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Background

Over the past two decades enormous progress icdimprehension of the
pathogenesis of cancer has been made. Cancer isthal Idisorder
characterized by the development of abnormaliti@s cells causing
uncontrollable and fast growth and division due tmombination of mutagenic
stages. As a consequence of these mutations, caelierget a battery of
specific properties such as limitless proliferatjpstential, self-sufficiency in
growth signals and resistance to growth inhibitsignals, as well as evasion
from apoptotic cues, which, in a normal situatimould contain their growth.
Besides, tumors have developed diverse methoddtam gurther support
through interactions with surrounding stromal cellpromoting their
angiogenesis, tissue invasion and metastasis tantli@rgans, along with
evasion from immune detection.

To date, the most common therapies in the fightinsjacancer are
radiotherapy and chemotherapy. Although many aceshave been achieved
in conventional treatments, bioaccessibility ofséelrugs to tumor tissue is
limited, large doses are required, leading to hdgticity to normal cells along
with an increased incidence of MDR. Therefore, éhleas been an enormous
interest in the research of more efficient thersipestrategies that has
prompted toward the development of novel cancarfies over recent years.
Nanotechnology offers a great opportunity in cartceatment based on the
concept that a drug formulated in NPs can altgohtmacokinetics enhancing
the treatment ability to target and Kill cells abehsed tissues/organs while
affecting as few healthy cells as possible. Depandn the properties of the
carrier, large variations in drug pharmacokinetiagth major clinical
implications may occur. In particular, stericallalsilized nanocarriers with a
biomimetic coating (stealth nanocarriers) showrardased blood circulation
and potential to accumulate predominantly in patbmal sites with
compromised leaky vasculature. Defective vasculahigecture coupled with
poor lymphatic drainage is common to many kindsalfd tumors and has
been exploited to promote drug accumulation in tusite (the so-called “EPR
effect”). The further development of the conceppbérmaceutical biomimetic
nanocarriers implies exploitation of differencesvm®en cancer and normal
cells. Surface engineering of nanocarriers wittrcjgeligands able to interact
with cell surface structures overexpressed in qaoells (particular antigens,
peptide receptors, folate, transferring and integtirface receptors) or tumor
vasculature is a fascinating option for improvihg specificity of anticancer
treatments. Another advantage of the NP-based appraelies on the
prolongation of drug half-life in the circulatioméh at target site, which could
in theory reduce the number of administrations withsequent improvement
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Background

of the patient compliance. It has been suggestsal thlat drug accumulation
and slow release inside tumor cells can be usefgircumvent MDR. With
the aim to increase treatment efficacy, combinatbemotherapy has long
been adopted as the standard of care against naacgrctypes. It is generally
acknowledged that through the proper drug comlmnathe treatment can
promote synergistic actions, improve target seldgtiand reduce the
development of MDR.

PDT has emerged as a popular adjuvant therapy docer and has been
approved as a primary treatment option for certa@oplastic conditions
including inoperable esophageal tumors, head andk nzancers, and
microinvasive endo-bronchial non-small cell lungoi@oma. PDT is also
being investigated in preclinical and clinical sasdfor other cancer types
including breast, prostate and ovarian cancers. RIDWis at selectively
targeting neoplastic lesions by the combined actiba PS and visible light,
which generally produces reactive oxygen specieainly singlet oxygen).
Selectivity is achieved partly by the accumulatadrthe PS in the malignant
cells/tissue, and partly by restricting the apgiaa of the incident light to the
desired area. PDT offers various treatment optinrcancer management and
has been used for localized superficial or endahamimalignant and
premalignant conditions. Its application has alserbrecently expanded to
solid tumors. At present, regulatory approval f@TPhas been obtained for
selected tumors using for example Photofrin®, Fo@;d_evulan® and most
recently Metvix®. There are several technical issi@mpering the application
of PDT in a wide range of diseases. First it isficdlt undertaking to prepare
pharmaceutical formulations that enable parentedatinistration of PS since
most of them are hydrophobic and aggregate easilyem physiological
conditions. Secondly, the selective accumulatiorigeased tissues is often
not high enough for clinical use. In order to impEophotodynamic-based
treatments, several combination regimens, in wiREIT has been associated
with both traditional and innovative therapeuticpagaches for cancer
treatment have been proposed to increase the thdraffectiveness and to
eradicate completely the tumor.
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Introduction

1.1 Nanotechnology in biomedical field

Nanotechnology is defined by the National Nanoteldgy Initiative
(http://www.nano.gov) as research and technologield@ment at the atomic,
molecular, or macromolecular scale leading to tetrolled creation and use
of structures, devices, and systems with a leng#esof approximately 100
nm (Figure 1).

‘Water Glucose Antibody  Virus Bacteria Cancer cell A period Tennis ball

Figure 1. Examples of nanotechnology platforms used in diexplopmerit

The term "nanomedicine" refers to the applicatibmanotechnologies to the
biomedical field for controlled drug delivery as livas for diagnostic
purposes. In the past 30 years, the explosive graftnanotechnology has
burst into challenging innovations in pharmacologhijch is in the process of
revolutionizing the delivery of biologically activeompounds. Thus, several
reviews aimed to analyze and to discuss the imphatanotechnology in
pharmacology to improve treatments of various diesaconsidered as the
major health threats (cancer, infections, metabdigeases, etc.) have been
published®3#°6782 Treatments of these severe diseases generalyvev

'W. C. Zamboni, V. Torchilin, A. K. Patri, J. Hrkac8. Stern, R. Lee, A. Nel, N. J. Panaro, and ®dg@inski,
"Best practices in cancer nanotechnology: perspe@om NCI nanotechnology allianceClin.Cancer Resl8,
no. 12 (2012).
3. Bamrungsap, Z. Zhao, T. Chen, L. Wang, C. LT, and W. Tan, "Nanotechnology in therapeutidecas
on nanoparticles as a drug delivery systelghiomedicine.(Londj, no. 8 (2012).
3p. Couvreur and C. Vauthier, "Nanotechnology: ligeht design to treat complex diseagehiarm.Res23, no.
7 (2006).
“T. L. Doane and C. Burda, "The unique role of namtiples in nanomedicine: imaging, drug delivendan
therapy,"Chem.Soc.Rev1, no. 7 (2012).
50. M. Koo, I. Rubinstein, and H. Onyuksel, "Rolerznotechnology in targeted drug delivery and imgga
concise review,Nanomedicinel, no. 3 (2005).
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Introduction

highly toxic compounds for healthy tissues, whelne use of traditional

pharmaceutical formulations is considerably limitby the occurrence of
sometime dramatic side effects.

Currently, several nanosized carriers, made ofedifit materials such as
lipids, polymers, metals, inorganic materials haween proposed in the
biomedical field as diagnostic and therapeutic gooin drug delivery

technologies, nanocarriers are designed (i) toeptoad drug from in vivo

degradation; (ii) to enhance drug absorption bylifatng diffusion through

epithelium; (iii) to modify pharmacokinetics andudr tissue distribution

profile; (iv) to improve intracellular penetratiaand subcellular distribution.
Furthermore, surface modification of pharmaceutr@ocarriers is normally
used to control their biological fate in a desimlfishion and touse them
simultaneously as therapeutic or diagnostic plaif¢theranostics). The most
important results of such modification include anreased stability and half-
life of nanocarriers in the circulation, passive amtive targeting into the
required pathological zone, responsiveness to Iplgsiological stimuli such

as pathology-associated changes in local pH ane/foperature, and ability to
serve as imaging/contrast agents for various intagiadalities.

1.1.1 Nanocarriers as an emerging platform for cancer tiagy

Cancer is a major cause of mortality: more than nelion people are
diagnosed with the disease annually. Cancer is kntov develop via a
multistep carcinogenesis process entailing nume®ikilar physiological
systems, making it a highly incomprehensible andhglex diseas¥ ''.
Initially, cancers start as localized diseases, thay are prone to spread to
distant sites within the body, which makes cancatitk incurable in several
occasions.

8Y. Liu, H. Miyoshi, and M. Nakamura, "Nanomedicifer drug delivery and imaging: a promising avenae f
cancer therapy and diagnosis using targeted fumativanoparticles Iht.J.Cancerl20, no. 12 (2007).
’J. Paradise, G. M. Diliberto, A. W. Tisdale, andkkkoli, "Exploring emerging nanobiotechnology dgsuand
medical devices,Food Drug Law J63, no. 2 (2008).
8R. A. Petros and J. M. Desimone, "Strategies indhsign of nanoparticles for therapeutic applicaijt
Nat.Rev.Drug Discow, no. 8 (2010).
9S. K. Sahoo and V. Labhasetwar, "Nanotech appreaithdrug delivery and imagingDrug Discov.Todays,
no. 24 (2003).
°A. Gupta, P. Avci, M. Sadasivam, R. Chandran, NizBtto, D. Vecchio, W. C. de Melo, T. Dai, L. Y.
Chiang, and M. R. Hamblin, "Shining light on narasteology to help repair and regeneratidBidtechnol.Adv.
(2012).
HA, Juarranz, P. Jaen, F. Sanz-Rodriguez, J. CuawdsS. Gonzalez, "Photodynamic therapy of carasic
principles and applicationsClin.Transl.Oncol.10, no. 3 (2008).
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Introduction

More harrowing is the fact that several significashievements towards the
treatment of the disease have failed to profoundlyact patient survival. The
last century witnessed the maturation of chemothess a viable, adjuvant
therapeutic modality for the treatment of cancemn. ehhanced understanding
of the underlying mechanisms of tumorigenesis ledrahe discovery and
development of highly specific agents capable ddréaxg their effects on
individual proteins or pathways either overexprdss¥ aberrant within
tumors.

Despite many advances in conventional treatmentiomgpt such as
chemotherapy, surgery and radiation, cancer theisysill far from optimal
because it is plagued by some drawbacks. Freqbafienges encountered by
current cancer therapies include non specific syistéistribution of antitumor
agents, inadequate drug concentrations reachinguther site, limited ability
to monitor therapeutic responses and developmeM@iR. These sobering
facts indicate that to make further progress, itésessary to put an emphasis
on other existing but still under appreciated thetdic approaches.

An increased interest is being focused on nanotdobital approaches in
cancer treatment based on the concept that phakinatios of an anticancer
drug can be usefully altered in the body to promdteg accumulation
predominantly in pathological sités*'* Such a strategy is aimed to improve
the treatment ability to target and to kill cellsdiseased tissues/organs while
affecting as few healthy cells as possible. Seveealews, indeed, have
focused on the potential of nanotechnology in carad discussed how

different nanoparticulate  drug-delivery systems fqen in this
ﬁeId15,16,17,18,19,20,21,22,23,24,25

2J. R. Heath and M. E. Davis, "Nanotechnology amteg"Annu.Rev.Meds9 (2008).
3¢, K. Jain, "Advances in the field of nanooncoldgBMC.Med.8 (2010).

¥D. peer, J. M. Karp, S. Hong, O. C. Farokhzad, Rrddlit, and R. Langer, "Nanocarriers as an emgrgin
platform for cancer therapyNat.Nanotechnol2, no. 12 (2007).

15Z. Gao, L. Zhang, and Y. Sun, "Nanotechnology aplio overcome tumor drug resistancé,Control
Releasel62, no. 1 (2012).

N T. Huynh, E. Roger, N. Lautram, J. P. Benoit] & Passirani, "The rise and rise of stealth nam@as for
cancer therapy: passive versus active targetdgriomedicine.(Londj, no. 9 (2010).

¥C. L. Waite and C. M. Roth, "Nanoscale drug delveystems for enhanced drug penetration into solid
tumors: current progress and opportuniti€;t Rev.Biomed.EngO0, no. 1 (2012).

8\, Talekar, J. Kendall, W. Denny, and S. Garg, Eding of nanoparticles in cancer: drug deliverg an
diagnostics,Anticancer Drug22, no. 10 (2011).

1%, C. Dreaden, L. A. Austin, M. A. Mackey, and M. Bl-Sayed, "Size matters: gold nanoparticles igetted
cancer drug delivery,Ther.Deliv.3, no. 4 (2012).

2°H. zhang, "Multifunctional nanomedicine platformsr fcancer therapy,J.Nanosci.Nanotechnoll2, no. 5
(2012).

213, P. Egusquiaguirre, M. Igartua, R. M. Hernandea J. L. Pedraz, "Nanoparticle delivery systemsémcer
therapy: advances in clinical and preclinical resked Clin.Transl.Oncol .14, no. 2 (2012).

22M. Tiwari, "Nano cancer therapy strategie,Cancer Res.The8, no. 1 (2012).
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Introduction

The therapeutic effects of many anticancer drugsldcdoe significantly
improved if delivery of the drug occurs specifigaib tumors (cancer cells) or
preferably inside specific organelles inside celt&l reduction of drug toxic
side effects is achieved. In so doing, a multifioral construct based on
novel nanomaterials can be delivered directly ® timor site and eradicate
cancer cells selectively. An appropriate desigrovedl nanoconstruct to
improve drug efficacy (activity at lower doses) ampared with the free-drug
treatment, which in turn gives a wider therapewtiodow and lower side
effects. Furthermore, NP carriers are also capabkddressing several drug
delivery problems, which could not be effectivelghs#d in the past and
include overcoming MDR phenomenon and penetratigltular barriers that
may limit device accessibility to intended targeisch as the blood-brain
barrier, among others.

There has been intense interest in identifying KBracteristics that are best
suited for oncology applications. Pharmacokinetitshe NPs is crucial and
depends on several physiochemical characteristitiseocarrier such as size,
surface charge, shape, nature and density of gpatmmposition, stability,
steric stabilization, deformability, dose and rootedministratioff?".
Regarding their composition and structure, nanasaplatforms for cancer
can be categorized as organic-based, inorganidbasa hybrid combination
of the aforementioned. Organic nanoplatforms inelpdlymeric nanocarriers,
lipid-based nanocarriers (e.g., liposomes and nanéstons), dendrimers, and
carbon-based nanocarriers (e.g., fullerenes angboananotubes). Inorganic
nanoplatforms include metallic nanostructures¢caifPs, and QDs.

1.1.2 Polymeric nanomedicines for cancer

Over the past few decades, several polymer-basadcagaiers have been
developed as effective drug delivery deviéeFhe drug of interest is either
dissolved, entrapped, adsorbed, covalently attaareéncapsulated in the

2C. Heneweer, S. E. Gendy, and O. Penate-Medinap&dimes and inorganic nanoparticles for drug defive
and cancer imagingTher.Deliv.3, no. 5 (2012).

%R. Misra, S. Acharya, and S. K. Sahoo, "Cancer tefmology: application of nanotechnology in cancer
therapy,"Drug Discov.Today 5, no. 19-20 (2010).

%3, Kolhe and K. Parikh, "Application of nanotectowy in cancer: a review)ht.J.Bioinform.Res.AppB, no.
1-2 (2012).

*M. Wang and M. Thanou, "Targeting nanoparticlesancer,"Pharmacol.Res62, no. 2 (2010).

2’s, E. Gratton, P. A. Ropp, P. D. Pohlhaus, J. @, M1 J. Madden, M. E. Napier, and J. M. Desimctihe
effect of particle design on cellular internalizatipathways,Proc.Natl.Acad.Sci.U.S.205, no. 33 (2008).

287, Lamprecht, N. Ubrich, H. Yamamoto, U. Schafer, Fakeuchi, P. Maincent, Y. Kawashima, and C. M.
Lehr, "Biodegradable nanoparticles for targetedgddelivery in treatment of inflammatory bowel dised
J.Pharmacol.Exp.The299, no. 2 (2001).
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nanocarrier. The advantages of using polymer-basetbcarriers for drug
delivery result from their two main basic propestieFirst, the use of
biodegradable materials for nanocarrier preparatidlows an improved
stability in the body and sustained drug releashimithe target site over a
period of days or even weeks. Second, becausesinfgimall size, nanocarrier
can penetrate through smaller capillaries and lentaup by cells, thus
allowing efficient drug accumulation at the targees.

Biodegradable polymers are materials widely usedthi@ preparation of
controlled release systems intended for innovapiaesnteral dosage forms.
Their wide application in this field is due to th&xtensive degradation by
chemical or enzymatic processes in water-soluble toolecular weight

compounds that enter the normal metabolic pathwafyshe organism.

Polymeric nanomedicines such as polymeric NPs, mety micelles,

polymersomes and polymer-drug conjugates curreddyeloped for solid
tumor treatment have proved to be efficacious catezapeutics (Figure 2).

S Y o1
Lo Mty -
fa... nJ, . - o So‘d \.(
Jo s SR 2
ATl & - U8 e
% e sy
Polymeric Polymeric Polymerosome  Polymer-Drug
Nanoparticles Micelle Conjugate

Hydrophobic Polymer @ Therapeutic Load

~—— Hydrophilic Polymer - Targeting Ligand
Ressaasest Lipid

Figure 2. Polymeric nanoplatforms for drug delivéty

Polymeric NPs may be defined as colloidal systeraserplly made of
polymers (biodegradable or not). According to th®cpss used for the
preparation of NPs, nanospheres or nanocapsuldsecabtained (Figure 3).

Nanocapsules differ from nanospheres in that tleyasicular systems with
reservoir structure, which is liquid or semisolidraom temperature. In the
case of nanocapsules, the core is composed ofewsiten allowing a high
payload of a hydrophobic drug whereas nanocapswiésan aqueous core

F. Alexis, E. M. Pridgen, R. Langer, and O. C. [kamad, "Nanoparticle technologies for cancer thgtap
Handb.Exp.Pharmacqlno. 197 (2010).
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Introduction

enable to encapsulate water-soluble compounds. rélgnehe polymer shell
surrounding the liquid core is formed either du@adymerization taking place
at the interface between the dispersed and contsypbase of the emulsion or
by precipitation of a preformed polymer at the aaef of emulsion droplets.
Nanospheres are matrix particles, i.e. particlesre/tentire mass is solid. To
remain well dispersed in a liquid, NPs, like alpég of colloids, need to be
stabilized using amphiphilic molecules or colloieh{gcting agents. Drugs can
be either entrapped inside the NPs or adsorbedeindurface.

Polymeric membrane

Polymeric matrix "
Inner core

Nanosphere Nanocapsule

Figure 3. The two main types of polymeric NPs known as nahesp (matrix system) and
nanocapsule (reservoir system) with different doaging modalities.

Biodegradable NPs can be prepared from a varietynaferials such as
proteins, polysaccharides and synthetic biodegladatiymers, depending on
many factors such as i) size of the desired NPgrdiperties of the drug to be
encapsulated (aqueous solubility, stability, eid))surface characteristics and
functionality, iv) degree of biodegradability antbdompatibility, and v) drug
release profile of the final product. The methodsprepare NPs can be
classified in 1) dispersion of preformed polymeB), polymerization of
monomers and 3) ionic gelation method for hydraphpblymers.Production
of NPs have been recently reviewed in the lighpleirmaceutical technology
by Benoit et af® especially focusing on the formation of NPs on nano-
emulsion templatesToday, humerous examples of original methods tenfor
NPs entrapping lipophilic and hydrophilic moleculee availablg"*. For

*N. Anton, J. P. Benoit, and P. Saulnier, "Designl gnoduction of nanoparticles formulated from nano-
emulsion templates-a review]'Control Releas&28, no. 3 (2008).

3lC. Perez, A. Sanchez, D. Putnam, D. Ting, R. Langed M. J. Alonso, "Poly(lactic acid)-poly(ethyten
glycol) nanoparticles as new carriers for the deinof plasmid DNA,'J.Control Releas@&5, no. 1-2 (2001).

32A. Taden, K. Landfester, and M. Antonietti, "Cryliiz@tion of dyes by directed aggregation of calti
intermediates: a model caseAngmuir20, no. 3 (2004).

16



Introduction

example, working on the intrinsic solubility and Itmg point (T,) of a
polymer without the use of an organic solvent, & meethod named ‘MeSo’
has been developed in our laboratofieShe method consists in the nano-
emulsification of a fluid, non water-miscible copwier at T 3 ,,by sonication
in water. Cooling at room temperature then hardgres copolymer and,
spherical non-aggregated particles are formed.

Micelles are self-assembling nanosized colloidaltigi@s which form
spontaneoulsy under certain concentrations andeshges from amphiphilic
or surface-active molecules, which consist of tweady distinct regions with
opposite affinities towards a given solvent. Therfation of micelles is driven
by the decrease of free energy in the system becafigthe removal of
hydrophobic fragments from the aqueous environraedtthe re-establishing
of hydrogen bond network in water. Hydrophobic segta of amphiphilic
molecules form the core of a micelle, while hydniphfragments form the
micelle shell. When used as drug carriers in agsi@eedia, micelles solubilize
molecules of poorly soluble non polar pharmacelgicgithin the micelle
core. Micelles based on biodegradable polyesters ave cunsidered as a
very promising injectable delivery system.

Polymersomes are polymer-based vesicular sheltsfaha upon hydratation
of amphiphilic block copolymers. As the nanocapsulpolymersomes are
indeed vesicular systems in which the drug is catfito a reservoir or within
a cavity surrounded by a polymer coating. In patéic the core of this vesicle
is an aqueous phase while the surrounding coasng@ ipolymer bilayer
composed of amphiphilic copolymers. Accurate selacof polymer MW,
hydrophilic/hydrophobic ratio and chemistry impgrblymersomes with a
broad and tunable range of carrier properties. &tsstems are capable of
encapsulating a large range of therapeutically msdéuble active molecules
and biomolecules, with considerable work being dnengineer the release
of those encapsulants at the desired place and*time

Finally, polymer—drug conjugates are macromolecular prodwigsre a drug
is covalently bound to a water soluble polymeriariea, normally via a
biodegradable linker.Amphiphilic polymer-drug conjugates in aqueous

3F. Quaglia, L. Ostacolo, Rosa G. De, M. |. La Ra@nM. Ammendola, G. Nese, G. Maglio, R. Paluming a
C. Vauthier, "Nanoscopic core-shell drug carrie@den of amphiphilic triblock and star-diblock copwigrs,"
Int.J.Pharm.324, no. 1 (2006).

3. P. Torchilin, "Micellar nanocarriers: pharmadeat perspectives,Pharm.Res24, no. 1 (2007).
D. E. Discher and F. Ahmed, "Polymersomehu.Rev.Biomed.Erg)(2006).
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solution can form micelles or micelle-like nanoasbées in which the
lipophilic drug is confined in the internal coretbe systenf.

1.1.3 Administration routes for nanoparticles

Multiple biological barriers exist for drugs to sessfully reach their intended
target in the body’. Oral drugs need to have high stability in the
gastrointestinal tract and the ability to penetrattestinal epithelium to
achieve high systemic bioavailability. Similarlkirs, nasal, and pulmonary
drug delivery requires efficient transport of driggsoss the epithelium. While
most new drug formulations for small molecules arended for the oral
route, with drug chemistry directed towards optiamtian of absorption extent,
intravenous (iv) administration remains the mosedi and efficient route to
deliver drugs like peptides, proteins, large molesuand fragments of nucleic
acids.

Several nanocarrier systems have been designed dewdloped as
pharmaceutical formulations for different admirasion routes. For example,
significant research has been done using NPs &% ana pulmonary drug
delivery vehicles. Oral delivery of peptides andtpms using NPs has been
shown to be far superior to the delivery of freeugd in terms of
bioavailability, residence time, and biodistributid’ he bioavailability of these
molecules is limited by the epithelial barrierstbé gastrointestinal tract and
they may also be susceptible to gastrointestingradiation by digestive
enzymes. For this reason, the advantage of usihgneoic NPs is to allow
encapsulation of bioactive molecules and proteemtlagainst enzymatic and
hydrolytic degradationThe administration of small peptides can occur also
through the nasal route. This is due to the greptgmeability and lower
enzymatic activity of the nasal mucosa as comptoedtie intestinal mucosa.
However, as in the case of the oral route, thespart of particles across the
nasal epithelium has been considered as a defercg, strictly related to the
nose-associated lymphoid tissue. Neverthelessadtieity generated over the
last few years in the design of transmucosal dragiers has led to the
conclusion that the surface composition of NPscadfehe crossing of the

36X, Hu and X. Jing, "Biodegradable amphiphilic polmudrug conjugate micellesExpert.Opin.Drug Delivs,
no. 10 (2009).

S’A. Chrastina, K. A. Massey, and J. E. Schnitzeryé¢®@oming in vivo barriers to targeted nanodeliyery
Wiley.Interdiscip.Rev.Nanomed.NanobiotechBpho. 4 (2011).

*®EP. Herrero , MJ. Alonso , N. Csaba, “Polymer-based peptide nanomedicinesiher Deliv.(2012).
*F. Ungaro , I. d'Angelo , A. Miro , MI. La Rotonda. Quaglia, “Engineered PLGA nano- and micro-easr
for pulmonary delivery: challenges and promisdsP?harm Pharmaca2012).
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epithelium and the intensity of this transf&rEor example, it was recently
demonstrated that chitosan NPs accumulate in tseldiyers of the epithelium
from where they can release their cdfgo

In the treatment of specific disease, such as canie field of injectable

nanocarriers has matured to include a wide ranggtrafegies incorporating
many different materials. Taking advantages ofabeormal organization and
structure of the tumor vasculature, that will besa#ed in the following, a

great part of the research efforts in the field aofvanced pharmaceutical
technologies were focused on the design of an emasmnumber of

nanoscopic delivery systems for iv administrationgrder to improve efficacy

and specificity of anticancer treatments.

1.1.4 Injectable nanoparticles for cancer

Injectable nanocarriers have received much atterttige to their vast range of
structures and ability to contain multiple func@drgroups, both within the
bulk material and on the surface of the particlesgeneral, an effective
nanomedicine should have high therapeutic loadiogytrolled drug release
along with efficient targeting ability. Neverthesesnultiple obstacles must be
overcome in order to have an effective injectatllegdelivery systefi. The
major challenges include overcoming clearenceérbibdy, increasing cellular
uptake into target tissue/cells, and endosomal pesdhat is especially
important for nucleic acid fragments.

1.1.4.1 Elimination by renal clearance and RES

Natural elimination processes include both rereducnce and MPS uptake.

Renal clearance of intravascular agents is a pso@@glving glomerular
filtration, tubular secretion and finally eliminati of the molecule through
urinary excretion. Filtration of particles throutfite glomerular capillary wall
is highly dependent on molecule size and is refetoeas the filtration-size
threshold. Molecules with a diameter of less tham® are typically filtered,
while those more than 8 nm are not typically capatilglomerular filtratiof?.

“N. Csaba , M. Garcia-Fuentes , MJ. Alonso, “ Nantiglas for nasal vaccinatiordtlv Drug Deliv Rev.
(2009).

*"' M. Garcia-Fuentes , MJ. Alonso, “Chitosan-basedydranocarriers: where do we standPControl Release.
(2012).

2D, M. Webster, P. Sundaram, and M. E. Byrne, "ligiele nanomaterials for drug delivery: Carriersgeting
moieties, and therapeutic&ur.J.Pharm.Biopharm(2013).

“H. S. Choi, W. Liu, P. Misra, E. Tanaka, J. P. Ziemripe B. Itty, M. G. Bawendi, and J. V. FrangioiRenal
clearance of quantum dotdyat.Biotechnol25, no. 10 (2007).
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MPS uptake proceeds quickly and must be avoidedrder to have an
acceptable circulation time for nanocarrier. TheSviRIso referred to as the
RES, is the main natural clearance system for glestinot filtered by the
kidneys acting via phagocytosis. Recognition by &S is aided by
opsonization, which consists in the binding of aapsonins to nanocarrier
surface thus inducing its phagocytosis and accuinualan the liver (Kuppfer
cells). The liver acts as a reservoir toward narrga conditioning their rapid
first-phase disappearance from the blood and, ise caf biodegradable
systems, their second-phase release in the bodyr ulediraded and excretable
form. This biodistribution can be of benefit foetbhemotherapeutic treatment
of MPS localized tumors (e.g. hepatocarcinoma gqratie metastasis arising
from digestive tract or gynecological cancers, btmpulmonary tumors,
myeloma and leukemia). Multiple methods have beemstigated to avoid
opsonin binding, thus increasing circulation tinrel ancreasing the carrier’s
ability to reach its target cell for internalizatioldeally, an injectable NP has
to be smaller than 100 nm to avoid internalizatignthe MPS. The surface
charge also helps increase cellular uptake andlasadf-aggregation between
NPs, also resulting in lowered MPS recognition (/1 to +10 mV). Particles
with hydrophobic surfaces, in fact, will preferetllly be taken up by the liver,
followed by the spleen and lungs, while particlethvionger circulation times
should be 100 nm or less in diameter and have eopfdic surface in order to
reduce clearance by macrophdges

1.1.4.2 Long circulating nanocarriers (Stealth)

In order to overcome the opsonization of nanoceasria number of widely
used and effective methods have been investigaiethake nanocarriers
“invisible” to the immune system, creating longetilating NPs, known also
as stealth NPs (Figure 4). Interestingly, by captthe NP surface with
hydrophilic polymers, such as PEG, poloxamers, oydrdphilic
polysaccharides, it is possible to create a hydratater barrier that provides
good steric hindrance to the attack of phagocyteteed, the presence of such
macromolecules allows the prevention of opsonipati@nks to this protective
hydrophilic and flexible layer, preventing theirtémaction with blood
component® “°. Furthermore, a steric stabilization limits alspgeegation

“D. E. Owens, Ill and N. A. Peppas, "Opsonizatioimdistribution, and pharmacokinetics of polymeric
nanopatrticles,nt.J.Pharm.307, no. 1 (2006).

%S, M. Moghimi and J. Szebeni, "Stealth liposomes #&mg circulating nanoparticles: critical issues i
pharmacokinetics, opsonization and protein-bingirgperties,'Prog.Lipid Res42, no. 6 (2003).

463, M. Moghimi, A. C. Hunter, and J. C. Murray, "lgrirculating and target-specific nanoparticlegaty to
practice,"Pharmacol.Rev53, no. 2 (2001).
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between particles themselves in the blood and ibatér to system stability in
biological environments. In so doing, NPs exhitetkased levels of uptake
by the MPS and, consequently, an increased cifonléime in the blood, and
accumulate in solid tumors passing through theakyevasculaturep@ssive
targeting) In particular, it was demonstrated that NPs deear with PEG can
circulate for a longer time as compared to non-ggyg NPs, and normally
exhibit a circulation half-life of 2-24h in mice dmats, and as long as 45h in
humans. PEGylation simply refers to the decoratiba particle surface by the
covalent surface grafting, or adsorption of PEGirthaSome research has
directly shown that particles with covalently bouPBEG chains exhibit longer
blood circulation half-lives than similar particlesth only surface adsorbed
PEG.

Gref et at’'were the first to report the advantages of PEGyfatin PLGA-
PEG NPs, resulting in a substantial increase indl@sidence time. The chain
length, shape, and density of PEG on the partisitase have been shown to
be the main parameters affecting NP surface hydliojy and phagocytosis.
Most research indicates that a PEG chain with nutdeaveight of 2000 Da or
greater is required to achieve increased MPS-esddge minimum MW is
most likely due to the loss in flexibility of shert PEG chains. Also, it has
been shown that as molecular weight is increasen/eal2000, the blood
circulation half-life of the PEGylated particlesalso increased, which may be
due in part to the increased chain flexibility aglier MW PEG polymers. In
addition to chain molecular weight, surface chansity and conformation are
also critical factors to achieve improved stealtaracteristics, although these
two aspects are much more interreldfedFor instance, at low surface
coverage, the PEG chains have a larger range admand will typically take
on what is termed a “mushroom” configuration, wheneaverage they will be
located closer to the surface of the particle. Mewy surface coverage can also
lead to gaps in the PEG protective layer where mipsccan freely bind to the
NP surface. On the other hand, at high surfacerageethe PEG chains range
of motion will be greatly restricted and they witlost often exhibit a semi-
linear or “brush” configuration. Although a highrface coverage ensures that
the entire surface of NP is covered, this methsd decreases the mobility of
the PEG chains and thus decreases the steric hoel@operties of the PEG

4TR. Gref, M. Liick , P. Quellec , M. Marchand ,[Eellacherie , S. Harnisch , T. Blunk , RH. Miillégtealth'
corona-core nanopatrticles surface modified by gbljlene glycol (PEG): influences of the corona (P&@in
length and surface density) and of the core cortipasdon phagocytic uptake and plasma protein adsory
Colloids Surf B Biointerface$2000).
“8 3. 1. Jeon and J. D. Andrade, "Protein-Surfacerswmtions in the Presence of Polyethylene Oxidéffect of
Protein Size,J. Colloid Interface Scil991, 142, 159-166.
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layer. Interestingly, a threshold of 1-2 nm space betwbenPEG chains was
estimated for minimal protein absorption.

Figure 4. Schematic diagrams of PEG configurations on theuppmisphere of a polymeric NP.
In (a), the low surface coverage of PEG chainsde¢adhe “mushroom” configuration where most
of the chains are located closer to the partialefase. In (b), the high surface coverage and lack
of mobility of the PEG chains leads to the “brusithfiguration where most of the chains are
extended away from the surfdte

1.1.5 Principles of drug targeting to tumors

Ideally, for anticancer drugs to be effective imoar treatment, they should
first (after administration) be able to reach tlesiced tumor tissues through
the penetration of barriers in the body with mininf@ss of activity in the
bloodstream. Second, after reaching the tumor disdugs should have the
ability to selectively kill tumor cells without af€ting normal cells and extend
their effect along time. These two basic strategies also associated with
improvements in patient survival and quality ofelifby simultaneously
increasing the intracellular concentration of dragsl reducing dose-limiting
toxicities. In principle, NP delivery of anticanagugs to tumor tissues can be
achieved by either passive or active targetinguieic).

Passive targeting refers to the accumulation ofug dr a drug carrier system
at a desired site owing to physico-chemical or piggical factors. It takes

“ D.E. Owens Il and N.A. Peppas, “Opsonization, distribution, and pharmacokinetics of polymeric
nanopatrticles,Int. J. Pharm 307, no. 1 (2006).
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advantage of the size of NPs and the unique priegesf tumor vasculature
and microenvironment.

For further growth and enlargement, tumors neefbmm new blood vessels,
via the angiogenesis process, in order to obtatniemis and sustain their
growth.

3;3: $ Targeted NP's . Maon-targeted NPs

Figure 5. Passivers active targeting. (Right) NPs tend to passively ttieir biophysicochemical
properties) extravasate through the inflammatedulature; (Left) Once NPs have extravasated in
the target tissue, the presence of targeting liggady. proteins) on the NP surface can result in
active targeting of NPs to receptors that are prtese target cell or tissue resulting in enhanced
accumulation and cell uptake through receptor-mediandocytosi&

Tumor vessels are generally abnormal and have aitelranching, blind
loops of twisted shape, which are characterizedriohitectural defectiveness
and a high degree of vascular density. The newlymnéa tumor blood vessels
usually present an abnormal architecture too, dinty defective endothelial
cells with wide fenestrations, irregular vasculigranent, lack of a smooth
muscle layer or innervation, wide lumen and impienctional receptors for
AT-II. Blood flow behavior, such as direction ofolld flow, is also irregular
or inconsistent in these vessels. When compareld matmal vessels, tumor
vessels are ‘“leaky”, owing to basement membraneorafalities and a
decreased number of pericytes lining the rapidbfiferating endothelial cells.
Indeed, the pore size of tumor vessels varies ft0th nm to almost 1 mm in
diameter, depending upon the anatomic locatiomettmors and the stage of
tumor growth. In comparison, the tight endothejlimictions of normal vessels

50M. Mahmoudi, S. Sant, B. Wang, S. Laurent, and &n,S'Superparamagnetic iron oxide nanoparticles
(SPIONSs): development, surface modification andliegpons in chemotherapyAdv.Drug Deliv.Rev63, no.
1-2 (2011).
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are tipically of 5-10 nm in size. The leaky andeative architecture of tumor
vasculature might be due to elevated levels of mlascmediators such as
bradykinins, nitric oxide, VEGF, basic fibroblasbgth factor, prostaglandins
and so on. Moreover, solid tumors are also chaiiaeté by an impaired and
lack lymphatic network that decreases the clearahcgacromolecules giving,
consequently, extended retention times in the tuintgrstitiun™ >2. The
unique pathophysiologic characteristics of tumossets coupled with poor
lymphatic drainage (Figure 6) induces tePR effect, which enables
macromolecules, including NPs, to extravasate tinothese gaps into
extravascular spaces and accumulate inside tussuets.

A. Normal tissue B. Tumor tissue

Blood vessel = ® =
TEmm

N - Yo
/N
S =

Flbrouait&

Figure 6. Differences between normal and tumor tissues éhptain the passive targeting of
nanocarriers by the EPR. A. Normal tissues corlta@ar blood vessels maintained by pericytes.
Collagen fibres, fibroblasts and macrophages arheénextracellular matrix. Lymph vessels are
present. B. Tumor tissues contain defective bloedsels with many sac-like formations and
fenestrations. The extracellular matrix containgemmllagen fibres, fibroblasts and macrophages
than in normal tissue. Lymph vessels are lacRing

The EPR effect reported by Matsumura and Maed®86f was commented
by Torchilir® as a molecular weight-dependent phenomenon: [esrtiarger
than 40 kDa, which is the threshold for renal @eae, show a prolonged

5H. F. Dvorak, J. A. Nagy, J. T. Dvorak, and A. Mvdbak, "ldentification and characterization of thieod
vessels of solid tumors that are leaky to circoftnacromoleculesAm.J.Pathol133, no. 1 (1988).
%2J. A. Nagy, A. M. Dvorak, and H. F. Dvorak, "Vasaulhyperpermeability, angiogenesis, and stroma
generation,'Cold Spring Harb.Perspect.Med, no. 2 (2012).
53F. Danhier, O. Feron, and V. Preat, "To exploit thenor microenvironment: Passive and active tumor
targeting of nanocarriers for anti-cancer drugwdely,” J.Control Releas&48, no. 2 (2010).
*'Y. Matsumura and H. Maeda, "A new concept for maurecular therapeutics in cancer chemotherapy:
mechanism of tumoritropic accumulation of proteamsl the antitumor agent smancSancer Res46, no. 12 Pt
1(1986).
5. Torchilin, "Tumor delivery of macromolecular dysibased on the EPR effecddv.Drug Deliv.Rev63, no.
3 (2011).
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circulation time (thus, a much increased half-lif@)d hence very slow
clearance from the body, with a higher AUC. Thiigse molecules permeate
gradually tumors in a selective fashion.

In addition, accumulated macromolecular drugs remai tumors for a
relatively long time (e.g., several days). Moleculgeight is not the only
determinant of the EPR effect; other factors sigkha surface charge and an
in vivo surveillance system for macromolecules.(issavenger receptors of
the RES) are quite important. The vascular endesth&iminal surface is
known to carry a negative charge, so basic proteitts positive charges or
cationic polymers rapidly bind to vascular endatietells, which results in a
lower AUC, shorter plasma half-life, and a consexdyereduced tumor drug
accumulation by means of the EPR effect. Acidimeutral particles are thus
expected to have a longer plasma half-life. Howethler RES in the liver and
spleen showed faster uptake of negatively charged than that of neutral
particles.

PEGylation thus benefits EPR-based targeting ofyslrto tumors. Certain
PEG-modified particles are also now understoodateeha slower uptake into
tumor cells than non-PEGylated moleculBgveloping suitable PEGylation
strategies to achieve a longer plasma half-lifewa$i as better intracellular
trafficking, is of utmost importance. The EPR eff&dgll drive the particles
into tumor tissue but the ultimate goal is accdsactive drugs to target sites.
Therefore, the release rate of the drug from theeraat the target must be
optimal (e.g., 3—-10% per day), because too sloglemse results in insufficient
concentrations of active drugs at sites of actRelease that is too rapid would
lead to a high concentration of free drug in ciation but no drug
accumulation in the tumor, the results thus beingoasiderably lower
therapeutic effect and undesired systemic toxicity.

