted 241 patients in a randomized study where 20 mg/m
of Doxil® was administered against the combination of 15 #leomycin with 1.4 mg/rfvincristine.

In another study performed by Northfedt al 2?8 Doxil® efficacy was accessed versus the conventional
treatment with DOX, bleomycin and vincristine. A total of 258 patients with-NIBS | 6§ SR Y I LJ2 &
sarcoma participated in the study. The treatment consisted in the administration of 20 higril®

versus the combination of 20 mgADOX, 10 mg/rhbleomycin and 1 mg vincristine. In both studies,
Doxil® improved the treatment, being more effective and less toxic than traditional chemotherapy.
Regarding ovarian cancer treatment, Gordon and cglieg® performed a Phase Ill clinical trial with

the purpose of evaluating thengterm survival The study was performed with a total of 481 patients
randomly distributed in two groups. In the first group, 50 még/Moxil® was administered every 4

week; h the second group, 1.5 mghfday of topotecan was administered during 5 days, repeating

the dose at every 3 weeks. This folloyw study demonstrated that treating patients suffering from
recurrent and refractory ovarian cancer with Doxil® significantjyrawed the overall survival (OS)
(from 70.1 weeks for topotecan to 108 weeks for Doxil® patients). Therefore, these results proved that
Doxil® couldbe usedasffsthA yS G NBIF G YSyd F2 N GKatal.?(chodsithea T OF y O
Doxil® has higher efficacy and less cardiotoxicity than conventional DOX and that could be used as first
line treatment for metastatic breast cancer. In this Phase Il clinical study, around 509 women received
50 mg/n? of Doxil® every 4 weeks or 60 mg/afi DOX every 3 weeks. The results showed that Doxil®
led to an overall reduction in cardiotoxicity and myelosuppression, and had an efficacy equivalent to
that of DOX. Rifkin and emorkerg3! conducted a Phase Ill clinical trial inipats newly diagnosed

with active multiple myeloma. The patients (n = 192) were split and exposed to two different treatment
methodologies. In the firsinethod, the treatment consisted in the combination of 40 mg/oxil®

with 1.4 mg/n? vincristine plus e reduction in the oral dose of dexamethasone (40 mg) in the first 4
days. The second methodology was based on 0.4 mg/day vincristine, PtugynDOX and, also, a
reduction in the dexamethasone dose for 4 days. At the end, both approaches gave arespitaise,

less toxicity and improved overall survival when compared with conventional treatment with DOX.

Doxil® approval was the primary step to launch other nanomedicines. Following Doxil®, several
other lipid-based systems were created, either basedsterlth liposomes with a cocktail of loaded

drugs or on liposomes with loaded drugs and targeted moieties conjugated at the surface.
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7.2. Myocet®

Five years after Doxil® approval, Myocet® (Teva Pharma);RE®ylated liposomal DOX, was
approved in Europe bhe EMA and in Canad& Myocet® liposom@resentsa diameter size arouh
150-250 nm and is composda/ cholesterol, egg phosphatidylcholine (PC) and, initterior, a DOX

citrate complex Figure9).252

DOX

Figure9. Representation of the Myocet® liposome.

This formulation was approved d#st-line treatment for metastatic breast cancer in
combination with cyclophosphamide (CPP}5Bearing in mind the results from preclinical st#ge
a Phase | clinical trf&f was conductedn 38 patients with refractory solid tumours. The study was
made using two different approaches. The first consisted in intraveniouy gdministration of a
dosage of 20 mg/hescalating to 30, 45, 60, 75 and 90 mékwery 3 weeks. The second involved a
consecutive administration for three days, starting with 20, then 25 and then 30 ffdgyn The
maximumtolerated dose (MTDyvas achieved by detection of leukopenia. In the first approach, the
maximum dose was 90 mg/and for the second was 25 mg#ffday. In general, Myocet® was well
tolerated and revealedfewer symptoms (nhausea, vomiting and stomatitis) than free DOX.
/' P NRA2G2EAOAGRE 61 ay Qi PRaSdilEclhnicatRals ivgfe clargied ondyrdifféréatS
research group$®2234239n thefirst study accomplished Wyatistet al 2%, the purpose was to evaluate
if the conbination of Myoce®and CPP could significantly reduce DOX cardiotoxicity and, at the same
time, the improvement of the antitumor effica@sfirst-line therapy for metastatic breast cancer. In
this study, 297 patients received conventional DOX or My®@&& mg/nt,i.v.) and, additionally, a 600
mg/m? dose of CPP every 3 weeks. Both groups revealed a similar response, but the@dyooet
demonstrated less cardiac toxicity. Another Phase IlI clinical trial developed byetlatf¥ consisted
in the i.v. administration of 75 mg/AiMyocet®or DOX each™week for thetreatment of metastatic
breast cancer. The obtained results revealed a comparable reaction for both groups, being more
satisfactory the cardiotoxicity results of the Myo@ajroup. A few years later, one more Phase Il
clinical trial was carried on by Chahal.?*® In this study, they compared the combined effect of 75
mg/m? Myocet®and CPP against 75 mg/mpirubicin and CPP (600 nngf for both approaches) as
first-line treatment for metastatic breast cancer. A total of 160 patients were randomized either to

receive the first combined approach, either the second, every 3 weeks. At the end, the combination of

[33]
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Myocet®and CPP revealed be a more promising approadsfirst-line treatment since it gathers the
doseeffect dependability of DOX with the safety of epirubicin. All the previous clitizds
demonstrated that Myoce®could be a good candidate for substitution of the tramfital DOX.

7.3.  ThermoDox®
ThermoDo®was developed by Celsion Corporation and considteermosensitive liposomes
with DOX that have a mean diameter size of 1002%/fnThe liposomes are composed of 41,2
dihexadecanoysn-glycera3-phosphocholine (DPPC), -stearoyt2-hydroxysn-glycerce3-
phosphocholine (MSPC) and DS, at molar ratios of 86: 14, respectively. These systems are
described as low temperaturgensitive liposomes (LTSL) since, when exposed to a relatively high
temperatures £42°C), become leaky and release the encapsulated & The phase transition
temperature (Tm) of phospholipids is very important. In LTSL systems, the transition temperature of
lipids is usually around 40 to 45 and it is for this reason that they are ug&tf’°Phospholipids can
exist in a fluid state (when the temperature is higher than their Tm) or in a gel state (when the
temperature is lower than their TmYemperature sensitive liposomes should exist in the gel state at
body temperature to retain the drug while they are circulating in the bloodstream. If the temperature
rises and reaches the Tm value, then the liposome changes to the fluid state andithis deleased.
ThermoDo® formulation was conceived for the treatment of primary liver cancer
(hepatocellular carcinoma, HCC) and also for recurring chest wall breast cancer. Part of the typical
treatment for these pathologiess based on the use of radi@quency ablation combined with
chemotherapy?®”?"*In this context, ThermoD@&iposomes are delivered biy. administration and,
due to defective vasculature, they accumulate in the tumour site. Afterwards, a source of heat is
applied and in response to thatimuli, the drug is released nearby and inside of the tumour tissue
(Figure 10). The key goal of ThermoD®is to achéve the micremetastases which are the main

responsible for cancer recurrence.
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FigurelO. lllustrative mechanism to trigger ThermoDox®.

In 2009, FDA gave the status ©fphandrug (a drug developed to treat a rare medical
condition) to ThermoDa® for treatment of HCC. Several clinical studies with Therm@laoe
currently ongoing, although the results have not yet been disclosed.Phasel/ll DIGNITY study
(NCT00826085¥ involved ThermoDox® and microwave hyperthermia for the treatment of breast
cancer recurrence at the chest walnother studywhich isongoingis Phase Il OPTIMA study
(NCT02112656¥which is using ThermoDox® and radiofrequency ablation (RFA) for treatment of HCC.
Still another study, the Phase | HEAT study (NCT006£79813rted vith 24 patients suffering from
HCC and metastatic liver tumours. The data from this study was not published but according to Poon
and Bory€S, the MTD was achieved at 50 mg/nDue to the outstandinghasd results, this project
jumped directly to Phase lll. Phase Ill study has just been completed but the result are not yet known.
The study wagonducted in 600 patients aiming at treating nmsectable HCC using Thermo®ox
and RFA. If ThermoD®&and RFA had synergistic effects in the treatment, then maybe this approach

can be used as frodine treatment

7.4. Sarcodoxoma

GP Pharma hagdevelopeda new liposomal formulation containing DOX, Sarcodoxojrier
treating soft tissue sarcoma (STS). These liposomes are not PEGylated andlipmuiaiomané to
improve their stability. In this system, DOX is loaded in the walls of the liposome. In 2006,
Sarcodoxome received the Orphan drug status by EMA and later on the same status was approved
by FDA (2007). Phase /1l clinical tneése launched by GP Pharma in Sp&#rA Phase Il clinical trfa

was performed in 37 patients with advanced or metastatic STS and with 65 years or older. In general,
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Sarcodoxome revealed a safe and acceptable toxicity profile, D of 80 mg/n? and no

cardiotoxicity associated. However, further studies are needed with younger patients.