On the basis of this scenario, the vast majoritgasfomedicines developed for
drug targeting to tumors rely on the EPR effecteSéhprimarily include long-
circulating liposomes, polymers and micelles. Exempf passively targeted
nanomedicines approved for clinical use are Myo¢c&6Xxil®, Daunoxome®,
Abraxane® and Genexol-PM®. Several additional pabgitumor-targeted
nanomedicines are currently in clinical trials, anlhrge number of other ones
are in early- and late-stage preclinical developmen

Targeting cancer cells using the EPR effect is featsible in all tumors
because the degree of tumor vascularization anaisiprof tumor vessels can
vary with the tumor type and status. One approaadvercome this limitation
is to attach targeting moieties to the NP surfatless forming an “active
nanocarrier”. Active targeting of nanomedicines yides the additional
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targeting mechanism of receptor-mediated bindinfjl®$ to surface receptors
expressed on tumor cells or blood vessels, sudfastegrins, folic acid, and
prostate-specific membrane antigen. Research ras ¢mnducted on several
targeting ligands, including antibodies, aptamepgptides, and small
molecules. Efficient binding and internalizationquées that receptors are
expressed exclusively on target sites relative domal cells. At present,
several targeted delivery systems are under clini@ds, such as transferrin
receptor targeted cytotoxic platinum-based oxdiiplan a liposome (MBP-
426), transferrin receptor targeted cyclodextrinteing NPs with SiRNA
payload (CALAA-01), or PSMA targeted polymeric NRentaining DTX
(BIND-014). To date, however, in spite of significant advanoesle at the
preclinical level with regard to active targetingnly antibody-based
nanomedicines, such as Zevalin, Mylotarg, Ontak &mkxar have been
approved for clinical use.

The observation that actively targeted ‘classicalhomedicines so far largely
failed to demonstrate benefit at the preclinicalelecan likely be mostly
attributed to the fact that after leaving the hyglelaky tumor vasculature, there
are quite a number of anatomical and physiologizatiers that need to be
overcome before antibody- or peptide-targeted féatrans can bind to (and
enter) cancer cells. These include the presengeeonéyte-, smooth muscle
cell- and fibroblast-based cell layers between é&mel@l and tumor cells, the
high cellular density within solid malignancies,datie high interstitial fluid
pressure that is typical of tumors. Therefore, alst because of the binding-
site barrier, which further limits the penetratioof actively targeted
nanomedicines into the tumor interstitium, activédygeted nanomedicines
tend to have problems finding their target cellsgd ahey generally fail to
demonstrate an advantage over passively targetetifations®.

The possibility to engineer a NP surface wi&hwide range of functional
groups allowed to design and develop multifunctiamnostructures (Figure
7). Multifunctional nanocarriers can combine a #jjectargeting agent
(usually an antibody or peptide) with NPs for immagi(such as QDs or
magnetic NPs), a cell-penetrating agent (e.g. thlgArg peptide TAT), a
stimulus-sensitive element for drug release, ailstily polymer to ensure
biocompatibility (PEG most frequently) and two oroma therapeutic
compounds. This approach can be used for examplairfultaneously tumor
imaging, diagnosis and treatment. Combining diaignasd therapy in one
process is an emerging biomedical method refeweakttheranostic. Several

**F. Danhier, O. Feron , V. Préat, “To exploit thenar microenvironment: Passive and active tumoretdmg of
nanocarriers for anti-cancer drug delivery,'Control Releasg2010).
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recent reviews have discussed engineering desigtsysiochemical
characteristics and biomedical applications of netign NPs that can
simultaneously act as diagnostic molecular imagagents and as drug
carriers’°%>°

Targeting Agent - - — — - — - - . = = Polymer Coating

————— Nanoshell

=~ —Lanthanide Dopant
Panetration Ligand

~— - Magnetic Core

-
\-('\

Fluorephere - — — —
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Figure 7. Example of multifunctional nanoplatform.

1.1.6 PEGylated nanocarriers in clinical use

As previously described, the circulation time ohaoearriers intended for iv
administration and directed passively to solid tsnis widely increased by
the inclusion of surface bound hydrophilic molesutgich as PEG. Whereas
free drugs are usually cleared from circulation himt minutes of iv
administration, PEGylated nanostructures can ateulfor hours and
accumulate in sites of leaky vasculature, carnatang the entrapped drug.
The use of PEG has been shown to increase cirgnldiines of different
nanocarriers such as liposomes and polymeric N®slale, several stealth and
PEGylated nanocarriers or drugs are already omdmdet and others are still
under clinical trials and studied in animals. Talllesummarizes the most
relevant examples.

5K. Y. Choi, G. Liu, S. Lee, and X. Chen, "Theranostanoplatforms for simultaneous cancer imagind an
therapy: current approaches and future perspectidesoscale4, no. 2 (2012).
%8P, Prabhu and V. Patravale, "The upcoming field tbéranostic nanomedicine: an overview,"
J.Biomed.NanotechndB, no. 6 (2012).
%N. Ahmed, H. Fessi, and A. Elaissari, "Theranosgioplications of nanoparticles in cancefrug
Discov.Todayl7, no. 17-18 (2012).
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Table 1. PEGylated nanomedicines for cancer approved or rumtiaical and

preclinical research.
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1.1.7 Amphiphilic block copolymers

In the field of injectable PEGylated nanomedicirfes cancer, amphiphilic
block copolymers have attracted a great deal ehttin due to their ability to
form various types of self-assembling NPs. Thedgnpers are obtained by
the polymerization of more than one type of mongmigpically one
hydrophobic and one hydrophilic, so that the résglmolecule is composed
of regions that have opposite affinities for anemus solvent. These materials
are generally composed of biocompatible, biodedydaydrophobic polymer
blocks such as polyesters covalently bound to @&doipatible hydrophilic
block, typically PEG. To date, numerous block cgpwrs have been
synthesized, not only with a variety of block condiions, but also varying
hydrophilic and hydrophobic block lengths.

Block copolymers are classified into several typgssequential arrangement
of component segments (Figure 8).

N __CC00CCoCOoNNN ___ __ eeeeee ___ N

© 6060600700006/,000 +d

Figure 8. Types of block copolymers: a) AB type diblock, BAtype triblock, c) AB type
multiblock, d) (AB), star block.

The simplest block copolymer is AB-type block copoér, which is
composed of one segment of homopolymer A linkedob® segment of
homopolymer B. In the second type of copolymerhlietminals of B unit is
connected at the terminal of A unit, and thuss itdéferred to as an ABA type
block copolymer. In the third type of block copolgra, A and B segments are
connected n times and referred to as a multiblagotymer. The fourth type
of block copolymer has a star block architectunethis last family, unit A has
multi-arm functionality and copolymerizes with Bobks giving a star-like

30



Introduction

shape. The number of arms of the star block copahaepends on the number
of functional groups on block A.

The literature abounds with studies using amphiphilock copolymers of
different compositions that produce,by differenégmration techniques, core-
shell nanoassemblies referred to as micelles (g@theworm-like, crew-cut),
nanospheres, nancapsules and polymersomes.

The selection of an appropriate hydrophobic coreifing material is
considered of utmost importance in order to atsaphysically stable delivery
system. Poly(alpha-hydroxesters), such as PDLLAAPgRd PCL, remain the
most widely employed polymers for core-shell nanagtires to target
hydrophobic drugs, given their biocompatibility asmddegradability.

1.1.7.1 Poly-&caprolactone

PCL (Figure 9) is an aliphatic polyester of considde interest in the design
of amphiphilic block copolymer.

/k O\/\/\)Jﬂn\*

Figure 9. PCL.

PCL is a semi-crystalline polymer with a low glasssition temperature (Tg -
60 °C) and a melting temperature between 59 antC6eklated closely to the
crystalline nature of the material. It is slowlyodegradable in vivo by
chemical and enzymatic reactions. It was usedhfemtreparation of sustained
release systems of oral contraceptives (Caproridr®gcently, the process of
degradation in vivo was studied by implanting tleevImolecular weight
poly(e-caprolacton¥C) in rats and by measuring the radioactivity imney
feces, exhaled air and the residual activity in ittnglant site. A complete
bioabsorption was observed in 60 days and the pecesefe-hydroxycaproic
acid, produced by complete hydrolysis of the polynes well as tritiated
water as metabolites. While studying the mechargivioabsorption, studied
by electron microscopic analysis of the tissuehat implantation site, the
presence of intracellular polymeric particles wa$edted, demonstrating the

®C. G. Pitt, M. M. Gratzl, G. L. Kimmel, J. Surleand A. Schindler, "Aliphatic polyesters II. The degation
of poly (DL-lactide), poly (epsilon-caprolactone)d their copolymers in vivoBiomaterials2, no. 4 (1981).
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role of phagocytosis in the final stage of polyrdegradatioff. The cell and

tissue biocompatibility of PCL was demonstrated lalgo an extensive
inflammatory reaction in the muscle probably duenzreased vascularity of
the tissue and a larger amount of implanted mateves evidenced. The
inflammation may be due to a high local concertratf degradation products
and to a potential transport of the polymer wittbsaquent activation of
neutrophils. The rapid activation of neutrophils fjcrosphere-based PCL,
after intramuscular injection, was confirmed frohre tmeasurement of the
superoxide anion generated from the material. Binadtudies of flow

cytometry to assess the effect of PCL microsphemsapoptosis and cell
cycles were conducted. Results revealed that thermakexhibits excellent
cytocompatibility?.

Due to its high reactivity and ability to polymegiin not drastic conditions for
the presence of the terminal -OH groups, PCL remtss an excellent
candidate for the synthesis of amphiphilic blockaymers. Furthermore, due
to a marked lipophilic character PCL is consideagdexcellent material to
prepare self-assembling systems, being prone ta #otipophilic core where
poorly water-soluble drugs can be entrapped.

1.1.7.2  Amphiphilic block copolymers of PCL-PEG and antoamdrugs
PCL-PEG copolymers are important biomedical malerdth amphiphilicity,
controlled biodegradability and good biocompatiiili They have great
potential in the fields of nanotechnology, tissumjieeering, pharmaceutics,
and medicinal chemistry.

Generally, amphiphilic block copolymers composed hofdrophilic and
hydrophobic segments can form a micelle-like struectwith a hydrophobic
inner core and a hydrophilic outer shell in seleeolvent*® In PCL-PEG
polymeric micelles, hydrophobic core formed by Pi€lsurrounded by water-
soluble polar groups of PEG that extend into aneags medium. Therefore,
drugs with a hydrophobic character can be easdgriporated into NP core by

81/, R. Sinha, K. Bansal, R. Kaushik, R. Kumria, adTrehan, "Poly-epsilon-caprolactone microsphemed
nanospheres: an overviewrt.J.Pharm.278, no. 1 (2004).

%2Q. Luo, J. Chen, and K. Dai, "[Study on the cytopatibility of biodegradable poly(epsilon-caprolan)
microspheres in vitro],Sheng Wu Yi.Xue.Gong.Cheng Xue.Za Zhino. 1 (2003).

%D. Lemoine, C. Francois, F. Kedzierewicz, V. Pradt, Hoffman, and P. Maincent, "Stability study of
nanoparticles of poly(epsilon-caprolactone), polydactide) and poly(D,L-lactide-co-glycolide)Biomaterials
17, no. 22 (1996).

8%E. Piskin, "Biodegradable polymers as biomatetialsBiomater.Sci.Polym.E@, no. 9 (1995).
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covalent binding or non-covalent hydrophobic inttiens in aqueous
medid>°%°

Micro/NPs from PCL-PEG copolymers are successfethployed to improve
the aqueous solubility of hydrophobic drugs. Witlist purpose, micelles
containing small drugs such as indometh&irrapamycirt®, honokiol™,
cyclosporine A™ and fenofibraté? were prepared. Spontaneously self-
assembled micelles encapsulating ketoprofen anuséunide were obtained
using PCL-PEG modified with trimethylene carbonB&G-P(CL-co-TMC}®
whereas micelles containing risperidone were studi@ oral delivery*.
Invaluable insight in the delivery of hydrophobicrugs for cancer
chemotherapy has been gained through the researcpotymeric NPs.
Hydrophobic drugs such as hydroxycamptoth&cipaclitaxef® and DTX""®

%y, I. Jeong, M. K. Kang, H. S. Sun, S. S. Kang WM. Kim, K. S. Moon, K. J. Lee, S. H. Kim, and Sngu
"All-trans-retinoic acid release from core-shelp&ynanoparticles of poly(epsilon-caprolactone)/(eilyylene
glycol) diblock copolymer,nt.J.Pharm.273, no. 1-2 (2004).

663, Ryu, Y. I. Jeong, I. S. Kim, J. H. Lee, J. WhNand S. H. Kim, "Clonazepam release from cordtsjyge
nanoparticles  of  poly(epsilon-caprolactone)/polyyéene  glycol)/poly(epsilon-caprolactone) triblock
copolymers,'Int.J.Pharm.200, no. 2 (2000).

57S. Singh and M. S. Muthu, "Preparation and charietiion of nanoparticles containing an atypical
antipsychotic agentNanomedicine.(Lond}, no. 2 (2007).

88K, Letchford, R. Liggins, and H. Burt, "Solubilizab of hydrophobic drugs by methoxy poly(ethylemgcgl)-
block-polycaprolactone diblock copolymer micellethieoretical and experimental data and correlations,
J.Pharm.Sci97, no. 3 (2008).

%9, A. Yanez, M. L. Forrest, Y. Ohgami, G. S. Kwamd N. M. Davies, "Pharmacometrics and delivery of
novel nanoformulated PEG-b-poly(epsilon-caprolaejon micelles of rapamycin,” Cancer
Chemother.Pharmaco61, no. 1 (2008).

c. Gong, X. Wei, X. Wang, Y. Wang, G. Guo, Y. Mdo,Luo, and Z. Qian, "Biodegradable self-assembled
PEG-PCL-PEG micelles for hydrophobic honokiol detiw 1. Preparation and characterization,"
Nanotechnology21, no. 21 (2010).

“H. M. Aliabadi, A. Mahmud, A. D. Sharifabadi, and Aavasanifar, "Micelles of methoxy poly(ethylene
oxide)-b-poly(epsilon-caprolactone) as vehiclestfer solubilization and controlled delivery of oysporine A,"
J.Control Releas&04, no. 2 (2005).

7K. K. Jette, D. Law, E. A. Schmitt, and G. S. KwdRreparation and drug loading of poly(ethylenecgly-
block-poly(epsilon-caprolactone) micelles throubl evaporation of a cosolvent azeotrofgharm.Res21, no.
7 (2004).

7D. J. Latere, L. Rouxhet, M. E. Brewster, V. Preati A. Arien, "Spontaneously self-assembled neésefftom
poly(ethylene  glycol)-b-poly(epsilon-caprolactone{cimethylene carbonate) for drug solubilization,
Pharmazie63, no. 3 (2008).

"F. Mathot, Beijsterveldt L. van, V. Preat, M. Braers and A. Arien, "Intestinal uptake and biodisttion of
novel polymeric micelles after oral administratibd,Control Releas&11, no. 1-2 (2006).

). Zhang, L. Q. Wang, H. Wang, and K. Tu, "Miceltion phenomena of amphiphilic block copolymersedas
on methoxy poly(ethylene glycol) and either crystel or amorphous poly(caprolactone-b-lactide),”
Biomacromoleculesz, no. 9 (2006).

M. Shahin and A. Lavasanifar, "Novel self-assonigtipoly(ethylene oxide)-b-poly(epsilon-caprolactone
based drug conjugates and nano-containers fortgeelidelivery,“Int.J.Pharm.389, no. 1-2 (2010).

Q. Liu, R. T. Li, H. Q. Qian, M. Yang, Z. S. Zhu,.Wu, X. P. Qian, L. X. Yu, X. Q. Jiang, and B. Bu,
"Gelatinase-stimuli strategy enhances the tumorivelgl and therapeutic efficacy of docetaxel-loaded
poly(ethylene glycol)-poly(varepsilon-caprolactomanoparticles,Int.J.Nanomedicine? (2012).
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were formulated into NPs with high encapsulatidicieincy and kept stable in
aqueous media. In addition, PCL-PEG NPs contaihiydyophilic drug such
as doxorubicin were also prepared to modulate dmelgase profilé®.
Noticeably, some published work relies on the atteent of folate groups as
targeting moiety for NPS. Superparamagnetic iron oxide and doxorubicin
were also co-encapsulated within folate-conjug@€ti-PEG micelle¥.

Other specific applications of PCL-PEG NPs suchmastimodal carriers for
drugs and imaging agents were reported. PCL-PEG d¢Rencapsulating a
hydrophobic vitamin (beta-carotene) and an inorganlloid for imaging (Au)
were obtaine®. PCL-PEG copolymers were also intensively stud@dheir
potential in non-viral gene carri&t§*and for their ability to self-assemble in
polymersomes for hydrophilic drutjs

8F. Ungaro, C. Conte, L. Ostacolo, G. Maglio, A. Ilari, C. Arra, G. Misso, A. Abbruzzese, M. Caraglnd
F. Quaglia, "Core-shell biodegradable nanoassembi@ the passive targeting of docetaxel: features,
antiproliferative activity and in vivo toxicity," Ahomedicine. 8, no. 5 (2012).

79A. K. Yadav, P. Mishra, S. Jain, P. Mishra, A. K.iskta, and G. P. Agrawal, "Preparation and
characterization of HA-PEG-PCL intelligent core-@oa nanoparticles for delivery of doxorubicin," B
Target 16, no. 6 (2008).

80 E. K. Park, S. Y. Kim, S. B. Lee, and Y. M. Lee, of&te-conjugated methoxy poly(ethylene
glycol)/poly(epsilon-caprolactone) amphiphilic bkocopolymeric micelles for tumor-targeted drug dety,"
J.Control Release 109, no. 1-3 (2005).

81, Yang, W. Deng, L. Fu, E. Blanco, J. Gao, D. Quard X. Shuai, "Folate-functionalized polymericeiles
for tumor targeted delivery of a potent multidregistance modulator FG020328, Biomed.Mater.Res.86,
no. 1 (2008).

82M. E. Gindy, A. Z. Panagiotopoulos, and R. K. Phodime, "Composite block copolymer stabilized
nanoparticles: simultaneous encapsulation of oogadiives and inorganic nanostructurdshgmuir24, no. 1
(2008).

8T, K. Endres, M. Beck-Broichsitter, O. Samsonova, Renette, and T. H. Kissel, "Self-assembled
biodegradable amphiphilic PEG-PCL-IPEI triblock obpners at the borderline between micelles and
nanoparticles designed for drug and gene deliv@igthaterials32, no. 30 (2011).

84T, Kanazawa, K. Sugawara, K. Tanaka, S. Horiuchi,T#kashima, and H. Okada, "Suppression of tumor
growth by systemic delivery of anti-VEGF siRNA witbell-penetrating peptide-modified MPEG-PCL
nanomicelles,Eur.J.Pharm.Biopharn81, no. 3 (2012).

®D. E. Discher and F. Ahmed, “Polymersomesiinu Rev Biomed En¢2006).
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1.2 Photodynamic Therapy

With advances in the early diagnosis of cancer ianceased interest in the
conservation of normal tissue during cancer surgiy rising demands for
non-invasive or minimally invasive therapeutic nueth for cancer have led to
the accelerated development of medical technolagiel as radiation therapy,
ultrasound treatment, cryotherapy and PDT. PDT iglisically approved,
minimally invasive procedure that can exert a galeccytotoxic activity
toward malignant cells. The procedure involves axstiation of a PS
followed by irradiation at a wavelength correspogdio an absorbance band
of the PS. In the presence of oxygen, a seriesaifte lead to direct tumor cell
death, damage to the microvasculature, and inductia local inflammatory
reaction. Clinical studies reveal that PDT can betive, particularly in early
stage tumors, can prolong survival in patients wviitbperable cancers and
significantly improve quality of life. Minimal norai tissue toxicity, negligible
systemic effects, greatly reduced long-term motbjdiack of intrinsic or
acquired resistance mechanisms and excellent cizsrast well as organ
function-sparing effects of this treatment maka italuable therapeutic option
for combination treatments. With a number of recdethnological
improvements, PDT has the potential to become iiated into the mainstream
of cancer treatment.

1.2.1 Principles of PDT

Photodynamic effectiveness is based on photochéneiaations between light
and tumor tissue with exogenous PS. These companérated singly by
the diseased cells, generate cytotoxic oxygen-bametkcular species in
proper dosage and concentration. Mechanisticalboitsists in three phases:
excitation of PS, generation of toxic oxygen antil @death (Figure 10). In the
first phase, irradiated light of an appropriate elangth, usually visible or
near-infrared, excites the PS molecules in the mplowr singlet state,
characterized by two electrons with opposite spina low energy molecular
orbital. Following the absorption of light in therim of photons, one of these
electrons is boosted into a high-energy orbit, kaéps its spin from the first
short-live excited singlet state. The light is Uguehosen to coincide with the
maximum absorption wavelength of the drug moleculascommon with
many other fluorescent molecules, PS can, at thiges decay to the native
state with concomitant emission of light in thenfoof fluorescence. However,
the excited singlet state PS may also undergo eepsoknown as intersystem
crossing whereby the spin of the excited electromits to form a relatively
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more stable and long-lived excited triplet-staiat thas electrons which spin in
a parallel conformation. A high quantum efficierfoy this transition is a key
characteristic of a good PS. The PS in tripletestain either decay radiation to
the ground state or transfer its energy to molecolaygen (Q) in the
surroundings, which is unique in being a tripletitsground state. This step
leads to the formation of singlet oxygelDf), which initiates oxidation of
susceptible substrates, and the reaction is reféoes a Type Il process. A
Type | process can also occur whereby the PS redaetstly with an organic
molecule in a cellular microenvironment, acquiriag hydrogen atom or
electron to form a radical. Subsequent autoxidatiotime reduced PS produces
a superoxide anion radical @ Dismutation or one electron reduction of O
gives hydrogen peroxide ¢(B,), which in turn can undergo one-electron
reduction to a powerful and virtually indiscrimipapxidant hydroxyl radical
(HO).

ey,
g 2
() Type 2
— energy

PS excited singlet state

PS triplet state
Phosphoreseence I o

— wEI Ky

PS ground state

Fluorescence

Figure 10. Schematic illustration of a photodynamic reactidhe PS initially absorbs a photon

that excites it to the short-lived singlet statdisTcan lose energy by fluorescence, internal
conversion to heat, or by intersystem crossinchlong-lived triplet state. This triplet PS can
interact with molecular oxygen in two pathways,eyp and type 2, leading to the formation of
ROS and singlet oxygend;,) respectivels?.

Both Type 1 and Type 2 reactions can occur simatiasly and competitively,
and the ratio between these processes depende dypthof PS used, as well
as the concentrations of substrate and oxygen. Typeaction, however,
appears to play a central role in cytotoxicity, dnexe of the highly efficient
interaction of the'O, species with various biomolecules. Singlet oxygen,

8A. Gupta, P. Avci, M. Sadasivam, R. Chandran, Niz@#to, D. Vecchio, W. de Melo, T. Dai, L. Y. Chig,
M. R. Hamblin, “Shining light on nanotechnology help repair and regeneratiorBiotechnology Advances,
(2012).
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fact, is believed to be the main cytotoxic agentPiBT® .Singlet oxygen
species have a lifetime of less than @s5and can diffuse only 0.01 to 0.0&h
during this period. Therefore, the initial extelfitioe damage is limited to the
site of concentration of the PS.This is usually th@ochondria, plasma
membrane, Golgi apparatus, lysosomes, endosomeERn@he nucleus and
nuclear membrane are usually spared and DNA daisagee.

In addition to direct damage to neoplastic cellasoular damage plays an
important role in tumor eradication. In PDT, oxygedicals induce changes in
both tumor and surrounding normal vasculature, ebsing the barrier
function of endothelial cells and depriving neofitasells of nutrient®.

1.2.2 Light sources and Light Delivery

No single light source is ideal for all PDT indiicats, even with the same PS.
The choice of light source should therefore be hasePS absorption, disease,
cost, and size. Furthermore, the clinical efficadyPDT is dependent on
complex dosimetry: total light dose, light expostiree, light delivery mode
(single vs fractionated or even metronomic) andrle rate (intensity of light
delivery).

The effective excitation light magnitude is detamed by the combination of
optical absorption and scattering properties oftiksue. Absorption is largely
due to endogenous tissue chromophores such as hlahimgnyoglobin and
cytochromes (Figure 11). The optical scatteringtisbue decreases with
wavelength. For the spectral range of 450-1,750 tissye scattering is, in
general, more prevalent than absorption, althowghtlfe range of 450-600
nm, melanin and hemoglobin provide significant apson, while water plays
a similar role for | > 1,350 nm. Therefore, theiomtl optical window for
PDT, as well as for optical imaging, is in the nadrared spectral region
(600-1,300 nm), where the scattering and absorjityotissue are minimized
and, therefore, the longest penetration depth @aradhieved. Within this
optical window, the longer the wavelength is, theeger is the penetration
depth. However, light up to only approximately 806 can generatéO,,
because longer wavelengths have insufficient enetgy initiate a
photodynamic reactidi

87p. Agostinis, K. Berg, K. A. Cengel, T. H. Fostar,W. Girotti, S. O. Gollnick, S. M. Hahn, M. R. Hblin,
A. Juzeniene, D. Kessel, M. Korbelik, J. Moan, Pro&] D. Nowis, J. Piette, B. C. Wilson, and J. Gola
"Photodynamic therapy of cancer: an upda@A'Cancer J.Clin61, no. 4 (2011).

88R. Schmidt, "Photosensitized generation of singigigen,"Photochem.Photobio82, no. 5 (2006).

¥J. L. Sandell and T. C. Zhu, "A review of in-vivptizal properties of human tissues and its impacPBT,"
J.Biophotonics4, no. 11-12 (2011).
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The light source for PDT must exhibit suitable gpmccharacteristics that
coincide with the maximum absorption wavelengthgeaof the PS applied in
order to generate enough ROS to produce a cytoteffiect. Currently
approved PS absorb in the visible spectral regbmiew 700 nm, where light
penetration into the skin is only a few millimetecéinically limiting PDT to
treating topical lesions. Different light sourcemvlé been usedin clinical and
experimental PDT. Laser systems are widely used tfeatment of
dermatological conditiori

The gold vapor laser (628 nm), the argon ion-pumghgel laser (630 or 635
nm), and the copper vapor-pumped dye laser cotestiftute most popular
systems.These systems allow the selection of alemyth that has a maximal
effective tissue penetration of approximately 10 ,namd have been used in
combination with all types of PS.The laser beams loa launched into an
optical fiber applicator, enabling light to be delied directly into internal
tumors. However, these techniques are relativelypergive, require
specialized supporting staff and are space-consumin

Collagen

a

10* N Protein

7k

Absorption Coefficient p [cm"]

Wavelength A [um]

Figure 11. Optical absorption coefficients of principal tissthromophores in the human bddy

It is probable that such systems will eventually rbplaced by laser diode
arrays which are very convenient since they caadsly moved, require only
a single phase supply and also being relativelxpaasive. Commercially

9D. Barolet, "Light-emitting diodes (LEDs) in derrosigy,” Semin.Cutan.Med.Surg7, no. 4 (2008).

9ID. K. Chatterjee, L. S. Fong, and Y. Zhang, "Namtipes in photodynamic therapy: an emerging payagi
Adv.Drug Deliv.Rev60, no. 15 (2008).
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available incoherent light sources, such as incsocwtg or arc lamps, have
been used in topical PDT by several groups maiolytfeatment of large
lesion§. Because coherence of light is not necessary BF, Buch sources
offer the advantage of being less expensive antkretts handle. The most
popular of them is the filtered slide projector,iethexcludes light below 600
nm with glass filters, minimizing the emission dioster wavelengths, which
by being strongly absorbed by hemoglobin, couldl l&a the production of
heat-induced erythema. Despite this, unfilteredtevHight has also been
employed, and recently, professional incoherenpléike PDT 1200 lamp has
been developed for PDT.

1.2.3 Photosensitizing agents

Most of the PS used in cancer therapy are basedhaterocyclic tetrapyrrole
structure, similar to that of the protoporphyrimtained in hemoglobin.
There are many properties which an ideal PS shmsdess:

v stable composition;
easily synthesized or readily available;
minimal self-aggregation tendency;
not highly hydrophobic or encapsulated inside appabe carriers;
non-toxic in the absence of light exposure;
photostable;
absorbance in the red region of spectrum with legtinction molar
coefficient;

v target specificity;

v"quickly cleared from the body.
Each of the currently commercially available PS bpscific characteristics,
but none of them is an ideal agent. For examplestnud the PS are
hydrophobic and can aggregate very easily in acgiemdia which can affect
their photophysical, chemical and biological prajest.
PS are generally classified as porphyrins and rmypyrins. Amid porphyrin-
based PS first, second, and third generation P&posted.
The first generation agent, Hp, was isolated fraamabglobin of dried blood
using concentrated sulfuric acid in 1841 by Scheruarification and
solubilization of Hp are the chemical processeslit@ato the preparation of
HpD, a very complex mixture of several componeofsyhich approximately

AN NN NN

92C. B. Warren, L. J. Karai, A. Vidimos, and E. V. i, "Pain associated with aminolevulinic acid-
photodynamic therapy of skin diseas& Am.Acad.Dermatob1, no. 6 (2009).

%R. R. Allison and C. H. Sibata, "Oncologic photodyric therapy photosensitizers: a clinical review,"
Photodiagnosis.Photodyn.Thét, no. 2 (2010).
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50% is identifiable as oligomeric ematoporphyring @rotoporphyrins, which
have a lowin vivo photosensitizing activity. Further chemical pusfion
yielded to the preparation of porfimer sodium (PHfd®), a lyophilized
concentrated form of monomeric and oligomeric eipatphyrin derivatives,
clinically approved in the treatment of early- alade-stage lung cancers,
esophageal cancer, bladder cancer, malignant amehalignant skin diseases
and early-stage cervical cancer. It is also beingsidered as a potential
therapy against Kaposi's sarcoma, Barrett's esophawgith high-grade
dysplasia, psoriasis and cancers of the head,,bragk and breast.

Photofrin® is characterized by an absorption maxmwf 630 nm
(corresponding to a penetration of about 5-10 nmd)alow molar extinction
coefficient which in turn demands high concentragiof Photofrin® and light
to obtain an adequate tumor eradication, and a haffglife of 452 h, causing
long-lasting photosensitivity. The time delay betwedrug delivery and the
time it takes to maximize the tumor to normal agitake within the target
tissue determines the correct time for light aglan. Photofrin®-mediated
PDT involves iv administration of PS followed byadiation (100— 200 J/ém
of red light) 24-48 h later. During this period Rtfoin is cleared from a
number of tissues and remains concentrated att tsitg¥.

Various chemical modifications of the tetrapyrroting of the porphyrins
characterize the different groups of tlsecond-generationPS. They have
high absorption coefficients and quantum yieldsval as absorption peaks in
the far red (660—700 nm) or near infrared (700-861) regions. The serum
half-life of the second-generation PS is short agisdue accumulation is
selective and quick (within 1-6 h after injectioithus the treatment can be
carried out on the same day as the administratidheodrug. In addition, the
risk of burns by accidental sun exposure is lowalige clearance from normal
tissues is rapid. Toxicity to skin and internalamg in the absence of light (so-
called ‘dark’ toxicity) is absent or minimal. Man®S currently under
investigation belong to two chemical groups: théoghs and the cyanines.
The joining of four benzenes or naphthalene ringhe¢p-pyrrolic positions of
porphyrins and the substitution of the methinedpgictarbons with nitrogen
produce phthalocyanines and naphthalocyaninesectsply. The presence of
aluminium, zinc(ll), silicon(IV) and other ions @s hexacoordination and
guarantees a satisfactory yield of singlet oxygemegation.

Chlorins are reduced porphyrins such as NPe6 and chlorirhg@ophilic
compounds with some amphiphilicity and similar mimblogical properties.

%R. R. Allison, V. S. Bagnato, and C. H. Sibata,ttFe of oncologic photodynamic therap§iture.Oncol.6,
no. 6 (2010).
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They have been found effective in treating BCC &@C. SnEY and m-
THPC are hydrophobic and their use for dermatokdgitdications has been
investigated extensively. Finally, bacteriochlormgyht be particularly useful
for the PDT of pigmented tumors.

Phthalocyaninesare second-generation PS, containing a diamagneizl
ion, which have shown high photodynamic efficieriaythe treatment of
animal tumors, as well as reduced phototoxic siffeces. AlPcS are
chemically stable, readily soluble in water, angleha strong absorption in the
red part of the spectrum. ALPcTS has been usedinita studies of BCC,
Kaposi's sarcoma and lung cancen addition, other PS with different
modifications of the porphyrin structure are avaliéaPorphycenes, synthetic
porphyrins, and isomers of porphines, are efficigenerators of singlet
oxygen and of tumor regression. ATMPn is a cherigalire substance with
fast pharmacokinetics and superior photodynamipgnt@esin vitro andin
vivo as compared to Photofrin lI@exaphyrins are synthetic, water-soluble
expanded-ring porphyrin analogues, in which a phemg replaces one
pyrrole ring. They can be easily complexed witlgéametal cations, such as
Ln(lll) or Lu(lll), to give metal complexes thatephotoactivan vivo with
high selectivity and an efficient generation'@% with an absorption peak near
732 nm. The lack of significant persistent skin tohoxicity is another
outstanding characteristic of these compounds. d3kasitivity lasts up to 6
weeks but strict avoidance of sunlight is needely éor the first 2 weeks.
TPPS is a hydrophilic substituted porphyrin tha23s-30 times more effective
than HpD and Photofrin®®

Second generation PS show lower toxicity, but mafsthem exhibit poor
solubility in aqueous media, preventing iv delivényo the bloodstream and
affecting their efficacy and tumor selectivity. Hut becames important to
develop more performing compounds with improvedveehbility. Currently,
research efforts have been focused on the develupoh¢hird generation PS,
characterized by more specificity to the targetscelesulting in minimized
accumulation in healthy tissues. Conjugating adting component, such as
an antibody (directed against the tumour antigeR§), allows the drug to
localize, accumulate and bind selectively at theea$ed sité'°®. The PS

%A, E. O'Connor, W. M. Gallagher, and A. T. ByrneRotphyrin and nonporphyrin photosensitizers in
oncology: preclinical and clinical advances in mhtynamic therapy,Photochem.Photobio85, no. 5 (2009).

%P, G. Calzavara-Pinton, M. Venturini, and R. SalRhotodynamic therapy: update 2006. Part 1:
Photochemistry and photobiologyl'Eur.Acad.Dermatol.Venered1, no. 3 (2007).

9R. Hudson, M. Carcenac, K. Smith, L. Madden, GClarke, A. Pelegrin, J. Greenman, and R. W. Bd{iae
development and characterisation of porphyrin iseffanate-monoclonal antibody conjugates for
photoimmunotherapyBr.J.Cancer92, no. 8 (2005).
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bioconjugate is then able to (specifically) photodmically inactivate in
tumour cells expressing the tumour-associated emtigninimizing healthy cell
localization and concomitant damage. An alternagipproach would be to use
a colloidal carrier such as a liposome or targ&tes. For exampl8PD-MA,
also known as Verteporfin (Visudyne®, Novartis AG3, a semisynthetic
porphyrin derived from protoporphyrin. It has paeater solubility but can be
formulated successfully either in liposomes or esiouls.

Non-porphyrin derivates include hypericin, a nallyraccurring compound
from Hypericumplants that shows maximum absorption in the ulbia¢i(330
nm) and visible (550 and 588 nm) light range, sgiglet oxygen production,
minimal dark toxicity, and high clearance from thady, after administration.
Hypocrellins, methylene blue, azure C, methyleraetj thionine, methylene
green, Nile blue A, and rhodamine 123 are poteRtafor PDT.

1.2.4 Changes in cell signaling after PDT

PDT treatment is connected to the modificationiffecent signal transduction
cellular pathways, in relation to calcium expressievels, lipid metabolism
effects, tyrosine kinase expression, cell adhesiofecules and cytokines. In
particular, there is an acute stress reaction fgpdd changes in cellular
metabolism following PDT treatment which may resaltapoptosis, necrosis
or cell survival.

1.2.4.1 Calcium and lipid metabolism

PDT performed on cancer cells in vitro has beerwshto raise the levels of
total intracellular calcium via the influx of €athrough ion channels, release
of C&" stored in internal stores in the endoplasmic wéiim and
mitochondria, and/or activation of ion exchange hasisms, and this has
been associated with cell death, and in certaimsions and conditions, with
cell survivaf®. In many cases, the rapid release of arachidaiitraetabolites
due to the activation of phospholipase A2 (a membranzyme activated by
Cd") and the increase of intracellular ceramide lewsdter PDT treatment
have been observed. Ceramide has been shown tmtacth number of
enzymes involved in stress signaling cascadesdimguboth protein kinases

%C. Staneloudi, K. A. Smith, R. Hudson, N. Malatekti Savoie, R. W. Boyle, and J. Greenman, "Develept
and characterization of novel photosensitizer :vsc&njugates for use in photodynamic therapy ofceafi
Immunology120, no. 4 (2007).

%D. Nowis, M. Makowski, T. Stoklosa, M. Legat, Ts&, and J. Golab, "Direct tumor damage mechanims
photodynamic therapyActa Biochim.Pol52, no. 2 (2005).
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and phosphatases regulating diverse cellular psesdsacluding apoptosis, cell
senescence, cell cycle, and cellular differentratio

1.2.4.2 Tyrosine kinases

The MAPK signaling pathways play an important rirlesignal transduction
within eukaryotic cells, whereby they modulate maeijular events including
ERK-1/2. It has been found that after PDT treatmehtcells, ERK's
expression is significantly decreased in relatman increase in cell death and
so it can be assumed that the two processes anected. Furthermore, many
studies on cancerous cell lines have found that B&Tinduce the complete
loss of the EGFR on the cell membrane, inducingoliferative responses
and apoptosis.

1.2.4.3 Cellular adhesion and cytokines

PDT causes the damage of adhesion molecules looatiinh the cell
membranes, such as integrins, immunoglobulin G rfady, selectins,
cadherins, ICAM-1 and VCAM-1. For this reason, takerations in the
attachment of cancer cells to the substratum irgl@celecrease in cellular
adhesion as well as a decrease in their metagtaténtial. Moreover, it was
widely demonstrated that in most cases PDT may dadover- or under-
expression of cytokines, which often relates todumegression and possible
eradication.

1.2.4.4 Hypoxia and angiogenesis

Tumor hypoxia is associated with malignant progoess resistance to
chemotherapy, PDT and radiotherapy together witheimsed metastasis and
poor prognosis. There are some current reports shggest that hypoxia
derived from antiangiogenic effects might promdte selection of aggressive
tumor cell phenotypes and that therefore thesentex@ do not result always
in clinical benefits’®. The HIF is a master transcriptional activatoorygen-
regulated genes, which are involved in anaerobierggn metabolism,
angiogenesis, cell survival, cell invasion, and M3ce PDT is capable of
rapidly consuming significant amounts of tissue gty and also shutting
down blood that delivers oxygen supply to the tumegion, the treatment
itself may produce severe levels of hypoxia. Thaneef high levels of HIF

103, J. Conley, E. Gheordunescu, P. Kakarala, B. NawrH. Korkaya, N. Heath, S. G. Clouthier, and M. S
Wicha, “Antiangiogenic agents increase breast cast@m cells via the generation of tumor hypoxNAS
(2012).
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expression are often associated with a poor oveddlilar response to PDT
treatment, so further investigation is warrantedonder to understand and
overcome this phenomen§h

1.2.5 Pathways of PDT-mediated tumor destruction

Three distinct mechanisms have been recognized hwbamtribute to the
observed reduction (and frequent disappearance)nodrs when treated with
PDT (Figure 12).
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Figure 12. Consequences of PDT. Damage to endothelial aetisates a cascade of events that
lead to local inflammation, vessel dilatation guatelet aggregatidf?.

In the first case, the ROS that is generated by B&kill tumor cells directly
by apoptosis and/or necrosis if the PS has beeentalp by tumor cells.
Alternatively, PDT also damages the tumor-assogiagesculature, which can
lead to tumor death via lack of oxygen and nutsertastly, the acute
inflammation and release of cytokines and strespamse proteins induced in
the tumor by PDT can lead to an invasion of leukegythat can both
contribute to tumor destruction as well as stineildte immune system to
recognize and destroy tumor cells even at isoldtedtions. These three
mechanisms can also influence each other. Theivelanhportance of each

10IC. A. Robertson, D. H. Evans, and H. Abrahamsept&tynamic therapy (PDT): a short review on ceflula
mechanisms and cancer research applications for"RIDAhotochem.Photobiol.86, no. 1 (2009).

1027, P. Castano, P. Mroz, and M. R. Hamblin, "Photuatyic therapy and anti-tumour immunity,"
Nat.Rev.Cance8, no. 7 (2006).
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mechanism for the overall tumor response is ydtetalefined and so requires
further research. It is clear, however, that thenlsimation of all these
components in PDT is required for optimum long-tetumor regression,
especially of tumors that may have metastasized.

1.2.5.1 Mechanisms of cell death in PDT

Although PDT can induce many cellular and molecudmmnaling pathway
events in cells, its main purpose is to induce dedith. In particula?DT can
evoke the three main cell death pathways: apoptoécrotic, and autophagy-
associated cell death (Figure 13).
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Figure 13. Three Major Cell Death Morphotyp&%

The concentration, physiochemical properties arateallular location of the
PS, the concentration of oxygen, the appropriateelesmgth and intensity of
the light, as well as the cell type specific prdigsrmay all influence the mode
and extent of cell death. In general, it is belgeteat lower doses of PDT lead
to more apoptotic cells, while higher doses leadptoportionately more
necrotic cells.

Apoptosis is agenerally major cell death modality in cells resgiog to PDT
for the activation of the pro-apoptotic family ofgpeins Bcl. MOMP after

%p_ Agostinis, K. Berg, K. A. Cengel, T. H. Fostar,W. Girotti, S. O. Gollnick, S. M. Hahn, M. R. Helin,
A. Juzeniene, D. Kessel, M. Korbelik, J. Moan, Rok) D. Nowis, J. Piette, B. C. Wilson, and J. Gola
"Photodynamic therapy of cancer: an upda@A'Cancer J.Clin61, no. 4 (2011).
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photodynamic injury is controlled by Bcl-2 familyembers and thought to be
largely p53-independent.

With mitochondria-associated PS, photodamage tobmeme-bound Bcl-2 can
be a permissive signal for MOMP and the subsequeleiase of caspase
activators such as cytochrome ¢ and Smac/DIABLOopther proapoptotic
molecules, including AlF.

High proportions of cell death occur after PDT wlikere is strong evidence
of caspase 3 and 9 being present within the celity; indicating that PDT
must activate them within the cellular death pathwaysosomal membrane
rupture and leakage of cathepsins from photo-o&iliysosomes induces Bid
cleavage and MOMP.

Phototoxicity is not propagated only through caspsignaling but involves
other proteases, such as calpains, as well aspuptaic pathways. Typically,
inhibition orgenetic deficiency of caspases onliagie phototoxicity or shifts
the cell death modality toward necrotic cell dedthe molecular mechanisms
underlying programmed necrosis are still elusiug, dertain events including
activation of RIP kinase, excessive mitochondrigdDSR production and
lysosomal damage are recurrently involved. Sevemeeri mitochondria
membrane photodamage or intracellular Ca2p overleadld promote
mitochondrial permeability transition, an eventtth@ay favor necrotic rather
than apoptotic phototoxicity. It has been suggethatl apoptosis and necrosis
share common initiation pathways and that the fmé@tome is determined by
the presence of an active caspase. This impligsaghaptosis inhibition re-
orients cells to necrosis, so that cells suffidierdamaged by PDT are
destroyed, regardless of the mechanism involved.

Photodamage of cells can also lead to the stinmmatif macroautophagy
(hereafter referred to as autophagy) by variougsstrsignals including
oxidative stress. This process can have both goytective and a pro-death
role after cancer chemotherapies, including thoselving ROS as primary
damaging agents. Recent studies delineate autophagg mechanism to
preserve cell viability after photodynamic injifty PS that photodamage the
lysosomal compartment may compromise completiontt® autophagic
process, causing incomplete clearance of the aatppltargo. Accumulation
of ROS-damaged cytoplasmic components may themtiatie phototoxicity
in apoptosis-competent cells. A better understanpdinthe interplay between
autophagy, apoptosis, and necrosis and how thesegges lead to improved

1043, J. Reiners, Jr., P. Agostinis, K. Berg, N. LeiBick, and D. Kessel, "Assessing autophagy incthatext of
photodynamic therapyAutophagy$6, no. 1 (2010).
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tumor response will be a requisite to devise betterapeutic strategies in
PDT'*.

1.2.5.2 Cytoprotective mechanisms

Numerous publications have reported cytoproteatexhanisms that cancer
cells exploit to avoid the cytotoxic effects of PRUich as the production in
cancer cells of antioxidant molecules (eg, some namiacids,
glutathione,vitamin E) and the expression of enzytimat can detoxify ROS.
For example, SOD overexpression or treatment w@b $nimetics have been
shown to counteract the cytotoxic effect of PDT.eTihird cytoprotective
mechanism involves proteins whose encoding gereethamselves induced by
PDT. Many categories can be specified but moshemtare part of signaling
pathways that can regulate PDT-induced apoptosgadicipate in the repair
of lesions induced by oxidative stress.KBFinhibition by overexpression of
the Basuper-repressor or by the use of pharmaaabgnhibitors strongly
sensitizes cancer cells to apoptosis induced by .POther stress-related
transcription factors induced by PDT include APHIF, or Nrf,. PDT was
shown to upregulate heme oxygeriasxpression, and the mechanism is
dependent on Nsf nuclear accumulation and on p38 MAPK and
phosphoinositide 3-kinase activities. PDT was fotmdnduce expression of
various HSPs for which a protective role in PDT baen describétf. For
example, transfection of tumor cells with the HS#g increased the survival
of tumor cells after PDT. Similarly, increased H8P&hd HSP70 levels are
inversely correlated with sensitivity to the photodmic treatment. The
simplest explanation for these observations isathiéity of HSPs to bind to
oxidatively damaged proteins. Moreover, the intlata function of HSPs is
not only restricted to protein refolding. Many HSRdient” proteins play a
critical role in the regulation of prosurvival pathys. PDT also leads to
increased ubiquitination of carbonylated proteitigreby tagging them for
degradation in proteasomes, which prevents the dtom of toxic protein
aggregates.

1.2.5.3 Antivascular Effects of PDT

PDT has been known to cause microvasculature saldpading to severe
tissue hypoxia, eventual complete blood flow stdssnorrhage, and, in some

19D, Kessel, "Death pathways associated with photanhja therapy, Med.Laser Appl21, no. 4 (2006).

196, Buytaert, M. Dewaele, and P. Agostinis, "Molesuéffectors of multiple cell death pathways ik by
photodynamic therapyBiochim.Biophys.Acta776, no. 1 (2007).
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larger vessels, the formation of platelet aggregéféggure 14). The vascular
effects of PDT can differ greatly based on theedéht PS and the drug-light
interval administered. For example, PDT with Phat@® changes vessel
constriction and permeability, vessel leakage anttdcyte adherence, certain
phthalocyanine derivatives cause vascular leakageNPe6 results in blood
flow stasis. Although microvascular damage and higoafter PDT
contributes to greater tumor response, reductiooxiygen during treatment
can limit tumor control by inducing the productioh proangiogenic markers
such as VEGF, COX-2, MMPs and other cytokines, taxgaenhanced
environment for tumor recurrence. Many reports daiye implicate the
endothelium as a primary target for PDT in vivastitimulated research into
the relative sensitivity of endothelial cells to Pland the responses of
endothelial cells that could initiate the variolmpomena at the vessel level.

.‘ Platelets \fihrinogen o won Willebrand factor = - (excited) verteporfin

membrane

Figure 14. Tumor endothelial responses after PDT leadingdodflow stasis. (A) Tumor blood
vessel before PDT. (B-E) Magnification of the juont of the tumor vessel. (B) Before PDT
endothelial cells are tightly attached to the basgmmembrane of the vessel wall, lining the blood
vessel. Endothelial cells are connected throudit fimctions. (C) After injection of a PS and light
exposure, cellular stress inside the endothelidd cesults in disruption of tight junctions, paiti
retraction and detachment from the vessel wall. Bl@od gets in contact with the vessel wall
collagen and the clotting cascade is initiatedimaltely leading, through the interaction with
fibrinogen, to the formation of a stabilized thrambleading to obstruction of the vessel. (E) Due
to the angiogenic switch, endothelial cell probifiéon, migration and sprout formation is
observed”.

Exponentially growing endothelial cells were sigrahtly more sensitive than
similarly proliferating tumor cells, and the difearce in sensitivity was
accompanied by greater PS accumulation in the &atiak cells. Endothelial

107A, Weiss, Bergh Hv den, A. W. Griffioen, and P. NakSliwinska, "Angiogenesis inhibition for the
improvement of photodynamic therapy: the revivalaopromising idea, Biochim.Biophys.Actd 826, no. 1
(2012).
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cell responses to sublethal doses of PDT may atsdribute to vascular
changes observed in tisstfet?? 110

1.2.6 PDT and the Immune Response

Numerous preclinical and clinical studies have destated that PDT can
influence the adaptive immune response in diffengays; some regimens
result in potentiation of adaptive immunity, wheseathers lead to
immunosuppression. The precise mechanism leadingotentiation versus
suppression is unclear; however, it appears agththe effect of PDT on the
immune system is dependent upon the treatment esgithe area treated, and
the PS type. Recent reports have shown that clidotumor PDT also
increases antitumor immuntty.

First of all, PDT frequently provokes a strong a&cutflammatory reaction
observed as localized edema at the targeted sigeiré-15). This reaction
starts with the generation of important alarm/dangmgnals, also called
DAMPs or CDAMPSs, at the treated site that can bealed by the innate
immunity. As consequence, PDT induce oxidativesstighich triggers a vast
array of signal pathways via TLRs. This includespression of HSPs,
transcription factors such as MB- and AP-1. NReB and AP-1 can then
induce expression of immunoregulatory and proinftaatory proteins such as
IL (-1a, -18, -2, -6, -8, -11, -12, -15), TNF, chemokines aRN-/p. Further,
photooxidative degradation of membrane lipids aedegation of arachidonic
acid metabolites are themselves potent inflammatoegliators that cause a
rapid and strong inflammatory reaction. These psses together with the
release of histamine and serotonin from damagecilasire cause infiltration
of the tumor site by diverse populations of immwsdls (neutrophils, mast
cells and macrophages) that become activated agedged in tumor cell
destruction. However, a key event appears to be Ridiliced complement
activation.

Photosensitization induces the innate immunity sasp with subsequent
development of adaptive immunity. In particular, PBctivates both humoral
and cell-mediated antitumor immunity. PDT-inducedta local and systemic

%R, Bhuvaneswari, Y. Y. Gan, K. C. Soo, and M. Qliv@he effect of photodynamic therapy on tumor
angiogenesis,Cell Mol.Life Sci.66, no. 14 (2009).

1%y, H. Fingar, T. J. Wieman, S. A. Wiehle, and P. ®errito, "The role of microvascular damage in
photodynamic therapy: the effect of treatment osseé constriction, permeability, and leukocyte aithe"
Cancer Res52, no. 18 (1992).

10y, H. Fingar, "Vascular effects of photodynamicrdy,"J.Clin.Laser Med.Surdl4, no. 5 (1996).

MK, Pizova, K. Tomankova, A. Daskova, S. Binder,BRjgar, and H. Kolarova, "Photodynamic therapy for
enhancing antitumour immunityBiomed.Pap.Med.Fac.Univ Palacky.Olomouc.Czech.Rekif) no. 2 (2012).
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inflammation is postulated to culminate in the mation and activation of
DCs. Activated DCs then migrate to tumor drainipgyph nodes, where they
stimulate T-cell activation. Generation of CD8+egfior and memory T cells is
frequently, but not always, dependent upon the gmes and activation of
CD4+T cells. PDT-induced antitumor immunity may ey not depend on
CD4+ T cells and may be augmented by natural kdldls. Nevertheless, in
some cases, certain PDT regimens have been shosystemically suppress
immune reactivity'.
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Figure 15. PDT induces an anti-tumor immunity response. P@&ted dying cells produce
danger signals including the expression of HSP&kayes, adhesion molecules, co-stimulatory
molecules and immunologically important genes. €hpeocesses together with the release of
histamine and serotonin from damaged vasculataigcs an activation of complement, sequential
arrival of neutrophils. DCs are activate by PDT sSieg endogenous danger signals release by
dying tumor cells, then they migrate to the tummakting lymph nodes and stimulate T-cell
activatiort®,

It was demonstrated for example that the cutan@tagofrin-PDT and ALA-
PDT cause suppression of the contact hypersemgitigaction and the
increase in levels of IL-10 expression in the sefareated animals. It is

25 0. Gollnick, D. A. Musser, A. R. Oseroff, L. \ghan, B. Owczarczak, and B. W. Henderson, "IL-16sdo
not play a role in cutaneous Photofrin photodynatmézapy-induced suppression of the contact hypsitety
response,Photochem.Photobioll4, no. 6 (2001).
"B M. Sanabria, M. E. Rodrigugt. Cogng N. B. R.Vittar, M. F. Pansa, M. J. Lamberti, V. A Rivarola,
“Direct and indirect photodynamic therapy effects the cellular and molecularcomponents of the tumor
microenvironment, Biochimica et Biophysica Acté2013).

50



Introduction

known that IL-10 suppresses cell-mediated immuspasse via its ability to
inhibit activation of Th1l cells by APC. Neverthedeshe major effector cell in
CHS is the IFNy secreting CD8+ (Tcl) cell. Therefore, it is possitiat PDT
induces a defect in thedevelopment of Thl and Tedls.cAnother potential
suppressor of Thl and Tcl development, and thus, GHB-4, often inducted
by PDT treatment”.

1.2.7 Clinical PDT for cancer

PDT has been utilized for pre-neoplastic and netigladiseases in a wide
variety of organ systems, including skin, genitoary, esophagus, prostate,
bile duct, pancreas, head and neck, and brain.r&8eneedicines have been
approved or are currently in clinical trials (tale

Several types of skin cancers and precancers avagthe first to be studied
in PDT due to their accessibility to PS and extefigdt. In the definitive
setting, PDT is currently approved for the treathwfrAK, BCC and SCC.
Successful results for PDT of nonhyperkeratotic Bd¢/e been achieved with
systemically administered porfimer sodium as wslit@pically applied ALA
and methyl-ALA (MAL). Twenty-eight RCTs that reped the use of PDT in
the treatment of AK have been identiftétand aggregated data indicate better
rates of complete response and better cosmetittgasith PDT than with the
other treatments®.

Thirteen RCTs on superficial and nodular BCC hagerbreported, comparing
ALA-PDT with surgical excision, cryotherapy or p&a. In particular, for
superficial BCC, the outcome after PDT appears lamto surgery or
cryotherapy, whereas for nodular (deep) BCC, PDTess effective than
surgery for lesion clearance. Finally, PDT can safugally reduce the size of
large SCC tumors reducing morbidity and increasiogerall curative
responst”’.

Regarding ophthalmic disease, the only clinicalyDTP treatment is
Verteporfin (Visudyne®) approved for AMD worldwidsince 2000. Its

145 0. Gollnick, B. Owczarczak, and P. Maier, "Phiyttamic therapy and anti-tumor immunity.4sers
Surg.Med38, no. 5 (2006).
"D, Fayter, M. Corbett, M. Heirs, D. Fox, and A. Besod, "A systematic review of photodynamic therapy
the treatment of pre-cancerous skin conditionsré®#s oesophagus and cancers of the biliary tkaatn, head
and neck, lung, oesophagus and skitealth Technol.Asses$4, no. 37 (2010).
H6C. A. Morton, S. B. Brown, S. Collins, S. Ibbotséh, Jenkinson, H. Kurwa, K. Langmack, K. McKenna, H
Moseley, A. D. Pearse, M. Stringer, D. K. Taylor, ®ong, and L. E. Rhodes, "Guidelines for topical
photodynamic therapy: report of a workshop of thigigh Photodermatology GroupBr.J.Dermatol.146, no. 4
(2002).
117G, Jeremic, M. G. Brandt, K. Jordan, P. C. DoyleYE, and C. C. Moore, "Using photodynamic theragya
neoadjuvant treatment in the surgical excision afnmelanotic skin cancers: prospective study,"
J.Otolaryngol.Head Neck Surg. 40 Suppl 1 (2011).
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therapy involves iv administration of verteporfiollbwed by activation
through an ophthalmoscope equipped with a 690 rmdediaser while the PS
is still in the general circulation. Several RCTre &urrently under way to
evaluate the efficacy of AMD PDT for use with othe8, such as SngT
motexafin lutetium, and Npé®.

In the field of head and neck cancer, over 150&pt have been treated with
PDT**® with Photofrin, 5-ALA, Foscan and Photoclor by tgysic delivery; in
particular, Foscan® was approved in Europe in 2001 the palliative
treatment of patients with advanced head and nag&er who have exhausted
other treatment options. Furthermore, various fdatmns of porfimer
sodium, ALA and temeporfin are currently undergpimtensive clinical
investigation as an adjunctive treatment for btamors, such as glioblastoma
multiforme, anaplastic astrocytoma, malignant eyemammas or meningiomas,
melanoma and lung cancer brain metastasis, andrreatu pituitary
adenomas®. Currently, PS are being evaluated both as ingeijve
diagnostic tools by means of PD and FGR as weldasng PDT as an
adjunctive therapeutic modality. The most recenpiyblished trials that
employed PD, FGR, and PDT provided additional ereging results, but the
initial delay in tumor progression did not tranelato extended overall
survival®. PDT is increasingly being used to treat cancéth®airways and
other tumors in the thoracic cavity, especially NSC?’. Different RCTs
based on talaporfin or porfimer sodium-mediated Pdbdwed good results
and complete response rate in patients with eddgeslung cancer or for
whom surgery is not feasidfé

118J. I. Lim, "Photodynamic therapy for choroid@omascular disease: photosensitizers and cliniab t'
Ophthalmol.Clin.North Am. 15, no. 4 (2002).

9\, A. Biel, "Photodynamic therapy of head and neck cancers," Methods Mol.Biol. 635 (2010).
1204, Kostron, "Photodynamic diagnosis and therapytardrain,'Methods Mol.Biol 635 (2010).

1215, Eljamel, "Photodynamic applications in brain eum a comprehensive review of the literature,"
Photodiagnosis.Photodyn.Thét, no. 2 (2010).

122C. B. Simone, J. S. Friedberg, E. Glatstein, JStBvenson, D. H. Sterman, S. M. Hahn, and K. A.gégn
"Photodynamic therapy for the treatment of non-$o®ll lung cancer,J.Thorac.Dis4, no. 1 (2012).

123D, J. Minnich, A. S. Bryant, A. Dooley, and R. Jer®lio, "Photodynamic laser therapy for lesionsthie
airway,"Ann.Thorac.Surg89, no. 6 (2010).
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Table 2.PS for PDT.
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Introduction

Another interesting application of PDT is in the MP*,

In gastroenterology, endoscopically accessible pligmant or malignant
lesions located within the esophagus, the stomé#uh, bile duct, or the
colorectum with a high surgical risk have becomatable targets of
endoscopic PDT?. Photofrin-PDT has been approved for obstructing
esophageal cancer, early-stage esophageal canceBaarett's esophagus in
several countries, as an alternative to esophaggctbecause these are
superficial and large mucosal areas that are easigssible for light. Recent
pilot studies have demonstrated that endoscopictoRePDT is also
effective in the palliative treatment of hilarchoggocarcinom&®, PDT for
early duodenal and ampullary cancers and advardetbanas.

Due to advances in light applicators, the intaedtPDT is now becoming a
practical option for solid lesions, including thaseparenchymal organs such
as the liver and pancréas Talaporfin-mediated PDT may have efficacy in
treating hepatocellular carcinoma, whereas Fosocaked promising in the
treatment of pancreatic can¢&: In the case of prostate cancer, Foscan,
Tookad, and Lutex looked minimally-invasive altdim@s to surgery or
radiotherapyreducing the risk of the post-surgical side effefticontinence
and impotence. Bladder cancer tends to be a sojéréondition, and for this
reason it is proposed that a superficial treatrmetiated with ALA or its
ester derivatives, by intravesical instillation, yrlae a preferable means for
local therapy?.

The last PDT application is based on the treatroémfynecological cancers.
For cervical intraepithelial neoplasia, PDT basedchlorine e6 (Fotolon) or
hexyl-ALA offers a nonscarring alternative to cofopsy. For vulvar
intraepithelial neoplasia, use of Foscan or ALA naameliorate the need for
radical mutilating surgery. Similarly, penile intygithelial neoplasia and anal
intraepithelial neoplasia have been treated withAAdased PDT, sometimes

1243, S. Friedberg, "Photodynamic therapy for malignpleural mesothelioma: the future of treatment?,"
Expert.Rev.Respir.Me8, no. 1 (2011).

125\, W. Wiedmann and K. Caca, "General principlespbbtodynamic therapy (PDT) and gastrointestinal
applications,'Curr.Pharm.Biotechnol5, no. 4 (2004).

128\1. A. Ortner, "Photodynamic therapy for cholangimiaoma,"Lasers Surg.Med43, no. 7 (2011).

27T, J. Vog|, K. Eichler, M. G. Mack, S. Zangos, CerZog, A. Thalhammer, and K. Engelmann, "Intesstiti
photodynamic laser therapy in interventional ongg)b Eur.Radiol.14, no. 6 (2004).

1835 G. Bown, A. Z. Rogowska, D. E. Whitelaw, W. Reels, L. B. Lovat, P. Ripley, L. Jones, P. Wyld, A.
Gillams, and A. W. Hatfield, "Photodynamic therdpy cancer of the pancrea&ut 50, no. 4 (2002).

1297, p. Berger, H. Steiner, A. Stenzl, T. Akkad, GarBch, and L. Holtl, "Photodynamic therapy with
intravesical instillation of 5-aminolevulinic acfdr patients with recurrent superficial bladder @am a single-
center study,Urology 61, no. 2 (2003).
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with complete clearance. Extramammary Paget's disgasponds to PDT
with porfimer sodium or ALA®.

1.2.8 Combined PDT

At present, combination of different chemotheraeutrugs in a
chemotherapy regimen is an attractive strategy dffective anticancer
treatment. In a clinical setting the treated pasiewere found to fail the
experiences of single agent chemotherapy, becdue limited to act on
specific cancer survival pathways and showed lospoase rates and relapse
of tumor. The major limiting factors associatedhwitoor prognosis of cancer
following single agent chemotherapeutic treatmentcancer patients are:
MDR, significant toxicity and undesirable side eftfe To improve the
therapeutic potential of cancer chemotherapy, iessential to establish an
alternative approaches that could provide a salutiothe problems involved
in single drug chemotherapy. To this end, muchn#itie has been given to
combination approaches for a better long-term posgnand to decrease side
effects associated with high doses of single dregtiment. Unlike single agent
therapy, combination therapy can modulate differsignaling pathways,
maximizing the therapeutic effect by overcomingi¢ay and, moreover, can
overcome the mechanisms of MDR associated witheyaineatment. The use
of combination therapy for cancer treatment has lveadl established in recent
years and its advantages applied to cancer therapijlustrated below. One of
the prime benefits of combination therapies is pmential for providing
synergistic effects. In combination therapy the ralletherapeutic benefit of
the drugs in combination were found to be gredtantthe sum of the effects
of the drugs individually. These advantages haweedrdrug discovery efforts
toward the search for combination therapies. Thet drug combination with
maximal antitumor efficacy can be calculated by tipld drug
effect/combination index isobologram analysis, affeative way to
demonstrate that drugs are working synergisticdllye prime mechanism of
synergistic effect following combinational drug dteent could act on the
same or different signaling pathways to achieveenfavorable outcomes at a
lower dose with equal or increased efficH¢y*> Combinations of various

1305, Anand, B. J. Ortel, S. P. Pereira, T. Hasan,Eand. Maytin, "Biomodulatory approaches to photoasnic
therapy for solid tumorsCancer Lett326, no. 1 (2012).

131p, Parhi, C. Mohanty, and S. K. Sahoo, "Nanotedgybased combinational drug delivery: an emerging
approach for cancer therapytug Discov.Todayl 7, no. 17-18 (2012).

1323, Lehar, A. S. Krueger, W. Avery, A. M. Heilbut, M. Johansen, E. R. Price, R. J. Rickles, G. BrStil,
J. E. Staunton, X. Jin, M. S. Lee, G. R. Zimmermamnd A. A. Borisy, "Synergistic drug combinatidesd to
improve therapeutically relevant selectivitiyat.Biotechnol27, no. 7 (2009).
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therapeutic modalities with non overlapping toxést are among the
commonly used strategies to improve the therapéntiex of treatments in
modern oncology. Two general approaches may inerg¢hs antitumor
effectiveness of PDT: 1) sensitization of tumorligeto PDT and 2)
interference with cytoprotective molecular respenseggered by PDT in
surviving tumor or stromal cells. Any interactiobstween PDT and PDT-
sensitizing agents will be confined to the illunmith area. Therefore, the
potentiated toxicity of the combinations is nottsysic. This should be of
special importance in elderly or debilitated patemwho tolerate more
intensive therapeutic regimens poorly. Moreovensitering its uniquéO,-
dependent cytotoxic effects, PDT can be safely éoetbwith other antitumor
treatments without the risk of inducing cross-resisé®’. There have been
few studies on combinations of PDT with standardit@mor regimens
published to date. PDT can be used in combinatidth wurgery as a
neoadjuvant, adjuvant, or repetitive adjuvant treatt, preferably image-
guided fluorescence to confine illumination to thmst suspicious lesions.
PDT has also been successfully combined with rhdiapy and
chemotherapy**®

Another approach to promote PDT efficacy involvesréased PS delivery or
impaired loss from tumor cells. The first approatéolves conjugation of PS
to various tumor-targeting molecules. This may fgadrtant in the treatment
of tumors where large surface areas are illuminatetihence increased tumor
selectivity is desired. The use of compounds thgiair PS efflux has also
been demonstrated to effectively sensitize tumds ¢e PDT, although such
approaches seem to be limited to those PS thatharsubstrates of outward
transport systems such as ABC&2The development of novel target-specific
antitumor drugs has enabled examination of a nundfeconcept-based
combinations that in various molecular mechanisemsitize tumor cells to the

133D, Kessel and C. Erickson, "Porphyrin photosersiin of multi-drug resistant cell types,"
Photochem.Photobiob5, no. 3 (1992).

1343, Golab, D. Nowis, M. Skrzycki, H. Czeczot, A. Baczyk-Kuzma, G. M. Wilczynski, M. Makowski, P.
Mroz, K. Kozar, R. Kaminski, A. Jalili, M. KopecT. Grzela, and M. Jakobisiak, "Antitumor effects of
photodynamic therapy are potentiated by 2-methdrgeé®l. A superoxide dismutase inhibitod:Biol.Chem.
278, no. 1 (2003).

137, Szokalska, M. Makowski, D. Nowis, G. M. WilczykisM. Kujawa, C. Wojcik, I. Mlynarczuk-Bialy, P.
Salwa, J. Bil, S. Janowska, P. Agostinis, T. VéiéiM. Bugajski, J. Gietka, T. Issat, E. Glodkdws P.
Mrowka, T. Stoklosa, M. R. Hamblin, P. Mroz, M. daksiak, and J. Golab, "Proteasome inhibition piidtes
antitumor effects of photodynamic therapy in mibeotgh induction of endoplasmic reticulum stress an
unfolded protein responseCancer Res69, no. 10 (2009).

136, Liu, M. R. Baer, M. J. Bowman, P. Pera, X. ZhedgMorgan, R. A. Pandey, and A. R. Oseroff, "The
tyrosine kinase inhibitor imatinib mesylate enhandhe efficacy of photodynamic therapy by inhikgtin
ABCG2," Clin.Cancer Resl3, no. 8 (2007).
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cytotoxic effects of PDT. Proteins are major tasgfdr oxidative reactions
because they constitute nearly 70% of the dry weifhcells. Oxidized
proteins can be refolded by molecular chaperoneb sis HSPs. Inefficient
restoration of their structure leads to accumutatdd misfolded proteins and
their aggregation, which precipitates cell deatbc#mulation of damaged or
misfolded proteins within ER triggers a processethER stress, which can be
ameliorated by unfolded protein response or cath leaell death. Therapeutic
approaches that interfere with refolding or remafabxidized proteins can be
used to sensitize tumor cells to PDT. For examphedulation of HSP
function with geldanamycin, a HSP90 inhibitor, sémes tumor cells to
PDT**". Bortezomib, a proteasome inhibitor successfuligdlin the treatment
of hematological disorders, potentiates the cytiotoaffects of PDT by
aggravation of ER stress. Moreover, several ap@ptosedulating factors such
as rapamycin, Bcl-2 antagonists, ursodeoxycholid,ar ceramide analogues
have been shown to increase PDT-mediated candetezat*(table 3).

137A, Ferrario, N. Rucker, S. Wong, M. Luna, and GGdmer, "Survivin, a member of the inhibitor of apusis
family, is induced by photodynamic therapy and tar@et for improving treatment respons€ancer Res67,
no. 10 (2007).

18 M. F. Zuluaga and N. Lange, "Combination of photaaiyic therapy with anti-cancer agents,"
Curr.Med.Chem15, no. 17 (2008).
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Table 3.Combinations of PDT and various therapeutic modslith cancer treatment.
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1.3 NPsinPDT

A PDT treatment can be considered to be seleatitbat the toxicity to tumor
tissue is induced by the local activation of the R&ile normal tissue not
exposed to light are spared. In spite of this, sehdrawbacks limit the clinical
application of PDT.

Firstly, several organs or tissues exposed to enwmiental light can suffer
some phototoxicity following PS administration. Fexample, patients treated
with  PDT using porphyrins as PS exhibit some degofecutaneous
photosensitivity on exposure to solar radiation chhpersists for several
weeks. This side effect is caused by the accunouaid prolonged retention
of the PS in the skin. Secondly, the low extinctanefficients of PS require
the administration of relatively large amounts afigito obtain a satisfactory
therapeutic response. Furthermore, the adsorpteximum is at a relatively
short wavelength leading to a poor tissue penefraif light. Finally, most of
the PS are hydrophobic. This lipophilic nature nimey an important factor
affecting the preferential accumulation in cellutgdrophobic loci since these
molecules must be able to get into the cells byssimg lipid membranes.
However, due to their minute solubility in watex, freatment is greatly
hampered. Thus, it is necessary to develop suitdbligery systems such as
oil-dispersions, liposomes, polymeric NPs or hydibp polymer-PS
conjugates.

The ideal drug delivery system should enable tlhectee accumulation of the
PS within the diseased tissue and the deliverhefapeutic concentrations of
PS to the target site with little or no uptake lpn#arget cells. The carrier
should be able also to incorporate the PS withoss lor alteration of its
activity. Another reason for using vehicles is topde an environment where
the PS can be administered in a monomeric forrmfadt) due to their chemical
structure, most PS tend to aggregate in aqueousmmius state is one of the
determining factors, which can hinder the efficarfythe drug in vivo by
decreasing its bioavailability and limiting its eagity to absorb light.
Nanocarriers for the delivery of PS for PDT candiaded into passive and
active based on the presence or the absence afjetity molecule on the
surface. Passive carriers can be sub-classifiednéterial composition into
biodegradable polymer-based NPs and non-polymezcbdiPs. Active NPs
can be sub-classified by mechanism of activation.
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1.3.1 Passive NPs
1.3.1.1 Biodegradable NP carriers

Biodegradable polymeric NPs have received trememdatiention as a
possible means of delivering antineoplastic corieeat agents, as well as PS
for their capacity to lie in high drug loading, thessibility of controlling the
drug release, and the existence of a large varmdtymaterials and
manufacturing processes. Investigation into biodégble polymeric NPs for
use in PDT began as early as 1990 with effortst@mece carrier capacity and
control drug release.

In 1991, Labib et al reported the encapsulationZoPcS or AlPc into
poly(isobutylcyanoacrylate) or poly(ethylbutylcyamoylate) ‘nanocapsules’
or ‘nanosphere$®. Almost all subsequent research have utilized PILGA
NPs. In a series of studies p-THPP was encapsuiatedsterile sub-150nm
biodegradable NPs based on PLGA and BPK*

At the same time, m-THPP was incorporated in bicadgble modified
chitosan NPs and in vitro photocytotoxicity andael uptake investigatéd.

In order to further investigate these p-THPP loade@&A NPs, the efficacy of
the encapsulated drug was assessed on the chick@@M model*® It
was proven that PDT-induced vascular occlusion-dHPP is enhanced when
encapsulated into NP delivery systems, due to gelonesidence time inside
the vasculature. In another study, the in vitro amdvivo photodynamic
activities of verteporfin-loaded PLGA NPs intendéal be intravenously
injected were investigatétf. In particular, two types of verteporfin loaded
PLGA NPs (167 and 370 nm in diameter) were preparkdhigher
photocytotoxic effect was evident in the case ofléen sized NPs for their
higher intracellular uptake. Furthermore, in vivotudies on

1397, Labib, V. Lenaerts, F. Chouinard, J. C. LeroBx,Ouellet, and J. E. van Lier, "Biodegradable spheres
containing phthalocyanines and naphthalocyaninetafgeted photodynamic tumor therapfiarm.Res8, no.
8 (1991).

140y N. Konan, M. Berton, R. Gurny, and E. AllemariEnhanced photodynamic activity of meso-tetra(4-
hydroxyphenyl)porphyrin by incorporation into suBe2nm nanoparticlesEur.J.Pharm.Scil8, no. 3-4 (2003).

14y 'N. Konan, R. Cerny, J. Favet, M. Berton, R. Gurand E. Allemann, "Preparation and charactedratif
sterile sub-200 nm meso-tetra(4-hydroxylphenyl)pgrin-loaded nanoparticles for photodynamic therapy
Eur.J.Pharm.Biopharms5, no. 1 (2003).

1425aboktakin M. Reza, R. M. Tabatabaie, A. Maharranemd Ramazanov M. Ali, "Synthesis and in vitro
studies of biodegradable modified chitosan nanagest for photodynamic treatment of cancer,”
Int.J.Biol.Macromol.49, no. 5 (2011).

1437, Vargas, B. Pegaz, E. Debefve, Y. Konan-Kouakeulange, J. P. Ballini, H. van den Bergh, R. Gurny
and F. Delie, "Improved photodynamic activity ofrpbyrin loaded into nanoparticles: an in vivo ewion
using chick embryos tht.J.Pharm.286, no. 1-2 (2004).

144y N. Konan-Kouakou, R. Boch, R. Gurny, and E. Alenn, "In vitro and in vivo activities of vertepio
loaded nanoparticlesJ:Control Releas&03, no. 1 (2005).
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rhabdomyosarcoma-bearing DBA/2 mice demonstratatviérteporfin-loaded
small NPs effectively controlled tumour growth 0 days in the mice with
early light irradiation times following drug admatiation. In yet another study
based on PLGA NPs, Ricci-Junior et al reported theeparation,
characterization and results of the phototoxicitysey of PLGA NPs
containing ZnPc for PDT use. This system showettang phototoxicity on
P388-D1 cell§®. Following, another PLGA nanosystem entrapping Zms
developed and tested on tumor-bearing MffteOther PS that have been
experimented include ICt&’and Hypericin*®. These compounds have the
potential to be used for both diagnostic and thewtip purposes. In particular,
ICG-entrapped PLGA NPs and hypericin-loaded PLA-Mege investigated.
Recently, hypocrellin was entrapped in PLGA NPs amkd for PDT
treatment of SCCVII growing subcutaneously in symge mice® .
Temoporfin-loaded core-shell PEG-PLGA NPs were aregp and in vivo
activity assessed on athymic nude-Foxnl Mfcénother novel drug delivery
system for hydrophobic PS was accomplished usin@G-FEL micelles
containing protoporphyrin 1%,

1.3.1.2 Non-biodegradable NP carriers

Non-biodegradable NPs have a different role in RBAnh the biodegradable
ones. They are not traditionally used for drug @&l because of their

inability to degrade and release drugs in contdodlenounts. However, unlike
other drugs, PS are not by themselves toxic taalgeted cells; rather, they
act like catalysts to create toxic products frorm-taxic dissolved oxygen.

Like catalysts, they are themselves not destroyethé process, and can be
used repeatedly with proper activation. In sucltenario, non-biodegradable

145,

E. Ricci-Junior and J. M. Marchetti, "Zinc(ll) pltlocyanine loaded PLGA nanoparticles for photodyicam
therapy use,Int.J.Pharm.310, no. 1-2 (2006).

148\1. Fadel, K. Kassab, and D. A. Fadeel, "Zinc phthghnine-loaded PLGA biodegradable nanoparticles fo
photodynamic therapy in tumor-bearing mideg’sers Med.Sc5, no. 2 (2010).

147y, saxena, M. Sadogi, and J. Shao, "Polymeric namigplate delivery system for Indocyanine green:
biodistribution in healthy miceht.J.Pharm.308, no. 1-2 (2006).

148\, Zeisser-Labouebe, N. Lange, R. Gurny, and F.ieDelHypericin-loaded nanoparticles for the
photodynamic treatment of ovarian cancémt'J.Pharm.326, no. 1-2 (2006).

149\, Korbelik, R. Madiyalakan, T. Woo, and A. Haddatntitumor efficacy of photodynamic therapy using
novel nanoformulations of hypocrellin photosensitisL052,"Photochem.Photobio88, no. 1 (2012).

150M. Rojnik, P. Kocbek, F. Moret, C. Compagnin, L.I&g, M. J. Bovis, J. H. Woodhams, A. J. Macrob@t
Scheglmann, W. Helfrich, M. J. Verkaik, E. Papii,Reddi, and J. Kos, "In vitro and in vivo chagaiation
of temoporfin-loaded PEGylated PLGA nanopatrticles dse in photodynamic therapyyanomedicine.(Lond)
7, no. 5 (2012).

1518, Li, E. H. Moriyama, F. Li, M. T. Jarvi, C. Allerand B. C. Wilson, "Diblock copolymer micelles iger
hydrophobic protoporphyrin IX for photodynamic tapy," Photochem.Photobio83, no. 6 (2007).

63



Introduction

carriers can be used as carriers to circumventlgmub of usage of the free
drug. To be effective, NPs must be small enoughhdwe a volume of
distribution roughly parallel to that of the freeud. This requires stringent
control on size, with a maximum allowable diamdess than 100 nm, and
preferably in the sub-50 nm range.

Ceramic-based NPs, non-covalently doped with P& keveral advantages
over organic polymeric particles like ambient tengpere conditions in the
preparative processes, stability, exquisite cordvelr size, shape and porosity,
very low sizes (less than 50 nm), immunity to chesigh pH and microbial
attack. Possibly, the first paper on the use ohmér-based NPs as a novel
drug-carrier system for PDT used silica-based sphlgparticles encapsulating
the anticancer drug HPPP. Covalent bonding of the PS molecules into
organically modified silica (ORMOSIL) NPs creates o stable
formulations>®, ORMOSIL was also used later by this group for dye
encapsulatiol?*. Wieder et al reported the development of a defisystem
based on gold NPs, whereby a phthalocyanine is dearrthe surface of the
NP. In this study a significant improvement in PBfficiency was evident as
compared to the free P& TP dyes have received attention lately because of
their ability to convert absorbed low-energy radiatto higher energy
emissions. Dyes which can direct by transfer thghéi energy to molecular
oxygen for generation of singlet oxygen can be vgsgful in PDT because
they can be activated in deep tissues. The figsortein this direction used
microemulsion to incorporate the TP dye porphyrinMPyP into
polyacrylamide NPY®. Organically modified silica NPs were used to co-
encapsulate HPPH and an excess amount of BSA andei§litization of
singlet oxygen in an aqueous dispersion was demaiadt NPs were taken up
by tumor cells and cytotoxic effect under TP iredtin was demonstrated.
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1.3.2 Active NPs
1.3.2.1 Quantum dots

QDs are nanoparticulate imaging probes with higlantum yields, high
photostability and fluorescent emission propertidgch can be tunable by
size. QDs can transfer energy to surroundingwith consequent toxicity to
cells. Several recent papers have explored théémgial as PS in their own. In
probably the first paper to mention this possipjlivhile investigating the two-
step energy-transfer mechanism from CdSe QDs toatteched PS. The
authors discovered that semiconductor QDs alonegeaerat¢ O, without a
mediating PS molecule in toluene probably becadsthe intercalation of
dissolved @ molecules with the TOPO layer at the QD surfdte To
circumvent the inefficiency of QDs alone to genersinglet oxygen, several
attempts have been made to covalently conjugatedPSdSe/ZnS via organic
bridges™®or by electrostatic interactions. For example, nége AlPcSs,
conjugated with amine-dihydrolipoic acid coated QB¢ an electrostatic
binding,was able to destroy the most cancer c&@l§RET mediated PD°.