7.5. 2B3101

Brain tumours are considered devastating diseases, only starting to reveal symptoms already
at a late stage. As mentioned before, the BBB is a protectieddsf the central nervous system (CNS),
being responsible for blocking the passage into the CNS of strange and potentially harmful molecules.
As a consequence, treating brain malignancies is a very big chaffé#gea way to overcome this
issue, teBBB Technologies is developing the 2B3 system whiclkeonsstsof a PEGylated liposomal
DOX formulation conjugated to glutathione (GSH) as targdiiagd. It hasn average diameter of 95
nm (Figurel1) 274275The technology behind 2B8nm A & ShHYSIOKyI2§R 3I®E | yR SELJX
GSHtransport mechanisms across the BBB his syeem was designed for targeting glioma brain and

metastases.

BT A

PRl
Figurell. Schematic structure of GSHEG liposomal DOX.

The performance (affinity and uptake) of 2B31 wasevaluatedin vitro using human brain
capillary endotheliatells?’® Results suggested that the uptake of 2BBL is time, temperature and
concentrationrdependent.Overal| the presence of GSH really improved the efficacy of thelZH3
system, increasing the efficacy of DOX delivery. Further pharmantwksind brain uptake studies
were performedin vivowith concentrations comparable to those tested vitro. Moreover, the
efficacy of 2B301 was studiedh vivoin mice using a brain tumour model glioblastoma multiform
(GBM) Basically, U7MG celllsuman glioblastoma cell line) were injected directly into the brain of
athymic FVB mice, originating a high vascularized brain tumour. In this study the efficacy of free DOX,
PEGylated liposomal DOX and 2B3 were compared. At the end, no neurologicalicators were
seen and both systems were well tolerated. However, the presence of GSH-iD2B8sulted in a
superior efficacy. The aim of this study was not to determine the toxicity and, thus, no MTD was
determined?’® However, these promisingesults were the initial impulse for the beginning of the
clinical trials. A phase l/lla clinical tffalwas performed in patients with solid tumours and brain

metastases or recurrent maiant glioma. The patients received-40 mg/n? or 60 mg/nt dosages.
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In general, 2B301 was considered safe and it was whillerated. For phasella trial, the
recommended doses were based on the tolerability of the previous results. ThE®BS$/stem iglso

being studied for the treatment of meningeal carcinomatosi€101818713f° In this Phase Il clinical

trial, the aim is to evaluate the primary efficacy of 2ZBEL in patients suffering from leptomeningeal
metastases of breast cancer. According to the clinical trials website, just a few patients received the
treatment (n = 6). A singldose of 50 mg/rAwas adminitered intravenously every 3 weeks. Up to

date, no results were published.

7.6. Anti-EGFR immunoliposomd30OX

The conjugation of monoclonal antibody fragments (mAb) to liposomes result in
immunoliposomes (ILs). These aBEFR immunoliposom&XOX, now in phashH clinical trial, are
based on liposomes made of cholesterol and PC conjugated to a monoclonal antibody (mAb) against
the epidermal growth factor receptor (EGFR)g(ire12).2’® These liposomes present an average
diameter of 100120 nm?"’ They canargetthe EGFR overexpressing tumours and, at the same time,
they can be used as drug carriéfs.
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Figurel2. Scheme showing the interaction of aliGFR IEBOX with cells.

Mamat et al. studied the delivery of DOX frorthe anttEGFRLsDOX system (Hermes
Bioscience)According to thesén vitro studie$’®, a higher DOX internalization (about-26ld more)
was achieved in the presence of the EGFR ligand in-&&F&kpressingell lines (MDAVIB-468
human breast cancer and U87MG human GBM). Irirthévostudieg’®, healthy rats revealed similar
pharmacokinetic profiles between the liposomal DOX with and without EGFR ligand, suggesting that
the mAb fragment wasat crucial for biodistribution stability. The therapeutic efficacy of the -anti
EGFR ILBOX was evaluated by using the cancer cell lines previously used, but this time as xenograft
models. The results clearbhowedthat antr-EGFR IEROX could significalgtinhibit the tumour size

andovercomethe problem of multidrug resistanc®’ Considering the positive results, this aBGFR

[37]



A Glance Overd@xorubicinBasedNanotherapeutics: from proebf-concept studies to solutions in the market

ILsDOX system proceeded for Phase | clinicaltdlhe main goal ottis study was to determine the
MTD inpatients with EGFRoverexpressing advanced solid tumours. In thigl, 26 patients were
treated withi.v. administration of antEGFR IEROX. The concentration was scaled uBQ5mg/n?
DOX equivalents) over the siycles. Interestingly, was the absence of cardiotoxicity, cumulative
toxicity or alopecia. The suggested alBtGFR IHBOX concentration for Phase Il clinical trial was 50

mg/m?, which corresponds to the MTD.

7.7. MM-302

Merrimack Pharmaceuticatsdesigned a new drug delivery system, Mi@2. This system
displays an average size of-I50 nm and is a HER&geted antibodyliposomal doxorubicin
conjugate. HER2 is the human epidermal growth factor receptbat may be overexpressed in breast
cancer(Figure13).%! The targeting is accomplished by attaching a sieblin antibody fragment
(scFv) of HER&a a polyethylene gly¢spacer (PEGSPE)p the DOXoaded ILs surfac&®

Yo, 3 5

2, Qs DOX

908715, @ * %, PEG-DSPE
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Figurel3. lllustration of the interaction of MMB02 with HER2 overexpressing cells.

In vitro studies revealed that the MM02 liposomes were bind and internalized by HER2
overexpressing cells in a greater extent thand¢batrol 222283According to the pharmacokinetic results
in rats, there was no difference between the clearance rates of80¢ and the control. Furthermore,
the targeting capacity of MMB02 liposomes was extensively studied in four different human HER2
postive breast cancer xenograft models. These studies confirmed the selectivity for HER2 positive cells
and, as a result, in some casessignificantdecrease in tumour growtff?283 According toPhasel
trial*® results reportedat the San Antonio Breast Cancer Symposium in 2012, it was found that MTD
was 40 mg/m. In this trial, 14 patients with positive HER2 advanced breast cancer received the MM
302. The administered dosage was 8, 16, 30 and 40 fmegimry 4 weeks. In general, the results

obtained suggested no cardiotoxicity associated up to the maximum dose administered.
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Phase Il clinical tri#f (HERMIONE study) consisted in the random administration of3a®/
plus trastuzumab ingttients with locally advanced/metastatic HEg&sitive breast cancer. The main
keypoints ofthis studywere to assess the progressidree survival (PFS), the OS and also the safety,
tolerability, quality of life and pharmacokinetic profile. For Md@2, the selected dose was 30 mg/m
every 3 weeks, and the combination with trastuzumab was also administered every 3 weeks. At the
end, results demonstrated that the combination of both novel MBR and trastuzumab therapy
could be weltolerated and more effetive.! Yy F2 Nlidzy I 6 St &> (GKS BRiSsasi y S a
SYRLRAYUO Ay tKIFAS LL | ADCevidmessiteff*MAhiswebsitd;the AracR A y 3 (i
NBLR2NIa GKFdG FFGaGSNI | NEO2YYSYyRIGA2Y 2F (GKS AYyE
a2yAl2NRAYy3a . 2FNRE 65{a.0X GKS aSNNAYIFO] tKINXIO
clinical trial. The decision was taken considering that thegee no improved safety signals after the

treatment.

7.8.Livatag®

The translational process of naparticles (NPs) for clinical studies is still not so
straightforward. So far, few nanoparticle formulations achieved clinical trials. Livasag NP
formulation of DOX (Transdrugtechnology) developed by BioAlliance Pharma S.A. (later on Onxeo
Company) that consists in D@aded polyisohexylcyanoacrylatelHCANPs with 300 nm siz€igure
14).285 The Transdrug technology relies on the use of NPs to overcome drug resistance, facilitating

cell penetration and celiirug contact.