1.3.2.2 Self-lighting NPs

Self Lighting PDT is a new approach to cancer imeat through a
combination of radiation therapy and PDT. Upon expe to ionising
radiation such as X-rays, scintillation luminesaendll emit from the NPs and
activate the PS; as a consequence, singlet oxygproduced to enhance the
killing of cancer cells by ionizing radiation. Supmenting conventional
radiation therapy (that can damage healthy tisasesvell) with PDT will
enable the use of lower doses of radiation. WhenNPFs have persistence
luminescence, e.g. BaFBr:EuMn" NPs, short X-ray exposures are followed
by prolonged PS excitation. The period of aftergl@wincreased in vivo
because of higher ambient temperattifesHowever, direct application in
biological systems have not been reported yet.

157A. C. Samia, X. Chen, and C. Burda, "Semiconduamantum dots for photodynamic therapy,”
J.Am.Chem.So0d.25, no. 51 (2003).
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(FRET),"Nanoscale.Res.Leff, no. 1 (2012).
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1.3.2.3 Upconversion NPs

Luminescent materials with triplet excitation sga{@hosphors) emit light of
higher energy than exciting radiation (Anti-Stokemission) by different
mechanisms, including upconversion and simultane®Bs absorption®.
Simultaneous TP absorption requires a single entitgre the transition from
ground to an excited electronic state is broughbuabby simultaneous
absorption of two low energy photons whose combieeergy is sufficient to
induce the transition. Quantum mechanically, tiikes place through the
attainment of a virtual intermediate state on gson of the first photon.
Upconversion relies on sequential discrete absmr@ind luminescence steps
where at least two metastable entities (usuallys)icare involved, the first
serving as an excitation reservoir, and the seamthe emitting state. It is
generally a more efficient process, does not requaoherent radiation and
involves real (as opposed to virtual) intermeditdes. Anti-Stokes emissions
for upconversion processes are found to exceedativci energies by 10-100
times kT. Since both the mechanisms allow excitatigth low energy light
and since this is known to penetrate tissues dedyRs excited by each
process have been used to activate PS. The comivantage is in extending
the reach of PDT to tumor sites several centimdtefew the skin/mucosal
surface. The role of the NPs here can be likeneaiianotransducer. NPs are
by themselves unable to generate singlet oxygemiepdrom dissolved
oxygen, and require the attachment of an apprapi®& with an excitation
band matching the emission of the NPs. Upconverdi®ts are modified
nanometer-sized composites which generate highemgeriight from lower
energy radiation, usually near-infrared or infrardmlough the use of transition
metal, lanthanide, or actinide ions doped into lddsstate host. A variety of
core materials and dopants have been demonsti@tegbéonversion particles
with actual/possible biological applications.

The first reported use of upconversion NPs in PB&duNaYF4:Yb3+, Er3+
NPs coated with a porous, thin layer of silica dbpéth merocyanine-540 PS
and functionalized with a tumor targeting antiby Then, upconversion
ZnPc/PEI/NaYF4 NPs were developed. The ability bsesve the emission
from the NPs to some depth within tissues can lesa@mous impact on the
diagnosis and monitoring of some tumors. NIR ligfdr example, can
penetrate to a considerable extent in soft fibto/fassues like breast, and the

181E Auzel, "Upconversion and anti-Stokes process#sfiand d ions in solids Chem.Rev104, no. 1 (2004).

6% Zhang, W. Steelant, M. Kumar, and M. Scholfié\tersatile photosensitizers for photodynamic thgrat
infrared excitation, J.Am.Chem.So0d.29, no. 15 (2007).
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upconversion NPs can potentially be used for theespwell as monitoring of
tumors over time.

1.3.3 NPsin combined PDT

The idea to combine two drugs with different meétian of action and
pharmacokinetics in a nanocarrier with well-taitbreroperties can allow a
control over anticancer drug/PS biological fate angimote co-localization in
the same area of the bd@f/ This approach is rather recent and demonstrated
to be a promising strategy to overcome tumor degistance in a mouse tumor
model treated with doxorubicin in combination witle PS methylene bltfé

In particular, surfactant-polymer hybrid NPs forameld using an anionic
surfactant, Aerosol-OT, and a naturally occurringlypaccharide polymer,
sodium alginate, were used for synchronized defieérthe two drugs. Balb/c
mice bearing syngeneic JC tumors (mammary aderiooane) were used as a
drug-resistant tumor model. NP-mediated combinatlwgrapy significantly
inhibited tumor growth and improved animal survivaNP-mediated
combination treatment resulted in enhanced tumaumalation of both
doxorubicin and methylene blue, significant inhidmt of tumor cell
proliferation, and increased induction of apoptoditoreover, a study of
combination of PDT with chemotherapy using as a ehadmor mammary
adenocarcinoma was conducted; the results shoveedhils combination may
result in a decrease in resistance of the tumor .
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141, no. 2 (2010).
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The goal of the project was to design and develoddgradable nanocarriers
for the combined delivery of a conventional cytatodrug and a PS for PDT
with the aim to potentiate anticancer effect an@ratate toxicity profile of
both drugs. To this purpose, we developed iv nas®ablies with different
structures and able to deliver both hydrophilic agdrophobic molecules.

The knowledge of the state of the art has encodrage to focus on
nanocarriers based on amphiphilic PCL-PEO blockobyopers developed
from the group of Prof. Maglio at Department of @tigtry - University of
Napoli Federico Il. PCL-PEO block copolymers wittifetent architectures
were synthesized according to well establishedgaoes and by novel “core
first” - “coupling onto” strategies based on RORypeerization followed by
coupling of different segments performed with camsdgion or “click”
chemistry reactions.

DTX and the highly lipophilic phtalocyanine ZnPc ree selected as
conventional chemotherapeutic and PS, respectivelpbtain “the proof of
concept”.

DTX, a semisynthetic taxane (Figure 16) analoguPatlitaxel, is one of the
most widely used chemotherapeutic agents in salidots, with efficacy
against advanced breast, non-small lung cancerad led neck, ovary,
prostate, stomach and urothelium cant®er§® The anticancer mechanism of
DTX as a potent inhibitor of cancer cell replicatis related to its ability to
block cancer cells in the late G2-mitotic phasehef cell cycle by stimulating
microtubule polymerization and suppressing theinatyics. In analogy to
many other anticancer drugs, DTX suffers for severecity related to
myelosuppression whereas neutropenia is usuallgidered as dose-limiting
factor. Nevertheless, asthenia and peripheral pating can limit continued
administration of weekly DT¥’. Furthermore, DTX is sparingly soluble in
water and thus difficult to formulate in dosagenfisrintended for iv delivery.

In recent years, a conspicuous number of controlddase systems were
developed to deliver DTX, improving its antitumatiaity as well as reducing
its toxicity profile (see table 1).

'k, Calabro and C. N. Sternberg, "New drugs and approaches for the treatment of metastatic uratheli

cancer,"World J.Urol. 20, no. 3 (2002).
1863, J. Clarke and L. P. Rivory, "Clinical pharmacuwkics of docetaxel Clin.Pharmacokinet36, no. 2 (1999).

6%, E. Kintzel, L. B. Michaud, and M. K. Lange, "Duaxel-associated epiphor&harmacotherapy26, no. 6
(2006).
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Figure 16.Chemical structure of DTX.

ZnPc is a second generation PS, not yet approvéittrapy, able of producing
cytotoxic singlet oxygen with high yiefd® *°. Structurally related to
porphyrins (Figure 17), it is characterized by ahhimolar extinction
coefficient (25000 Mcm™) and a maximum absorption peak between 670 and
770 nm in the red region of the spectrum. The presef the central atom of
Zn provides a high yield of singlet oxygen with ¢phalf-life of the triplet
state. This highly hydrophobic molecule localizeslesively in mitochondria
and after irradiation induces direct damage toutall organelles. It was
demonstrated that ZnPc is able to bind lipoproteamsel serum albumin
depending on the vehicle used for administratiopdrdphobic character of
ZnPc hinders its systemic administration but, o@ tontrary, facilitates its
encapsulation in many drug delivery systems asstipes’®*™ polymeric
micelles"**"3and NP§™,

1%8C, Fabris, G. Valduga, G. Miotto, L. Borsetto, @ri,JS. Garbisa, and E. Reddi, "Photosensitizatiith zinc
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delivery systems,Adv.Drug Deliv.Rev56, no. 1 (2004).
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Deliv.Rev .56, no. 1 (2004).
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Figure 17. Chemical structure of ZnPc.

Specific tasks of the worgan be outlined as follo

T1) Development of PCLPEO nanoassemblies to deliver hydrophilic
molecules
Design and production of nanostructures able tavelelhydrophilic
compounds is a challenging task, especially wheimguPCL-PEO
copolymers. To this purpose we invested the ability of different PCL-
PEODblock copolymers to seassemble in water forming nanostructures
for the entrament of hydrophilic moleculesThus, we prepared
nanocapsules with an inner agueous core for thtises release (
hydrophilic molecules through a novel emulsion mg-sonication
technique.

T2) Development ofintravenous nanoassemblies to deliver DT

We focused on biodegdable block copolymers of P-PEO with two
different architectures (diblor and triblock), as base material. Block
copolymers were assembled in ¢-shell NPs entrapping DTX by the
MeSo method Formulation studies were mainly devoted to ohb
nanocarriers which are stable in biological envinents, entrap hig
amounts of drug and deliver it at controlled rat&hanks to the
collaboration with DrCaraglia(Department of Biochemistry - Second
University of Napoli)and DI Arra (Tumor Institute Pascale), we were
able to assess toxicity of NPs in several candétises andin mice as a
preliminary stegdor further activity studie:
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T3) Development of multifunctional nanoparticles etrapping ZnPc and
DTX for combined photodynamic and conventional theapy of
cancer
Nanocarriers were developed with the aim to comthwme drugs with
different pharmacokinetics in a nanocarrier withllsiglored properties
which can allow a control over anticancer drug/R&8ogical fate and
promote their co-localization in the same areahaf body. Combined
NPs containing both DTX and ZnPc were preparednadigi MeSo
employing the same amphiphilic materials. Overatiperties, stability,
andin vitro biological behavior of NPs as well as fluorescebhebavior
were evaluated. Cell culture studies aimed to fgldhie cellular biofate
encompassing both mechanisms involved in cellulgtake and
molecular events controlling cellular response weagied out. Finally,
in vivo activity of these systems in an ortothopiuice model of
amelanotic melanoma was investigated.
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Nanocapsules Based on Linear and Y-Shaped 3-Miktoar
Star Block PEO-PCL Copolymers as Sustained Delivery
System for Hydrophilic Molecules
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Abstract

Well-defined amphiphilic Y-shaped miktoarm star ddacopolymers of PEO
and PCL were synthesized by ring opening polyméadmaof ¢-caprolactone
initiated by a PEO bound lysine macroinitiator. Thkepolymers were
characterizedbyH NMR, SEC, DSC, and WAXD techniques. Separate PCL
and PEO crystalline phases occur in melt-crystdlizopolymers when their
segmental lengths were comparable and the PCL rowies<80 wt %. Self-
assembling of these copolymers in aqueous medigimtdenanoaggregates
with low critical aggregation concentration valu@s35 to 1.6 mg-I%) and
size depending on composition. Despite the fact tiagpolymers were not
prone to self-organize in vesicles, once processed novel w/o emulsion-
melting/sonication technique, they gave nanocapswith a water core and a
hydrophilic surface. A macromolecular fluorescepe avas effectively loaded
and released at sustained rate by optimizing ngsoda formulation. The
results demonstrate that amphiphilic block copolggmean be assembled in
different  kinds of nanomorphologies independently f otheir
hydrophilic’/hydrophobic balance and architecturerotigh specifically
designed preparation techniques.
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Introduction

Materials, such as protein, oligonucleotides (ODMad siRNA represent
forthcoming treatments of cancer and viral infeasio Thus, for optimal
activity, the ideal carrier system would be hydrtiphmolecules entrapped
within the internal core of polymeric nanocapsuled! [1] or polymersomes
[2-4] in order to mask them and to protect themmfrinteractions with
proteins.

Amphiphilic block copolymers (ABCs) have receivedcreasing interest
because they can aggregate in aqueous medium,ndeai different
nanomorphologies, mainly dictated by block copolyneemposition and
molecular geometry.

Much interest has concerned miktoarm star-blockobopers, branched
systems with three or more arms, at least two ofchwrare chemically
different. Their structure is thereby characteribgdthe presence of different
building blocks linked to the same junction pdift.Several synthetic
strategies such as atom transfer or nitroxide-nbediaadical polymerization
(ATRA, NMP), reversible addition—fragmentation charansfer (RAFT), and
“click chemistry” reactions have been successfaltyployed in the synthesis
of miktoarm star-block copolymers with well-definechacromolecular
building blocks and architectdfé. Many ABCs contain as hydrophilic
component blocks of poly(ethylene oxide) (PEO) thatart structure stability
and biomimetic properties to formed nanostructiireBoly¢-caprolactone)
(PCL) has been frequently used to form the coresef-assembling ABC
systems owing to its high hydrophobicity, propgnsit aggregation, as well as
low glass transition temperature that ensures tiapanbbery core. PEO-PCL
copolymers are currently investigated as base m#tefor different drug
delivery system$*® although the most promising application remainshia
field of anticancer drug delive¥/®. In fact, nanocontainers of PEO-PCL with
core-shell structures consisting in a core of hgtiabic blocks surrounded by
an hydrated flexible fringe of hydrophilic blocksave been intensively
investigated in the past few years as deliveryesysior lipophilic drug§™’.
Linear di- and triblock systems have been extehgienployed as drug
nanocarriers; also, branched PGIRPEO and multiarm star-shaped PEO-PCL
diblock copolymers have attracted attention andhstic procedures to obtain
star architectures with different numbers have begeveloped ™.
Nevertheless, it has been recognized that hydicfigbphilic balance is a
key factor controlling the type of aggregate fornfetcelle, worm,vesicles) as
well as stability in biological medi&®. Much more complicated is to obtain
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nanostructures based on PEO-PCL copolymers ablgeliwer hydrophilic
compounds. In this research area, some work has daee to develop tailor
made ABC able to self-organize in vesicles, that tke so-called
polymersome$®. Again, hydrophobic—hydrophilic balance inspireke t
organization and morphology of the ABCs, and theireaand the length of the
blocks determine their stability, size, drug-loagitapacity, and release réfe.
Nevertheless, PEO-PCL polymersomes spontaneouslyeeto micelles in an
aqueous environment, rapidly delivering their deaggo>® Prompted by these
considerations, here we try to design PEO-PCL Nifs @ entrap efficiently
hydrophilic molecules and release them at sustaiats$. To this purpose, we
developed a novel emulsion/melting-sonication tépm based on copolymer
hardening on a w/o emulsion template. Both lingat #-shaped 3-miktoarm
star-block PEO-PCL copolymers were employed instinely to understand the
suitability of the technique on different PEO-PCtchitectures. Miktoarm
copolymers were obtained through a straightforngnathetic strategy based
on the combination of coupling reactions and ripgting polymerization
(ROP) using lysine as a core molecule. Self-orgditn properties were
investigated and compared with those of a lineblodk PEO-PCL copolymer
of similar composition, with the aim to evaluate timfluence of copolymer
architecture on self-aggregation both in aqueouwsr@mment and using the
emulsion-melting sonication technique. Rhodaminettda was selected as a
model hydrophilic macromolecule and its encapsmtain and release from
nanocapsules investigated. Finally, toxicity towamed blood cells and
melanoma cell lines was tested.
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Experimental part

Materials

a-OCHz,w-NH, poly(ethylene oxide) withMn =2.0 kDa fPEQ, oNH,,
Aldrich) was dried by distillation of the water-t@ne azeotropee-
Caprolactone (CL, Aldrich) was dried over Gadd room temperature for 48 h
and then distilled under vacuum before use. StasHi@tethylhexanoatg)
(Sn(oct), Aldrich) and pyridine (Fluka) were purified byataum distillation
before use.N-Hydroxysuccinimide (NHS) and succinic anhydride JSA
(Fluka) were dried under high vacuuiN-diisopropylethylamine (DIPEA),
No,Ne-di-Z-lysine (diZ-lys), N,N'-dicyclohexylcarbodiimide (DCCI), and 4-
dimethylaminopyridine (DMAP), all provided by Flukand Pd/C (Pd 10 wt %
by Aldrich) were used without further purificatioi®otassium phosphate
dibasic and potassium phosphate monobasic,sodiitke,agodium chloride,
Span 80, polyethylene glycol (PERw 400 Da), rhodamine B isothiocyanate-
Dextran (RhDex,Mw 10kDa), and 3-[4,5-dimethyltiazol-2yl]-2,5 diphgn
tetrazolium bromide (MTT) were from Sigma-AldricBRodium hydroxide was
from Delchimica Scientific Glassware. Miglyol 812
(capryl/caprylictriglycerides) was from Farmalab@taly). Normal hexane,
methylenechloride (DCM), and chloroform (CHJCbf analytical grade were
purchased from Carlo Erba Reagenti (Milan, ItaBalytical grade DCM and
CHCI; were dried according to literature methods.

Synthesis of the macroinitiator Lys-mPEQ  (1). A two-steps procedure
was used in the synthesis of the macroinitiataradtpreliminary activation of
the —COOH group of d-Lys with NHS, performed in a CHE$olution using
DCCI as condensing agent and DMAP as catalyst.

(a) A solution ofmPEQ, ovNH; (1.02 g, 0.51 mmol) and activated Zi-ys
(0.255 g, 0.50 mmol) in 12 mL of DCM was stirredrat for 24 h. The crude
product recovered removing the solvent was washédth wa diethyl
ether/methanol mixture (3:1 v:v), then purified dglumn chromatography on
silica gel to eliminate unreactedPEQ,-NH, using a CHGICH;OH mixture
as eluent, with a linear gradient of 2, 4, 8 wt%Cbf,0H. Di-Z-Lys-mPEG o«
was recovered removing the solvents under vacuufi (4,70% yield)*H—
NMR (CDCk, ppm): 7.35 (10H, aromatic H @&f group); 5.40 (1H, -CHNH-
CO-O-CH-0 ); 5.20-5.00 (5H, -CO-0-8,-0 + -CH-NH-CO-O-CH-00 );
3.70-3.60 (176H, -CHDCH,-); 3.45 (2H, -CO-NH-El,-PEO); 3.36 (3H, -
OCH; ); 3.20 (2H, -CH-CH,-NH-CO-0-1); 2.00-1.00 (6H, -CH-(8,)s-CH»-
NH-CO-O-CH-0).

80



Chapter 2

(b) Pd/C (0.266 g) was added to a solution aZ-diys-PEQ o (1.498 g) in 35
mL of methanol and hydrogen was bubbled for 6 IBGRC. The reaction
mixture was then centrifuged to eliminate Pd/C #mel supernatant solution
was filtered through a celite layer. Methanol wamoved under vacuum to
give 1.11 g (85% yield) of LysPEG o (1) (Ninn 0.15 dL.g?, 80 % yield).*H—
NMR (CDCk, ppm): 3.70-3.60 (176H, -GBACH,-); 3.45 (2H, -Lys-CO-NH-
CH,-PEO); 3.36 (3H, -OC#); 3.20 (2H, -CH-CHCH,-CH,-CH,-NH-2); 1.0-
2.0 (6H,-CH-(GH,)s-CH,-NH-Lys.

Synthesis of (Lys-mPEQ, )-(PCL,1 4. (2a) and (Lys-mPEQ -(PCLg 15
K2(2b), AB, block copolymers (A=PEO, B=PCL). A 50 mL flask was
charged under nitrogen with (1) (0.94 g, 0.45 mnaoiyd CL (1.90 g, 16.7
mmol). The mixture was stirred at 80 °C for 24hert Sn(Oct) (3.7 mg, 9.1
umol) was added to the mixture and the polymerizatias carried out at 120
°C for 24 h. After cooling, the product was dissmlvin 6 mL of CHG and
precipitated in chilled diethylether (300 mL). Tinecipitate was collected and
dried in a vacuum oven to give 2.41 g of (2gjnh = 0.18 dLg™, 85% yield,
Mw/Mn = 1.48).*H-NMR (CDC}k, ppm): 4.05 (72H, -CHOCO-, PCL); 3.65
(178H, -CH-O-, PEO, + 4H, -CHCH,-OH, PCL); 3.45 (2H, -Lys-CO-NH-
CH,-, PEO);3.36 (3H, -OCH PEO); 2.3 (72-CHCO-, PCL); 1.8-1.3 (224H, -
O-CHy-[CH2]5-CH,CO-, PCL, + -[CH]s-CHx-NH-, Lys). (Lys-mPEQqy)-
(PCle.15492 , (2b), was obtained according to the above pnaeedising a
monomer to initiator molar ratio of 112nith = 0.30 dLg-1, 87% vyield,
Mw/Mn = 1.64).

Synthesis of the A(BA) block copolymer (Lys-PEG o,)-(PCLg .15 cPEO,
K)2- The synthesis was carried out through a two-gtepsedure:

(a) (Lys-PEQ o (PCLs 1592, (2b), (1.55 g, 0.11 mmol) dissolved in 8 mL of
CHCI; was reacted with 0.068 g (0.68 mol) of SA and 8.@0of pyridine
(50.6 mmol) for 48 h at 60 °C. The solution was ngauin 400 mL of a
diethylether/methanol mixture (5:2 v:v) and the gipéated (Lys-PEQy -
(PClLe.15 kCOOH ) was collected and dried in a vacuum oven (1.420§5
yield). (b) NHS (21 mg, 0.18 mmol), DCC (37 mg, & timol) and DMAP
(4.0 mg, 3.3 mmol) were added to a solution of (P¥0, o)-(PCLs 15¢
COOH), (0.643g, 45.umol) in 6 mL of CHCI,. The reaction was carried out
for 24 h at r.t. under stirring. Then, after fiticm to remove the precipitated
dicyclohexylurea, the solution was poured in 300 mbaf a
diethylether/methanol mixture (5:2 v:v). The prégife was collected and
dried under vacuum at 30°C (0.579 . Activated (P¥ 0)-(PCls.isc
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COOHY), (0.579 g 0.04 mmol) and 0.217 g (0.11 mmolmEQ, o-NH, were
dissolved in 10 mL of DCM. After addition of DIPE@®.021 g, 0.23 mmol),
the reaction was carried out at r.t. for 24 h. Teeection mixture was poured in
300 mL of a diethylether/methanol mixture (5:2 vand the precipitate was
collected and dried under vacuum (0.685 g, 86%dyigk, = 0.36 dlg™,
My/M, =1.48).

Synthesis of the AB diblock copolymer PEQq-PCL43. A linear AB

diblock copolymer was prepared by ROP of CL at 1€0for 24 h usingx-

methoxym-hydroxyl-PEO M, = 2.0 kD) as initiator and Sn(Ogts catalyst;
CL: initiator molar ratio = 38,, = 0.28 dl;g'l, 88% vyield,M,,/M,, = 1.16).

Polymer Characterization

'H NMR spectra were recorded at 25 °C on a VariamiBespectrometer at
200 MHz using CDGlas asolvent and TMS as internal reference. Dififéak
scanning calorimetry (DSC) analyses were carrigdinder nitrogen on 5 to 6
mg samples using a Mettler-Toledo 30 instrumenh&it2 °C-mift scanning
rate in the temperature range 0-80 °C. Inheremogities were measured at
25 °C in CHC} using an Ubbelhode viscometers 0.5 g-d-Y). Wide-angle
X-ray diffraction spectra (WAXS) were recorded with Philips PW-1711
diffractometer using a Ni-filtered Cu K radiation; the crystallinity degree
was evaluated subtracting the contribution of tm@mphous part from the total
scattering. Size-exclusion chromatography (SEC) pe$ormed on a Jasco
PU-1580 system equipped with a refractive indexecter, using polystyrene
standards as reference. Samples were eluted iahyetrofuran at 25 °C
through three Polymer Laboratories Phenogel cofucomnected in series.

Copolymers Self-Assembly

Critical aggregation concentration (CAC) of the alymers was determined
by a fluorescence spectroscopy method, as preyiaegorted” In brief,
copolymers were stirred for 24 h in water at 60 T@e dispersion was cooled
at room temperature and filtered to eliminate usmlieed polymer. Polymer
solubility was assessed by weighing the sample &fteze-drying. A pyrene
solution in acetone was added in 2 mL flasks tovige a final concentration
of 6 x 107 M. Acetone was evaporatedand replaced with aqupolysmer
solutions at different concentrations ranging fr@:®84 to 42:.g/mL for AB to
0.23-615:g/mL for Y-shaped copolymers. Samples were heategbt°C for
1 h,cooled to room temperature, and analyzed & 25°a Shimadzu RF-1501
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spectrofluorimeter. Excitation spectra were regesteatle,, = 390 nm, and the
ratio 13344331 was plotted against polymer concentration. CA@s
extrapolated from the linear part of the graph. Bime of aggregates was
evaluated on the above samples and determined Ilpyomphcorrelation
spectroscopy using a N5 submicrometer particle sizalyzer (Beckman-
Coulter). Dispersion was diluted in Milli-Q watet the intensity between 104
and 106counts/s, and measurements were perforn2sd°&t on 90° angle.

Nanocapsule Preparation

Nanocapsules with an inner aqueous core were pépy an emulsion-
melting/sonication procedure. A vial containingrh of copolymer and 2 mL
of a 2% (w/v) solution of Span 80 in Miglyol 812 svalaced in a water bath
heated to 75 + 1°C to allow copolymer melting. Thér2 mL of water or a
water/PEGy 1:1 v/v solution containing RhDex (0.2 mg) was atlde the
previously warmed mixture and allowed to equilibrat the same temperature.
The sample was sonicated for 10 min at 3W (Sonic2®00, Misonix) by a
microtip probe. Nanocapsules were finally cooled allowed to harden under
magnetic stirring at room temperature. Nanocapsuks® washed four times
(twice with hexane and twice with distilled watdyy ultracentrifugation at
137,000g for 30 min to remove the external oily phase anel timloaded
molecules. Then, nanocapsules were freeze-driedhoutit the help of
cryoprotectant and kept at 4 °C. Recovery yield nanocapsules was
evaluated, weighting the solid residue after fre#zgng. Results are
expressed as the ratio of the actual nanopartisktight to the theoretical
polymer weight x 100.

Nanocapsule Characterization

The hydrodynamic diameter and polydispersity indéxnanocapsules were
determined by photon correlation spectroscopy (PA8jng a N5
submicrometer particle size analyzer (Beckman-@oult Nanocapsules
dispersion was dilutedin Milli-Q water at the ins#ty between 104 and 106
counts/s, and measurements were performed at 26n°G0° angle. Each
sample was analyzed in triplicate. Zeta potentias$ Wetermined by analyzing
a dispersion of nanocapsules in water on a ZetasWsno Z (Malvern
Instruments). Results are reported as the meamred separate measurements
on three different batches + standard deviation.

The morphology of nanocapsules was assessed by ditd Leo 912 AB
microscope (Zeiss). A dispersion of nanocapsulewater was placed on a

copper grid and stained with uranile acetate (2%).WH NMR spectra of a
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nanocapsule dispersion in,® were recorded at 25 °C on a Varian-Gemini
spectrometer at 200 MHz.

RhDex Loading and Release from Nanocapsules

RhDex loading inside nanocapsules was assesse@dting 1 mg of freeze-
dried nanocapsules in 1 mL of methylene chloridé extracting RhDex in 1
mL of water under vortex mixing. Phase separatiars vaccomplished by
centrifugation at 5000 rpm and 4 °C for 1 min (UWsal 16R, Hetting
Zentrifugen). The amount of RhDex in the aqueouasphwas measured by
spectrofluorimetry ate, = 556 nm and.,= 573 nm (RF-1501, Shimadzu). To
verify a possible interference of copolymers, veated an amount of unloaded
nanocapsule by the same method and analyzed itliidsarity of response
was verified in the concentration range 0.1 tag2mL (R? =0.996, LOD =
0.001xg/mL, LOQ = 0.002ug/mL). Results are expressed as actual loading
percent (mg of RhDex encapsulated per 100 mg ofocwpsules) and
encapsulation efficiency (ratio of actual to theimad loading).

Release profile of RhDex from nanocapsules wasuatadl by placing 0.5 mL
of a nanocapsule dispersion (2 mg/mL) in a dialgsis (molecular weight
cutoff 50 000 Da, Spectra/Por), which was placedbimL of a 10 mM
phosphate buffer at pH 7.4 and 37 °C. At predeteedhiintervals, 1 mL of
medium was withdrawn and replaced by the same anwidresh buffer. As a
control, the release profile of free RhDex was eatdd. RhDex in the release
medium was quantified according to the previouslgatibed method.

Hemolysis

Human blood freshly collected in EDTA-containindoés was washed three
times with isotonic 10 mM phosphate buffer saliR8$§) solution (pH 7.4) by
centrifugation at 889 for 5 min (Universal 320R, Hettich Zentrifugen),dan
the pellet, containing red blood cells (RBCs), \imally diluted 1:10 v/v with
10 mM PBS. RBC suspension (0.1 mL) was added to rAl9 of a
nanocapsuledispersion at concentration ranging fodi to 1.0 mg/mL of
copolymer. After incubation at 37 °C for 30 mingtsample wascentrifuged at
100@ for 10 min to remove nonlysed RBC. The supernatas collected and
analyzed for hemoglobin release by spectrophotacnééterminations at 416
nm. To obtain 0 and 100% hemolysis, 0.1 mL of RBEpension was added
to 0.9 mL of PBS and distilled water, respectivelre degree of hemolysis
was determined by the following equation: hemoly¢¥) =(ABS -
ABS)/(ABSo~ ABSy) x 100, where AB&,and ABS are the absorbances of

the solution at 100 and 0% hemolysis, respectively.
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Cytotoxicity Assay

The human melanoma cell lines A375 and the normahan epidermal
melanocytes (NHEMs) (PromocCell, Germany) were testdHEMs were
grown in melanocyte growth medium 2 (PromoCell),evdas A375 were
grown in complete Dulbecco’s modified Eagle's mediu(DMEM),
supplemented with 10% fetal bovine serum (FBS),M gtutamine, 25 mM
HEPES, 100 units/mL penicillin, and 10@/mL streptomycin at 37 °C in a
humidified incubator under 5% GOCell proliferation was measured by the
MTT assay’ The cells were seeded on 96-well plates (1 %d/well) and
treated with nanocapsules (0.1 to 1 mg/mL) for Bihdbefore adding 2bL
of MTT (5 mg/mL in saline). Cells were thus incutéfor additional 3 h at 37
°C. After this time interval, cells were lysed, addrk-blue crystals were
solubilized with a solution containing 50% (VM)N-dimethyl formamide and
20% (w/v) sodium dodecylsulfate with a pH adjustedt.5. The OD of each
well was measured with a microplate spectrophotemgfitertek Multiskan
MCC/340) equipped with a 620 nm filter.
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Results and Discussion
Synthesis and Characterization of Copolymers

Well defined miktoarm star-block ABand A(BA) copolymers (A=PEO,
B=PCL) were synthesized via a combination of segrmenpling and ROP of
CL. Na,Ne-di-Z-lysine (diZ-lys) was used as a multifunctional core molecule
with a carboxyl group and two carbobenzyloxy)-protected functional amino
groups available for sequential reactions. Theti@a@athway is displayed in
Scheme 1.

A = L,
Z—NH—CH OH Z—NH—cH™ M CH
DCC, DMAP DIPEA 45 “Ma
2 PdC | H,
v vava (T
[e] 17 o H,N.
4, 2
H-EO/M'-}— H—CHJJ\M’E\/ ~cH, A F~—o3
7 - H,N—0H M ~cH,
Sn(ec) )
(2a)
Q
snocn) , | 104
NHS SA o
H-Eo/\/\/\”ﬂ-NH
DCC, DMAP Q 52 $ i
o
H=o NH—CH I\H‘E\/ cH
52 878
DIPEA 2 N_'/E\/Oq\
2 45 CHjy (2b)

nefo SL\NHJ\/\,_E /\/\/\”ﬂ-
’E\/ ELNME /\/\/‘”-}NH—mJ\N*‘E\/ ggcm

Scheme 1Synthetic Pathways for Miktoarm Y-Shaped PEO-P@icB Copolymers.

First, a-methoxyw-amino-PEO withMn=2 kDa (MPEG; oNH,) was reacted
with a diZ-Lys previously activated with NHS converting therlsoxyl group
into a succinimidylester group. Then, deprotectainthe amino groups by
catalytic hydrogenation leads to product (1), cimitg a singlemPEO chain
and two —NH groups, which was used as a macroinitiator ofoille ROP of
CL in the presence of a catalytic amount of Snfodifie molecular weight of
PCL blocks was controlled varying the CL/initiatowlar ratio in the feed.
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Two different Mn values, 2.0 and 6.0 kDa, were selected for thé PC
segments, yielding two ABcopolymers,mPEQ, o-(PCL, 1x~OH), (2a) and
MPEG o (PCLs 15-OH), (2b). The copolymer (3), with the A(BA)
architecture, was obtained by coupling of tmBEQ,-NH, chains to the PCL
segments of 2b, after conversion of PCL hydroxyd gnoups into carboxyl
groups subsequently activated by NHS. The molecstanctures of the
macroinitiator and copolymers were investigated'HyNMR spectroscopy.
The coupling of MPEQy,-NH, to di-Z-Lys was detected monitoring the
appearance in the spectrum of 1 of a resonance4ét (pm attributed to
—-0O-CH,—CH,-NH-CO-end groups of linked PEO chains (Supporting
Information, Figure S1). A reaction degre@0% was estimated by comparing
the resonance integral of ~-GHD—CH,— units of PEO at 3.6 to 3.7 ppm with
those relative to CHand aromatic —CH- protons of benzyl-protectingugp®
of di-Z-Lys at 5.20 and 7.35 ppm, respectively. The qtetnte deprotection
of —=NH, groups in the Lys moiety by hydrogenation was sss&, monitoring
the disappearance of the resonances due t& theup. The average PCL
chain length in the ABcopolymers was evaluated from the relative intgnsi
of the a-hydroxy methylene protons of Hz—OH chain ends at 3.64 ppm and
the inner methylene protons Hg-O-CO- of the main chain at 4.07 ppm
(Supporting Information, Figure S2). The experinaéMn values found byH
NMR were close to those calculated from the mondinigator molar ratio in
the feed. Unimodal and rather sharp molecular wedggtributions were found
by SEC analysis (Supporting Information, Figure.S3iyect evidence of the
successful coupling of twinPEG; o segments tanPEQ, o-(PCLs 151-OH), in
the synthesis of the A(BA)opolymer was found evaluating B NMR the
enrichment of PEO in the (3) copolymer comparecwiite (2B) precursor.
Accordingly, the SEC diagram of (3) displays a &rgharp peak (PDI = 1.48)
with a shift toward higher molecular weight with spect to that of
Az o0dBe.1592, @s shown in Figure 1. A corresponding increasthéninherent
viscosity was also observed.

87



Chapter 2

u
2
|

1

Number of molec

Log(MW)

Figure 1. Molecular weight distributions of £Bs.14)2 (solid line) andAw(Bs.1Azx). (dashed line)

obtained by SEC.

The characterization results for the Y-shaped gopets are reported in Table
1, together with those of a lineaPEG; oPCL, 3. diblock copolymer having
the same composition and molecular weightm®fEQ, o (PCL;.14),, for the
sake of comparison. A lower viscosity was found tfue latter copolymer, as
expected because of the branched architecturesligtely broader molecular
weight distributions observed for Y-shaped copolsgraze likely related to the

multistep synthetic procedures.

Table 1. Characterization data of a linear AB and Y-shapédaarm PCL-PEO block
copolymers (A=PEO, B=PCL).

Copolymer  PCL (wt-%) (L\fl:)“; (I'EADW;) PDI* ( dnl_"triqi)
Ao-Ba sk 68 6.3 10.9 1.16 0.28
Ax(B2.14)2 68 6.2 7.9 1.48 0.18
Az(Bs.11)2 86 14.2 16.4 1.64 0.33
Az(Be.1cAzk)2 67 18.2 19.6 1.48 0.36

@Number average molecular weight evaluate$-bi}MR.

® Molecular weight obtained by SEC.
“Molecular weight polydispersity index obtained HyCS
9dInherent viscosity in CHGlat 25°C.c = 0.5 g/dL.
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Crystallization Behavior

DSC and WAXS techniques were used to gain insigtib ithe self-
organization and the crystallization behavior @& topolymers in bulk. Since
PCL and PEO have close melting temperatures, thi aongstallization
behavior is rather complex, especially underdynawmdnditions, because
coincident crystallization of both components maycw and the
crystallization of one block may affect the cryltaltion of the second
block***A low scanning rate (2 °C/min) in the cooling rumyrpromote the
formation of well-separate exotherms for differébcks, provided that the
crystallization from the melt occurs in the presen€ a microphase-separated
structure’” Thermograms relative to crystallization from the ltmend to
second melting runs are shown in Figure 2, andréiselts are summarized
inTable 2.

-
JD -
= W
a it @ E 40 Eil 13 T 50
T

Figure 2. DSC thermograms of R(B.1)2 (red), Ax(Bsi2 (green),and A(BsicAz)z (blue)
copolymers.

Single melting and crystallization peaks were obseérin the DSC traces of
Az odBe.1syo- Because the competition in crystallization betwd®CL and
PEO blocks mainly depends on the PEO-PCL weigl @ well as on the
relative segmental lengtA%:" the peaks were attributed to the PCL component
considering the low weight fraction of PEO and thigh segmental length of
PCL blocks (6.15 kDa) compared with the PEO blgzk kDa). The powder
WAXS diagram of A o{Be.15492 displayed characteristic diffraction maxima of
crystalline PCL at 2= 21.5°, 23.9°, whereas those related to PE®=a122°,
23.4° were not detected, in agreement with the D8€ults (Supporting
Information, Figure S4).
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Table 2 Thermal behaviour and crystallinity of a lineaB And Y-shaped miktoarm
PCL-PEO block copolymers (A=PEO, B=PCL).

T AH, 2P AH? T X, °

(°C) -gh g9 (°C) (%)
Copolymer A B A B A B A B A B
- 466 5357 11 50 16 52 268 34.3&% (g;)
Ax(Baz) 430 479 20 42 15 40 200 30.5(3% (jg)
Ax(Bo1)2 . 564 - 62 - 58 - 388 - (gi)
Ax(Bonha). - 542 - 48 - 47 - 383 - (jg)

2 Crystallization and melting temperatures deterchibg DSC.
b Second heating run.
€% crystallinity calculated from WAXS spectra amdr AH,, (in brackets).

The crystallization of PCL chains as first, in fagtovides strong restrictions
to PEO chains that hinder their crystallizationidewnce of a PEO crystalline
phase was not found, both by DSC and WAXS analydss,for Aw(BsA2x)2,
despite the higher content of PEO (35% by With andTc of PCL were not
affected by the increased PEO content, while lawgerof melting and
crystallization enthalpies were found. These figdirmphasize the relevance
of segment length in the organization of separaystalline domains. The
double melting endotherms of PCL may be ascribed atomelting
recrystallization process of less-ordered cryseédliand reflects a more
complex crystallization process related to theéased number of outer short
PEO blocks. In the case of PRPCL,), and PEQ(PCLy), with identical
length of PEO segments and 2:1 PCL/PEO weight,rét@coexistence of two
crystalline phases was suggested by the presencewealf separate
crystallization and melting peaks. The WAXS diagsandisplayed
characteristic diffraction maxima for both PCL aPHO crystalline phases, in
agreement with a double-crystalline morphology ssged by DSC. The
relative intensities of the PCL and PEO crystalldifiraction peaks support
the attribution to PCL of high-temperature crystaliion and melting peaks
with crystallization of PEO blocks occurring insiédepreformed crystalline
PCL environment. The crystallinity degree of PCLdaREO evaluated by
WAXS are consistent with the melting enthalpiesniwby DSC, evidencing in

90



Chapter 2

the branched copolymer a limitett lowering for PCL blocks balanced by a
corresponding increase Xt for PEO blocks.

Self-Assembly in Aqueous Solution

The aggregation of ABCs in aqueous environment rniseathalpy-driven
process resulting from replacement of unfavoraldéewhydrophobic-B-block
contacts in the unimer dispersed state with faver&B contacts within the
solvent-free core in core-shell structures. Thersfthe aggregate stability,
assessed by low CACs and negative free-energy ¥al@ = RT In(XCAC)
(XCAC = ABC molar fraction at CAC), is mainly contted by the chemical
nature and length of hydrophobic block. Self-asdgnmdf copolymers in
aqueous environment was followed by a steady-fitateescent spectroscopic
method using pyrene as a probe (Figure 3). The @AECAG® values are
reported in the table inserted in Figure 3. The @AC values are indicative of
a fair thermodynamic stability in aqueous mediunitiWespect to the linear
diblock Ay-Bssi, the star-block A(B» 1), counterpart showed a small free-
energy penalty associated with the localizatior8 @rms in A-B junctions at
the core/corona interface with consequent lossoafarmational freedom. As
expected, the size of aggregates formed by blopklgmers with low MW is
smaller than 100 nmD{ for AyBjscand Ayw(B,1d. were 40 and 67 nm,
respectively), whereas largBx;, in the rangeof 180-200 nm, with broad size
distributions was found for aggregates based orh W@W copolymers.
Therefore, AB4ac and Aw(B,1), were selected as model ABCs for the
preparation of nanocapsules.
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Az-Ba sk 0.30 4.7610° -52.1
Ax(B2.1)2 0.69 1.11107 -49.6
Az(Bs.1)2 3.50 2.46107 -47.6
Ax(Be.1cAz)2 0.41 2.2510°® -53.9

Figure 3.13344331 of pyrene in aqueous copolymer solutions déemint concentrations. In the
table, calculated CAC antiG° are reported.

Preparation and Characterization of RhDex-Loaded Naocapsules

Assembly of ABCs of PCL is generally suited to detilipophilic drugs with
the advantage to improve greatly their water sdityband to exert a spatial
and temporal control over the delivered drug ddsee efficient delivery of
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hydrophilic drugs is indeed much more complicateattain. As expected,
RhDex, selected as a model hydrophilic macromoégcauld not be
efficiently entrapped during copolymer self-assgmtiirough conventional
methods reported in the literature such as dialgsisnelting-sonication in
watef”* (encapsulation efficiency of RhDex was <2%). Thiggested that
spontaneous organization of copolymers in nanostres able to entrap
hydrophilic molecules as a consequence of slowestlvemoval (dialysis) or
hardening in water from a melted phase (meltingesdion) was not a suitable
strategy. Therefore, we tried to design a generatq@ure suitable to give
nanocapsules with the aim to: (i) employ mateneith different architectures
not necessarily designed to form vesicles; (iijcedhtly entrap hydrophilic
compounds; and (iii) release them at controlledsat

Options available in the literature to prepare mapsules with an aqueous
core from preformed copolymers are very scAtc&his prompted us to
develop an alternative method of preparation basethe idea that copolymer
hardening can occour at the interface of a w/o simnlnanotemplate. In fact,
it has been recently demonstrated that PEO-PCldlkbtopolymers can act as
an emulsifier and stabilize o/w emulsions formingodymeric interfacé! The
technique developed in this study, indicated asl|sipn/imelting-sonication
(EMeSo), consists of (i) melting the copolymer inighol 812 at a
temperature about 10 °C higher than copolyifer, (i) adding the aqueous
inner phase with the dissolved active principlejolihmay or may not contain
a stabilizer (PEGy); (iii) apply sonication to generate a w/oemulsiand (iv)
cool the mixture at room temperature to promoteobgper hardening. In this
way, molten copolymer forms a skin around aqueouspldts, giving
nanocapsules with an inner aqueous core. The aitpecapsules suspension is
then purified by washing with hexane and then ptised in water to allow
freeze-drying. Two copolymer architectures and edéht formulation
conditions were employed to prepare nanocapsuteseported in Table 3.
PEGyy, was added in the aqueous phase of the emulsi@rotmote phase
separation of PEO-PCL nanocapsule wall. In all ékperimental conditions
tested, nanocapsules were formed except for ABAolgoper, where the
absence of PEfg destabilizes the formulation causing copolymer
precipitation. Recovery yield was similar and datitory for all formulations.
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Table 3. Properties of RhDex-loaded nanocapsules.

Formulation codé® AB-W AB-WP AB,-W AB-WP
Copolymer AxBa sk AxBa.3k Ao(B2.1)2 Ax(B2.14)2
Yield(% + SD) 801 851 82+2 801
Mean Dy(nm £ SD) 11045 100+2 100+1 201+1
P.l. 0.347 0.206 0.369 0.177
Zeta Potential

-30+ - + -30 -18+
(mV + SD) 300.3 16.31 30+0.8 18+1
RhDex actual loadind
(mg/100 mg 0.88240.010 | 1.175+0.035 0.799+0.036 1.141+0.028
nanocapsules + SD)
RhDex enc. efficiency

+ + + +

(% + SD) 45+1.0 59+2.2 40+0.7 57+1.4

&Code W refers to nanocapsules with water as aguemne whereas code WP refers to nanocapsules with
water/PEGqo 1:1 by wt as aqueous core.

® Actual loading is expressed as amount of RhDexpsulated per 100 mg of nanocapsules.

° Ratio between actual and theoretical loading x Td@oretical loading was 2%.

Nanocapsules were spherical and not-aggregatedem®nstrated by TEM
(Figure 4), showing a capsular structure consiswgtit the presence of an
inner core surrounded by an external polymer wall.

Figure 4. Transmission electron microscopy images of narsdep prepared according to
compositions reported in Table 3.

Dy evaluated by PCS were in the range100—-250 nmgri@ement with TEM,
which is a size interval suitable for administrati@lso via intravenous
injection. Theformation of a PEO coating at thefate of nanocapsules was
confirmed by analyzingH NMR spectra of nanocapsules dispersed 0 Bt
25 °C (data not shown) that evidenced sharp resasaof PEO methylene
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hydrogen atoms at 3.68 and broad resonances of low intensity relative to
PCL units, indicating a reduced chain mobility o€lP segments in the
nanocapsule wall. Encapsulation efficiency of RhDwmas>50% and
considered again to be satisfactory for a hydraphitacromolecule in a
nanosized system. Release rates of RhDex from apsates (Figure 5) were
characterized by an initialburst, followed by aveto diffusion/erosion phase.
Burst effect and overall release trend for nanogl@sscontaining only water in
the internal phase were similar. On the contraryrsb release strongly
decreased as PEgzwas added in the internal agueous phase, andsectate
of RhDex was sustained for a time interval longsrcampared with that
observed for nanocapsules with a water core.
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Figure 5. Release profile of RhDex from nanocapsules asuated by dialysis in 10 mM
phosphate buffer at pH 7.4 and 37 °C. Dialysisreé RhDex is reported as control. Each point is
the mean of four measurements * SD.

This effect can be attributed to a lower molecutsbitity in the hydrated core
due to viscosizing properties of free PEG and itsléred diffusion in the
external medium. The slowest release rate was wibeior nanocapsules
prepared with ABWP, probably due to their size being larger thiaat tof
AB-WP. As compared with release obtained for otimacromolecules from
polymersomes made of diblock PEO-PCL with similamposition’® the
delivery rate was very slow, which supports thedtlpsis that no morphology
transition occurs because of copolymer degradatitemolytic activity of
nanocapsules on human RBC was investigated toyvdrdir suitability via

intravenous administration (Figure 6). A low hensidydegree (<11%) was
95



Chapter 2

observed with both AB-WP and ABVP formulations independently on the
nanocapsule concentration. According to severalissi’ hemolysis values
found for nanocapsules can be rated as “no condercduse they span in the
5-25% range. Because of a better control of releatse which presumably
should occur also in vivo, we focused on ARP formulations for further in
vitro testing. To exclude a potential cytotoxic e=ff of nanocapsules, we
investigated their activity on A375 proliferatioAs shown in Figure 6, A375
growth was not affected by any of the concentratbiB,-WP tested at all
the time points considered. Similar results weraioled with the NHEM cell
line (data not shown).
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Conclusions

A straightforward synthetic pathway based on a doatton of segment
coupling and ROP steps was developed to obtain gmiib Y-shaped
miktoarm PEO-PCL block copolymers. Y-shaped cope@gsdemonstrated a
high self-assembling tendency in water comparalde that of linear
counterparts, which suggests their use as nanadnergafor lipophilic drugs.
We showed that it is otherwise possible to obtaamatapsules for the
sustained release of hydrophilic macromoleculespbycessing PEO-PCL
copolymers through an emulsion/melting-sonicatiechhique. Nanocapsules
showed an excellent cell toxicity profile and thmepresent a nanosystem of
great potential in several drug delivery applicasio
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Abstract

Amphiphilic block copolymers of poly(-caprolactone) and poly(ethylene
oxide) were assembled in core shell nanoparticMBs] by a melting-
sonication technique (MeSo). The entrapment of gberly water-soluble
anticancer drug docetaxel (DTX), nanocarrier cytiiity toward different
cells and toxicity in mice were investigated. Tiheapsulation mechanism was
rationalized and related to copolymer propertieshsas crystallinity and drug
solubility in the copolymer phase. DTX release frNiRs occurred in two drug
pulses over 30 days. DTX entrapment in NPs strodgbreased haemolysis of
erythrocytes in comparison with a commercial DTXrnfalation. In
comparison with free DTX, NPs were both more effiti in inhibiting cell
growth of breast and prostate cancer cells and fes€ in experimental
animal models. The results of this study indicdi@t tMeSo is an interesting
technique for the achievement of peculiar coretshahocarriers for the
passive targeting and sustained release of poodiervgoluble anticancer
drugs.

From the Clinical Editor:In this study, stealth nanoparticles of PEO/PCL
block copolymers for passive targeting of docetaxelsolid tumors were
developed using a novel technique. The studied goti@s of NPs suggest
strong potential as anticancer drug-delivery system

Key words:Nanopatrticles; Amphiphilic block copolymers; Argtitcer drugs;
Docetaxel
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Introduction

Nanotechnology offers a highly promising avenuecamcer treatment based
on the concept that a drug formulated in nanopdagi¢NPs) can alter its
pharmacokinetics, enhancing the treatment abibityarget and Kill cells of
diseased tissues or organs while negatively affgclis few healthy cells as
possiblé? Depending on the properties of the carrier, larggations in drug
pharmacokinetics with major clinical implicationsayn occur. Sterically
stabilized nanocarriers with a biomimetic coatisteélth nanocarriers) show
an increased longevity in the circulation and theeptial to accumulate
predominantly in pathological sites with comprordiseaky vasculature, such
as solid tumors. Direct correlations between theyéwity of a nanocarrier in
the circulation and its ability to reach the tardetve been observed on
multiple occasion’s Furthermore, a number of reviews have amply tilaisd
how surface modification can be achieved by theafseoly(ethylene oxide)
(PEO) to obtain longcirculating NP3 It is established that PEO length and
surface density can affect biomimetic propertiestlsé nanocarrier, with
special regard to opsonization process, and in fat”’. In recent years, the
use of poly¢-caprolactone) (PCL) has emerged overwhelminglyhascore
material for NPs and micel$ Due to its high hydrophobicity and
crystallinity as well as low melting and glass s#ion temperatures, PCL is
considered an excellent candidate to form the Ipliwbic core of nanocarriers
and deliver its drug cargo at controlled ratedabt, it has been suggested that
high core hydrophobicity can be of help in retainthe drug inside the carrier
throughout circulation time, avoiding its prematurelease and erratic
biodistributiort’. Despite attractive properties, PEO/PCL NPs haeenb
poorly investigated and never especially engineefg@de, surface, drug
release) for the purpose of passive targeting estetl in depth for their
biological potentigl The easiest way to obtain core-shell nanocariigr®
assemble PEO/PCL amphiphilic block copolymers ireeshell nanostructures
with micellar or nanosphere structure. Among PEQ/RGpolymers, diblock
architecture is generally preferred due to a vémpke synthetic pathway of
the amphiphilic copolymer. Examples of core-corani@elles/NPs made of
PEO (A) and PCL (B) blocks with AB and BAB“?'* structure for the
delivery of hydrophobic anticancer drugs have begeiblished recently.
However, very little is known about the applicalyiliof novel polymer
architectures in giving core-shell nanocarriers foassive targeting of
anticancer drug delivery, where they have the piateto offer a superior
degree of NP coating. Recently, we have demonstrttat depending on

copolymer architecture, PEO-PCL micelles behavey vdifferently in
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biological environments despite sharing very similee, surface properties,
and release ratEs The most widely employed “bottom-up” method tepmre
nanocarriers from these copolymers, such as thesibtiisplacement method,
makes use of a nanoemulsion tempfate In this case the manufacture of NPs
irremediably involves the removal of the volatitg;casionally toxic solvent
from the formulation, which causes polymer preeifin within the organic
phase. Solvent removal can be performed by evadparat diffusion shock,
and of course the presence of solvent traces mmiesa limitation in
pharmaceutical manufacturing. Recently, we propassithple method named
“melting-sonication” (MeSo) to produce coreshell NBased on PEO-PCL
block copolymers without the use of toxic organalvents®. Working on
copolymer amphiphilic properties and low meltingmperature, we
successfully produced nanoassemblies of copolymeéts ABA triblock
architectures, demonstrating stealth properties #m ability to entrap
lipophilic molecules. In this article we propose $feas technique suitable to
produce NPs made of (PEO-PCL) block copolymerdsHerpassive targeting
of docetaxel (DTX) in solid tumors. NPs were progldidy two copolymers
with  ABA and simple AB architecture and sharing i&m
lipophilic/hydrophilic ratio. Relevant propertied dlPs were explored and
related to in vitro/in vivo biological profiles miew of their application as an
anticancer drug-delivery system.
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Methods

Docetaxel (DTX) was purchased from Fluka (Sigmarish). Potassium
phosphate dibasic and potassium phosphate monolsmicum azide and
sodium chloride were from Sigma-Aldrich. Sodium tgxide was from
Delchimica Scientific Glassware. Ethanol 96°, phus acid (85%) and
acetonitrile were purchased from Carlo Erba Reag@vitlan, Italy). a-

Methoxyo-hydroxy-poly(ethyleneoxide) (mPEE-OH) and a-methoxyep-

amino-poly(ethyleneoxide) (MPEgrNH,) (Aldrich), were dried by
azeotropic distillation from toluenee-Caprolactone, (CL) (Aldrich), was
distilled over Cal under vacuum before use. Tin(2-ethylhexanga)(Oct)

(Aldrich), 4  (dimethylamino)pyridine  (DMAP)  (Fluka) N,N'-

dicyclohexylcarbodiimide (DCCI) (Fluka), N-hydroxyscinimide (NHS)
(Fluka) and the sodium salt of 3-(trimethylsilylppionic- 2,2,3,3-d4 acid
(TMSP) (Aldrich) were used as received.

Preparation of DTX-loaded NPs

PEQyorPClsigo diblock (AB) and PEQyrPClsgorPEQyg triblock
copolymers (see Supplementary Material) were engaldg prepare unloaded
and DTX-loaded NPs. NPs were prepared by MeSo digpto the procedure
that we previously develop®d In this study 10 mg of copolymer were added
to 2 mL of filtered water in a vial and then pourieatb a water bath at 75 +
1°C to allow copolymer melting. DTX (0.5, 1 or Infg) was dissolved in 0.2
mL of ethanol and added to filtered water in thesgnce of melted copolymer,
sonicated for 10 minutes at 6W (Sonicator 3000,0iis) by a microtip probe
and finally cooled at around 22°C under magneiitisg. NPs were filtered
through 0.45um filters (RC, Phenomenex, Bologna, Italy), ancefe dried.
The recovery yield of the production process waduated weighting the solid
residue after freeze-drying. Results are expressedhe ratio between the
weight of NPs obtained and the initial (drug + pogr) weight x 100.

Characterization of NPs

The hydrodynamic diameter ([P and polydispersity index of NPs were
determined by Photon Correlation Spectroscopy usandN5 Submicron
Particle Size Analyzer (Beckman-Coulter Inc., Futle, California). A
dispersion of NPs was diluted in Milli- Q waterat intensity between 104—
106 counts/s and measurements were performed @t@ba 90-degree angle.
The morphology of NPs was assessed by TEM on adlle#B microscope
(Carl zeiss S.p.a., Milano, Italy). A dispersionNPs in water was placed on a
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copper grid and stained with uranile acetate (2%).wrhe evaluation of the
amount of hydrated PEO chains located in NP cokeas performed byH-
NMR (400 MHz) in BO at 25°C and 70°C, using TMSP as internal standard
NPs (4-5 mg) were suspended in 1 mL of a 1 R W0solution of TMSP in
D,O. The intensity ratio of the PEO resonance at 3.6-3.7 to the methyl
resonance of TMSP & = 0 was compared with that obtained after the
addition of 1 mL of chloroform-d, which allows aroplete dissolution of the
copolymer. Zeta potential was determined by anatya dispersion of NPs in
water on a Zetasizer Nano Z (Malvern Instrumentd.,LMalvern, United
Kingdom). Results are reported as the mean of thegparate measurements on
three different batches + Standard Deviation (SDifferential scanning
calorimetry (DSC) analyses were performed on a Istettoledo-30
calorimeter under nitrogen using a 10°C/minute sad@

DTX loading and release

DTX loading was assessed by dissolving 1 mg of MRm acetonitrile-water
mixture 50:50 (v/v). The sample was stirred ovenhignd filtered through a
0.45 um filter (RC, Phenomenex). The amount of DTX disedl was
measured by HPLC on a Shimadzu (Shimadzu lItalid, sMilano, Italy)
apparatus equipped with a LC-10ADvp pump, a SIL-D@A autoinjector, a
SPD-10Avp UV-Vis detector and a C-R6 integrator.eThnalysis was
performed on a Phenosphere-NEXJT, £18column (250 x 4.6 mm, 100 A)
(Phenomenex). The mobile phase was a 40:60 (v/Wtunei of 20 mM
phosphate buffer at pH 4.5 with acetonitrile pumpda flow rate of 1
mL/minute. The UV detector was set at 227 nm. Abcation curve for DTX
in ethanol was constructed in the concentratioryea®.820—-821g/mL. The
limits of quantitation (LOQ) and detection (LOD) ree0.105 and 0.0005
mg/mL. Release of DTX from NPs was assessed bydigalin 10 mM
phosphate buffer at pH 7.4 (PBS). NPs (1 mg) wdded to 0.5 mL PBS and
placed in a dialysis bag (MWCO= 3500 Da, Spectnd/Pbthe sample was
poured in 5 mL of PBS (sink condition) and kept3&fC. At selected time
intervals, 1 mL of release medium was withdrawn esplaced with an equal
volume of fresh medium. The concentration of DT Xswdgtermined by HPLC
as described above. The release profiles of theviéifs compared with that of
the commercial formulation Taxotere.
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Hemolysis of DTX-loaded NPs

Human blood freshly collected in EDTA-containindp&s was washed 3 times
with isotonic 10 mM phosphate buffer saline (PB8)uson (pH 7.4) by
centrifugation at 880g for 5 minutes and the pgltentaining red blood cells
(RBC), was finally diluted 1:10 v/v with 10 mM PB&BC suspension (0.1
mL) was added to 0.9 mL of a NP dispersion at cofmaton ranging from
0.01 to 2.0 mg/mL of DTX. After incubation at 37906r 30 minutes, the
sample was centrifuged at 1000g for 10 minutegmaove nonlysed RBC. The
supernatant was collected and analyzed for hemuoyglaelease by
spectrophotometric determinations at 416 nm. Toaiobt0 and 100%
hemolysis, 0.1 mL of RBC suspension were added.®onfL of PBS and
distilled water, respectively. The degree of hemislywas determined by the
following equation: Hemolysis (%) = (ABS-ABB (ABS;o¢ABSy) x 100,
where ABSq, and ABS are the absorbances of the solution at 100% and 0%
hemolysis, respectively.

Cell cultures

Our experimental models consist of human prostateimoma DU145 and
LnCaP cell lines, human breast cancer MDA-MB 23t MCF-7 cell lines
(American Type Tissue culture Collection, Rockyillslaryland). DU145,
LNCaP and MDA-MB231 cells were grown in DMEM, andJ®-7 cells were
grown in RPMI 1640, both supplemented with heatiivated 10% FBS, 20
mM HEPES, 10Qug/mL penicillin, 100pug/mL streptomycin, 1% L-glutamine
and 1% sodium pyruvate. Cells were grown in a hiffadl atmosphere of
95% air/5% CQat 37°C.

Cell proliferation assay

Analysis of cell proliferation was performed in theesence of DTX, DTX-
loaded NPs and empty NPs on cell lines seeded-inedigplates at the density
of 1-2 x 1G cells/well in serum containing media. After 24 hoof incubation
at 37°C, the cells were treated with increasingceatrations of DTX and
DTX-NPs (0.78 to 100 ng/mL of DTX) as well as emptys. Cells were
incubated under these conditions for a time-cosgfsnning 72 hours. Cell
viability was assessed with MTT method as previpuliscribetf. Al data
are expressed as mean = SD. Statistical analysipedormed by analysis of
variance (ANOVA) with Neumann-Keul's multiple comjzan or
Kolmogorov-Smirnov tests where appropriate.

112



Chapter 3

In vivo toxicity

Seven-week-old female BALB/c mice were obtainedrfrdarlan (San Pietro
al Natisone, Italy). Mice were housed 6 per cagkraaintained on a 12-hours
light :12-hours dark cycle (lights on at 7:00 a.in.)a temperature-controlled
room (22 + 2°C) and with food and water ad libituah all times. The
experimental protocols were in compliance with Biwopean Communities
Council directive (86/609/EEC). After a 1-week @cdtion to the housing
conditions, maximum tolerated dose (MTD) was eviglday lateral tail vein
injection of DTX, DTX-loaded NPs and empty NPs. Ni&re dispersed in a
saline solution (0.9% NaCl). Survival experiments define MTD were
performed with 6 animals per group. Drug effectsraveletermined by
monitoring of body weight and survival. Mouse bosigight was monitored 3
times per week up to 28 days. MTD was defined asntaximum dose that
caused no drug related lethality while producingaaimal body weight loss of
less than 20% of original weight. A fatality withthweeks after the first drug
treatment was defined as a drug-related death. Badght loss greater than
30% was considered lethal. Statistical significawes calculated by ANOVA
and Bonferroni-corrected P-value for multiple comigan tests.
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Results

Preparation and characterization of NPs

Two amphiphilic block copolymers, a diblock PEO-P&hd a triblock PEO-
PCL-PEO, both designed to have a similar PCL/PE@hteaatio close to 2/1
and PEO segments with the same length, were usptepare AB and ABA
based NPs by MeSo. Relevant properties of the egitbd copolymers are
reported in Table 1, whereas overall charactesisiictNPs are summarized in

Table 2.

Table 1. Molecular characterization and thermal data of FREO block copolymers.

Block Wt % M., of blocks® Dion PDI® T, AHO X
copolymer  Of (kDa) (dL/g) 0 (g ()
PCL
PCL PEO PEO PEO PEO
PCL PCL PCL
AB 67 4.1 2.0 0.28 1.16 41.3 10 12
56.2 50 54
ABA 63 6.8 2.0 0.38 1.27 39.0 11 13
56.8 43 48
@ Number average molecular weight evaluate$-bi}MR.
® Molecular weight polydispersity index obtained S
¢ Melting temperature and enthalpy determined by DSC
9 Crystallinity calculated from wide angle X-ray spr.
Table 2.Properties of unloaded and DTX-loaded NPs.

NP aPTX Dy PDI zZP PActual EE Yied
code (mg) (nm £ SD) (mV £ SD) loading (% +SD) (%
AB - 61+4 0.174 -149+25 - 72+2
ABs 5 56 £2 0.280 -145+05 49+0.3 85+3 44 +1

AB1o 10 57+2 0.213 -16.8+20 8.7+05 90+5 7B+
ABs 15 53+3 0.208 -186+0.7 5101 41+1 2+
ABA - 93+6 0.239 -122+14 - - 892
ABAs 5 87+3 0.308 -11.2+3.0 49x0.1 98 +2 48 +6
ABA 10 747 0.254 -109+0.9 8.1+0.2 91+1 ™+
ABA 5 15 83+9 0.331 -12.3+10 4812 44 +8 2+

#Approximate DTX amount per 100 mg of copolymer.

PRatio between the actual amount of DTX entrappetiaitial DTX amount employed x 100.

‘Encapsulation efficiency.
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A temperature approximately 20°C higher than comellymelting temperature
was adequate to give NPs with good yields. Therpmation of DTX did not
significantly affect [y, whereas a slight increase of Pl was observedNRs
prepared from both copolymers. Both blank and |dadBA NPs displayed
greater [ than the corresponding AB ones. The nearly spalenorphology
of the NPs was clearly observed by TEM (Figurewjich also evidenced the
absence of aggregation phenomena and a size oltisat tobtained by PCS.

Figure 1. Transmission electron microscopy images of DTXd&hAB,, (A) and ABA, (B) NPs.

The core-shell structure of the NPs was verified 'ByNMR studies on
unloaded NPs. Sharp peaks relative to PCL and PlBEks were observed
using chloroform-d as a solvent with high affinitjth both segments. When
NPs were dispersed in,0 at 25°C, their spectra showed only the sharp peak
of the PEO methylene groups &t3.60-3.70, whereas resonances of PCL
blocks were not observed even at high magnificatidh70°C, i.e., above
melting temperature of the PCL, broad peaks atiithuo PCL blocks were
generated, in agreement with the formation of @ods state of melted PCL
chains in the core. To determine the amount of &tgdr PEO chain located on
the surface, a known amount of TMSP was used esngit standard in a D
dispersion of NPs at 25°C. The comparison of thegectra with those
obtained after the addition of chloroform-d, a gasmdvent for both blocks,
allowed the partition of PEO between the hydrateellsand the core to be
calculated. It was found that, at 25°C, 80—-90% BORvas actually present in
the corona for AB NPs and that its amount was &gitly lower £50%) in
the case of ABA NPs. Zeta potential was slightlgateve for both unloaded
and DTX-loaded AB and ABA NPs. AB NPs were moreatag than ABA
NPs regardless of the amount of DTX loaded (TaBleDAX encapsulation
efficiency in NPs was the highest at intermediateoant of DTX used,
whereas a decrease in entrapment efficiency oatatr@igher DTX amounts
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initially employed. The maximum amount of DTX emped inside NPs was
around 8 mg/100 mg NPs for both AB and ABA NPs.anount as low as
5% of total DTX employed to prepare NPs was notaapted in ABAy NPs
after MeSo, remaining free in the aqueous dispersitnereas unencapsulated
DTX increased to approximately 16% for ABNPs. DSC analysis evaluated
the physical state of DTX inside NPs prepared trinediate DTX loading,
i.e., the highest DTX actual loading obtained. Fég@ reports the heating
thermograms of DTX-loaded AB and ABAy, collected at 10°/minute
scanning rate and compares them with that of a Bdttrol treated by MeSo
in the same experimental conditions as those eredlty produce NPs.

F\J\

Exo

Y —
T

0 50 100 150 200

Temperature (°C)

Figure 2. DSC thermograms of DTX treated by MeSo (a).ABPs (b) and ABANPs (c).

DTX curve showed a melting endotherm at about 186f@greement with ;|
of crystalline DTX, while a corresponding endothenms not observed in the
thermograms of loaded NPs. Moreover, the thermogramow melting
endotherms of PCL and PEO blocks identical to tlidsenloaded systems and
similar to DSC traces of copolymers, self-organiredulk. Release profiles
of DTX from NPs in PBS at pH 7.4 are reported igufe 3.
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Figure 3. Release profile of DTX from NPs in 10 mM phosghlatiffer at pH 7.4 and 37 °C.Panel
A. Release profile of DTX from AB(0) and ABA; (A) NPs. Release of DTX fromTaxot&réx)

is reported for comparison. Panel B. Release prafilDTX from ABy (0) and ABA, (A) NPs.
Inset in A and B show release profiles of DTX i thitial stage. Eachpoint is the mean of four
measurements+SD.

A two-pulse release was observed for both typeldRE and characterized by
an initial fast release, a plateau and a secordselstage. At the initial stage,
drug release was dependent on copolymer type,cdassiower release rate for
ABA NPs (see inset in Figure 3, A and B). Releas#iles of DTX at low
loadings show that control over DTX release rat¢him initial stage is more

efficient in the case of ABA NPs than for AB NPs.
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In vitro cytotoxicity
Hemolytic properties of DTX-loaded NPs were evaddaand compared with
those of Taxotere (Figure 4).

100
S Poysorbate 80
O Taxotere =
B0 |~ EMAB 00 cceemsesseemasmsesens sﬂ -------
DAB10 §
“h
% 2 ABA § %
%\ 60 OABA10 N %
£
@
3 B
x
DTX conc. (mg/mL} 0.01 0.02 0.10 1.00 2.00
NP conc. (mg/mL) 01 05 1 10 20

Figure 4. Hemolytic activity of Taxotef® polysorbate 80, DTX-loaded ABand ABA, NPs,
unloaded AB and ABA NPs. Polysorbate 80 is theasiaint present in the TaxotBreehicle.
Each point is the mean of four measurenmeits

The results of the hemolysis test demonstrated tthatity toward RBC of
Taxotere could be mainly attributed to polysorb@®e whereas DTX-loaded
NPs were much less toxic to RBC at all concentratidested. In vitro
cytotoxicity of free DTX or DTX-loaded NPs was ewated by incubating 5
human tumor cell lines derived from breast (MCFAd &MDA-MB231) and
prostate (LnCaP and DU145) cancer with increasiogcentrations of free
DTX, DTX-loaded AB and ABA,, NPs (0.78 to 100 ng/mL), and empty AB
and ABA NPs for 72 hours (Figure 5).
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Figure 5. Growth inhibition of cells treated with free DTX BDTX-loaded NPs for 72 h, evaluated
by MTT assay and expressed as percentage of wedrealls. Data are reported as mean of three
independent experiments + SD. Key legend: free D{EX unloaded ABA( ) and AB (v) ©
NPs,DTX-loaded ABAy (4) and AB,, NPs( ). Each point is¢the mean of four measurements + SD.

Cell growth was then assessed by using the MTTyaasadescribed in the
Methods section. Empty NPs did not induce significzell growth inhibition
at every concentration and time interval testededsected, free DTX caused
a significant cell growth inhibition after 72 houw§treatment in a range from
10 to 90%, and both dose/effect curves of both Ddagded ABy and ABA
NPs did not show a clear dose-dependent effect irehl lines. Furthermore,
we observed that both DTX-loaded ABand ABA, NPs induced cell growth
inhibition more forcefully than free DTX. In fadhe obtained data suggested
that the DTX-loaded NPs caused a potent growthbitibh already at low
DTX dosages, accounting for an anticancer actratging from 70 to 40% at
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a DTX concentration of 0.78 ng/mL depending on ¢k# line used for the
assays (Figure 5).

Moreover, the values of potentiating factor (PFpomed in Table 3
demonstrate that both types of DTX-loaded NPs piatexad the growth
inhibition induced by free DTX, reaching a PF higliegan 1.0 in cancer cell
lines of different histogenesis (Table 3). Speaifi PF values define the
specific contribution of DTX-loaded NPs evaluatedtiae ratio of the I§ or
IC,5 of encapsulated DTX to the dgor 1C,5 of free DTX. The PF was higher
for the 1G5 than for the 1G, values (Table 3); in fact, the encapsulation of
DTX appeared to potentiate the antiproliferativeivity of DTX at lower
concentrations whereas the growth inhibitory attivaf the NPs resembled
that of free DTX for higher concentrations.

Table 3.1Cs¢/,5 values (ng/ml) of free DTX or DTX-loaded NPs itffeient cell lines.
DTX ABA o P.F. ABio P.F.

DU145 ICso  1.36 +0.04 <0.195+0.003 >7  <0.195+0.003 >7
IC2s 055 +0.04 <0.195+0.003 >3  <0.195+0.003 >3

LNCaP ICso  0.700+0.009 <0.19 +0.04 >4  <0.19 +0.06 >4
ICs  0.28 +0.02 <0.19 + 0.04 >15 <0.19 +0.06 >15

MDA- ICso

MB231 34539 +0.04 164.60 +0.03 21  >184.85+0.01 1.9
IC  1.413+0.004 <0.19 +0.03 >7  <0.19+0.01 >7

MCF-7 ICso  0.35+0.01 <0.04 +0.01 >9  <0.04+0.01 >9
ICs  0.09+0.05 <0.04 +0.01 >2  <0.04+0.01 >2

In vivo toxicity

MTD for intravenously administered free DTX, DTXaded ABy and ABAj,
NPs (0.78 to 100 ng/ml) and empty AB and ABA NPssvdetermined in
healthy 7-week-old BALB/c female mice. Survey expents to define MTD
were performed with 6 animals/group. DTX-loaded NRge dispersed in a
0.9% NacCl solution. No severe side effects, suddiesiths or mean loss of
more than 20% or 30% of the initial body weight vebserved up to 28 days
after drug administration with free DTX or DTX-loedl NPs at every
concentration tested suggesting that MTD was nedrtieved with any
treatment (Figure 6). However, either 35 or 50 nigfree DTX induced an
about 25% decrease of the mean body weight of ihzmmpared with that of
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the control group. This difference was statisticadignificant (*P<0.005)

(Figure 6A). Lower dosages of free DTX did not aaasny change in mean
body weight compared with control mice. Similarbt, every used dosage,
neither DBL-DTX nor TBL-DTX caused any significaohange in the mean
animal body weight compared with control mice (F&wB). These data
suggested that neither NPs were toxic for mice thatl they induced milder
side effects than the highest dosage of free DTXded.
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Figure 6. Effects of free DTX and DTX-loaded NPs on the begight changes of mice. Mice
were randomized and treated with (A) different dofeom 10 to 50 mg/kg as indicated in the
figure) of either free DTX (DTX) and (B) DTX-loade®BA 1oNPs by intravenously administered
in the tail veins of the animals. The body weiglatsvdetermined three times a week for 4 weeks
and the results were expressed as means (n=6) #pS0.005.
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Discussion

MeSo is an interesting technique set up in our tabsroduce core-shell NPs
for drug delivery. The technique has been used toegpeepare NPs from block
copolymers of PCL and PEO with different architeesuand to entrap the
anticancer drug DTX. The formulation study aimeduatlerstanding how
copolymer physical-chemical properties affect thtesgures of NPs that are
relevant to the therapeutic response. Furtherntbeetoxicity of NPs on RBC,
different tumor cell lines and in mice was inveat&d to pinpoint the in vivo
potential of the system. MeSo consists of the nandsfication of a fluid,
nonwater-miscible copolymer at a temperature highan T, in water under
sonication. The copolymer is then hardened by ngodit room temperature
giving spherical nonaggregated NPs with a hydriphdoating and a
hydrophobic core. As indicated by the NMR resuhisl zeta potential study,
hydrated PEO segments with high chain mobility weoated in the corona of
NPs, and the PCL chains interact with each otleemihg a solid-like compact
semicrystalline core with strongly constrained mos. PEO was
quantitatively distributed on the surface only faB NPs, suggesting that a
more regular core-shell structure was reached & dhse of the diblock
copolymer. This finding can be easily related te #tructural differences
between copolymers and especially to the presetica single junction
between PCL and PEO blocks in AB, which favors-asfembly in the MeSo
process. Although the total amount of PEO foundhensurface of ABA NPs
was slightly lower than that found on AB NPs, zetdential values suggested
a different PEO organization with a more efficishtelding of the PCLcharge
in the case of ABA NPs. It is conceivable thatlie shell of ABA NPs, the
presence of two PEO chains joined to the core &ingle PCL chain ensures a
higher surface density of PEO. Thus, PEO distrdyutin particle surface at a
comparable hydrophilic/hydrophobic ratio might beodulated by chain
flexibility of copolymers with different architeates. Nevertheless, such an
organized PEO shell has previously been demondtredeimpart stealth
properties to ABA NP$. With regard to the drug-loading ability of NPket
trend of actual loading at increasing DTX amountpkayed to obtain NPs
suggests that the drug-to-copolymer ratio playsyarkle in allowing efficient
drug entrapment in the nano-structuring melted boper analogously to
observations made for NPs prepared from other P@Holgmers by solvent
displacement methotfs> Behind the preparation of NPs by MeSo, complex
multiple processes take place that strongly impaahocarrier features.
Nevertheless, some general indications on the psogkEnanocarrier formation

can be affirmed based on our findings. Considetiregvery low solubility of
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DTX in water, it can be reasonably hypothesized ftiag incorporation
within PCL phase is promoted when the copolymeinisa melted state,
because it is hindered in preformed core-shell NTss, loading efficiency is
critically affected by the solubility profile of ¢hdrug in the dispersing medium
(water), which has to be low, taking into accoure great difference in the
solubility parametersé of water and DTX (47.9 and 25.5 MPal/2,
respectively), and in the melted copolymérof PCL = 18.2 MPal/2), which
displays higher miscibility with the drug. It cae ypothesized that at drug
loading higher than intermediate, in which a sheampdase of encapsulation
efficiency is experienced, DTX rapidly precipitatesthe water phase losing
the possibility to partition in melted copolymerdaremain entrapped in NPs.
The absence of crystalline order of DTX in the adiPs also suggests that an
efficient drug dispersion in the polymer can bechesl. On the other hand, the
presence of crystalline PEO and PCL domains indicétat MeSo technique
does not hinder efficient phase separations of suoibie separate copolymer
segments. Due to the semicrystalline nature of bodpolymers, it is
reasonable to assume that the drug is entrapp#teiamorphous regions of
the PCL core of the NPs. Accordingly, actual logdof AB;, and ABA
seems to correlate well to copolymer crystallinitith the less crystalline
ABA giving higher actual loading of DTX than AB Wukopolymer. DTX-
loaded ABy and ABA, NPs could be freeze-dried without the help of any
cryoprotectant and redisperded in PBS, giving thigirmal hydrodynamic
diameter and without displaying any aggregationis Teature is important
from a pharmaceutical perspective because it pesrasgood shelf life of the
formulation. The size of DTX-loaded NPs below 101 can be considered a
cut-off value to achieve long-circulating propestien vive. Thus, an
advantage of MeSo technique is the possibilityinel§ control this feature
without the help of any surfactant. This aspedtriportant when considering
that carrier distribution in different body compagnts as well as
extravasation in solid tumors are strongly affeatetionly by siz&* but also
by the presence of surfactant on the sufface

Hemolytic potential is of critical importance forny intravenously
administered drug because a negative interactioim Wood components can
strongly limit their applicability. This aspect msuch more important when a
hydrotropic vehicle is needed as in the case oblear where polysorbate 80
and ethanol are added to solubilize DTX. It is welbwn that surfactants at
high concentrations are responsible for toxic effedue to membrane
penetration and saturation of surfactant unimerghvisolubilize membrane
lipids and proteif§®> The lower toxicity of DTX-loaded ABA NPs in
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comparison with AB, NPs at concentrations higher than 0.05 mg/mL
(P<0.001) could be due to the presence of perfaret-shell micelles prone to
dissociate and release unimers. Because CMC forisABwer than that of
ABA, it can be hypothesized that the formation ofezshell AB micelles
during the fabrication of NPs is higher for AB inraparison with ABA. The
presence of a greater amount of AB micelles resnl& greater presence of
AB unimers, which could exert a certain toxicity &BC. Both types of
developed NPs were found to have very peculiarasglerends with a two-
pulse profile. The finer control over DTX releasgerin the initial stage in the
case of ABA NPs can be reasonably ascribed to arl®CL crystallinity in
ABA, which promotes a more homogeneous distributadnDTX in the
amorphous regions of NPs and its progressive dglivat a higher DTX
loading, an increased concentration gradient degelehich increases delivery
rate in the initial diffusive stage and speeds elpase for both AB and ABA
NPs. Again, the initial release of DTX was slower ABA NPs, confirming
the importance of reducing polymer crystallinity &n efficient modulation of
release rate. In the plateau stage, which starenveil the diffusible drug
molecules in the hydrating medium are over, DTXask stops; this is likely
due to slow PCL degradation. The second drug pcédse be attributed to
massive PCL degradation of the inner core allowdngg delivery from the
polymer crystalline phase. Actually, drug pulsewscat comparable times for
both AB and ABA NPs, confirming that PCL degradatiate is the main
determinant accounting for this effect and conaisteith the two-step
degradation mechanism, which has recently beenested for PCL-PEO NPs
in aqueous environméfit This release behavior could be of great inteirest
the treatment of solid tumors because it has beggested that enhanced
therapeutic efficacy of nanomedicines may be a tfanc in part, of this
mechanistf. In fact, a controlled drug release rate in turmberstitium can
be of help in generating a drug concentration gnatdin the tissue with major
effects on the pharmacological effect of drugs &mtor resistanc& The
experimental conditions realized in the in vitrdeese study could well
simulate those induced in vivo by the dose-densairadtration of DTX. The
conventional high-dose chemotherapy is not vergatiffe and is associated
with high toxicity”®. Dose-dense chemotherapy, in which one or more
chemotherapeutic agent is administered at moreiéngintervals, has shown
efficacy in phase Ill RCT&*. It was, moreover, recently reported that the
administration of paclitaxel (another taxane simila DTX) on a weekly
schedule (dosedense therapy), rather than theasthedery-3-week schedule
(conventional therapy), might produce greater tun®k death both in vitro
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and in vivd® It was reported that paclitaxel-induced apoptdsigends on the
paclitaxel concentration and the duration of theasxre time. Therefore, it
cannot be excluded that in our experimental comakti the continuous
exposure of the tumor cells to DTX could elicit hanisms of cell death (i.e.,
apoptosis) different from those caused by the amidiif a single DTX pulsg&
The different mechanisms of cell death inducedreg s DTX-loaded NPs
could account for the different antiproliferativeéfeets observed in our
experimental conditions. The different in vitro aigixicity of NPs versus free
DTX was paralleled by a milder toxicity profile BfTX-loaded ABA, NPs in
an animal experimental model. Although the admiat&in of scalar dosages
of DTX both free or entrapped in NPs did not alltve achievement of a
MTD, the highest dosages of free DTX caused a témuin the body weight
increase of the animals, whereas no effects wewdrded with the
corresponding dosages of DTX-loaded ABAPs. This discrepancy could be
due to the slow release of DTX in the blood cirtiola and the consequent
elimination of the drug from the liver and kidneyhese results strongly
suggest the advisability of further developmenthdse NP formulations in
preclinical animal models of human cancers.
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Abstract

Combination therapies for cancer aim to exploiheritadditive or synergistic
effects arising from the action of two species wihib final goal to maximize
the therapeutic efficacy. In this work, we developmultifunctional
nanoparticles (NPs) for co-delivery of the conveméil anticancer drug
docetaxel (DTX) and the second generation phositeer zinc-
phthalocyanine (ZnPc) as potential dual carrietesyisfor the combination of
chemotherapy and photodynamic therapy (PDT). Bicatbgple and
amphiphilic block copolymers based on pelgéaprolactone) (PCL=B) and
poly(ethylene oxide) (PEO=A), with AB and ABA artdttures, were
assembled in “core-shell” NPs and loaded with iittX and ZnPc employing
the melting/sonication method. Hydrodynamic diangeteithin the range 60—
100 nm and low polydispersity indexes were obtirgeta potential was
negative for all the formulations and unaffected thsug encapsulation.
Concerning drug loading ability of NPs, the entrapirefficiency was related
to initial ZnPc/DTX ratio. Steady-stationary aniné-resolved emission
fluorescence measurements pointed out the embedélimgonomeric ZnPc in
the NPs, excluding the presence of ZnPc self-supletular oligomers. The
release of DTX was biphasic whereas ZnPc remaingidly associated with
NPs. Singlet oxygen generation was observed whdPcZmaded NPs were
irradiated at 610 nm within a 45 min time rangespie that ZnPc was not
released in the medium. Stability of NPs in thespree of serum proteins and
plasma was excellent and no toxicity toward reabblcells was found. NPs
cytotoxicity was evaluated in HelLa cells irradiafed 30 min with a halogen
lamp. After 72 h, viability of cells treated witmPc/DTX-loaded NPs strongly
de- creased as compared to NPs loaded only witi, Dfius showing a
combined effect of both DTX and ZnPc. Superior tamtor activity of
ZnPc/DTX-loaded NPs as compared to DTX-loaded NBscanfirmed in an
animal model of orthotopic amelanotic melanoma,sthointing to the
application of PEO-PCL NPs in the combined chemuatqdiynamic therapy
of cancer.