M DOX
453 PIHCA

,\,:@;w i,

Figureld. Representative scheme of PIHCA NPs loaded with DOX.

Cyclodextrin

Livatagp received the status @rphandrugin Europe in 2004 anith the US in 2011. This NP
formulation was developed with the aim to treat patients with primary liver cad&#n Phasé clinical
trial (ReLive study), Kattan and colleagebave studied the effect of Livatag® in patients with
refractory solid tumours. A total of 21 patients have received the formulationvbpdministration
with an initial dose of 15 mg/M(30, 45, 60, 75 and 90 mgAnevery 4 weeks. The MTD revealed
neutropenia at 90 mg/rh Consequently, for further Phasarlal, it was suggested a dose of 75 mg/m

According to the Onxewebsite’®’, the results from Phase Il showed an in@ean the survival time
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of patients with HCC. After that, a Phase Il clinical trial was launched in 2012, in the US and Europe.

This trial was designed to study the efficacy of Liv@tagl00 patients with HCC atlvancedstage. At

an early stage, Phad# results exhibit good results and tolerance. Unfortunately, in September 11,

2017, Onxeo Company announced that ReLive study did not met the principal purposes which were to
AYLINR @GS GKS 2@0SNItf LI GASYGQa auNmindlirdsultsiiy O2 Y
ReLive study were presented at the 11th Annual Conference of the International Liver Cancer
Association in Seoul, South Korea (ILCA 2817).

7.9. PK1

Currently, few anticancedrug conjugates achieved the clinical phasefew years back,
Kopekek®®®andco-workers started the investigation on {{2-hydroxypropy) methacrylamidg (HPMA)
synthesis. Later orfiruit of collaborations with Duncagt al., a patent application arise (198%5.Until
now, two types of HPMA copolymers cogates were developed and reattte clinical trial stage. PK1
(Pfizer Inc.) wathe first to be designed and consists in a HPMA backbone in which DOX is conjugated
through a peptide linker (GlheLeuGly) Figurel5). This linkr is stable at physiologicpH but can
be cleaved in the lysosomes by the lysosomal enzymes. PK1 presemslecular weight
(MW) ~ 30,000 g/mol and DOX content around 8.5 vt preclinical stagd’, this nanotherapeutic
revealed to be promising when compared to the conventional drug. In a Phase | clinié¥] fidl
was administered to 36 patients with refractory or resistant cancei.\ayadministration with an
interval of 3 weeks between cycles. The object of study was to determine the pharmacokinetic profile
of PK1 and the toxicity associatedth the determination of the MTD and dodimiting toxicities
(DLTs). At the beginning of the treatment, 20 mgih PK1 were @ministered and increased until
reaching 320 mg/rh At this step, few toxic effects were registered namely, mucositis and febrile
neutropenia. Interestingly is that no cardiotoxicity was observed even at 1680 fnBased on these
results, therecommendeddose to Phase Il was 280 mg/no be implementedin patients with
colorectal, norsmall cell lung cancer (NSCLC) and breast cancer patients. In Phase Il clinté¢al trials
this recommendation was csidered and 62 patients were dividedo the three cancer types: breast
(n=17), NSCLC (n = 29) and colorectal (n = 16) cancer. The response was favourable in few cases (3 for
breast and 3 for NSCLC) and no response for colorectal patients. In conlrese, studies
demonstrated that the administration of high doses of PK1 (>2F)gdhd not triggered any toxicity

related to thepolymeror even immunogenicity.
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Figure 15. A) HPMA copolymebOX (PK1) structure; B) HPM#polymecDOX structure containing

galactosamine (PK2) to promote liver targeting.

7.10. PK2

Bearing in mind the PK1 system and the positive results achieved, PK2 (Pfizer Inc.) was
developed, being structurally similar to PK1 but with an additional galactosarmegidue Figurelb).
This residue introduction is supposed to facilitate and improve the efficacy of the system by targeting
the hepatocyte asialogtoprotein receptors for hepatic cancer treatment. The MW of PK2 is about
25,000 g/mol with a DOX content 67.5% and 1.82.5 mol% of galactosamine contefit. PK2 is the
first drug conjugate which was designed for active térge In preclinical studies witimice,reduced
cardiotoxicity was observed when using PR2n a Phasel study“*®, the pharmacokinetic profile,
toxicity and the targeting specificity were evaluated in 31 patients with primary or metastatic liver
cancer. PK2 was administeredibywith an initial concentration of 20 mg/#{DOX equivalents) every
3 weeks. Consequently, with the escalation of the concentration (160 fdamther MTD) some side
effects started to appear, sudssevere fatigue, neutropenia and mucositis. Moreover, after 24 h
injection, the biodistribution evealed that approximately 16.9% of the PK2 drug was targeting the
liver, while the untargeted control did not. For further Phase Il trials, a 120 mdbmage was

recommended to be administered every 3 weeks.
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7.11. SP1049C

Nowadays, the number of copolymeused to produce micelles is increasing tremendously.
The translational process from the laboratory to the clinical trial must be meticulously assessed due to
the correlation between the risks and beneffts Unfortunately not all the nanomaterials exhibit the
requested features fofurther clinical application. Alakhov and-emrkers®developed a new micellar
DOX formulation termed SP1049C that was manufactured by Supratek Phaecmd@his system
consistedn the combination of two different Pluron®@copolymersj.e., Pluroni®L61 and Pluronic®
F127. Fundamentallypluronics consist in ternary copolymers of poly(ethylene oxide) (PEO) and
poly(propylene oxide) (PPO). Each of these segmisntesponsible for one part of the micelle
formation. The PPO segment igdnophobic and will assemble forming the hydrophobic core, whereas
the PEO segment is hydrophilic and will be responsible for the corona form&iiguré€16).2®° The
ratio Pluroni®L61:Pluronic® F12Used to obtain the desired polymeric micelle was 1:8 (w/w).
Afterwards, DOX wsmloaded into the hydrophobic core by noncovalent interactions achieving a

diameter of 2227 nm2%*

DOX
\\V/ Release . Propylene oxide
b o *
%% — L, . :.°: o Hydrophobic
°
° Ll

Figurel6. Schematic representation dfugloaded polymeric micelle.

In vitroassays demonstrated that SP1049C had an improved efficacy when compared to free
DOX2% Furthermore, the preclinicah vivostudies showed that the antitumor efficacy improved with
SP1049C usadg&:®” SP1049C had antitumor potentis$peciallyfor treating adenocarcinoma in the
oesophagus and gastroesophageal junction. In Phase | clinica®trilaés goal was to assess all the
pharmacokinetics and toxicity profiles, specifically, the DLTs and MTD. The study started with 28
patients with refractory tumours and a 5 mgffDOX equivalentgjose every 3 weeks till reaching the
6" cycle. When the maximum dose was administered (90 mg/some toxic effects were observed,
suchasmyelosuppression. Considering these results, a Phase 1l clinical trial was proposed but with a
DLT around 70 mg/MmThe Phase Il clinical tri#i$included 21 patients with adenocarcinoma in the
oesophagus and gastroesophageal junction. In shigly,a 75 mg/nt (DOX equivalents) dose was
injected every 3 weeks. Despite neutropenia manifestation, this Phase Il revealed that SP1049C was
really effective as monotherapy for the previously mentioned types of cancer. A Phase lll clinical trial
is currently under way for metastatic adenocarcinoma of the oesophagus, gastroesophageal junction

and stomach. In the meantime, FDA approved SP1049Caplaan drug for gastric cancer
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7.12. NK911

The NK911 (Nikon Kayaku Co. Ltd.) is a polymeric micellar formulation oTBI®Xystem is
made of a copolymer of PEG (MW ~ 5000 g/mol) and polyaspartic acid BAgsiPd1(7). To achieve a
higher hydrophobicity, DOX waatrtially conjugated in the side chains of ASP (~ 45%). Therefore, when
the copolymer is dissolved in water, it will assemble as a micelle with a high hydrophobic inner core.
The hydrophobicity of the core will provide additional accommodation to encatestriee DOX. As a
result, the DOX which will be responsible for the antitumor activity is the loaded one, since the
conjugated one does not reveal any activity. This lack of response is probably due to the stable coupling
of DOX to the backbone of the patgr. NK911 exhibits a small size, nearby 40 nm in diameter, which
is within the NPs size for passive targeting by the EPR éffect.

( Y + .. [ )
l PEG
Free DOX

2 g § Conjugated DOX

Figurel?. Schematic representation showing the structure of NK911.

This NK911 system successfully accumulated in solid tumours in mice. Bearing this in mind,
this formulation was considered for Phase | clinical trial. In this study, a total of 23 patients with
metastatic or recurrent solid tumours were followed. The airmswo analyse the pharmacokinetic
profile of NK911 nanotherapeutics through the MTD and the DLTs. The treatment consisted in
administration of the NK911 formulation, starting with 6 mg/mOX equivalent every 3 weeks. The
haematological side effect nsb commonwasneutropenia when the doses were increased till 50 to
67 mg/n? DOX equivalents. Other associated effects were mild alopecia, anorexia and stomatitis. In
general, NK911 was well tolerated and presented a good safety profile. A Phase |l tciahioas
proposed with arecommendeddosage of 50 mg/mevery 3 weeks, however, it is uncertain if the

clinical trials proceedeé?®
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7.13. Bacteriallyderived 5 + 1 YA Y A OSft f a

Over the years, a huge effort has been done towards the development of new nanocarrier
systems. MacDiarmid andolleague®® accomplished a novel technology based arbacterially
derivednanoplatformé 95+ YAYyAOSttaz 9yDSySL/ 0O FT2N) RNIzZk ISy
ability (Figurel8). These systems are obtained through a geneticalyfCDEchromosomal deletion
mutant from: Salmonellaentericaserovar Typhimurium(S.Typhimurium);Escherichia cogliShigella
flexnerj Pseudomonasieruginosa(Gramnegative) andListeria monocyte$Grampositive) strains.
Essentially, bacterial minicells are anucleate NPs that present a uniform diameter (~400 nm), acquired
by the inactivation of the genes thabntrol normal bacterial cell division, therefore depressing the
polar sites of cell fission. € are produced with high yields from both Grawsitive and Gram
negative bacteria. After the production and purification process, the minicells can be lyophilized and
stored for about 4 months. They can be used as vectors for a wide range of chemotherspath
different charge, structure, solubility and hydrophobicity. The encapsulation process occurs by

unilateral diffusion and shows to be dependent on concentration and time of incubation with the drug.

'f
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Figurel8. Scheme gbwing bispecific antibodyargeted, drug/siRNAvackaged minicells.

Bacterias

Thetargetabilityof these systems is accomplished by using bispecific antibodies, in which one
arm will recognize the surface lipopolysaccharid®§ and the other will recognize a cslirface
receptor specific forthe targeted cell such as EGFR. A single minicell can accommodate
approximately 1 milon molecules of DOX° Once in the tumour microenvironment, the endocytosis
process is triggered by the binding of the targetadhicell to the specific antibody receptor pregen
on the tumour cell surface. According to tlire vitro studies (MDAVIB-468 breast, SKQY¥ ovarian,
A549 lung, and HB0 promyelocyticleukaemiacancer cell lines), minicells are internalized and
degraded by the endosomes/lysosomes and, as a result, the cargo is released into the*€3/té7nl.
vivostudies were performed with targetl DOXoaded minicells to evaluate the antitumor potential.

These experiments resultad a huge inhibition and regressiar the tumour growth either for mice
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with cancer xenografts (breast, lung, ovarian and breast) and for dogs with NbiR 3 Jymphdna
(NHL)*° Besides cancer models, healthy pigs were also used to evaluate the safety bf.the
administration of minicells. Despite the five consecutiwe administrations,pigs tolerate well and

R A Rr¢v@adliside effects for all haematological indices, serum chemistries, growth and food intake.
The same was verified for the NHL dogs. Furthermore, there is the need to highlight that more
exhaustive toxicology and stabilityuglies are necessary for usitigis bacterial minicelin humans.

The previousn vitroandin vivoNB a dzf 18 ¢SNB NBalLRyaAof S-n¥BMNEGKS |
clinical trial. This study was based on EDV with the-tamhan EGFR Erbitux and pacltax
(EPEDMaditaxe) 2% Another Phase | clinical trial which is currently under progress is the CerebralEDV
study (NCT0276669%) The purpose of this research is to study the safety and tolerability of the EDV
minicell (EGFRABDVDOX EDVoy) packaged with DOX and coupled to panitumumab/Vectibix (V)
to target the EGFR protein on the tumour cell menm@aThe choice of the EGFR as target moiety and
the Vectibix aghe antibodyare based on the literature, where EGFR seems to be important for
GBM?3043%|n this study, the patients with recurrent or progressive GBMicamly received one of two
VEDWoxdoses (5x10or 8x10) byi.v. administration, once a week for a period of 8 weeks. In general,
VEDWoxwas well tolerated and no severe side effects were reported, being the most common, fever,
nausea and chills. HowevédTD was not achieved. In summary, this Phase | trial revé@eED\sox

can be administered to the patients with no severe ri8kdevertheless, further resech is needed

to validate the safety of this novel technology. Meanwhile, in 2017, FDA approvetfti®\ox

minicells as an orphan drug status for the treatment of GBM.
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8. Conclusions and future perspectives

Nanomedicine stands up asavel and revolutionary area able to offer new opportunities for
patient treatment. In the context of cancer, the introduction of nanomaterials as carriers for
conventional drugs is extending the possibility of their use, by improving their efficacy fetyl 3&is
is the case of doxorubicin, an anthracycline widely applied in cancer treatment which has been
associated to the occurrence of severe side effects. Although there is a long road to pursue until a
nanotherapeutic reaches the market, a few D&#&ed nanotherapeutics are now in the clinical
scenario and others are currently under different phases of clinical trials. While liposomes are clearly
ahead in the field of DOMased nanotherapeutics, other nanoscale formulations are also now showing
their gpplicability and specific advantages, such as nanoparticles, polgragrconjugates, micelles
and nanocapsules from biological origin. Interestingly, one can notice that these- DOX
nanotherapeutics are evolving, not only exploring the EPR effect to acaterand exert their action
in the tumour site, but they are getting smarter over time and equipped with new tools that allow
them to overcome physiological barriers, respond to environmental stimuli and reaetifisp
cells/molecular targets.

Meanwhile, research on the area of Da»sed nanotherapeutics is still very active and results
are exciting. Given the number of publications that can be found in the literature, of which only
representative examples are presented in this review, new and better sokifior the delivery of
doxorubicin in cancer cells may be expected in the future, which will also possible be extended for the
delivery of other drugs. Hopefully, in a medium/letegm, the future of cancer therapy will rely on
personalized nanomedicine pmaches, custommade for each patient, and capable of treating not

only primary tumours but also their metastases
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Abstract

Degradable hybrid hydrogels with improved stability are prepared by incorporating nanodisks
of biocompatibleLaponite®LP) in alginate (AG) hydrogels using calcium catioA§ éSa crosslinker.
The DOoaded hybrid hydrogels give a controlled doxomnithi (DOX) release at physiological
environment in a sustained manner. Under conditions that mimic the tumour environrbettt,the
sustainability inDOX release (up to 17d) and the release efficiency from L-BJ% hydrogels are
improved. Then situdegradation of these hybrid hydrogels gives rise to nanohybrids that might serve
as vehicles for carrying DOX through the cell membrane and diminish the effect of DXappng

in the acidic extracellular environment of the tumour and/or in the estgkmsomal cell compartments.

Drugcontained

Nanodiskcrosslinking nanohybridsrelease
....... @,
Enhanced drug
Controlleddegradatlo)n @ @ accumulation
Sustained drug release” @ Improved antitumor
. \/\@ . efficacy

L9

This Chapter is based on the following publication:
M. Gongcalves, P. Figueira, D. Maciel, J. Rodrigues, X. Shi, H. Tomas aftitunhar efficacy of
doxorubicinloaded laponite/alginate hybrid hydrogelglacromol.Biosci, 2014,14, 11(;120.
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1. Introduction

Although DOX has been widely used in the treatment of different types of caffcahe
development of resistance to its action is still one of the major obstacles for its successful apptication.
Similar to what happens with other anticancer drugs, DOX resistance may be associated with the
deaeased drug uptake (e.g., ion trapping inside acidic compartments), increased drug efflux (due to
the overexpression of efflux pumps), activation of detoxifying or DNA repair mechanisnfs, Asc.
such, to overcome this problem, high DOX concentrations are needed to kill cancerH@igver,
free DOX is diffusive and easily penetrate and accumulate into normal cells and tissues, which causes
severely, dosdimiting sideeffects sub as hypersensitivity and cardiotoxicity, thus limiting its clinical
applications*° Therefore, there is an urgent need to develop safe DOX release systems, which cannot
only locally and spatiotemporally deliver DOX into the tumour site, but also effectively transport DOX
into the cell interior, leading to DOX accumulation aotlimately, to cancer cell death.Recently,
injectable hydrogels have been employed as carriers for delivery of antitumor therapeutics, because
they can exhibit targeted drug delivery in a localized area with prolonged bioactivity periods and
improved biocompatibility%*!4 Drugs and/or cells may be mixed with a hydrogel precursor, and form
a hydrogelin vitro or after in vivo injection, thus allowing for easy drug loading and danp
administration procedures and sipecificity*>¢It is well known that hydrogels contain high water
content, and are usually appropriate for the delivery of hydrophobic smakecntar drugs or water
soluble macromolecular drugs, instead of hydrophilic small molecular dféfjdeanwhile, hydrogels
often display low stability and an uncontrolled drug release behaviour, which not only shortens the
efficacy of the drugs used, but also leads tg barmful sideeffects. On the other hand, pH is one
important environmental factor in the body. The extracellular environment of some tumours have a
pH around 6.52° and the endosomal/lysosomal compartments have pH values in the rangecof 5.0
6.02°How to endow biomaterials with pH sensitivity is very important but still a major challenge in the
field of controlled drug delivers:??