Keywords: Photodynamic therapy, Nanoparticles, Amphiphilicock
copolymers, Poly(epsiloncaprolactone), Poly(ethgtetide), Docetaxel
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Introduction

The concept of combining different treatment madsdiis widely employed
in modern oncology to improve the therapeutic respo Photodynamic
therapy (PDT) is a non-invasive clinical treatmbased on the administration
of a photosensitizer (PS) that, after irradiatiop ® non-thermal light,
photochemically reacts with tissue components, ingushe formation of
cytotoxic species and the following cell death tilglb the initiation of
apoptosis and necroSisAnticancer effects of PDT are ascribed to direct
cytotoxic effects on tumor cells, damage to tumesoulature, and induction of
a severe inflammatory action, all acting in coofierd. Tumor selectivity of
PDT is ensured by the application of localized tithneoplastic areawithout
affecting healthy tissues Nevertheless, inductidnao systemic immune
response, is a key aspect since it is foreseensisategy to treat metastatic
cancer [2]. PDT has been combined with surgery,iotadrapy and
chemotherapy and considered promising for the memagt of malignant and
premalignant non-melanoma skin cancer, Barrett fesgps and non-
resectable cholangiocarcinoma whereas its role &dmaging other type of
tumors has not been unequivocally prdv&rActing by different mechanisms,
cytotoxic drugs can act in concert with PS for tunidling, achieving
potentiated therapeutic outcome through an antaramsynergistic effet
Under irradiation with light of appropriate wavetgh, PS is promoted from
its ground state to the first excited single statdch results in a chain of
further electronic transitions. Due to intersystemssing, PS in the triplet
state can transfer energy to molecular oxygen amkmte singlet oxygen.
Short singlet oxygen lifetime (aroundu8) and resulting diffusion distance (2
“x10° cnf s’ make PDT a highly selective treatmenAmid second
generation PS, phthalocyanines have attracted tiatteover the past two
decades as very promising candidates for tumor’PDilie to the presence of
a suitable coordinating atom (zinc, aluminum, sifi; they exhibit long-lived
triplet state with high singlet oxygen productiddevertheless, poor water
solubility of phthalocyanines is highly benefictal increase tumor to normal
tissue ratid but strongly limits intravenous administration,ainalogy to highly
lipophilic chemotherapeutic agents. To overcomadhesues and alleviate PS
accumulation in the body and post-PDT skin photsisieity under exposure
to environmental light, the so-called third genierat of PS has been
developed. It comprises second generation PS assddio a carrier able to
promote PS accumulation at the target site as agetb minimize healthy cell
localization and concomitant damage. On these pdsasulation of PS in
different nanosized delivery systems has been atedh'2 A variety of
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photoactive NPs has been developed so far and fawondalter PS
pharmacokinetics as well as control side effécfs Research on third
generation PS has been focused on uncoated biadddeaNPs made of
PLGA! % or poly-caprolactone) (PCLEjwhich, due to recognition by the
host's immune system, are rapidly uptaken in MPR$ amnot be considered
highly efficient in altering PS biodistributidh Nevertheless, from the early
attempts of PS incorporation in biomimetic stedlibdegradable NP5 to
more recent finding§ an improvement of tumor selectivity as well as
reduction of drug/light interval, treatment timesprmal tissue damage,
cutaneous sensitivity and dose required has beandfavhen employing
PEGylated nanocarriers as compared to free drug.idéa to combine two
drugs with different pharmacokinetics in a nandearmwith well-tailored
properties can allow a control over anticancer fR8gbiological fate and
promote co-localization in the same area of theybod his approach is rather
recent and demonstrated to be a promising strategywercome tumor drug
resistance in a mouse tumor model treated with ddpicin in combination
with the PS methylene bltfe Furthermore, design of nanosystems being
stable in vivo and able to release slowly theirgdnargo in the body can
strongly resemble metronomic chemotherapy and atlorgnic administration
of chemotherapeutics at relatively low, minimalbxic doses, and with no
prolonged drug-free breaks. The potential of tlgpraach has been recently
revised on the basis of clinical tridflsand considered a very promising novel
strategy also in cancer PEITOn these basis and our previous experience in the
delivery of the antimitotic lipophilic drug doce®ix(DTX) through core-shell
biodegradable NP$% here we develop NPs of amphiphilic block copolysne
of PCL and poly(ethylene oxide) (PEO) for co-delivedf DTX and zinc-
phthalocyanine (ZnPc). NPs were made from PCL/PHgzkbcopolymers
with simple diblock (AB) and triblock (ABA) structe to highlight the role of
copolymer architecture on NP overall propertiese Tombination of steady-
stationary and time-resolved emission fluorescemseasurements gave
insights into the entrapment process of ZnPc in Nis, pointing out the
crucial function of its monomeric form in the geaon of singlet oxygen.
The chemo-phototherapeutic dual effect of DTX an®@was investigated on
cancer cells, providing also data to understande¢bbmechanism in which the
apoptotic cell death constitutes the ultimate effemally, the synergic effect
of DTX and ZnPc was preliminarily evaluated afteP Nnjection in an
orthotopic mouse model of amelanotic melanoma saoaseinforce the
translational potential of the NP-based combingat@gch in clinical practice.
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Experimental part
Materials

Docetaxel (DTX, MW=807.88) was purchased from LBadi@atories (USA).
Zinc(ll) phthalocyanine (ZnPc, MW=577.91), (2-hydypropyl)B-
cyclodextrin (DS 0.6), threalose, human serum albunPolysorbate 80,
anthracene-9,10-dipropionic acid, potassium phdsptifdasic and potassium
phosphate monobasic, sodium azide and sodium dklevere purchased from
Sigma-Aldrich. Sodium hydroxide was provided frorel€himica Scientific
Glassware. Ethanol 96°, phosphoric acid (85%), cemtie and
tetrahydrofuran were purchased from Carlo Erba Be@dMilan, Italy). o-
Methoxym-hydroxy poly(ethylene oxide) with Mn=2.0 kDa, mP%&§3OH,
(Aldrich) was dried by azeotropic distillation froimluene.g-Caprolactone,
CL, (Aldrich) was distilled over CaHunder vacuum before use. Tin(2-
ethylhexanoatg) Sn(Oct), (Aldrich), 4-(dimethylamino) pyridine,DMAP
(Fluka), 1,3-dicyclohehylcarbodiimide, @ DCCI  (Fluka) and N-
hydroxysuccinimide, NHS (Fluka) were used as resmbiv

Synthesis and characterization of block copolymers

A PEOy,oPClyzg diblock copolymer (AB) was prepared as previously
described’. Briefly, mMPEQusOH and Sn(Oct) were used as initiator and
catalyst, respectively, in the bulk ring-openindypeerization (ROP) of CL at
120 °C; CLl/initiator molar ratio=38ninh= 0.28 dLxg' at 25 °C in
chloroform; Mw/Mn=1.16). A PEQoP Clegos—PEQq0o triblock copolymer
(ABA) was synthesized by a two-step procedur@riefly, a,o-dihydroxy-
PCLlegoe Obtained by ROP of CL initiated by 1,4-butanediotider the
experimental conditions above reported, was coupletie second step with
two mMPEQqrCOOH segments after activation of the carboxylugravith
NHS. DCCI, as condensing agent, and DMAP as cdtalgse used in the
coupling stepi(inh=0.39 dLxg" at 25 °C in chloroform; Mw/Mn=1.32).

Preparation of NPs

AB and ABA copolymers were employed to prepare adém, DTX-loaded,
ZnPc-loaded and ZnPc/DTX-loaded NPs by a slightlyodified
melting/sonication procedure (MeSo) previously diescf®. Ten mg of
copolymer were added to 1.8 mL of filtered watea ivial that was poured in a
water bath heated at 72+2 °C to allow copolymertimgl For ZnPc/DTX-
loaded NPs, DTX (5% or 10% of copolymer weight) afPc (0.2% of

copolymer weight) were dissolved in 0.1 mL of etblaor THF, respectively.
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Drug solutions were mixed and added to water coimtgimelted copolymer.
The mixture was sonicated for 10 min at 3 W (Sanic&000, Misonix, USA)
by a microtip probe and finally cooled at room temgiure. The organic
solvent was then completely removed by vacuumliditin using a rotary
evaporator for 30 min. For NPs loaded with a sirdyieg, the same procedure
was employed (drug was dissolved in the correspansidvent and the other
solvent added to give a 1:1 ethanol/THF volumeo)atNPs were filtered
through 0.45um filters (RC, Chemtek, Italy), freeze-dried for R&and kept at
4 °C. When needed, threalose orf3d@® were added as cryoprotectants at
different mass ratio with NPs. Recovery yield obdguction process was
evaluated on an aliquot of NP dispersion (withouyoprotectant) by
weighting the solid residue after freeze-dryingsis are expressed as the
ratio of the actual NPs weight to the theoretiadymer weightx100.

Size and zeta potential of NPs

The hydrodynamic diameter ([Dand polydispersity index (PI) of NPs were
determined by Photon Correlation Spectroscopy (RGB)g an N5 Submicron
Particle Size Analyzer (Beckman-Coulter). An NPpeision was diluted in
Milli-Q water at intensity in the range 104-106 otsis and measurements
were performed at 25°C on 90° angle. Results grerted as meanPof three
separate measurements of three different batche®)#standard deviation
(SD). Size of NPs stored in the dark at 4°C for @ths was monitored too.
The morphology of the NPs was examined by transomsslectron
microscopy (CM 12 Philips, Eindhoven, The Nethedlgnusing samples
stained with a 2% phosphotungstic acid solutiontaZ@otential was
determined by analyzing a NP dispersion in wateraodetasizer Nano Z
(Malvern Instruments Ltd.). Results are reportedmesan of three separate
measurements of three different batches (n=9)+SD.

Steady State and Time-resolved Fluorescence Speccopy

Fluorescence emission spectra were carried out mctoaded NPs and
ZnPc/DTX-loaded NPs based on AB and ABA copolynaispersed in ultra
pure water (Galenica Senese, V=20 mL) and sonidated0 min. In all the
experiments ZnPc was set at 0.Q/mL. Steady-state fluorescence
measurements were performed on Jasco model FPpéstafluorimeter with
an excitation wavelength of 600 nm and using 1 cathpength quartz.
Fluorescence spectra are not corrected for therladnsce of the samples.
Depolarized fluorescence spectra were measurediby &quation (£}:
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- Ly Viw = Lyl oy @
Ly Vo + 2l |y

where r is the anisotropy and\\, lun, lve, and lyy are the fluorescence
intensities registered with different polarizer emtations (V=vertical,
H=horizontal).

Time-resolved fluorescence measurements were damig by a time-
correlated-single-photon-counting (TCSPC) home-maajeparatuS. The
excitation source was a synchronously mode-lockediamine 6G dye laser
(Spectra Physics 375B) which provided excitatiots@sl of about 2 ps full
width at half-maximum at a repetition rate of 82 KIHAn excitation
wavelength of 570 nm was used. The fluorescenceepulere detected with a
microchannel-plate photomultiplier (Hamamatsu R1648, about 200 ps
rising-time) and the decay profiles were collectath a computer-controlled
multichannel analyzer card (EG&G Ortec Trump-8k/ZKhe collected data
were then analyzed using the nonlinear least-squiéeeative reconvolution
procedures based on the Marquardt algorithnmin the case of total
fluorescence decay curves, the fitting was perfarme the basis of the
multiexponential decay lai;

ID)=1,) aexptt/T) ()

where I(t) is the total fluorescence decay curyés the intensity at time zero,
ando; andt; are, respectively, the relative amplitudes angtifiies of theath

component (the normalization conditiongaﬁ :1). In the case of time-
i

resolved anisotropy measurements, the reconvoldtiting procedure was
based on two steps. Fluorescence anisotropy rfgfised using the following
expression:

(e)= Iy (€)-1,(¢) _ D@
]W(t)+2[VH(t) S(t)

where the sum data, S(t), must be equal to thé imt@nsity I(t). In some

cases, an additive constantto r(t) was introduced to take into account a long

decay contribution due to static interaction wigingke clusters. In the simple

case of spherical molecules, each rotational catiosl time,tg;, is related to
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the volume (y) of the rotating unit (or of the equivalent spheby the
following equation [27]:

_V,
Ty KT (4)
sl
wheren is the microviscosity of the medium, T is the temgiure in kelvin,
and k is the Boltzmann constant.

DTX analysis

DTX was analyzed by HPLC on a Shimadzu apparatugppgd with a LC-
10ADvp pump, a SIL-10ADvp autoinjector, a SPD-10AMy-Vis detector
and a C-R6 integrator. The analysis was perfornmed Bhenosphere-NEXT 5
um, C18 column (250x4.6 mm, A) (Phenomenex, USA)e Tiobile phase
was a 40:60 (v/v) mixture of 20 mM phosphate buféé pH 4.5 and
acetonitrile pumped at a flow rate of 1 mL/min. TUH¥ detector was set at
227 nm. A calibration curve for DTX in ethanol wasnstructed in the
concentration range 0.980-18§/mL. The limits of quantification (LOQ) and
detection (LOD) were 1.29 and 0.38/mL.

ZnPc analysis

ZnPc quantification was carried out by spectrofion@try on a Shimadzu RF-
1501 at EX=610 nm and EM=668 nm. The concentrabénznPc was
calculated by means of a standard calibration cderéved for THF solutions
of ZnPc at known concentrations (7.2—720 ng/mL).e Thimits of
quantification (LOQ) and detection (LOD) in THF nee€3.70 and 1.11 ng/mL.
Potential interference of DTX on ZnPc emission wasliminarily assessed
spiking a ZnPc solution in THF with different amowf DTX.

DTX and ZnPc entrapment efficiency

DTX loading inside NPs was assessed by dissolvimgbf NPs in 50QL of
acetonitrile under stirring for 1 h. Thereafter050 of water was added and
the sample stirred for 1 h further and analyzedepsrted above. The sample
was filtered through a 0.48m filter (RC, Chemtek, Italy). ZnPc encapsulation
efficiency was evaluated by dissolving a known antaf freeze-dried NPs (1
mg) in 1 mL of THF under magnetic stirring for lahd analyzing the solution
as described above. To verify a possible interfegest copolymers on ZnPc
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quantitative analysis, an amount of DTX-loaded N®s dissolved in THF
and analyzed in the same conditions reported f&cZn

In vitro release studies

In vitro release of DTX from NPs was assessed immM phosphate buffer
containing NaCl (137 mM) and KCI (2.7 mM) at pH {@BS) by a dialysis
method. A known amount of NPs (2 mg) was dispemseési5 mL of PBS and
placed in a dialysis bag (MWCO=3500 Da, Spectr&@olhe sample was
plunged in 5 mL of PBS (sink condition) and kep8@t°C. In vitro release of
ZnPc from NPs was evaluated as described abovenih 8f PBS containing
10% v/v of polysorbate 80 in order to ensure siokditions and to avoid
ZnPc aggregation. In both cases, at selected tmegvals, 1 mL of release
medium was withdrawn and replaced with an equalmel of fresh medium.
DTX or ZnPc quantitative analysis was performedescribed above. Release
profile of free DTX and ZnPc (7pg and 3.6ug, respectively dissolved in 0.1
mL of 1:1 ethanol/THF) is reported for comparis®esults are expressed as
release % over time+SD of three experiments.

Singlet oxygen generation from NPs

The capacity of NPs to generate singlet oxygen mvasitored over time by
measuring photobleaching of the radical quenchePA®, Briefly, 40l of a
5 mM ADPA solution in NaOH 0.01 M was added to 2 ofla ZnPc solution
in water/THF 100:1 v/v or a NP water dispersionnff£]=2ug/mL; [NPs]=1
mg/mL). The sample was irradiated at 610 nm using58 W ozone-free
xenon-arc lamp (JobinYvon) with a slit width of @éh for different times (15,
30 and 45 min). Sample containing NPs was cengtugt 16,090 xg (Mikro
20, Hettich) for 30 min. The supernatant was ctdldcand analyzed by
spectrophotometry at 400 nm to evaluate ADPA alismrpSinglet oxygen
generation was monitored by the decrease of OD@in as a function of the
irradiation time.

Hemolytic activity of NPs

Hemolysis studies were carried out on unloaded IMRBc/DTX-loaded NPs
and HBCD as control. After centrifugation of EDTA-treatedman blood at
880 xg for 5 min, a red blood cells (RBC) dispemnsizas obtained and diluted
with 0.1 M PBS up to a concentration of 10% v/veTRBC dispersion (0.1
mL) was added to 0.9 mL of a NP dispersion, with ddRcentrations ranging
from 0.01 to 2.0 mg/mL. The sample was incubate@7atC for 30 min and
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centrifuged at 1000 xg for 10 min. The supernateag collected and analyzed
for hemoglobin release by spectrophotometry at 46 To obtain 0 and
100% hemolysis, 0.1 mL of RBC dispersion was adde@l9 mL of PBS and
distilled water, respectively. The degree of hermislywas determined by the
following equation: Hemolysis (%)=(ABS—-AB®BABS;,c—ABSy) %100 Where
ABS,o0 and ABS are the absorbance of the solution at 100% and 0%
hemolysis, respectively.

NP stability in the presence of blood components

To determine the stability of NPs under physiolagliicrelevant conditions, a
known amount of freeze-dried NPs was dispersedBS Pontaining 2% wi/v
of human serum albumin (HSA) or in human plasma @dRcentration was
4.5 and 1.3 mg/mL, respectively) and incubated7af@ for different times.
Human plasma was obtained by centrifugation of EBfieated human blood
at 880 xg for 5 min. Size measurements of the sesnpkere taken by PCS
after 24, 48 and 72 h of incubation. The stabilityfNPs was demonstrated by
the absence of macroscopic aggregates and unchahuetial particle size.

NP behavior in cell culture medium

The behavior of NPs prepared from AB copolymerhia medium employed
for in vitro PDT studies (RPMI with 10% FBS) wasatated by different
methods. DTX concentration in NP dispersions waasueged according to a
method described elsewh&teBriefly, 2.5 mg of ZnPc/DTX-loaded NPs were
dispersed in 1.5 mL of RPMI enriched with FBS 1086 and incubated at 37
°C. At 24 h the samples were treated with 1.5 mlacdtonitrile and stirred
overnight to promote protein precipitation. Thdre samples were centrifuged
at 1000 xg and 4 °C for 15 min. Supernatant wasrétl through a 0.4pbm
RC filter and dried under a nitrogen stream at @0 After complete solvent
evaporation, the sample was reconstituted in 1 fricetonitrile—water 50:50
v/v and analyzed by HPLC for DTX content. Recovarfy DTX in the
extraction process was 95+1%. Decrease of DTX aur&ton along time was
considered indicative of NP aggregation and prégipin. Results are
expressed as % decrease of DTX concentration aparechto the initial DTX
content of the samples. For release studies, 2.9fPs were dispersed in
RPMI with10% FBS (0.5 mL) and placed in a dialybeg. The sample was
plunged in 5 mL of PBS (sink condition) and kept3at °C up to 72 h. At
selected time intervals, 1 mL of release medium wiiisdrawn and replaced
with an equal volume of fresh medium. DTX analysias performed as

described above. Results are expressed as release®4ime+SD of three
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experiments. Absorption spectra of ZnPc/DTX-loaded ZnPc-loaded NPs
dispersed in PBS or RPMI ([ZnPc]=04g/mL, [NPs]=0.2 mg/mL) were
collected on a Shimadzu UV-1800 spectrophotomediigua 1 cm path length
quartz cuvette. As control, a solution of ZnPc IM8O or diluted in RPMI

(1:50 vlv, [ZnPc]=0.41g/mL) was analyzed.

In vitro PDT

HelLa cells were obtained from the American Typet@el Collection and
propagated at 1:6 ratio in RPMI supplemented wd@ inits/mL of penicillin
and 10% fetal bovine serum. Cells were grown tdfluence in 6 well plates
and after 24 h they were treated with free drugsdmg-loaded NPs based on
AB copolymer up to 72 h at 37 °C. Free DTX and Zni&re in DMSO
respectively ([DTX]=1ug/mL, [ZnPc]=0.054ug/mL). ZnPc/DTX-loaded NPs,
DTX-loaded NPs, ZnPc-loaded NPs, unloaded NPs alkdispersed in water
(INPs]=10ug/mL). The cells were subsequently detached froenstlibstrate
using trypsin, transferred in polystyrene tubes esntrifuged. After washing
in PBS, cell pellets were resuspended in PBS aadepl separately in a
spectrophotometric cuvette to be irradiated withatogen lamp for 30 min.
The irradiating beam was filtered through an UVefil(Hoya glass type UV-
34, cut-off: 340 nm) in order to cut the UV compnhand through a 1-cm cell
filled with water, to remove the IR-component. §Ht dose of 5 joule/chwas
estimated.

Cell viability assay

Cells (6x10) were placed in 96-well plates with 100-RPMI-1640 medium.
After 24 h cells were treated with free drugs amdgedoaded NPs at the
correspondent final concentration (as above reghrt€ells were incubated
and collected at 24 and 72 h, before the additfdh@presence of tetrazolium
compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carbargthoxyphenyl)-2(4-
sulfophenyl)-2H-tetrazolium, inner salt;MTS, Proraggand an electron
coupling reagent phenazine methosulfate (PMS) 8§48 20 uL per well).
As a control, the same cells were exposed to thmclealone (DMSO), in
amounts corresponding to those employed for digsplthe compounds. After
further incubation (1 h), the absorbance was réa#B@ nm in a microplate
reader (Labsystem Multiskan Bichromatic). The petage of cell viability
(%) was calculated according to the equation:

Cell Vlablllty (%) = [(ODbefore IamﬁOD after Iam;)/OD before Iam[.;lx:l-OO
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Immunofluorescence assay

To analyze nuclear morphology and the distributmnstructural protein

tubulin immunofluorescence assay was performed. -iNediated and

irradiated samples were collected at 24 and 72 di-peatment, layered on
slides treated with polylysine. After fixing in PB&H 7.4) with 4%

paraformaldehyde (pH 7.4) for 15 min at room terapee, a volume of 0.1%
Triton X-100 in PBS was added and left for 15 mifter washing three times
in PBS, permeabilized cells were incubated withlwrescein-conjugated
monoclonal anti- body against human tubulin for lhthroom temperature,
followed by FITC-conjugated goat anti-mouse IgG.eTbells were than
stained with Hoechst 33342 fluorescent DNA-binditige. Samples were
analyzed on a Biomed Fluorescence microscope (Meétitzlar, Germany;
magnification 63x) by using a DAPI (blue emissi@md FITC filter (green
emission), respectively.

Evaluation of apoptosis

Analysis of apoptosis was carried out at singlé leslel using the TUNEL
technique. Labeling of DNA strand breaks with flescein-dUTP by terminal
deoxynucleotidyl transferase was performed usiregpramercial kit (“In situ
cell death detection kit, fluorescein”, Boehringktannheim, Mannheim,
Germany) according to the manufacturer's instrastioTo evaluate DNA
fragmentation (Ladder), treated cells were washd@BS and then lysed in 0.5
ml of lysis buffer (10 mM Tris, pH 7.4, 1 mM EDTAH 8.0, 0.2% Triton X-
100) containing proteinase K (100 mg/ml) for 1 hrabm temperature.
Samples were then centrifuged at 16,000 xg for 1B. NA in the
supernatants was precipitated with 5 N NaCl in lume of isopropanol for 1
h at —20 °C. DNA precipitates were recovered bytrifeigation at 16,000 x g,
air dried for 15 min at room temperature, resuspdnad TE buffer (10 mM
Tris, pH 7.4, 1 mM EDTA, pH 8.0) containing RNast0@ mg/ml) and
incubated for 1 h at 37 °C. Before electrophordsesling buffer (2% SDS, 15
mM EDTA, 0.25% w/v bromophenol blue, 50% v/v glyggrwas added to
each sample. DNA was electrophoresed on 1.5% aggelsstained with Gel
Star (Lonza Rockland, Inc.) and visualized by Uyhtitransillumination.

In vivo antitumor activity

The antitumor effects of NPs containing both DTXI @nPc were tested in an
orthotopic mouse model of amelanotic melanoma. Tdwperimental
procedures performed in this study followed thecsijme guidelines of the
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Italian (N. 116/1992) and European Council law @6®9/CEE) for animal
care. Eight-week old female athymic Nu/Nu nude mi@ge purchased from
Harlan, Italy. Mice were housed 5 for cages andntaaied on a light/dark
cycle in a temperature-controlled room. To produgaor, A375 cell line
(human amelanotic melanoma cells) were harvestedn fisubconfluent
cultures. A375 human amelanotic melanoma cells vad&ined from the
American Type Culture Collection. A375 cells wereown in Dulbecco's
modified Eagle's medium (DMEM) (Invitrogen, San & CA) at pH 7.4,
supplemented with 10% FCS (Gibco, UE), 100 unitspmhicillin and 100
pug/ml streptomycin. Cultures were maintained at & i a humidified
atmosphere with 5% COOnly cells with 90% viability were used for the
injections. Each mouse underwent subcutaneoustiofsc of 2x16 cells,
suspendedin a volume of 1Q0of PBS, directly into the right-side flank area.
When tumor volume was around 100 mm 465 3, miceewandomizedinto 5
different groups and treated by injection into tteudal vein (5 mice per
group) with: saline alone, empty IR free DTX (Polysorbate 80: EtOH:
water, 20:13:67), DTXNP,g, ZnPc/DTX-NPys. DTX dose was 3.5 mg/kg
whereas ZnPc dose was 0.2 mg/kg. After 24 h micee vamesthetized and
exposed to 15 min (149 J) of 172 mW/fdight from a PDT-CLD100 system
emitting red light at 618 nm 5% (EPEM, Greece)rr@unding skin tissue
was protected from light using a light impenetrafderic. The day of NP
treatment was designated as day 0 and observatidimoed until day 21. The
size of tumors was measured along time by usingjigabcaliper. Normally
distributed data were represented as meanzS.E.Mx-Way ANOVA and
Bonferroni post-hoc analysis were used to examine significance of
differences among groups (Graph pad Prism 5.0).rédbability value with
*P<0.05 and *P<0.01 was considered to be statistically significa
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Results
Properties of NPs

PEOypo—PClazog diblock (AB) and PE&o—PCLlsgo—PEQo00 triblock (ABA)
copolymers with unimodal and narrow molecular weighistributions
(PI=1.16, AB, and 1.32, ABA) were employed to prmepanloaded, DTX-
loaded, ZnPc-loaded and ZnPc/DTX-loaded NPs (Tapl@he recovery yield
for all the formulations was very high highlightinthat neither drug
precipitation nor NP aggregation occurred during Sde Hydrodynamic
diameters of NPs were below 100 nm. All formulati@mowed a negative zeta
potential, slightly more negative for AB NPs. Emnzent of both drugs did not
influence significantly surface properties and zetdential of AB and ABA
NPs, whereas a slight increase of polydispersitiexnwas observed when
ZnPc was loaded. The addition of trehalose at idiffe mass ratio with
copolymer (10-40:1) did not prevent the aggregattbriNPs after freeze-
drying, while the presence of HED at 10:1 mass ratio with ZnPc-loaded NPs
allowed no collapsing of NPs during freeze-dryingl storage at 4 °C up to
three months (supplementary material, Table S1FqdS1).

The spherical morphology and the absence of agtioegaf freeze-dried
ZnPc/DTX-loaded NPs were confirmed by TEM (Fig. Also NP size was in
line with the data obtained by PCS.

Figure 1. TEM images of ZnPc/DT¥NPag (A-B) and ZnPc/DTX%-NPaga (C-D).

145



Chapter 4

Table 1. Composition and properties of NPs produced. SD wafteulated on three

different batches.
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The entrapment efficiencies of DTX and ZnPc insagh formulations are
summarized in Table 1. When NPs were loaded witingle drug, entrapment
efficiency was higher than 70% independently of dneg employed and type
of copolymer used. When DTX and ZnPc were loadetuaneously, at 10
and 0.2% theoretical loading respectively, a sigaift decrease in entrapment
efficiencies was observed for NPs prepared witth lmatpolymers. When the
theoretical loading of DTX was reduced at 5%, theapment efficiency of
NPs for both drugs increased.

Release profiles of drugs from ZnPc/DTX-loaded Al #ABA NPs in PBS at
pH 7.4 and 37 °C were evaluated up to 70 days anmpared with free drugs
in combination. In Fig. 2, it is possible to noteat both AB and ABA NPs
assure a sustained release pattern of DTX chaizadeby two phases, an
initial burst followed by a much slower diffusionesion phase, completed in
around 70 days, compared with the free drug insttmae conditions (inset). In
these conditions, no ZnPc release was found. Terebs ZnPc release, it was
necessary to enrich the phosphate buffer with Pdbzte 80 as surfactant
which ensured both sink conditions in the releasdiom and prevented ZnPc
aggregation. Nevertheless, ZnPc precipitation gecuin the dialysis bag
resulting in an incomplete release of the PS (Sapphtary material, Fig. S2).

L J ZnPC/DTX5'NPAB O ZnPC/DTX5'N Paga
100
« ¥ 3 ¢ $
80 5
* | o
60 _i ‘E § v
<¢ 100 &

DTX release %

20 20 1
0
0 01 02 03
0

10 20 30 40 50 60 70
time (days)
Figure 2. Release profile of DTX from ZnPc/DTX-loaded NPRsli0 mM phosphate buffer at pH

7.4 and 37°C. Release profile of DTX is reported domparison (inset). Data are reported as
mean of three independent experiments + SD. Foidgand see table 1.
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Fluorescence properties and singlet oxygen generati of NPs

The interaction of ZnPc with the copolymers inskllies was investigated by
steady-state and time-resolved fluorescence emis§imorescence emission
spectra were carried out on samples prepared Ipemisng an appropriate
amount of powder tominimize the scattering conteb@nPc is poorly soluble
in aqueous solution and needed DMSO to be solekiliZ’he spectrum in
aqueous solution of ZnPc-loaded NPs exhibits baedsered at 680, 710 and
740 nm (type AB copolymer is reported as represimejaboth in the absence
(curve a) and in the presence (curve b) of DTX. Therescence bands are
characteristic of metal — phthalocyanines dispeliedqueous solution. The
anisotropy value, which is around zero for free &iiee inset of Fig. 3, trace
¢), is increasing at around 0.2-0.3 in ZnPc¢s]NRrace a) and in ZnPc¢/DTsX
NP4g (trace b). ZnPc entrapped in NPs based on ABA lgopers both alone
or in combination with DTX showed similar resulti&ta not shown).

40

Fluorescence emission (Arb. unit)

T T T T T T
640 660 680 700 720 740 760
Wavelength (nm)

Figure 3. Steady-state fluorescence emission spectra atiae iimset, correspondent anisotropy of
ZnPc in ZnPc-NRs (traces a) and ZnPc/DEXNPag (traces b) dispersed in water ([ZnPc]=0.07
pg/mL, 2ex=600 nm). Trace c in the inset is the anisoti@ffyee ZnPc in DMSO.

From fluorescence time decay (Fig. 4A), it resthts free ZnPc in DMSO has
a lifetime of 3+0.4 ns, and this value remains tewéd when ZnPc is
entrapped in NPs based on AB and ABA copolymers ltabsence and in
combination with DTX. To focus on the dynamic imtetion between ZnPc
and polymeric NPs, time-resolved fluorescence amipy experiments were
carried out. These investigations provide detailéformation on
photosensitizer structural changes in the collomigroenvironment.
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counts

t (ns) 1 3(,.,3‘;

Figure 4. Fluorescence time decay (A), and time-resolvadréiscence anisotropy (B): ZnPc in
DMSO (a); ZnPc-loaded NPs (b,d), ZnPc/Dil§aded NPs (c, e) water dispersion (b and c traces
refer to NPs of AB copolymer, d and e to NPs of ABgpolymer). In A the decays are scaled for
a multiplicative factor in order to make easier Wigualization. The continuous curves are the fit
resulting from the convolution of the fluorescemtaeay and the excitation. In B the continuous
curve is the best fit according to an exponentiad. |

Anisotropy fluorescence time decay (Fig. 4B) esshield a rotational
correlation time otR [0.6 ns and a limiting anisotropy of 0.05, whereathe
aqueous dispersion of ZnPc-loaded NPs, r(t) of Zapgears as a plateau,
indicating a much longer rotational correlationdif»20 ns).The generation of
singlet oxygen from free ZnPc or ZnPc-loaded NPspelised in water was
evaluated by monitoring the photobleaching of ADP&\,singlet oxygen
guencher, occurring along time (Fig. 5). Comparabime-dependent
production of singlet oxygen by ZnPc was found fiewe drug and ZnPc-
loaded NPs also when DTX was co-entrapped, sugagetitat the presence of
DTX did not interfere with the photochemical projees of ZnPc.
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Figure 5. Photobleaching of ADPA by singlet oxygen generdtech AB (A) and ABA (B)NPs.
Data are reported as mean of three independentengres+SD. For key legend see Table 1.
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Hemolytic activity of NPs

To investigate cytotoxicity toward red blood cellmolysis studies were
carried out ondeveloped NPs (Fig. 6). Hemolysis wasessed in the NP
concentration range from 0.01 to 2.0 mg/mL, witld avithout HBCD as
cryoprotector. As shown in Fig. 6A, NPs did notpiky significant hemolysis
whereas hemolysis up to 70% occurred for NPs cotepted by HBCD (Fig.
6B). This effect was related to HED which, as such, showed a dose-
dependent cytotoxicity.

B NPas B NPaga
| ZnPC/DTX5-NPAB | ZnPC/DTX5-NPABA
80
A
__ 60
S
R
[
=
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£
(]
I
20
Np conc (mg/m|) 0.01 0.05 0.10 1.00 2.00

HP-B-CD conc (mg/ml)
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B NPas B NPaga
| ZnPC/DTX5-NPAB | ZnPC/DTX5'NPABA
B nvp-g-cp
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Np conc (mg/ml) 0.01 0.05 0.10 1.00 2.00

HP-B-CD conc (mg/ml) 0.1 0.5 1 10 20

Figure 6. Haemolysis of red blood cells after incubationhwitPs at different concentrations. NPs
were tested immediately after preparation (A) derafreeze-drying with HBCD (B). Free
HPBCD was used at the same concentration preseneihlfts formulations as control. Data are
reported as mean of three independent experimeBB. £or key legend see table 1.

Stability of NPs in the presence of serum proteins

In order to verify the absence of aggregation dueuentual interactions of
NPs with serum proteins, NPs were incubated in B@$lemented with 2%
(w/v) of human serum albumin or in human plasmay.(Fi). Hydrodynamic
diameters of NP dispersions were monitored up th @2 incubation by PCS.
Both ZnPc/DTX-loaded AB and ABA NPs displayed a gamable behavior in
the presence of proteins and serum components,ish@nslight increase of
their size, which remained still lower than 200 n@m the other hand, these
results suggest that NPs do not undergo disassemliiplogically- relevant
conditions. It is likely that protein-repelling grerties of NPs were imparted
by the presence of an external hydrophilic PEGI stigh a thickness around 2
nm (Supplementary material, Fig. S3).
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B ZnPc/DTXs-NPagin HSA [0 ZnPc/DTXs-NPagain HSA
M ZnPc/DTXs-NPpgin plasma ] ZnPc/DTXs-NPagain plasma

200

150

Juny
o
o

Hydrodynamic
diameter (nm)

a
o

time (hours)

Figure 7. Stability of NPs in the presence of 2% w/v Humanu8eAlbumin and human plasma.
Data are reported as mean of three independentiegres + SD. For key legend see table 1.

NP behavior in cell culture medium

Behavior of AB NPs in RPMI culture medium was asedsby different
methods (Fig. 8). Stability of NPs in RPMI cultumedium was monitored
analyzing DTX content in the supernatant of NP disjpns after
centrifugation to eliminate eventual aggregategy.(RBA). After 24 h of
incubation, DTX amount in the supernatant was lapund 100%, which
corresponded to the actual DTX loaded in the NRggssting that both
formulations displayed no tendency to aggregatRelease of DTX from NPs
dispersed in RPMI (Fig. 8B) occurred at a rate slothan both NPs and free
DTX dispersed in PBS. Finally, UV spectra of freeP£ in DMSO showed a
Q band centered at 674 nm which is both blue-ammbénpmically shifted in
the spectra of ZnPc-NPs and ZnPc/DTX-NPs dispersidPBS. The spectra
of all the dispersions in RPMI remained almost tered as compared to PBS.
A fair red-shift and hypochromicity of Q band wasly registered for
ZnPc/DTX-NPs dispersion in RPMI.