Alginate (AG) is a linear and anionic polysaccharide stimgiofh -L-guluronate and -D-
mannuronate residues, which can be ionically crosslinked by divalent cations, like calcium cations
(C&"). AG has been widely used in a high variety of biomedical applications, e.g., as carriers for
encapsulation of celt§ anddelivery of proteing %, and drug<® AG has been reported as an injectable
material for tissue engineeririg minimally invasive surgeries using calcium chloride as a crossiinker.
However, conventional €aAG gels can be easily dissolved due to the rapid exchange*oiviGa
other cations present in phosphatauffered saline (PBS) solution, which together with their high
porosity leads to burst drug releaggStable AG systems that have sustained drug release profile in a

prolonged time are still required.
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Clays and clay minerals have been effectively used to modify drug delivery sy$€lag.
minerals can be classified as 1:1 sheets which consist of one tetrahedral sheet andtamedral
sheet, or 2:1 sheets which have an octahedral sheet sandwiched between two tetrahedral sheets.
Compared with 1:1 clays like kaolinite, and other 2:1 clays like talc, pyrophyllite, illite, vermiculite, etc.,
smectite unit structure consists of twtetrahedral silica sheets sandwiching an octahedral sheet
containing metal cations such as*dr Mg?*, and often has a relatively weak negative surface charge,
allowing the easy delamination of individual layers and exchangeability with other c&tions.

Laponite®LP), a synthetic layered silicate belonging to the smectites class, with the empirical
formula N&°®7(SEMgs.sLi.s)O0(OH)]°7, is pure, and can avoid side effects caused by possible
impurities of natural clays such as montmorillonitd.P has disk shape and a large aspect ratio (25
nm in diameter and 0.92 nm in thickness), which can dissociate intdaman products [Ng Si(OHy)
Mg?*, Li], similar to the degradation products of bioactive glasses,[S{OH) C&*, PQ*].32*3The
large surface area (330%g) and negative charged surface of LP enables the encapsulation of guest
compounds, especially of cationic maldes* LP also exhibits pH sensitivity through its edge surface
charge®® These advantages together with its good biocompatilSiljtsnd osteoinductivit{f make LP
act as an ideal inorganic nanomaterial for drug deli¥&tand tissue engineering.In our previous
report®, LP was incorporated into AG hydrogels, which exhibited improved properties, including a high
encapsulation efficiency (EE) for methylene blue (MB, a cationic hydrophilic model drug), as well as its
sustained and pH sensitive release. A member effitesent team reported that doxorubicin can be
encapsulated into the intdayer space of LP to form LP/D@afosized hybrids, which display an acid
triggered DOX release and enhanced cellular uptake and anticancer cytotéx@ity earlier success
in the design of the LP/AG hybrid hydrogels led us to hypothesize that by doping AG bulk hydrogels
with the LP/DOX nanohybrids, an improved sirstd release behaviour (for lortgrm therapeutic
efficacy), stability and pH sensitivity could be obtained. Indeed, taking advantage of these properties,
pHtriggered drugdelivery hydrogels are able to be developed and potentially exert a localizep
delivery?:3°

In the present work, we aimed to develop a new tygfeDOXloaded hybrid hydrogel system
with improved stability and sustained DOX release behaviour. The hydrophilic drug DOX hydrochloride
salt was first homogeneously mixed with-&ped AG aqueous solution, and then hydrogels were
formed via physical intaction using C4 as a crosslinker. Along time, the LP/BGX hydrogels
suffered degradation and gave a sustaimeditrorelease (in an almost zexmrder manner, in 11 d) of
DOX. The excellent behaviour of the hybrid hydrogels as DOX delivery vetiblebenability to
release DOX during a long period of time is believed to confer therapeutic efficacy to the developed
systems. To the best of our knowledge, this is the first report on the development and antitumor

activity evaluation of Lidoped AG bullhydrogels for the delivery of DOX. This study is expected to
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contribute for the design of more effective and safe hydreoggéed drug carrier systems which may

be used in a wide range of biomedical applications.

2. Experimental Section

2.1. Materials

Laponite®RDS (LP) was a generous offer from Rockwood Additives Limited (UK). Alginate acid
sodium salt (AG, from brown Algae, Mw from 12 to 58 kDa, cell culture tested) was bought from Sigma
(USA). Doxorubicin hydrochloride (DOX) was obtained from Aldrich (USA)oDS O02 Q& t . {
(without C&*and Md*) was purchased from Invitrogen Corporation (USA).

2.2. Preparation of Hydrogels

AG hydrogels and LP/AG nanocomposite hydrogels with or without DOX were prepared by
dropping 5 mL aqueous solutions of LP/AG/DOX [X&t%6), x = 0 and 0.2, y = 0 and 0.04] into 50 mL
of 0.05 M/0.05 M calcium chloride/calcium sulphate solution under gently magnetic stirring. The
formed hydrogels were allowed to crosslink with¥Qavernight for equilibration. The €acrosslinked
hydroge$ were rinsed with distilled water three times (total 100 mL) to remove unencapsulated DOX
and unreacted calcium chloride/calcium sulphate, and dried in an oven at 45 °C to get AG, LR/AG, AG

DOX, and LP/ABOX hydrogels, respectively.

2.3. Swelling/Erosion Beaviour Study

In order to check the stability of hydrogels, the swelling/erosion behaviour of thB®@i% and
LP/AGDOX hydrogels was determined by immersing hydrogels into the corresponding volume of PBS
solution at pH = 7.4, 6.5, and 5.5 (the concentratbgels in the PBS solution was constant and equal
to 0.2 mg/mL). At specific time intervals, the samples were removed from the swelling medium and
were blotted with a piece of paper towel to absorb the excess of water on the surface. The fractional

sweling (k) of the hydrogels was determined as follows:

0o — Equation 1

where m and m are the mass of hydrogels at time t and the stage with maximum weight,

respectively’® All experiments were conducted in triplicate.
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2.4. Invitro Drug Release Studies

1 mg of each sample was immersed in 5 mL of PBS solution at 37 °C (studies were performed
at pH values of 7.4, 6.5, and 5.5). At different intervals, the solution was takerand the
concentration of released DOX was determined spectrophotometrically at 475 nm. The cumulative

release (¢ of DOX against time was obtained by the following equation,

06 — pmm Equation 2

where Absand Abs are the cumulative amount of drug released at time t and the initial amount of

drug used, respectively. All experiments were conducted in triplicate.

2.5. Biological Experiments

CAtTH OSfta oly 2aiGdS2al NO2YIF OStt tAyS0 6SNB
(D-MEM) containing 10% fetal bovine serum (FBS, Gibco) and 1% of an antibiotic/antimycotic 100x
solution (AA, Gibco, with penicillin, streptomycin, and amphotericin B). The medium was
supplemented with 1% of-gglutamine 100x solution (Gibco) and 1% of imgtransferin/selenium
100x solution (ITS, Gibco). Cells were grown at 37°C in a humidified atmosphere with 5% carbon
dioxide. Afterwards, the cells were harvested at80% confluence, using trypsin/EDTA solution
(Gibco) for the enzymatic detachment oftleells from the plastic substrate.

To prove if LP/A®OX hydrogels are therapeutically active, €2lcells were first plated in
24-well plates for 24 h, with a seeding density of 15 X délls per well. AOX and LP/ABOX
hydrogels (1 mg) were soakéd 5 mL of sterilized PBS solution at pH = 7.4 for 24, 48, and 72 h,
respectively. The release media were kept for subsequent cell culture. It has to be noted that the total
DOX concentration in the hydrogels (unreleased) was used for comparison withf thet free DOX
used to treat cells. In the day after, DOX in PBS solution, and the release media fo@xA@s LP/AG
DOX hydrogels, were added to the cells and then incubated for 48 h, at 37 °C, before cell viability
evaluation. Control experiments witbOXfree AG and LP/AG hydrogels were also performed using an
equivalent mass concentration of that usedAGDOX and LP/ABOX hydrogels.

The cell viability was quantified by the measurement of the metabolic activity of the cells in
culture through the reazurin reduction assay. Briefly, after the 48 h incubation time, the cell culture
medium was replaced with fresh medium containing resazurin at a concentration of 0.1 mg/mL, and
then cells were kept at 37 °C in the cell incubator fdr. Rfterward, aliqots of the cell supernatant
were transferred to 9évell opaque plates and the resorufin fluoresceneg%£ 530 nm<em= 590 nm)

was measured using a microplate reader (model Victt20, PerkirElmer). For fluorescence
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microscopy studies, cells were tdd 24 h before the incubation with the test solutions, to allow their
attachment to the plastic surface. Freshly prepared DOX solutions and the release mediGXAG

or LP/AGDOX hydrogels were diluted in PBS solution in order to test different DOXrtoat®ns.

Cells were then further incubated at 37 °C for 1 and 48 h. After that, the cells were washed with
AGSNAEAT SR t.{ az2ftdzZirnz2y FyR TFTAESR diaidno2o & 132
phenylindole (DAPI, Sigma) for 30 min. After fixihg, cells were washed with PBS solution and
ultrapure water for analysis by optical fluorescence microscopy (Nikon Eclipse TE 2000E inverted

microscope).

3. Results and Discussion
3.1. DOX Loading and Swelling/Erosion Behaviour of the El@&ded Alginate antlP/AG
Hydrogels

As illustratedin Figurel9a, both AG and LP/AG hydrogels were prepared at an approximate
size of Imm. After DOX encapsulation, the AG and LP/AG hydrogels acquired a red colour, indicating
the successful loading of DOKo be used as injectable materials for biomedical applications, after
injection, the hydrogels should effectively hold drugs in order to prevent their leakage, and thus
decrease their side effectd.The encapsulation efficienmf DOX in AG and LP/AG gels is shown in
Table9. AG hydrogels had a high leakage of DOX after gel formation (the EE was only 13f%8)
which may lead to high toxicity for normal tissues around. The incorporafi® into alginate led to
the capture of almost all DOX inside the hybrid hydrogels (the EE increased:tb @86 when 0.2
wit% of LP was present), which will be beneficial to avoiding the high toxicity caused by leaked DOX.

" AG-Dox.  LP/AG - LP/AG-Dox

14 =
e )T ¥
£08 0 \ =08
s .| :
& 06 Y | 3 06
— O }.\ e
e 04 4 ~#-AG-Dox-7.4 [ g 04 §
2 = AG-DOX-6.5 b= ! —-LP/AG- ;
802§ - AG-DOX5.5 L 802 [ —1p/Ac-Dox65
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0 1 2 3 4 5 0 1 2 3 4 5
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Figure19. a) Photographs of AG and LP/AG hydrogels before and after DOX loading, b) the swelling/erosion
behaviour of A@OX, and c) LP/ABOX hydrogels in PBS solution at the pH values of 7.4, 6.5, and 5.5.
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Table9. Encapsulatioefficiency and loading capacity of A®X and LP/ABOX hydrogels.

Sample EE [%] Loading capacity’ [%]
AGDOX 8011 1.7+£0.3
LP/AGDOX 99+1 21+0.0

FO 99 KWomibandRVare the total DOX weight used for encapsulation and the weight of encapsulated
DOX, respectivelg 0 [ 2+ RAy 3 O WMLIWGAdINEderOte theweigh®of éncapsulated DOX and the
weight of the DOoaded hydrogels, respectively.

As drug carrierghe swelling/erosion behaviour of hydrogels play an important role on their
drug release property® Therefore, the swelling/erosion behaviour of the M®X and LP/ABOX
hydrogels was investigated in PBS solution at pH = 7.4, 6.5, arfdiguBe( 9b, c). It has to be noted
that the swelling/erosion experiments were stopped by day 5 because the hydrogels became too
fragile to be handled. At pH = 7.4, the weight ofBGX hydrogels quigkincreased (time of mis 3.8
h), followed by a rapid decrease (completely broken at 19 h). In comparison, the-D@@X@&ydrogels
exhibited slower swelling rate (time of mis 7 h) with a gradual erosion process. Generally,
swelling/erosion rate at eadr stage decreased when the pH value changed from 7.4 to 5.5 for both
AGDOX and LP/ABOX hydrogels. This is because AG tends to shrink at lower pH, which makes the
hydrogels more difficult to deform at acid conditiofidJnder all the pH values studied glpresence
of LP in the hydrogels delayed the swelling and erosion processes. The above data indicate that the
incorporation of LP in AG hydrogels increased their stability, probably because the LP nanodisks can
act as physical crosslinkers and, as suohtribute to hampering the penetration of water into the

gels due to its nanodisk shape with high aspect ratio and large surface area.

3.2. DOX Release Behaviour of the DQ¥aded Alginate and LP/AG Hydrogels

For antitumor therapeutic applications, the encafaed DOX should be released to exert its
biological function. The release kinetics of DOX from the LIYA& hydrogels was studied in PBS
solution using A@OX hydrogels as controls. As can be seen fayare20, under physiological
conditions (pH = 7.4), the release of DOX fromDX&X hydrogels was significantly faster than that
from the LP/AG@OX hydrogels. A burst release occurred in theDEX hydvgels, with about 3@ 1%
DOX released in 1d, while only £#4% DOX was released from the LPAAGX hydrogels in the same
interval. The DOX release from AG hydrogels terminated at 1d, but the hybrid hydrogels exhibited a
very sustainable DOX release upltbd. The DOX release profile assumed a bimodal release mode,
with a rapid release rate in the first 2d (almost zerder) and a slow one (also almost zemaler) till
11d. The reason behind the sustained release of DOX from the HBDXChydrogels may belated

to the fact that DOX has strong physical interaction with LP with large surface area, which hampers the
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diffusion of DOX from hydrogels, thereby avoiding the burst release effect. In contrast, for AG
hydrogels, the hydrophilic DOX hydrochlorideedtly diffuses from the hydrogels into the release
medium during the quick degradation of AG caused by the rapid exchangé*efitbacations in the

PBS solutionHigure19b, c). More importantly, the final cumulative DOX release of LAIAX
hydrogels (3% 1%) was higher than the corresponding-BGX hydrogels (301%).
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Figure20. In vitrorelease of Dox from ABGOX and LP/ABGOX hydrogels in PBS solution at pH values of a) 7.4,
b) 6.5, and c) 5.5.

Considering the quite acidic environment of the tumour site (pH 2€%)nd endo/lysosomal
compartments (pH = 5@@®.0¥% we also compared the release behaviours of DOX under both
physiological (pH = 7.4) and acidic (pH = 6.5 and 5.5) conditions. As sHeéigur&20, both AGDOX
and LP/A@OX hydrogels displayed a slower DOX release rate at pH = 6.5 than at physiological pH (pH
= 7.4). This was expected since alginate theoretically shrinks at low pH, which makes the falease o
encapsulated drugs more difficult at acid conditidhsAlso, the hybrid hydrogels gave a more
sustained drug release than the corresponding pureDXGX hydrogels at pH = 6.5. For examplet 36
1% of DOX was released at day 3 forDX®X hydrogels (with burst release), while only 1740.7%
of DOX was released from the hybrid LPABGX hydrogels (linear release) during the same period. A
maximum of DOX drug concentration (86%) was achieved at day 3 in the release medium for the
AGDOX hydrogels, lich rapidly decreased (to 321% at day 8) probably due to the degradation of
free DOX induced by aettalysed hydrolysis in PBS solutféf® Differently, the hybrid hydrogels