153



Chapter 4

A B

{ DTXin PBS @ ZnPc/DTXs-NPag in PBS

100

AptXinRPMI A ZnPc/DTXs-NPag in RPMI

80

80

40
o
S

Decreasein
DTX concentration %

DTXrelease (%)
Iy
o

20

D
H—— DHo—
[ 3
»

B
t

© 20 40 60 80

(y)swn time (hours)

24
o

0.12 ZnPc in DMSO
ZnPc in RPMI

ZnPc-NPpg in PBS

008 -
...... ZnPc-NPag in RPMI

oD (A.U.)

ZnPc/DTXs-NPag in PBS

ZnPc/DTXs-NPag in RPMI

600 650 700 750
wavelenght (nm)

Figure 8. Behavior of AB NPs in RPMI with FBS 10%. (A) Decseaof DTX concentration

NP dispersions (1.6 mg/mL) prepared in RPMI+FBS Hitér 24 h of incubation. (B) Release
DTX from NPs dispersed in RPMI with FBS 10% at 37 °C. Thtermal mediur used for dialysis
was PBS at pH 7.4. Release of DTX from NPs dispensd®BS aipH 7.4 is reported again for
comparison purpose. (C) UV spectra of ZnPc dissblie DMSO and diluted in RPMI
([ZnPc]=0.4pg/mL), ZnPcNPs and ZnPc/DT-NPs dispersions in PBS and RPMI ([ZnPc]=0.4
png/mL, [NPs]=0.2 mg/mL, 1 cm path lengl Data are reported as mean of three independent
experiments+SD. Fdtey legend see Table
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In vitro PDT

To evaluate cytotoxicity, the percentage of vidbtd a cells at 24 and 72 h of
treatment was measured (Fig. 9). Experiments wer@mned on NPs made of
AB copolymer. No reduction in terms of vitality waketected in samples
incubated with unloaded NPs at all experimentaktinested. In addition no
significant reduction in cells viability was detedtin cells treated with DTX-
loaded NPs and free DTX at 24 h after treatmespeetively (Fig. 9A). On
the contrary the percentage of mortality was sigaiftly higher in cells
treated with DTX-loaded NPs at 72 h of treatmerst,campared to those
treated with free DTX. At 24 h and upon irradiati@mmarked decline in cell
viability was evident in samples treated with Zn®aded and ZnPc/DTX-
loaded NPs. No relevant variation in terms of c@lbility before and after
irradiation was found at 72 h after treatment viite ZnPc and ZnPc-loaded

NPs (Fig. 9B).
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Figure 9. Effects of different NPs on cell viability in HalLcells after 24 h (A) and 72 h (B)
treatment (ifrrad” refers to samples irradiated as described abblat)a cells were treated with a
control vehicle (DMSO) or with drug-loaded and waded NPs. Data are reported as mean of
three separate experiments + SD. Free ZnPc andar¥ used at the same concentration present
in the NPs ([ZnPc]= 0.054 pg/mL, [DTX]= 1 pg/mL)elCviability was quantified using MTT
assay. * p <0.0003.
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At 72 h, the cells treated with both DTX-loaded N&&l ZnPc/DTX-loaded
NPs showed a higher percentage of mortality bafoadiation as compared to
those observed after 24 h treatment. However, ayimactivity related to the
presence of ZnPc was observed in cells treated Zvithc/DTX-loaded NPs,
after irradiation.

In order to establish the effect of DTX on cellul®@NA and detect
modifications at nuclear level, cells were stainegith the fluorescent DNA
binding dye Hoechst 33342. Fig. 10 shows microsciopgges from HelLa
cells mock-treated or treated with NPs. Staininthwioechst 33342 allowed
us to identify cells undergoing aberrant mitosis. 24 h, cells treated with
DTX-loaded NPs and ZnPc/DTX-loaded NPs show momdiokl
characteristics of mitotic catastrophe. No nuctisanage was detected in cells
treated with ZnPc-loaded NPs. At 72 h the DNA daenagtiated by DTX
revealed the presence of apoptotic nuclei afteinista with Hoechst
fluorescent DNA-binding dye.

24h 72h
DAPI Tubulin Merge

Tubulin Merge

ZnPe/DTXs-NPys  DTXs-NPpg  ZnPc-NPag

Figure 10. Microscopy analysis of Hela treated with DTX-, ZaRand ZnPc/DTX-loaded NPs
and analyzed at 24 h and 72 h post exposure. Tiaglissh the subcellular location, dual staining
for simultaneous detection of chromatin and cetflyeotein-positive cells was performed with
Hoechst 33342 fluorescent DNA-binding dye and arfiscein-conjugated monoclonal antibody
against human tubulin, respectively. Cells werdyaea by DAPI filter and FITC filter to detect
chromatin and tubulin respectively, and the imag®sined were merged (63x objective).

This occurrence was more marked in cells treatéd #nPc/DTX-loaded NPs

as compared with those treated with DTX-loaded NRg to the affinity of

DTX for cellular tubulin, distribution of tubulin &s also assessed by staining
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treated samples with an antibody against humaritubn addition, apoptosis
was monitored by detection of apoptotic bodiesimmgle cell level using the
TUNEL technique or at culture level by DNA gel délephoresis (Ladder). As
shown in Fig. 11A, a higher numbers of Hela cetisapoptotic stage was
found following treatment for 72 h with ZnPc/DEXPsg or DTX-NPyg
when compared to the mock cells. As can be seé&iginl1B, the presence of
the typical apoptotic DNA ladder was found in cetksated with ZnPc/DT
NPss or DTX-NP,g, whereas it was absent in control sample.
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1 2 3 4

Figure 11. Analysis of cell death in Hela cells after 72 htafatment. (A) HelLa cells were
incubated with DTX-NRs (image Ill), ZnPc/DTX%-NPag (image IV) or mock treated (image )
and analyzed by labeling of DNA strand breaks Mitlorescein-dUTP TUNEL assay at single
cell level. Positive control consisted of HelLa tegawith DNase 1 (2U samples, Ambion Life
Technology) for 1 h at 37 °C (image Il). Analysislabeled cells was performed by fluorescence
microscopy (63x objective). (B) Analysis of DNA @nmentation by gel electrophoresis after HeLa
cells treatment with DTX-NR (lane 1), ZnPc/DTXNPag (lane 2) or mock treated (lane 3). Lane
4: 1-Kb Plus DNA ladder (Invitrogen).

In vivo antitumor activity

In vivo experiment was carried out by xenografting/nu mice with the
human amelanotic melanoma cell line A375. Resultsreported in Fig. 12 as
tumor growth along time and survival. At 17 daystpNPs injection, tumor
growth in animals that received free DTX was sigaifitly slower than that in
control group {P<0.05). DTX-NPs displayed tumor growth inhibitismmilar
to thatof DTX at the same drug dose (CTR vs B'NP,g, *P<0.05). Tumor
growth in the group treated with the combinationDdfX/ZnPc in NPs and
PDT was significantly slower than that in animalsatt received other
treatments (CTR vs ZnPc/DENPAs**P<0.01). Group treated with empty
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NPs did not show statistically different effects @smpared with the control
group. Survival of animals closely followed the mmgrowth profile. Mice
treated with combined NPs under light exposureigadvlonger compared to
those that received other treatments.
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Figure. 12. (A) Tumor growth inhibition and (B) Kaplan—Meieursival plot of female athymic
Nu/Nu nude mice bearing subcutaneous A375 tumoceMeceived an i.v. injection of saline
(CTR), free DTX, empty NPs (NB), DTXs-NPag, ZNPc/DTX%-NPas. DTX dose was 3.5 mg/kg
whereas ZnPc dose was 0.2 mg/kg After 24 h mice weesthetized and exposed to 15 min (149
J) of 172 mWicrh light. *P<0.05 DTX%NPas vs ZnPc/DT%-NPxs at 17 days post injection;
**P<0.01 CTR vs ZnPc/DT%NPxg at 17 days post injection; **P<0.01 NPvs ZnPc/DTX%-
NPag at 17 days post injection. Kaplan—Meier resulswad an increased median survival for the
ZnPc/DTX-NPag treated mice with respect to the control group$RGind NRg) at 17 days
(P=0.008 determined using log-rank test).
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Discussion

An emerging concept in modern oncology relies omluioation of different
therapeutic strategies. A great advantage of assngi PDT to conventional
chemotherapy is the synergic PDT cytotoxicity tha#tn be elicited at
pathological site, without risking non-target eteecOn the other hand, it has
been demonstrated that sustained release of cherap#utics (sustained
chemotherapy), offers superior antitumor efficacy grevents induction of
MDR in chemosensitive and chemoresistant diséaSesnith this idea in
mind, in this study we have developed a biodegradalystem for the
combined photo- and chemo-therapy of cancer. Inetfert to develop a
translational system, we focused on two types aB-shell NPs made of
amphiphilic biodegradable block copolymers of PEOERable to deliver a
taxan and a cyanine at sustained rates in the bBEQD-PCL of specific
composition was selected on the basis of recemteecies highlighting that
PEO:PCL molecular weight ratio is a key determindot stability in
biologically relevant medfd Furthermore, we have recently demonstrated
that entrapment of DTX in NPs of PEO-PCL preserlddsX cytotoxicity
while attenuating drug toxicity in vivo, in analogyy similar PEO—PLA block
copolymer micelle¥. Nevertheless, this last type of micelles has show
disassembly in the bloodstre&hwhich could explain an activity profile of
DTX-loaded PEO-b-PLA micelles similar to free dfigMaking advantage of
the low melting temperature and amphiphilic projsrtof PEO-PCL
copolymers, the formation of a solid-like semicayhe structur& with
potentially high stability in biologically relevartonditions, we combined
DTX with ZnPc in PEO-PCL NPs to obtain a multifunoal system for
cancer therapy.

A preliminary formulation study was devoted to exdé the best conditions to
obtain NPs i) with a suitable size for i.v. injegts; ii) able to entrap both
molecules with high efficiency; iii) stable in dififent complex media; iv)with
a good storage stability; v) able to preserve P&qitiological activity; vi)
releasing chemotherapeutic agent at a controlléel Results highlight the
formation of spherical, non-aggregated NPs withudegsmall size useful to
escape RES and kidney excrefoii Dual molecules entrapment is feasible
and controlled by the total amount of the most alaumb drug i.e. DTX. In fact,
lipophilic molecules accommodate between polymedbains in the
amorphous regions of PCL and once these domainssaitgated, drug
crystallizes outside polymeric NPs and a decreasmtrapment efficiency is
experience®f. Considering the very low solubility of ZnPc in teg it can be

reasonably hypothesized that when entrapping bottpsta mutual impairment
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of drug solubilization in the melted copolymer magcur at high DTX
theoretical loading. Thus, this effect is attenddtg decreasing the loading of
the most abundant DTX at 5%. In analogy to previoagers drug-copolymer
ratio is found again a critical parameter to conémacapsulation efficienéy,
For all the formulations tested, both DTX and Zr®adings are considered
suitable for a therapeutically relevant system. IDakease of drugs from NPs
show that while DTX was released from the carrignPc remains
substantially entrapped along time. Different reéegates are clearly attributed
to different aqueous solubility of ZnPc and DTX.fhtt, release from PEO—
PCL-based systems is activated by drug dissolutiothe medium diffusing
inside the polymer. Due to the fact that ZnPc e&cfically insoluble in water,
it remains entrapped in both NP types while DTXeateased at a sustained
rate. It is worth of note that sink conditions ieadl by adding a surfactant in
the release medium allow ZnPc release but indu®itd precipitation during
release. In order to avoid NP aggregation phenondemiag freeze-drying,
HPBCD was selected as cryoprotector and added to ISpediion before
freeze-drying. As demonstrated in the literatur@®pED is able to increase
collapse temperature during freeze-drying procpesyenting aggregation of
different nanocarriers based on PCL polyrfels NP formulations exhibit
excellent long-term size stability upon storage &C and allow efficient NP
dispersion in aqueous phase.

The proof that the fluorophore is intercalated hie polymeric matrix is the
significant change both in the steady-state ande-tiesolved fluorescence
anisotropy of ZnPc-loaded NPs. In particular thegkr rotational correlation
time (longer than 20 ns) in ZnPc-loaded NPs as ewetpto ZnPc is due to the
fact that the dye is rotating together with largarticles. The presence of DTX
does not cause further changes in the fluorescamisetropy decay. It is worth
noting that there is a significant background ie fluorescence decay profile
of ZnPc free in DMSO, mainly due to much longeetiifine of the triplet state
emission. This background is still present for thké samples investigated,
indicating that, despite being embedded in the pelymatrix, ZnPc maintains
its phosphorescence properties useful for applinatin PDT. The similar
fluorescence lifetime of ZnPc (3+0.4 ns) in orgasmvents (i.e., both in
DMSO and in THF used in the preparation) and wh&nisPincorporated in
NPs suggests that clusters of residual organicestlgould remain entangled
in the mesoporous structure of NPs forming nanodiasnable to host and
stabilize both drug&“’ On the other hand, steady-state fluorescencesemis
spectra and the correspondent anisotropy valuegestithe strong interaction
between ZnPc and NPs. While free ZnPc in aquedusi@o is poorly soluble
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(no emission spectra was observed), ZnPc-NPs afRt/Bi X-NPs exhibit
emission fluorescence bands which are characterigtiZnPc fluorophore
highly dispersed in an aqueous solution, confirntimgincreased solubility of
ZnPc incorporated in NPs. The similar amount ofjleih oxygen generated
from ZnPc-loaded NPs, alone or in combination WifFiX, as compared to
free ZnPc highlights that ZnPc generates singlgger inside the polymeric
matrix and suggests that, unlike conventional dialivery systems, PS does
not require to be released from PEO-PCL NPs todada photodynamic
reactio’®. This result is in line with previous findings wkePCL was
demonstrated to be permeable to singlet ox3§gerPhotophysical
investigations have shown also that associatiorzmfPc to NPs does not
necessarily alter its excited-state propertiesitssinglet oxygen generation.
Presumably, a similar yield of singlet oxygen desimtes also that NPs
prevent ZnPc aggregation phenomena in Water

NP interaction with plasma proteins and blood congmis can be responsible
of aggregation, charge neutralization, dissociatowl, in some cases, may
trigger clearance mechanisms in the B8dgeveral efforts have been devoted
to understand how NP surface features drive préti€la interactions which, if
properly handled, can be regarded as a very sirtgué to control NP
biodistributiort®. Our results suggest that the steric hindrancéecad by a
PEO corona on NPs offers efficient protection agahP aggregation in both
HSA and plasma making the system suitable for wetnaus injection. On the
other hand, the fact that NP size is kept in tles@nce of serum suggests also
that this type of NPs is not prone to dissociatioce in the blood circulation,
a phenomenon that has been demonstrated recenfAEfd-polylactide NP4
Interaction of NPs with proteins is regarded asriical factor also in cell
culture studies since it has been demonstrated th#?s can
aggregate/dissociate in complex media altering gifiotogical result.
Combination of DTX with ZnPc inside NPs does ndeetf stability profile of
NPs in RPMI, the medium employed for cell studiaad allow ZnPc to
maintain its monomeric form. Furthermore, since am®f drugs free to pass
through cell membranes cannot be derived directiynfrelease studies in
PBS®, release rate in RPMI highlights a sustained DE}ase from NPs
whereas ZnPc remains substantially entrapped in At maintains its
monomeric form. Since we experienced no relevdifergince in the behavior
of AB and ABA NPs, we decided to focus on AB copoér due to its simpler
architecture as compared to ABA copolymer.

On a biological standpoint, in vitro results ob&inhere on Hela cells
highlight that DTX can benefit from the combinediae of ZnPc in inducing
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cell mortality. The results show firstly that uniteal NPs are highly
biocompatible in the in vitro model. Furthermorégy indicate that upon
photo-activation there is an immediate action (itB4 h) of ZnPc in ZnPc-
loaded NPs with or without DTX. On the contrarygra the time of treatment
and upon irradiation ZnPc efficacy decreases an Biarts evidencing
severe cytotoxicity. The increase of cell mortaldfpserved after 72 h of
treatment suggests that ZnPc/DTX-loaded NPs ardiegea combined action
under irradiation. The higher phototoxicity disptdy by ZnPc-NPs as
compared to free ZnPc well correlates with a sigaift aggregation of free
ZnPc in RPMI, likely contributed by its very poomueous solubility.
Conversely, the insufficient activity of ZnPc-NPat 72 h in the absence of
DTX can be related to a decreased phototoxicityicaip of lipophilic
phthalocyanines such as ZnPc which, even if engdpm NPs, could
aggregate along tirfit However these mechanistic aspects are still under
investigation.

DTX cytotoxic activity is exerted by promoting amsthbilizing microtubule
assembly, causing the inhibition of mitotic canceell division. It is
noteworthy that in specific cancer cells microtsutio not disassemble in the
presence of DTX, and accumulate inside cells cauisiitiation of apoptosfS.
Apoptotic cell death was unequivocally shown byngsdifferent techniques
and here it is proven that most of the cells tetatith DTX-NPs, as well as
with ZnPc/DTX-loaded NPs, display chromatin condgims, apoptotic body
formation and DNA ladder. Nevertheless it is nogatilat only DTX-loaded
NPs display a significant reduction in term of ogHbility. Thus, association
of DTX and ZnPc, both entrapped in polymeric NHgud be required to
improve the therapy effectiveness at all the stafdareatment. However
further investigation are needed to understandrtbehanisms involved in the
compartmentalization of drugs and the inductionyabtoxicity by apoptosis.
The encouraging findings obtained in a conventiaadl line used for testing
photodynamic effects were validated in an orthatopiouse model of
amelanotic melanoma to reinforce their translatiopatential in clinical
practice. Results show again no cytotoxic effecenipty NPs and a slower
tumor growth for DTX-loaded NPs in the presenceZaPc. This effect is
shown in the case of combined NPs, suggesting #ftatation of drug
biodistribution exerted by NPs does not impair piecological effect. It is
worth noting that schedule of photodynamic treatnaesmwell as dose regimen
can be further revised to optimize treatment.
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Conclusions

This study has demonstrated that it is possiblotwstruct a nanoassembly for
combining sustained release chemotherapywith plyotodic therapy. NPs

are especially useful to compatibilize the lipoghiZnPc with an aqueous
environment without altering photophysic propertigdader photoirradiation,

NPs generate singlet oxygen and in parallel susth&n release of the
chemotherapeutic resulting in dual cytotoxic effaeith ZnPc playing a

fundamental role in the early stage of the treatmfaliowed by a delayed

DTX action. On the basis of the preliminary in vidata, this type of approach
may be of clinical interest for the treatment ofessible solid tumors.
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General considerations

The journey of a NP from injection to the site ofian is often fraught with a
sequence of substantial obstacles that adversglgattherapeutic indices in
cancer. A translational anticancer nanomedicinenidé¢d for iv administration
of anticancer drugs should:

v" be not toxic and biocompatible;

v'encapsulate a variety of therapeutic agents, impgotheir solubility
and stability;

v' release the entrapped drug in a controlled manner time to
maintain a drug concentration within the therapewindow;

v offer a prolonged blood circulation half-life andimited clearance
by RES;

v" overcome biological barriers and reach selectivilynor sites,
reducing the systemic toxicity of the therapeutgert as well as
increasing its concentration in the area of interes

v"achieve cellular uptake by targeted tissues.

To fulfill all these requirements is a demandingktand several approaches
with specific advantages/disadvantages have beaipdd.

As base material for biomimetic core-shell nanomiegs, the use of
amphiphilic materials, especially amphiphilic bloatopolymers, which
spontaneously organize in supramolecular highlyer@d core-shell systems,
has received increasing interest. This speciahgament makes them suitable
as long-circulating drug nanocontainers able tavdeldrugs in different body
compartments. Being loaded in the hydrophobic cdhe, drug is well
protected from biological inactivation of surroungs and is distributed
according to the pharmacokinetics of the carriesteay. Furthermore, the
external flexible fringe of hydrophilic blocks alls a steric stabilization
against the opsonisation by RES, thus prolongirgithvivo fate into the
bloodstream of the entrapped drugs. In spite ofghadvantages, a great
drawback associated to these kind of systems widlégussed in the
literature, resides in the poor stability they oftshow in biological
environment. To this respect, properties of therbgtobic core are of utmost
importance in controlling precocious nanocarriesagdsembly in the blood
stream.

On this rationale, we focused our work on the dmwelent of core-shell
nanoassemblies based on PCL-PEO copolymers foiv thdministration of
small lipophilic and hydrophilic anticancer druggssting also the possibility to
further combine different chemotherapeutics andiiob& synergic antitumor
effect.
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At a polymer level, results of this research profaghlight that PCL-PEO are
very promising materials to be used in iv delivefyanticancer drugs. Since
copolymer architecture is critical in driving selésembly properties, in the
first part of this work, we investigated the alyiliof PCL-PEO block
copolymers to assemble in nanocarriers with differestructures
(nanocapsules, NPs) to be used in the delivery ath Hipophilic and
hydrophilic molecules. In particular, we pointed stildying the impact of
architecture rather than hydrophobic-hydrophiliclabae indriving the
organization and morphology of corresponding namosires and in
controlling their stability, size, drug-loading @ity and release rate.
Independently of the structure (micelle, NP, napscée) the hydrophilic
blocks of PEO impart steric stability and biomingsetproperties to
nanoassemblies, providing them with all the featufer prolonged blood
circulation.

To produce nanocapsules with a agueous core, wisicim theory very
challenging, we set up an emulsion/melting-sonmeat{(EMeSo) technique
forming nanocapsules with an inner aqueous coraroemulsion template.
Novel amphiphilic Y-shaped miktoarm PCL-PEO bloakpalymers gave
nanocapsules with size around 150 nm, low polyd&8pe index, high
encapsulation efficiency and release rate. Theepepties together with an
excellent toxicity profile suggest their potentiese for further application as iv
carrier.

On the other hand, linear PCL-PEO triblock and FREO diblock
copolymers formed, besides micelles, NPs in thge&®0-80 nm which can be
used as carriers for lipophilic drugs. NPs of PCE©Pblock copolymers
entrapping the lipophilic drug DTX could be obtainey a MeSo method set
up in our labs. Experimental conditions for MeSal ha be adapted when
ZnPc was co-encapsulated inside NPs. In partidray loading of both drugs
was greatly affected by DTX to polymer and drugitag ratio. A core-shell
structure with highly mobile hydrated PEO segmeiaisning the corona
(around 2 nm), conferring stealth properties ofdiistem, and PCL segments
forming a solid-like core, was evidenced. Concegnira possible
pharmaceutical application, PCL-PEO NPs could hkeeze-dried giving
powders with good stability along time. The usemybprotectants was needed
depending on the entrapped drug. Thus, a stalbheutation with a good shelf
life to reconstitute in an aqueous medium beforaiatstration was obtained.
PCL-PEO core-shell NPs with different architectunesse found to be stable
in complex protein-rich environments such as calture media and plasma.
Furthermore, PCL-PEO NPs showed no toxicity towlandnan blood cells,
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thus highlighting the suitability of these systens dranslational iv
nanoplatform.

Cytotoxicity studies on DTX-loaded PCL-PEO NPs @veral human cancer
cell lines (prostate carcinoma DU145 and LnCaP lrehst cancer MDA-
MB231 and MCF-7) have demonstrated that entrapineminocarriers results
in an improvement of DTX activity which is very esfant at low drug doses.
Potentiation of drug activity was mainly related dlow extracellular drug
release. When ZnPc was combined to DTX, intergoetadf cytotoxicity
results was much more complicate. Indeed, ZnPc/DIP§ gave severe
activity on HelLa cells upon irradiation as compat@dTX-NPs highlighting
that ZnPc/DTX-loaded NPs are exerting a combine@madn inducing cell
mortality.

Some tasks of this research aimed to clarify thiellae biofate encompassing
mechanisms involved in the molecular events coalitigplcellular response,
focusing on apoptosis and/or autophagy. It is wedw that the type and dose
of stress within the cellular context after a phacological treatment dictate
the cellular outcome, which is intimately converted complex pathways
mediating control of cell-cycle and cell death. IE¢teated with DTX-loaded
NPs showed a highly condensed chromatin, which a¥ss, marginated or
fragmented. These data were confirmed by laddédysisalt is possible that
prolonged mitotic arrest triggered by DTX can l¢adactivation of apoptotic
cell death. Nevertheless, initiation of autophgmthway by accumulation of
p62 protein was assessed. Data obtained in ourimgral model showed
that a consistent generation of autophagosome ibaHmlls treated with
nanoparticles, was observed. Thus, autophagy dgtfunis recognized as a
potential mechanism of cell death which accompaipsptosis. However,
further studies should be addressed to underst@gndin depth these
mechanisms also in light of a proper safety assessof nanoassemblies
Finally, from a preclinical point of view, the inve antitumor activity of NPs
as carrier for DTX was tested in different animabdals. First of all, the
empty carrier did not show toxicity, suggesting gossibility of employment
as safe parenteral formulation. Studies are in nessy to assess
pharmacokinetics of PCL-PEO NPs in healthy micewa#i as in a breast
cancer orthotopic model.

Combined effect of DTX and ZnPc was demonstratesb ah vivo in a
ortotopic model of amelanotic melanoma. The abiiitysustain the release of
DTX along time and to induce singlet oxygen genenatinder PDT treatment
generate a better antitumor response of PCL-PEO d¢Psompared to free
drugs at the same doses.
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Conclusions

The experimental work enclosed in this manuscrigs wimed to design novel
PCL-PEO nanocarriers for the iv administration atiGancer drugs.

The conclusions extracted from the results werddhewing:

CHAPTER 2: Nanocapsules Based on Linear and Y Shage3-
Miktoarm Star Block PEO-PCL Copolymers as SustainedDelivery
System for Hydrophilic Molecules:

1.

Nanocapsules with an aqueous core can be obtaiyed bovel
emulsion-melting-sonication techniques employinget@mphiphilic
Y-shaped miktoarm PCL-PEO block copolymers.

Nanocapsules showed high entrapment efficiency ydrdphilic
macromolecules and their controlled release wdizeea

An excellent cell toxicity profile makes thestealth nanocapsules
very promising as iv nanoplatform for passive daiw of
hydrophiphilic drugs in solid tumors.

CHAPTER 3: Core-shell biodegradable nanoassembliedor the
passive targeting of docetaxel: features, antiprdirative activity and
in vivo toxicity:

1.

Core-shell PCL-PEO NPs for the delivery of highlpobhilic
anticancer drugs can be obtained by the novel MeSmique.

NPs were able to entrap high amounts of DTX reléedopolymer
properties, thus sustaining its release along temd not toxicity
toward red blood cells was evidenced.

A strong efficiency in inhibiting cell growth of bast and prostate
cancer cells and not toxicity in experimental ardimedels were
highlighed.

These nanocarriers are attractive carriers foptssive targeting and
sustained release of different lipophilic drugsatid tumors able to
maintain activity and strongly decrease treatmemicity linked to
free drugs.
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CHAPTER 4: Biodegradable core-shell nanoassembliefor the
delivery of docetaxel and Zn(ll)-phthalocyanine ingired by
combination therapy for cancer:

1. Biodegradable PCL-PEO block copolymers gave a reswably for
combining sustained release chemotherapy with PDT.

2. NPs provided high DTX and ZnPc loadings, a sloveasé of the
chemotherapeutic drug and high efficacy of the RShe singlet
oxygen generation.

3. Their high stability in biological environments atite encouraging
results obtained by the in vivo data suggested pbssibility to
employ this system as a translational injactableonsedicine for the
synergistic combination of chemotherapy and PDT.
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Abstract

The aim of this work was to evaluate if small peggtl biodegradable
nanoparticles (NPs) can be a possible carrier Kor delivery of lipophilic
drugs. An amphiphilic and biodegradable diblock agmer of polyg-
caprolactone) (PCL= 4.2 kDa) and poly(ethylene eXHEO=2 kDa) (PEO-b-
PCL) was employed to produce NPs entrapping Zijaftalocyanine (ZnPc),
a highly lipophilic photosensitizer, by using tirelting/sonication technique
NPs displayed a hydrodynamic diameter around 6Canstightly negative zeta
potential and a high ZnPc entrapment efficienc® {@g/100 mg NPs). ZnPc-
loaded NPs or free ZnPc was then incorporated pigBe305. To evaluate
skin transport of ZnPdn vitro permeation studies on porcine skin were carried
out in non-occlusive conditions through porcine ekin on Franz-type
diffusion cells. In all cases, no permeation of #Znkh the receptor
compartment was observed despite its solubilityhi filling medium. Since
ZnPc was not released from NPs, permeation of Nfesild be followed.
Results showed that ZnPc dissolved in Rg@vhich acts also as permeation
enhancer) was retained mainly in stratum cornelgiylidue to high affinity
of ZnPc for SC lipids. In the case of ZnPc-loaddesNZnPc reached dermis in
an extent depending on the type of dispersing umedivater, PEG, Sepigel
305).

Taken together, these results highlight PEO-b-P®s lds a novel vehicle for
the skin delivery of highly lipophilic compoundsuch as photosensitizing
agents, with potential in photodynamic therapy a&dl ws in other different
applications.
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Introduction

Due to its peculiar composition, stratum corneur@)($epresents the main
barrier limiting percutaneous transport of chemispkecies [1]. Recently,
research has been focused on the design of staipgiroaches to improve
topical delivery of different drugs, in order toopose innovative and non-
invasive treatment modalities for several skin aéss. It is well recognized
that small and highly lipophilic molecules are uleato cross SC and reach the
water-rich viable epidermis. On these bases, skwd@mical and physical
strategies have been proposed so far to improvgsdransport encompassing
the use of permeation enhancer8]2surfactants and organic solvents, as well
as the application of iontophoresis [4] and elgmration [5].

Novel drug delivery strategies aimed at increashg topical permeation of
lipophilic drugs, without injuring or modifying thephysiological skin
composition have been recently proposed with p#gic emphasis on
nanosized carriers [A[8]. Vesicular systems (liposomes, surfactaripidt
based colloidal carriers (lipid nanocapsules anlid sipid nanoparticles),
micelles and microemulsion are currently invesgdafor their potential in
driving a drug through the skin’[®]. The masking of a drug in a nanosized
carrier allows effective hindering of the interacis with biological
environment, thus overcoming intrinsic unfavorapl@perties of the drug
(molecular weight, lipophilicity, ionization). If uitably engineered,
nanocarrier properties such as size, surface changestructure can be a
valuable tool to control drug distribution in thierslayers [11]. As compared
to other nanocarriers, nanoparticles based on biadable polymers, such as
poly(lactic-co-glycolic acid) (PLGA) [123], polylactic acid (PLA)[14] and
poly(e-caprolactone) (PCL) [15-17] could offer a furthadvantage of
sustained drug release in the skin.

Recent studies have shown that polymeric nanocapgul nanoparticles with
a core-shell structure, based on amphiphilic blomiolymers of PLA, PLGA
and PCL with various architectures, can assembleammostructures able to
entrap hydrophilic and lipophilic molecules withffdrent molecular weight.
These NPs have been found to drive DNA and minbxidlithe viable
epidermis and oridonin even the intravascular {it&s20], pointing to their
possible application as transdermal delivery ptatfo This special behaviour
is ascribed to the presence of the hydrophilic ragtieshell with deformable
characteristics [21], that allows overcoming of #tetum corneum barrier. It
has been reported, in fact, that elastic partidfl@sexample with an external
hydrophilic PEG shell are able to distribute throtlge epidermis faster, while

rigid particles were found to remain on the surfafethe upper stratum
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corneum [22]. However, it has been highlighted dlsti the composition and
the molecular weight of the base copolymer, as wasllthe number of
amphiphilic arms or the ratio between the bloclkan strongly modify the
behavior and the fate of a nanocarrier througtskie [2324].

The aim of this work was to highlight the potentifilcore-shell NPs based on
a diblock PCL-PEO copolymer in skin delivery of gsu To this purpose, NPs
entrapping the second generation photosensitizgh)Aithalocyanine (ZnPc)
as a model of highly lipophilic drug were develop&dPc is an active drug,
mainly investigated for its possible applicationpghotodynamic therapy, for
both systemic and topical diseases '8k Up to now, due its high
lipophilicity and its disadvantageous chemical pegfno strategy has been
still selected to allow its clinical administratiofor these reasons, many
studies have been focus on more hydrophilic phttyaloine derivates and on
the design of different delivery devices to achi¢ieir possible application,
especially in the treatment of topical lesions B1]- NPs were prepared by
melting/sonication (MeSo), characterized and thdgtribution in the skin
assessed on porcine skin.
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Experimental part
Materials

Sepigel 305 (polyacrylamide, C13-14 isoparaffinyrégh-7) was purchased
from Farmalabor, sodium propyl parahydroxybenzoateand
methylparahydroxybenzoate sodium were provided frolaw Fa.Dem.
Zinc(ll) phthalocyanine (ZnPc, MW= 577.91), (2-hgdypropy)-B-
cyclodextrin (DS 0.6) (HPBCD), polysorbate 80, polyethylene glycol 400
(PEG), potassium phosphate dibasic and potassivospplate monobasic,
sodium azide and sodium chloride were purchased fRigma-Aldrich.
Potassium hydroxide was provided from Delchimicae&tific Glassware.
Ethanol 96°, phosphoric acid (85%), acetonitriled aetrahydrofuran were
purchased from Carlo ErbaReagenti (Milan, ItalgMethoxyw-hydroxy
poly(ethyleneoxide) with M= 2.0 kDa, mPE&,-OH, (Aldrich) was dried by
azeotropic distillation from toluenes-Caprolactone, CL, (Aldrich) was
distiled over Cal under vacuum before use. Tin(2-ethylhexangate)
Sn(Oct), (Aldrich), 4-(dimethylamino) pyridine, DMAP (Flaj, 1,3-
dicyclohehylcarbodiimide, DCCI (Fluka), and N-hygysuccinimide, NHS
(Fluka) were used as received.

Synthesis and characterization of block copolymers

A PEGyorPClysgodiblock copolymer was prepared [32]. Briefly, mP&§
OH and Sn(Oct)were used as initiator and catalyst, respectivialyhe bulk
ring-opening polymerization (ROP) of CL at 120 @L/initiator molar ratio =
38 (finn.= 0.28 dL x@ ; My, /M, = 1.16).

ZnPc quantitative analysis

ZnPc quantification was carried out by spectrofion@try on a Shimadzu RF-
1501 at EX= 610 nm and EM=668 nmThe concentration of ZnPc was
calculated by means of a standard calibration cabtained on THF solutions
of known ZnPc concentrationg.2—720 ng/ml The limits of quantification
(LOQ) and detection (LOD) in THF were 3.70 and IngImL, respectively.

Solubility determination of ZnPc

Saturated solution of ZnPc were prepared by stjran excess of ZnPc in PBS
at pH 7.4 with different amounts of Polysorbate 8@ in PEGy at room
temperature for 72 h. The samples were then fitéheough a RC (Chemtek,
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Italy) membrane (pore size 0.2@n) and analyzed by UV spectrophotometry
at 666 nm.

Preparation of NPs

NPs were prepared by a slightly modifiedelting/sonicationprocedure
previously described. Ten mg of copolymer were ddiel.8 mL of filtered
water in a vial and poured in a water bath heated’2a2°C to allow
copolymer melting. ZnPc (0.2% of copolymer weightis dissolved in 0.2
mL of ethanol/THF 1:1 volume ratio and the solutmstained added to water
containing melted copolymer. The mixture was saeddgor 10 min at 3 W
(Sonicator 3000, Misonix, USA) by a microtip probad finally cooled at
room temperature. The organic solvent was remoweléruvacuum by a rotary
evaporator for 30 min and NPs were finally collec{&nPc-NPs). The same
procedure was employed to prepare unloaded NPsoagot NPs were
filtered through 0.4mum filters (RC, Chemtek, Italy), freeze-dried for R4nd
kept at 4°C. HBCD was added as excipient (10:1 mass ratio with)N®s
yield ZnPc/CD-NPs in powder. Recovery yield of protion process was
evaluated on an aliquot of NP dispersion (withouyoprotectant) by
weighting the solid residue after freeze-dryingsiles are expressed as the
ratio of the actual NPs weight to the theoreticaymer weight x 100.

Characterization of NPs

Hydrodynamic diameter () and polydispersity index (PI) of NPs were
determined by Photon Correlation Spectroscopy (RG8)g a N5 Submicron
Particle Size Analyzer (Beckman-Coulter). An NPpdision was diluted in
Milli-Q water at intensities in the range “400° counts/s and measurements
were performed at 25°C on 90° angle. Results grerted as meanPof three
separate measurements of three different batche® @ standard deviation
(SD). Size of NPs stored in the dark at 4 °C fondhths was monitored too.
The morphology of the nanoparticles was examinedréysmission electron
microscopy (CM 12 Philips, Eindhoven, The Nethedignusing samples
stained with a 2% phosphotungstic acid solution.

Zeta potential was determined by analysing a Nipedon in water on a
Zetasizer Nano Z (Malvern Instruments Ltd). Resaltts reported as mean of
three separate measurements on three differertdsa(n=9) + SD.

ZnPc encapsulation efficiency was evaluated byotligsg a known amount of
freeze-dried NPs (1 mg) in 1 mL of THF under magnstirring for 1 hour.
Results are reported as actual loading, i.e. theuam (mg) of drug
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encapsulated per 100 mg of nanoparticles, andmmaat efficiency, i.e. the
ratio between actual and theoretical loading x £@D (n=6)

Singlet oxygen generation

The capacity of NPs to generate singlet oxygen mvasitored over time by
measuring photobleaching of the radical quenchePAD33]. Briefly, 40 ul

of a 5 mM ADPA solution in NaOH 0.01 M was added?tanL of a ZnPc
solution in water/THF 100:1 v/v, in water/PEgfs 10:1 or a NP water
dispersion ([ZnPc]=2wg/mL; [NPs]=1 mg/mL). The sample was irradiated at
610 nm using a 150 W ozone-free xenon-arc lampirf¥afon) with a slit
width of 10 nm for different times (15, 30 and 4B nSample containing NPs
was centrifuged at 16,090 xg (Mikro 20, Hettich) 8 min. The supernatant
was collected and analyzed by spectrophotome#@@tnm to evaluate ADPA
absorption. Singlet oxygen generation was monittmethe decrease of OD at
400 nm as a function of the irradiation time.

Preparation of ZnPc-NPs dispersions in PEG

A known amount of ZnPc-loaded NP water dispersipyP§] = 3.75 mg
[ZnPc] = 7.5ug) was centrifuged at 573340 xg for 40 minutes disdersed in
PEGyy (0.2 mL). As control, a PEfg stock solution containing the same
amount of ZnPc was prepared.

Preparation of ZnPc-loaded NPs in Sepigel 305

Sepigel 305 of medium viscosity (3% w/v) was pregaby adding preserved
water containing sodium propyl parahydroxybenzof@el4% w/w) and
sodium methyl parahydroxybenzoate (0.06% w/w) tpigsd 305 (30 mg)
under gentle stirring until gel formation. A knovamount of ZnPc-NPs water
dispersion obtained by MeSo ([NPs] = 3.75 mg, [4rP@.5 ug) was mixed
with preserved water and then added to Sepigelrupelatle stirring. Another
gel was prepared by dispersing freeze dried ZnPelEB in preserved water
and adding Sepigel. The control formulations witefZnPc were prepared by
adding 0.35 mL of PEgg, stock solution containing the same amount of ZnPc
in the preserved water employed for Sepigel prejumara

In vitro release studies

In vitro release of ZnPc from NPs was assessedimill phosphate buffer
containing NaCl (137 mM) and KCI (2.7 mM) at pH TRBS) or in PEG by
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a dialysis method. A known amount of NP water disjpa (corresponding to
2.5 mg of NPs) was centrifuged at 573340 xg fom#fiutes, redispersed in
0.5 mL of PBS or PEf, and placed in a dialysis bag (MWCO=3500 Da,
Spectra/PdY). The sample was plunged in 3 mL of PBS contaifiig% v/v

of polysorbate 80 or in 5 mL of PEgg respectively, in order to ensure sink
conditions and to avoid ZnPc aggregation. At sekk¢ime intervals, 1 mL of
release medium was withdrawn and replaced withqaralevolume of fresh
medium. ZnPc quantitative analysis in the sample pexformed as described
above. To understand the contribution of@® on ZnPc release profile, the
experiment was repeated on freeze dried ZnPc/CD{®®sng) dispersed in
0.5 mL of PBS according to the above reported nktho

Release from Sepigel 305 containing ZnPc-NPs wafonpeed on modified
Franz diffusion cells using regenerated cellulosamforanes (MWCO=3500
Da, Spectra/P§). A weighted amount of gel (0.5 g) was appliedhie donor
compartment. At predetermined time intervals, 1 afilkelease medium in the
receptor phase (PBS enriched with 10 % v/v of polyate 80) was withdrawn
and replaced with an equal volume of fresh mediBesults are expressed as
release % over time + SD of three experiments.