gave a continuous DOrelease till day 15 (with a maximum DOX drug concentration3@.2%),
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keeping a high level drug concentration (3&9.3%) at day 17. Their ability to release DOX in a
sustained form will also avoid DOX leakage into the surrounding normal tissues which often occurs
with injectable hydrogels, thus decreasing the DOX side effects in the body. Interestingly, with a further
decrease of the pH value from 6.5 to 5.5, the DOX release rate of ti@0*CGhydrogels was reduced,
while that of the LP/A@OX hydrogels was obviously accelerated, especially in the middle stage
(LP/AGDOX hydrogels displayed two distinct platform phasés an enhanced release rate in the
middle stage). That is, LP/ABDX hydrogels display a higher pH sensitivity in DOX release, which could
produce a better sustainable release at the pH = 6.5 (near the extracellular pH of a solid tumour), and
an enhancd drug release at the pH = 5.5 (near the pH of the endo/lysosomal compartments). In order
to better understand the mechanisms through which DOX is released from these systems, the release

profiles were fitted by the exponential KorsmeygBeppas equatioft

0o — @ Equation 3

where Abs and Abs correspond to the cumulative amount of drug released at time t and at
equilibrium, respctively, k is the kinetic constant, and n is an exponent. n falls in the rang@.435

and 1.¢0.85 for spheres, when drug carriers are Ficlddfusioncontrolled systems and
swelling/erosioncontrolled ones, respectivel§y*®. The fitted data Figure21) indicate that, in the
beginning stage, DOX was mainly released from bottD®& (n = 1.30) and LP/A®X (n = 83)
hydrogels at pH = 7.4 in a swelling/erosimediated mode, which is in agreement with their
swelling/erosion profilesRigurel9b, ¢)*’ The presence of LP in the nanocomposite hydrogels greatly
decreased the k value from 111.2 @®X) to 13.6 (LP/ABOX). At all studied pH values (7.4, 6.5, and
5.5), AGDOX hydrogels displayed higher k values (k is 111.2 at pH = 7.4, 50.4 at pH & 6155 at

pH = 5.5) in the first stage than the corresponding LPDIX hydrogels (k is 13.6 at pH = 7.4, 6.7 at

pH = 6.5, and 2.3 at pH = 5.5), because of the quicker swelling/dissolution process of the Figorer (

19b, ¢). LP has a high surface area and nanodisk structure, which make it capable of diminishing the
swelling/erosion process (in the first stage of release) of hydrogels by hamperingatereof water

from outside. This, together with its strong interaction with DOX, can effectively decrease DOX
diffusion rate from the hydrogels, and thus effectively sustain DOX release. At pH = 6.50®XAG
hydrogels had an n value of 1.49 in the diestage, and at pH = 5.5 they displayed even higher n
values (1.48 at the earlier stage and 3.8 at the middle stage). The extraordinary increase in the n value
at acid conditions may be caused by the protonation of DOX, which increases its hydrogariticity

thus the permeability across the hydrogét€On the other hand, in the middle stage, the hydrogels

suffer an erosion process which aatease DOX aggregates formed between protonated cationic DOX
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and anionic LP, AG, and/or LP/AG complexes, accelerating the DOX reled&&hat®OX release at
the final stage may be caused by a diffusion andioréxchange release process from nanocomplexes
of AGDOX, LP/DOX and/or LPH®X3?%:3349
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Figure21. The release profiles of ABOX and LP/AGh - K& RNB ISt & 4 0 wedewell 17odnzI ¢
fitted by Equation (1).

3.3. Antitumor Activity Assay

The antitumor activity of DOX upon release from the hybrid hydrogels was analysed by
exposing CAI2 cells to the release medium of LPHB®X hydrogels and measuring cell metabolic
activity usingthe resazurin reduction assay. As such, cell viability was indirectly evaluated based on
the metabolic activity of cells in culture. As showirigure22, compared to free DOX, the 72&lease
medium of the A@OX and LP/ABOX hydrogels inhibited the growth of CA2 cells at all the tested
DOX concentrations (cell viability results are expressed as a percentage of the control value). LP/AG
DOX hydrogelsxhibited higher anticancer efficacy than the correspondingDXiX ones. For example,
at a DOX concentration of 2B, almost all CAE2 cells died after treatment with the release medium
of the LP/A@OX hydrogels (1117% of cell viability), while abb82 + 11%0f cells were alive in the
case of A@OX hydrogels.
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Figure22. Cell viability of CAE2 cells after 48h in culture. Cell viability was analysed in the presence of free DOX,
and the 72hrelease medium of AGOX andLP/AGDOX hydrogels having different DOX concentrations.
Untreated CAI72 cells were used as a control. Control experiments were also done using AG and LP/AG

hydrogels without DOX but at concentrations equivalent to those present in th®®@% and LP/ABOX
hydrogels.

The DOXree hydrogels (AG and LP/AG) did not display any cytotoxicity, showing cell viability
similar to the untreated control cells. Our results indicate that the antitumor efficacy is solely related
to the loaded drug within the hydrogell order to confirm the antitumor activity of the DOX loaded
hybrid hydrogels, the morphology of cells treated with free DOX, ther@gldase medium of ABGOX
and LP/A@OX hydrogels was observed aftericubation by optical microscopligure23). Cells
in the control or cultured in the presence of the release medium from X AG and LP/AG
hydrogels presented a healthy morphology, displayifigsorm shape and being adherent to the cell
culture dish surface. This indicates that AG and LP/AG hydrogels are quite cytocompatible. At a DOX
concentration of 2.5 x M, samples treated with free DOX and-BGXrelease medium presented
a mixture of @isiform (attached cells) and rounded (nradherent cells or cells in a process of losing
the adherence to the surface) cells, indicating a moderate level of cytotoxicity. However, at the same
DOX concentration, almost all the cells cultured with LRPDX®<hydrogels died, as it can be observed
by the lack of adherent cells and high quantity of cell debris present. The cell morphology results are
in agreement with the metabolic activity quantitative data, indicating that DOX within the =BG

hydrogels exd a higher antitumoral activity.
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Figure23. Cell morphology (optical microscopy) of &RLcells after 48h incubation. a) Control (cells exposed to
PBS solution); b) cells exposed to fré@X® H ® p*® M, c,dl) gells exposem the 72hrelease media of AG and
LP/AG unloaded hydrogels, respectively; e, f) cells exposed to theelkise media of AGOX and LP/ABOX

hydrogels, respectively, at a 2.5 x%Id DOX concentration.

The above drug release results showed that LPDXIX hybrid hydrogels, compared to-AG
DOX hydrogels, presented a more sustainable drug release behaviour and enhanced drug release
efficiency, thus being expected to have lelegm and better therapeutic efficacy. In order to check
this hypothesis, the cytoxicity of the 24, 48, and 72h release medium fromBGX and LP/ABOX
hydrogels was also quantitatively studied using the resazurin reduction assay. As stoguré24,
the 24hrelease medium of AGOX hydrogels with a DOX concentration of 1.5%M@ave rise to a
lower cell viability (2 17%) than that obtained with LP/ABOX hydrogels (397%). However, the
72hrelease medium of AGOX hydsgels was much less effective than that released in the first, 24
which was likely due to the fact that ABOX hydrogels stop releasing DOX afteh 2gimultaneously
with the occurrence of DOX degradatidrigure20). In contrast, the 48helease of the LP/AGOX
hydrogels led to lower cell viability (#99%) than the corresponding ABOX hydrogels (2% 7%).
With the further increase of release tamthe anticancer activity of ABOX hydrogels (cell viability:

29+ 7% for the 72krelease medium) started to decrease, while the LRIXGX hydrogels displayed a
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continuously enhancement in the anticancer activity (cell viability:x1¥2% for the 72kelease
medium). As previously seen, it is clear that AG and LP/AG hydrogels without DOX loading do not affect
cell viability, indicating that the anticancer effect only results from the loaded DOX drug. The results
clearly suggest that LP/AIBOX hydrogels va a longterm anticancer activity, which may be very

important in the clinical scenario.
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Figure24. Cell viability of CAL2 cells after 48h in culture and exposed to the 24, 48, andrétase media of

AGDOX and LP/ABOXK @ RNR2 ISt a G | 5h - “E§20)te&ied CNI2 GeNsavgre &dd amm dp P 1
a control. Control experiments were also done using AG and LP/AG hydrogels without DOX but at concentrations
equivalent to those present in the ABOX and LP/ABGOX hydrgels.

Since DOX is a fluorescent molecule, its accumulation iR7ZAkElls can be followed by
fluorescence microscopyigure25). A strong red flugescence signal was visualized when cells were
cultured in the presence of the 24 and 7&Hease media of AGOX and LP/ABGOX hybrid hydrogels.

The results clearly show that DOX is spread not only in the cytoplasm but also in the nucleus of cells
after 48 h of incubation. Compared to ABOX experiments, a higher density of red DOX can be seen
inside the nucleus of cells when both 24 and -Felease media of the hybrid LP/ABDX hydrogels

were applied, and especially for the 7Bease medium. The 24telease media of both ABOX and
LP/AGDOX hydrogels induced an obvious transformation of the cell shape (cells lost their fusiform
shape) which indicates a death process. More fusiform shaped cells were found in the case of the 24h
release medium of LP/ABOX hydrogels because less DOX was released for these hydrogels in that
short period(Figure20). However, almost all the cells treated with the 72ease medium of LP/AG

DOX hydrogels lost their fusiform shape, indicating the accelerated cell death process for this situation.
The change in cell morphology was not so evident for the case -@i@Xhydrogel released medium.

A higher density of fusiform e appeared for the 72helease medium of AGOX than for the 24h
release medium, indicating that cancer cell growth can recover if no sufficient content of DOX is

maintained in culture. These observations are in agreement with the quantitative datanetitai the
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above cell viability assays. Interestingly, the drug release skigure20) indicates that the amount

of 72hrelease DOX from LP/A@OXhydrogels is quite lower than that released from -BGX
hydrogels. Therefore, the enhanced anticancer activity noticed for therg@ase medium of LP/AG

DOX hydrogels must be attributed to the presence of LP, which probably helps deliver DOX through
the cell membrane.
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Figure25. Bright field and fluorescence microscope images of 2Adells after 48h culture with the 24elease
media and the 72kelease media of AGOX and LP/ABOX hydrogels with an equivalent D@fcentration

0 M @ p*s M The gell nucleus (blue) is stained with DAPI; DOX emits a red fluorescent signal.

To better understand the role of LP on the DOX release from the hydrogels, the hydrogel

released solutions were analysed by dynamic light sciy (DLS).
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Figure26. Dynamic light scattering (DLS) analysis of the release media from2pX@ydrogels and b) LP/AG
DOXhydrogels in PBS buffer, at a pH value of 7.4.
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As can be seen iRigure26, the AGDOXreleased medium contained nanoparticles (with a
peak at 295 nm), probably consisting in-BGX nanoaggregates released from the hydrogels during
their degradation. fie LP/A@OXreleased medium also revealed the presence of nanoparticles with
a smaller size (with peaks at 38 and 255 nm), which is probably caused by more condensed
complexation of LP with DOX through their strong physical interactfofise averagég-potential of
these nanoaggregates was also measured, apparently decreasingsan2 mV (AG@OX hydrogels
releasedmedium) to-27.8+ 0.1 mV (LP/A®OX hydrogels releasededium), probably due to the
successful incorporation of LRA%.2+ 3.1 mV, data not shown). The uptake of the drug by the cells is
one of the key factors for the a@vement of its therapeutic efficadyWe hypothesized that, upon
degradation, the bulk hydrogels release nanocarriers containing DOX, which are then taken up by cells
and help the cellular internalization of the drug. Optical fluorescence microscopy was used to evaluate
the extent of DOX internalization in GAR cells, after 1 h of exposure to the drug, and using the 72h

release medium of AGOX and LP/ABOX hydrogsl Figure27?).
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Figure27. Images of CAL2 cells incubated for 1h with free@X(1.5 x 1M, AlcA4) and the72 hreleasemedia
from LP/AGDOX(B1cB4) and AGOX(CXk4) hydrogels containing an equivalenDBiconcentration. The cell

nucleus (blue) is stained with DAPI; DOX emits a red fluorescence signal.

A red fluorescence signal was observed in cell cytoplasm for all situations under study.
However, compared to the other cases, cells cultured in the presence of the release medium-of DOX
loaded LP/AG hydrogels displayed a stronger red fluorescence, suggeett the presence of LP in
the nanoaggregates accelerates the DOX uptake process. It is possible that nanocarriers resulting from
the electrostatic interaction of DOMaded LP disks and AG were able to deliver a high dose of DOX

into cancer cells in ulture and help overcoming DOX #mapping in the acidic extracellular
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environment of a solid tumour and the acidic enlgsosomal compartment. The problem of DOX
trapping inside the acidic endgsosomal compartment which is in part responsible for D&3¥tance

will, then, be circumvented. We believe that the nanoaggregates released from {FRXCGhybrid
hydrogels during their degradation process can act as DOX shuttles across the cell membrane and
facilitating the internal release of the drug, leadittgenhanced anticancer activity with a prolonged
time. Due to their natural origin, biocompatibility and biodegradability, polysaccharides have been
widely investigated as components for fabrication of various drug delivery systems. Although they can
be ciosslinked to form hydrogels for DOX delivery, these systems often lead to a burst release and
quick drug release rate (in several hours), because of their high porosity and the hydrophilicity of the
small DOX molecufé:!® For the chemicalkgrosslinked hydrogels, toxEmall crosslinkers may be
introduced, which together with their possible nalegradability could cause high vivocytotoxicity.

Also the nordegradability may limit the drug release efficiency and lower therapeutic efff®a@yr
LP/AGDOX nanocomposite hydrogels can effectively avoid DOX burst release and produce a
sustainable release for up to 11d under physiological condition, by taking advantage of thg stron
interactions between LP and DOX. More importantly, during the degradation process, the hybrid
hydrogels release LP/ABOX nanocomplexes, which serve as vehicles for DOX internalization into
cancer cells, overcoming DOX resistance caused by ion trapp@X inside the tumour aggregates
and/or in the endelysosomes. The DOX/free nanocomposite hydrogels are highly biocompatible. The
sustainability in DOX release and their circumventingtiapping effect endow them with enhanced

long term anticancer effiacy, with promising potential biomedical applications for delivery of various

drugs beyond anticancer drugs.
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4. Conclusion

In summary, we present a facile approach to prepare LHM®X hybrid hydrogels with a
sustained DOX release profile anchanced DOX antitumor activity. The incorporation of LP within
the AG hydrogels improved the gel stability and the drug EE, avoiding the initial burst release of the
drug. More importantly, the hybrid hydrogels degrade along the time, giving rise to aypenof
nanohybrids, which serve as vehicles for DOX internalization into cancer cells and, possibly, help
diminishing enddysosome DOX trapping. Furthermore, the LRIXGX hydrogels release DOX in a
sustained mode (almost zexarder) under the acidic catitions of a tumour extracellular environment
(pH = 6.5). The good cytocompatibility of these hybrid hydrogels, together with their drug release and
delivery properties, make us think that-bRsed hydrogel drug carriers may also be helpful for other

therapeutic applications.
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pH SensitiveLaponite® DoxorubicifAlginate Nanohybrids with Improved Anticancer Efficacy

Abstract

The efficacy of the anticancer drug doxorubicin (DOX) is limited by an insufficient cellular
uptake and drug resistance, which is partially due to ion trapping in acidic environments such as the
extracellular environment of solid tumours and the interidr endolysosome vesicles. Herein, we
describe the preparation anth vitro evaluation of a new type of nanohybrid for anticancer drug
delivery which is capable of carrying a high load of the cationic DOX through the cell membrane. In
addition, the nanohybds use the acidic environment of the endolysosomes to release the drug,
simultaneously helping to disrupt the endolysosomes and diminishing endolysosome DOX trapping.
Furthermore, as the nanohybrid carriers are capable of sustained drug delivery, thagertian in
the cytoplasm and still contain DOX are expected to exert a prolonged anticancer activity. Briefly, DOX
is loaded onto biocompatible anionic Lapo®téLP) nanodisks with a high aspect ratio (25 nm in
diameter and 0.92 nm in thickness) through strong electrostatic interactions to getlda@d LP
disks. Alginate (AG), a biocompatible natural polymer, is then coated onto thdda@€l LP disks
(LP/DOXAG nanohybrids) to prevent the burst release of the drug. The results demonstrate that the
nanohybrids have a high encapsulation efficiency (80.8 + 10.6%), are sensitive to pH and display a
sustained drug release behaviour. Cell culture experiments irelitatt the LP/DOX/AG nanohybrids
can be effectively internalized by GAZ cels (an osteosarcoma cell linapd exhibit a remarkable
higher cytotoxicity to cancer cells than the free DOX. The merits of LP/AG nanohybrids, such as
biocompatibility, high loding capacity and stimulus responsive release of cationic chemotherapeutic

drugs, render them as excellent platforms for drug delivery.

This Chapter is based on the following publication:

M. Gongalves, P. Figueira, D. Maciel, J. Rodrigues, X. Qiu, €. Tomas and Y. pktsensitive
Laponite®/doxorubicin/alginate nanohybrids with improved anticancer effidsatg Biomater., 2014,
10, 30307.
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