Permeation studies

Permeation studies were carried out on free ZnBsotlied in PEG or in
Sepigel, and on ZnPc-NPs dispersed in water, witlvithout the addition of
HPBCD (10:1 mass ratio with copolymer), in PEgor incorporated in
Sepigel 305.

Drug transport through porcine ear skin was asdesseFranz-type diffusion
cells (diffusion area 0.785 &n Porcine ear skin was obtained from a freshly
killed pig weighing about 100 kg slaughtered on day of the experiment.
After removal, the tissue was stored at 4°C andl wgiéhin 2 h. The skin was
separated from the underlying tissue using surgscédsors and mounted
between the donor and receiver chambers of diffusiell with stratum
corneum (SC) facing the formulation tested. Nonhggige conditions were
adopted for all samples whereas for ZnPc/CD-NP®#periment was carried
out also in occlusive conditions. The receptor cartipent was filled with a
10 mM PBS at pH 7.4 containing 10% v/v of polysaeb®0 maintained at 32
+ 1 °C under gentle stirring. At predetermined timd mL of receiving
medium was sampled and replaced by an equivaldaimeoof fresh medium.
ZnPc concentration in the receiving medium wasuatald as described above.
Results are reported pg/cnt of permeated ZnPc + SD of three experiments.
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Skin distribution of ZnPc

At the end of the permeation experiment (24 h)n skas collected, washed
with a NaCl solution 0.9% w/v to eliminate any ks of the formulation and
tape-stripped by applying a 3M-Scotch malitape roll (1.5 cm x 1.5 cm).
Complete removal of SC from the viable epidermissviadicated by the
appearance of a white and shiny surface. Firgd stds separately analysed
whereas the other 15 samples were pooled. ZnPexescted from the tape
by treating the sample with 3 mL THF under magnstiicing overnight. After
centrifugation at 16090 xg for 30 minutes, the skempas filtered through
0.22 um filters (PTFE, Chemtek, lItaly), and analysed #mPc content as
reported above.

The remaining skin membrane (epidermis without #&3 treated under a hot
air flow for 60 sec. Through a surgical blade, epidis and derma were
separated by aid of a surgical blade and placegparate vials. Tissues were
hydrolyzed in KOH 1 M (2 mL) under stirring at 37°@nd then ZnPc was
extracted in THF (2 mL) for 2 hours. Samples wesntdfuged at 224 xg for
30 minutes, and the supernatant filtered throu@a um filter before ZnPc
quantitative analysis. Extraction technique wasdeatd by placing known
amounts of drug solubilized in THF in contact witipe, epidermis and derma,
and extracting the drug. Recovery higher than 85% always obtained.

Fluorescence microscopy

At the end of the permeation experiments, the extm@snulation was removed
from the skin surface. The skin was then washeegetlimes with saline and
dried gently with a cotton swab. The skin samplesrewfixed in 4%
paraformaldehyde and examined without additiorsalugé processingections
of 20um thickness were prepared from each sample usingicaotome
(ACCU-CUT®SRM™200 rotary microtome, Sakura Finet&lSA). Cutting
was performed with fresh blades from the dermie $sidvards the epidermis in
order to avoid dislocation of NPs from the skinfaoe on the section. Sections
were finally observed by fluorescence microscéipsica DMRB) and a Leica
application suite program 2.8.1. was used for imaging.

To ensure proper visual comparison, the exposune tvas the same for all
samples examined, including the control samples.
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Results

NPs based on biodegradable amphiphilic block caopelg of poly¢-
caprolactone) (PCL) and poly(ethyleneoxide) (PEQgrewprepared by a
modified MeSo technique previously described.[32phrticular, we selected
as base material a simple linear diblock copolyfiEQyporPClizgg With
unimodal and narrow molecular weight distributid?l & 1.16). The second
generation photosensitizer ZnPc was selected aseBuaence lipophilic probe
and incorporated in NPs at 0.2% theoretical loading

In table 1, composition and overall properties oPsNare summarized.
Significant differences between unloaded and ZmRdéd NPs were not
observed. NPs displayed a hydrodynamic diametamar®0 nm with a low
polydispersity index and a slightly negative zedteptial.

Table 1. Composition and properties of NPs produced.

Code Unloaded NPs ZnPc-NPs
ZnPc (% wiw) ) 0.2
Yield (%) 93 86
Mean Dy (nm + SD) 57.8 6.1 67.4 5.7
P.I. 0.217 0.279
Zeta Potential(mV + SD) 10.3+3.3 11.7+4.6
ZnPc Actual loading® 0.172+0.01
(EE®) ] (98.1+1.9)

®Actual loading is expressed as the amount (mgyuwd éncapsulated per 100 mg of

nanoparticles
b EE (entrapment efficiency) is calculated from théo between actual and theoretical

loading x 100.

In the case of nanoparticles, their storage stgbié a key parameters to
consider, in order to ensure that native technobigiroperties are maintained
along time. Strong aggregation of ZnPc-NPs occuraéidr freeze-drying
which needed a cryoprotector to be stored in sfdin. The addition of
HPBCD to NP dispersion was effective to avoid NP qudlag and to give
original NP size after sample dispersion in an ggguhase [34]. It is possible
to note from TEM image (fig. 1) the spherical amhvaggregated morphology
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of freeze-dried ZnPc/CD-NPs dispersed in filteretar Also the sizes of NPs
found in TEM was in line with PCS measurements aeqummediately after
MeSo.

i [ som ]
Figure 1. TEM image of freeze-dried ZnPc-NPs in B{ED.

Concerning drug loading properties of NPs, PEO-h-R®s well adapt to the
entrapment of highly lipophilic molecules givingoapsulation efficiency of
the initial ZnPc amount around 100%.

Due the poorly water solubility of ZnPc, we prelimarly assessed its solubility
in different media with the final aim to find theptimized conditions to
monitor release and carry out transport studieg 3dlubility of ZnPc in
PEGy was high whereas in PBS at pH 7.4 containing Pobzte 80
depended on surfactant concentration. In particaarevident in fig. 2, UV
spectra of ZnPc in polysorbate 80 showed an ietansl sharp Q-band in the
red visible region between 678 and 710 nm highiighthe absence of ZnPc
aggregation, thus promoting its solubilization, @smonstrated for other
cyanines [35].
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A Medium Solubility
(ng/mi)
PEGu00 22.71
PBS+Polysorbate 80 1% v/v 0.54
PBS+Polysorbate 80 5% v/v 1.25
PBS+Polysorbate 80 10% v/v 2.64

B
25
PEG 400
—THF
20 1 e PBS+ Polysorbate 80 1% viv
| —PBS+ Polysorbate 80 5% viv
— —PBS+ Polysorbate 80 10% v/v
15
)
o]
<<
1.0
05 r
0.0
450 500 550 600 650 700

Wavelenght (nm)

Figure 2. (A) Solubility of ZnPc in PBS enriched with diffamt amounts of Polysorbate 80 and in
PEGyo (B) UV spectra of ZnPc in THF, in PEgs (diluition factor 5X) and PBS pH 7.4 enriched
with different amounts of Polysorbate 80. ZnPc emt@tion in THF was gg/mL.

On the bases of our previous findings about thétwalif PEO-PCL diblock
NPs to slowly release poorly water soluble drugs, performed several in
vitro experiments to assess ZnPc release from flations assigned to skin
application. First of all, we monitored ZnPc releé®m NPs in PBS at pH 7.4
enriched with Polysorbate 80 at 10% v/v to ensunk gonditions, thus
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avoiding ZnPc precipitation. No detectable amounZPc was found in the
release medium after 24 hours (data not shown)gshggesting that ZnPc was
strongly fixed to NPs. Afterwards the experimenswepeated employing NPs
freeze-dried with HBCD to find out a possible influence of the excipien
NP release properties. Nevertheless, no ZnPc Weased in the medium (data
not shown). When incorporated in Sepigel, ZnPc natsreleased from NPs
(data not shown). Conversely, when NPs were diggein PEG, about
10% of entrapped drug was released after 24 haume-frame of transport
experiment), as shown in figure 3.

15

12

ZnPc release (%)

0 5 10 15 20 25 30
Time (hours)

Figure 3. Release profile of ZnPc from NPs dispersed in BE®esults are the mean of three
experiments + SD.

In order to test the photodynamic activity of Zrdtssolved in THF or PE&g
or entrapped in NPs, singlet oxygen studies wemgethout. As evidenced in
figure 4, comparable time-dependent productionimglst oxygen was found
for free drug both in THF (employed as control) andPEGq, whereas for
ZnPc-NPs, a faster ADPA bleaching was observed.

192



Annex-1

110

100

Q0 1

80 r

% ADPA bleached

70 1

@ ZnPc in THF
O~ ZnPc in PEG 400
- ZnPe-NPs

60

50

0 10 20 30 40 50

Time (minutes)

Figure 4. Photobleaching of ADPA by singlet oxygen generditech ZnPc-NPs and ZnPc free in
THF or in PEGq after photoirradiation at 610 nm ([ZnPc]gg@/mL). Data are reported as mean
of three independent experiments+SD.

To analyze the potential of core-shell PEO-b-PClnaparticles in skin
trasport of ZnPcin vitro permeation studies were carried out in non-occtusiv
conditions through porcine ear skin on Franz-tyifeision cells. Furthermore,
ZnPc skin distribution was then evaluated in SC sld layers (epidermis and
dermis) after 24 h of permeation. In particular, menitored the variation of
NP deposition across the skin depending on the &licle employed for the
experiment (water, gel) or the presence of somemeation enhancers
(PEGyo HRBCD).

The composition of all formulations tested is rdépdrin table 2.

Table 2. Composition of formulations tested

Formulation code ZnPc (ug) PEGuoo(Ml) Water Sepigel NPs

(1) C)] (mg)
ZnPc-PEG 7.5 720 . - -
ZnPc-gel 75 375 . 1 -
ZnPc-NPs/W 7.5 . 800 - 3.75
ZnPc/CD-NPS/IW 75 - 100 ; 3.75
ZnPc-NPs/PEG 7.5 200 - - 3.75

ZnPc-NPs/gel 7.5 - 1 3.75
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In all the transport experiments, ZnPc was not aete in the receptor
compartment despite its solubility in the recegtiing medium. Concerning
ZnPc deposition through the skin, different resulése obtained depending on
the formulation type.

Skin distribution of ZnPc-NPs dispersed in waterP&EG,yo was compared
with that obtained from ZnPc dissolved in Pt same concentration. As
reported in figure 5, when ZnPc was dissolved inGRE a similar drug
amount was extracted by SC and E/D. Dipersion &f&ZNPs in PEG, instead
gave higher accumulation in SC. In the case of 24Ps dispersed in water
the lowest accumulation of the drug both in the &8@ in E/D was detected
after 24 h of permeation. Finally, skin permeatfiimm ZnPc/CD-NPs resulted
in a total skin accumulation of ZnPc even higher casnpared to ZnPc
dissolved in PEG, especially when occlusive coadgiwere adopted.

3.0
mSC OE+D

25

2.0

[ | ESESSS————SSSS | EES— E——

05 r

_mi ]

G G \
Z“PG-PEZnPc_NPSWE zn"°‘“P;[$c'°D'z‘:\\\:sc'|\go-N"s’w o

0.0

Figure 5. ZnPc amount found in porcine ear skin after 24 kefvivo permeation experiment.
ZnPc amounts in stratum corneum (SC) and in skierfa(epidermis (E) and derma (D)). Results
are the mean of three experiments + SD.

In a second step, ZnPc accumulation in the skiarajfel application was
assessed (figure 6). ZnPc-NPs incorporated in 8eB@b at medium viscosity
allowed a strong accumulation of ZnPc in the straworneum, which was
similar to that observed for gel loaded with freeP£. The accumulation of
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ZnPc in deeper skin layer was not very differentamspared to the control,
thus suggesting that Sepigel did not modify NPsgpart through the skin.

3.0

BsC OE+D

25

Hg/cm2

ZnPc-PEG/gel ZnPc-NPs/gel

Figure 6. ZnPc amount found in porcine ear skin after 24 kexfvivo permeation experiment.

ZnPc amounts in stratum corneum (SC) and in skapeelayers (epidermis (E) and derma (D)).
Results are the mean of three experiments + SD.

To confirm the data obtained in the permeation issjd fluorescence
microscopy studies of skin sections treated withdfferent formulations for
24 hours were carried out. As reported in figura more marked fluorescence
in the deeper skin layers was evident in the cdsén®c-NPs dispersed in
PEGy, and in a HBCD-containing medium, whereas conversely the

permeation of NPs dispersed in water did not indubégh skin deposition of
the fluorescent drug.
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Ctr

ZnPc-NPs/W

ZnPc/CD-NPs/W

ZnPc-NPs/PEG

Figure 7. Fluorescence microscopy of sections of in porciae skin treated with ZnPc-NP
formulations after 24 h of ex vivo permeation expent.
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Discussion

In this study, we investigated the suitability ofial core/shell nanoparticles
based on a linear amphiphilic diblock copolymer QPlE=PCL) as carrier
system of lipophilic drugs in the skin. The secamheration photosensitizer
Zn(ll)-phthalocyanine (ZnPc) was selected as mdgedphilic drug and
fluorescent tag. In fact, ZnPc has been proposedttie photodynamic
treatment of skin diseases, such as for exampleecans lesions.

It is generally accepted that highly lipophilic deuare unable to cross the
stratum corneum due to therir high affinity witpbilds. As a consequence, to
date several technological approaches encompasdsug nanotechnologies
have emerged in order to promote skin penetratfadifierent molecules with
the aim to reach deeper layers. Since skin turm-evaround 30 days, NPs
with sustained release properties can be also ic@alefo exert long-term
effect, which is useful in long-term therapies.tis scenario, biodegradable
polymeric nanoparticles received remarkable atentas potential drug
vehicle through the skin, recognizing their abilityprotect the drugs, sustain
its release and eventually reach also deeper skyjerd, depending on
compositions and properties.

Spherical PEO-b-PCL core-shell nanoparticles wihmall size were formed
by the melting/sonication technique, exploiting thAmphiphilic profile of
PEO-PCL block copolymer. On the basis of our refiedtngs, ZnPc remains
substantially intercalated in the polymeric mawixNPs in monomeric form
which is a key feature to maintain its photophysiead photodynamic
properties. Furthermore, the addition of P to NP dispersion before
freeze-drying, allowed to obtain a good storagdikta of NPs, preventing
their aggregation. [36]

Since it was demonstrated that the ZnPc was teagsed from NPs after 24
hours, it was assumed that the drug coul act asepod NP transport in the
skin.[36] Furthermore, the effect of aqueous vesctontaining different
excipients, namely HRCD, PEGg, and Sepigel 305, and used to disperse NPs
was evaluated. In particular, BED and PE@were selected for their ability
to act as permeation enhancers, whereas Sepigev@0=hosen for its well
known ability to incorporate lipophilic componenis.all cases, no permeation
of ZnPc occurred, in line with previous results J[I#hereas a significantly
different distribution in skin layers was evidedgpending of the dispersing
vehicle used. In particular, the accumulation ofsNfspersed in water soon
after MeSo in the skin was very poor. This resalt be easy explained by the
continuous Brownian motion of NPs in water resgjtin their weak transport

through the skin. On the contrary, when using RE@&s dispersing medium
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for ZnPc-NPs, ZnPc was found in SC, viable epidsramnid dermis likely due
to transport of both free ZnPc released from NRszZPc-NPs by themselves.
This observation is in line with previous findingghlighting the permeation
enhancing activity of PE£g in the skin for several lipophilic drugs, includin
photosensitizing agents and phthalocyanines[37¢ ddmparable UV spectra
of ZnPc in THF and in PEf, in fact, highlight the absence of aggregation
phenomena and the preservation of its monomerin,fosuggesting the
suitability of this medium for topical administrati. Furthermore, PEfg did
not alter the photophysical properties of ZnPc Wwhicoduced a similar yield
of singlet oxygen as compared to an aqueous monorfmemulation. At the
same time, previous photophysical investigatiors asimilar yield of singlet
oxygen demonstrate also that NPs prevent ZnPc ggtipe phenomena in
water [36]. In spite of these advantages, the ZarRount that can be apply in
a topical formulation employing PEgs is strongly limited by its restricted
solubility profile in this medium, thus reducing ethdose that can be
administered.

The most remarkable result of this study referth&orole played by HFCD.

In fact dispersion of ZnPc-NPs in a medium contajnHR3CD, allowed a
very high accumulation of ZnPc in the deeper shiyets. Since ZnPc as not
released from NPs, it is likely that this accumiolatrefers to actual NP
penetration in the skin. This permeation enhanctvity of HPBCD on NPs is
presumably related to H¥ED ability to extract SC lipids, behaving as
classical chemical permeation enhari@&39]. To our knowledge, this is the
first time that HRCD is found to promote also nanocarrier transpadugh
the skin.

To improve the applicability of NPs to skin surfaeee decided to incorporate
this nanosystem in a gel, commonly employed in plageutical and cosmetic
topical formulations. In this way, a higher accuatidn of the drug in the
external stratum corneum was detected, due totigel residence time of the
formulation to the shin surface, without modifyinge transport of NPs
through the skin deep layers.
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Conclusion

In light of our results, we can suppose that PEQ-R®s can be a promising
alternative for topical application of ZnPc, espdlyiif dispersed in HBCD
carrier. First of all, we can apply high amounts MPs on skin surface
(corresponding to higher ZnPc dosages) for thartioharacter. The addition
of HPBCD can then improve the carrier permeation comagirthe active
molecule, without increasing its release from NHSnally Sepigel could be
easy used to disperser NPs and to achieve a lomgi&tence time on skin
surface than an aqueous vehicle, due its strorigeosity.
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Introduction

Gene therapy has been regarded as a promisindiandtimate cure for many
acquired and inherited life-threatening diseasesh sas cancer, genetic
disorders, etc [1]. Despite the obvious promisewshdoy nucleic acids as
therapeutic agents for cancer, such as small ertedf RNA (siRNA), plasmid
DNA (pDNA) and oligonucleotides (ODN), a numberpbblems need to be
solved before their use can become commercialpiesaThese are essentially
their instability in biological media and their pgmenetration into cells [2-4].
Their mechanism of action, in fact, requires thatytreach the cytoplasm, but
also on a cellular level, these molecules sufferaaftrong degradation by
lysosomal hydrolytic enzymes. Lysosomal escapéhésefore an important
factor for therapeutic effect [5]. Extensive efforhave been focused on
overcoming these barriers, and some strategiesthesse reviewed lately. One
approach is a chemical strategy that consistsnthggizing nucleic acids with
variations in the natural structure, which give nthéetter resistance in
physiological media while conserving the specifiaif binding to the target
[67]. The second is a pharmaceutical technology ambrathat aims to
associate the nucleic acid with appropriate dejigystems, which can protect
it from degradation and modify its tissue and datwistribution to reach the
target [8-10]. The vectors for gene delivery areially divided into two
categories: viral and non-viral (or synthetic) wgst Viruses offer greater
efficiency of gene delivery; however, non-viral tas are preferred due to
safety concerns with the viral vectors [11-13]. Di&tionic lipid (lipoplexes),
DNA/cationic polymer (polyplexes) and DNA/catiorpolymer/cationic lipid
(lipopolyplexes) electrostatic complexes were pegubas non-viral nucleic
acids delivery systems [14-16]. The complexes ptotke genetic material
from degradation by nucleases. Moreover, cellutar lacal delivery strategies
have to deal with the need for internalizationeaske, and distribution in the
proper subcellular compartment. Nevertheless, tieye had limited success
for in vivo gene downregulation, they have alsoileitbd a dose-dependent
toxicity, and a low colloidal stability under phg$bgical conditions with poor
intracellular release of the oligonucleotides.

On these bases, the aim of this work was to desigelivery system with a
low toxicity profile that could be applied for adad range of gene delivery
applications, such as pDNA or siRNA delivery. Fhistpurpose, we chose
specific biomaterials, which have shown benefigiedperties not only from
the biocompatibility point of view, but also fronmet perspective of their
efficacy for pDNA delivery.
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Lecithin is a mixture of phospholipids with phosptigicholine (PC) as a
main component (up to 98% w/w). Egg or soy leciths well as purified
phospholipids aroused for pharmaceutical purposss camponents of
liposomes, mixed micelles and submicron emulsidis19]. Cui et al have
proposed the use of lecithin for the design of eigchcid delivery systems;
they have achieved a significant improvement in gtability of a previously
reported nanoparticle-based DNA delivery systemngisithe cationic
tensioactive CTAB (Cetyltrimethylammonium bromideA plasmid was
adsorbed onto the surface of the lecithin nanagastiand was successfully
transfected to cultured cells; however, this foratioh resulted very toxic for
the presence of the cationic surfactant [20]. Tdeaiof the present work was
to take advantage of lecithin’s biocompatibilitpag with its physicochemical
properties for the preparation of lecithin nanoesimns; these dispersions
would be used then as nanocarriers for pDNA antlAigelivery.
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Methods
Preparation of blank nanoemulsion

Blank nanoemulsions were obtained by a modificatioh the solvent
displacement technique. Briefly, an organic phaas fermed by dissolving 2
mg of Epikuron 80 (PC 80) or a synthetic lysophadipid (SLP-1-octadecyl-
2-O-methyl-glycero-3-phosphocholine) in 3.2 mL dhanol, followed by 84
puL of Mygliol 812 with or without the addition of flerent amounts of
Cholesterol and/or DC-cholesterol. This organicgghaas added drop by drop
to 10 mL of water under magnetic stirring. After Blinutes of agitation,
nanoemulsions were evaporated under vacuum t@bdimstant volume of 10
mL.

Characterization of nanoemulsion

The hydrodynamic diameter (P and polydispersity index (Pl) of
nanoemulsions were determined by Photon Correld@ipactroscopy (PCS)
using Zetasizer Nano ZS (Malvern Instruments, Malye UK). A
nanoemulsion dispersion was diluted in Milli-Q was intensity in the range
10*10° counts/s and measurements were performed at 26°C78° angle.
Results are reported as meap Bf three separate measurements of three
different batches (n=9) + standard deviation (SBize of nanoemulsions
stored in the dark at 4 °C for 15 days was monitdo®.

Zeta potential was determined by analysing NP d&pe in water on a
Zetasizer Nano ZS (Malvern Instruments, Malvern,)UResults are reported
as mean of three separate measurements of thfeeedifbatches (n=3) £ SD.

Haemolysis studies

Haemolysis studies were carried out on blank namdésgons based on PC 80
and SLP with or without the presence of Cholestaral/or DC-cholesterol.
After centrifugation of EDTA-treated human blood880 »g for 5 min, a red
blood cells (RBC) dispersion was obtained and eéduwith 0.1 M PBS up to a
concentration of 10% v/v. The RBC dispersion (011) mvas added to 0.9 mL
of the nanoemulsion suspension. The concentratainthe nanoemulsion
suspensions varied from 0.01 to 0.7 mg/mL. The $amas incubated at 37
°C for 30 minutes and centrifuged at 10@pfar 10 minutes. The supernatant
was collected and analysed for haemoglobin relbgsgpectrophotometry at
416 nm. To obtain 0 and 100% haemolysis, 0.1 mRB{ dispersion was
added to 0.9 mL of PBS and distilled water, redpelt. The degree of
haemolysis was determined according to the follgwequation: Haemolysis
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(%)= (ABS-ABS)/(ABS;,-ABSy) x 100, where AB&, and ABS are the
absorbance of the solution at 100% and 0% haensplysspectively. Results
are reported as mean of three separate measureofi¢htee different batches
(n=9) £ SD.

Nanoemulsion stability in human plasma

To determine the stability of nanoemulsion undeyspdlogically relevant
conditions, a known amount of hanoemulsion (0.15 mh&s dispersed in 0.5
mL of human plasma and incubated at 37 °C up thael@ds. Human plasma
was obtained by centrifugation of EDTA-treated hanbéood at 880 g for 5
min. Size measurements of the samples were takdPn8; The stability of
nanoemulsion was demonstrated by the absence afostapic aggregates
and unchanged of initial particle size.

pDNA and siRNA Association Efficiency

Plasmid DNA (pDNA) or small interfering DNA (siRNAyas adsorbed on the
surface of nanoemulsions at 1%, 2.5%,5%, 7.5% &6 Idadings, defined as
the percentage between the mass of pDNA and tte toass of lipids

(Epikuron 80 and Cholesterol and/or DC-cholesteimBhe formulation (mg

of pDNA /100 mg of lipids). For the adsorption pedare, a pDNA solution

was added to an isolated nanoemulsion suspensihy( and subsequently
vortexed for 30 seconds. Eventually, nanoemulsiamse concentrated by
vacuum evaporation. Formulations were left at rotemperature under
magnetic stirring for 1 hour to achieve an optirméraction of the pDNA

with the nanoemulsions.

pDNA- and siRNA-associated nanoemulsions were clariaed according to
size and zeta potential as detailed previously.ithaidhlly, the association of
pDNA to the nanoemulsions was studied by a coneeati agarose gel
electrophoresis assay (1% agarose, 50 V, 120 mio;CIl GT 96/192, Bio-

Rad Laboratories Ltd., England). In order to displéhe pDNA adsorbed to
the nanoemulsions, a far excess of heparin (12.Anijgwas added to the
suspension and the mixture was incubated for 2sh@DNA was stained with
SYBR Gold by adding AL.
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Results and discussion
Preparation and characterization of nanoemulsions

In the last few years, research on the field ofegéwerapy has focused on the
design of several safe non-viral vectors, whichtgpécally based on cationic
lipids or polymers, in order to improve the deliyefficiency and therapeutic
effect of different nucleic acids. With this idea mind, in this work we
developed a lipidic nanoemulsion intended for wmgrsous administration, thus
testing its properties as potential carrier systéhplasmid DNA and small
interfering RNA.

For the preparation of nanoemulsions we employedas®e materials two
different lipids, the amphiphilic phospholipid lddn (PC 80), widely
employed as carrier system, and a synthetic lyssgdtalipid (SLP) in order to
investigate first of all their differences concemi the toxicity profile.
Furthermore, we incorporated in the system diffeamounts of Cholesterol
or/and a cationic cholesterol (DC-Chol) in orderotatain formulations with
different surface properties. The employment of ICkodue to the recent
findings about its ability to enhance the serunbiitg of lipidic formulations,
thus improving resistance to aggregation afteairgnous administration [21].
DC-Chol, indeed, is the most widely used cationigidl in liposome
preparation and has been classified as one of ts efficient vectors for the
transfection of pDNA into cells and in clinical alts [2223]. It was widely
note, in fact, that the inclusion of cationic tipi in lipid formulations
improves the association with polyanionic nucleicida. Moreover, the
presence of a positive surface charge on nucledliped particles facilitates
binding and uptake by cells in vitro [25]. However, in using cationic lipids
it is often not clear whether all of the nucleiddats encapsulated inside a
bilayer envelope or whether small complexes oforedi liposome/nucleic acid
are formed. Furthermore,when delivery systems bgaainet cationic charge
are administered intravenously (i.v.), they exhitdpid plasma clearance,
distribute into lung, liver and spleen [26], andteof exhibit liver and
hemodynamic toxicities, such as activation of canpgnt and prolongation of
clotting times [27228]. For these reasons, we decided to develop wario
nanoemulsions with different amounts of Chol and -O@l, thus
understanding the optimized conditions for an &ffic gene binding and
delivery as well as a minimal toxicity profile.

Unloaded nanoemulsions based on PC 80 or SLP wepamd by a modified
solvent displacement technique, as previously desr
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They were characterized for their size, polydisipeiadex and zeta potential
(Table 1).

Table 1.Composition and some properties of unloaded PC 8(BaRdnanoemulsions.

DC-
Code inj)o (Snl;; (Cr:g)l %‘; (r?Arr? ?_rna&) Pl (mvzfaso)
CH: PC 15 2 - 04 - 1919439 01  -37.7+2.3
CH": PC 1.5 2 - - 04 1922450 0.1  +40.433.9
CH": PC 1:10 2 - - 0.2 250.8+63.9 02  +15.045.6
CHICH': PC A 2 - 02 02 2059+115 02  +19.5%4.7
CH/CH": PCB 2 - 0.3 0.1 precipitation - -
CHICH': PC C 2 - 015 025 1948475 01  +256%53
CHICH': PC D 2 - 025 015 2327453 02  +220#14
CHISLP 15 - 2 04 - 1915425 01  -26.2t45
CH ‘SLP 15 - 2 - 04 1924455 0.1  +26.6+3.2
CH 'SLP 5:1 - 04 - 2 1834456 0.1  +24.1%18
CH/CH -SLP - 2 025 015 1922465 01  +19.7+15
SLP - 2 - - 206.3+4.1 01  -20.5:3.3

#SD calculated on three different batches

All the formulations displayed monodispersed pofotes with a
hydrodynamic diameter of around 200 nm. As expectieeir zeta potential
values were dependent on the type and the amou@holesterol used. The
presence of Cholesterol induced the formation ofamionic nanoemulsion,
whereas the addition of DC-Cholesterol allowed maveision of the surface
charge.

Hemolysis studies

Being designed as injectable nanomedicines, westigated the cytotoxicity
of developed nanoemulsions towards human red biloglts in order to
evidence the different behavior of the two lipiddemolysis studies on
developed unloaded PC and SLP with CholesteroloamC-Cholesterol were
carried out. Hemolysis was assessed in the NE obtrat®n range from 0.01
to 0.7 mg/mL. As shown in fig. 1, all the nanoents based on PC did not
display significant hemolysis, whereas, a strongdigtic activity occurred
for NE based on SLP. In particular, it's possitienote that the presence of
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DC-Chol in the formulations, can control and redube toxicity of SLP,
probably for the interaction of the cationic chodesl with the phosphate
groups of the synthetic lysophospholipid.

100
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80 ECH+:PC 1:5
mCH+:PC5:1
g
© 60 |
[
>
[}
1S
[}
I 40 +
20
I - -l

071 048 029 019 010 005 002 0.01

NE conc (mg/ml)

B
120
mSLP
B CH:SLP 1:5
100 . O CH+/CH:SLP D
= mCH+:SLP 1:5

mCH+:SLP5:1

o]
o
T

Hemolysis (%)
(o2}
o

a0 &

o |8

71 .48 .29 .19 .10 .05 .02 .01
NE conc (mg/ml)

Figure 1 .Hemolysis of red blood cells after incubation wdifferent concentrations of NE based
on Epikuron 80 (A) or a synthetic lysophospholigl). Data are reported as mean of three
independent experiments + SD.
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Nanoemulsion stability

On the bases of the results toxicity and the chafgee NEs we selected only
formulations based on PC 80 with some specific amsitipns for evaluating
the stability and later studying the associatiorboth pDNA and siRNA. In
particular, we selected only three formulations,: &€ 1:5, CH: PC 1:5 and
CH/CH'": PC D. Their stability in the dark at 4 °C was lgnad. As shown in

figure 2, all the formulations displayed a highbdlity concerning their size

and surface properties up to 15 days.
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BCH:PC 1.5 ®BCH+:PC 1:5 OCH+/CH:PC D
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Figure 2. Stability of unloaded PC-nanoemulsions in termsiné (panel A) and zeta potential (B)
in the dark at 4 °C.Data are reported as meanreétindependent experiments + SD.

Nanoemulsion stability in human plasma

One of the strongest drawback of a nanomedicintoviiahg intravenous
administration, is the stability in the biologic#lids. In fact, nanocarriers
tend to adsorb plasma components such as opsomh&mh mediate
nanoparticle recognition by monocytes and subdeissue macrophages and
opsonized nanoparticles tend to be rapidly cledrech the circulation by
phagocytic cells of RES.

For this reason, we investigated the stability d& Nispersions in human
plasma monitoring the change of their hydrodinadigneters up to 72 hours
of incubation by PCS. The experiment was carry omly on cationic
nanoemulsions, being eventually employed in the@udi®n of nucleic acids.
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Figure 3. Stability of nanoemulsions in the presence in humpsma (70ug/mL). Data are
reported as mean of three independent experimeBB3. £

As clearly shown in figure 3, both unloaded G*C and CH/CHPC D
nanoemulsions displayed a comparable behaviothamtesence of proteins,
showing a slight increase of their size, which rem@d always around 200 nm.
On the other hand, results are suggestive that dNBod undergo aggregation
or disassembly in biologically-relevant conditions.

pDNA Association Efficiency

Following, the ability of nanoemulsions to interadth plasmid DNA (pDNA)
was tested. In particular, pDNA was adsorbed orsthiéace of the systems at
different loadings. pDNA-associated nanoemulsioesevthen characterized in
term of size and zeta potential, whereas the astfowciof the pDNA was
determined by gel electrophoresis assays.
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Table 2. Properties of pDNA-associated PC 80-nanoemulsions.

Code Sewiw) mesh) P Ze(tﬁﬁ‘fesngf‘ |
CH: PC pDNA 5% 5 211.2+6.2 0.2 -27.0£3.5
CH: PC pDNA 7.5% 7.5 215.4+7.1 0.1 -29.4+2.3
CH: PC pDNA 10% 10 216.3+4.0 0.1 -31.4+6.4
CH": PC pDNA 5% 5 precipitation - -
CH": PC pDNA 7.5% 7.5 213.0+2.4 0.1 -11.9+4.3
CH": PC pDNA 10% 10 218.7+¥11.7 0.1 -16.8+5.4
CH/CH': PC D pDNA 5% 5 233.645.5 0.2 -14.2+0.1
CH/CH': PC D pDNA 7.5% 7.5 223.4%7.6 0.3 -15.4+7.2
CH/CH': PC D pDNA 10% 10 230.4+26.4 0.1 -19.4+3.0

#SD calculated on three different batches

Concerning PC-nanoemulsions containing only Chetett the addition of
pDNA did not modify the size and the polydispersitydex of the
nanodroplets, as shown in Table 2, whereas a s$yrangersion of zeta
potential was observed, depending of the amounthef pDNA added.
Nevertheless, pDNA was not adsorbed on the surédceanemulsion, as
evidenced by gel electrophoresis assay (fig.4).

1= Naked pDNA (0.5 ug)
2= CH:PC pDNA 5%

3= CH:PC pDNA 7.5%
4= CH:PC pDNA 10%

5= CH:PC 1:5 pDNA 5% +hep
6= CH:PC 1:5 pDNA 7.5% +hep
7= CH:PC 1:5 pDNA 10% +hep

Figure 4. Gel electrophoresis of naked pDNA, pDNA-loaded BE:nanoemulsions and at 5%,
7.5% and 10% loading pDNA/nanoemulsions, without after treatment with heparin.
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On the contrast, the presence of cationic DC-Chelek as shown in the

figure 5, allowed the interaction of pDNA: in parilar a slight adsorption at
7.5% theoretical loading, and a complete associattd®b% theoretical loading
on NE surface was observed, due to the electroshatiding between the

cationic charge of the DC-Chol and the negativeghaf the phosphate group
of the pDNA. In spite of these results, the additid pDNA at 5% theoretical

loading induced a strong precipitation of the sys{&ble 2).

1= Naked pDNA (0.5 pg)
2= CH":PC pDNA 5%
3=CH":PC pDNA 7.5%

4= CH":PC pDNA 10%

5= CH":PCpDNA 5% +hep
6= CH":PCpDNA 7.5% +hep
7= CH":PCpDNA 10% +hep

Figure 5. Gel electrophoresis of naked pDNA, pDNA-loaded" € nanoemulsions and at 5%,
7.5% and 10% loading pDNA/nanoemulsions, without after treatment with heparin.

Finally, we tested the nanoemulsion containing bGtiolesterol and DC-
Cholesterol. In this case, we observed good prigseirt all cases (table 2) and
some delay on the pDNA migration that suggest ghslbut not complete
association of pDNA at 5% theoretical loading (8.
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1= ladder

2= Naked pDNA (0.5 mg)

3= CH/CH": PC D pDNA 5%

4= CH/CH": PC D pDNA 7.5%

5= CH/CH": PC D pDNA 10%

6= Naked pDNA (0.5 mg) + hep

7= CHICH": PC D pDNA 5% + hep
8= CH/CH": PC D pDNA 7.5% +hep
9= CH/CH": PC D pDNA 10%+ hep

Figure 6. Gel electrophoresis of naked pDNA, pDNA-loaded CH/®&@ D
nanoemulsions and at 5%, 7.5% and 10% loading pDai#demulsions, without and
after treatment with heparin.

On the bases of these preliminary results, we tletche combined
CH/CH":PC D nanoemulsion as possible formulation to @elivucleic acids.
Then, we decided to analyze the stability of theNpEassociated complex. It
displayed a high stability in terms of size andazettential up to 15 days, as
the unloaded formulation (fig. 7).
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Figure 7. Stability of unloaded CH/CHPC D pDNA 5% nanoemulsions in terms of size (panel
A) and zeta potential (B) in the dark at 4 °C. Date reported as mean of three independent
experiments + SD.
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siRNA-associated nanoemulsions

Small interfering RNAs face similar pharmacokinetiad cell penetration
limitations of plasmid DNA. Besides the common dety tasks, structural
and chemical aspects of the pDNA and siRNA molecidlso need to be
considered. Both are double-stranded nucleic acidgh anionic
phosphodiester backbones. The negative charge sall@lectrostatic
interactions with cationic polymers or lipids thaindense the nucleic acids
into polyplexes or lipoplexes with nanometric sizetowever, the ability to
form these stable complexes differs greatly becafsdifferent properties
regarding size, structure and chemistry of the pDahdl siRNA molecules.
Plasmid DNA has a size of several kilobp, while#fRhas only about 21 to
23 bp and consequently shows less electrostagcaictions with polycations
[29]. Thus, a preliminary formulation study was devotedeist the association
of siRNA on PC nanoemulsions and the technologjmalperties of the
complexes were evaluated. On the basis of resbtened by the association
of pDNA, we selected only the formulations contagithe cationic DC-
cholesterol, trying to adsorb five different amauaf siRNA.

Table 3.Properties of siRNA-associated PC 80-nanoemulsions.

Code PDNA (% Mean D Pl Potental
wiw) (nm £ °SD) (MV + ?SD)

CH': PC SiRNA 1% ! 210.8+4.7 02  24.7:39
CH": PC siRNA2.5% 2.5 203.1+2.0 0.1 14.7+3.4
CH": PC siRNA 5% 5 precipitation - -
CH": PC siRNA 7.5% 75 precipitation - -
CH": PC siRNA 10% 10 precipitation - -
CH/CH'": PC D siRNA 1% 1 precipitation - -
CH/CH': PC DsiRNA 2.5% 25 precipitation - -
CH/CH': PC D siRNA 5% 5 precipitation - -
CH/CH': PC DsiRNA 7.5% 7.5 precipitation - -
CH/CH': PC DsiRNA 10% 10 precipitation - -

2SD calculated on three different batches
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As evidenced in the table 4, only the TIPC nanoemulsion allowed the
adsorption of siRNA but at low theoretical loadiigo and 2.5%). In the other
cases, in fact, a fast precipitation of the nandsionis was observed.

Conclusions

We demonstrated that lipidic nanoemulsions based tren amphiphilic

phospholipid lecithin are suitable for iv adming&ton for their high stability

in human plasma and the safe profile toward huredrbtood cells. However,
in spite of the presence of a cationic surface asociation of plasmid DNA
and small interfering RNA is not too high. Thusy fan eventual clinical
application in gene therapy more work still neealdé¢ done to optimize the
formulations.
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