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» GENERAL ABSTRACT

This work, composed of two subprojects, has beeeldped within the framework
of two independent research lines on the functinaibn and application of nanoprobes to
nanobiotechnology field, specifically in biomedieior biotechnology. The multidisciplinary
research proposal involves physicists, chemistechHamists and medical doctors, and
therefore a part of the student’s training work \pasformed at several centers abroad: The
Hillman Cancer Cente(UPCI), Pittsburgh, USA; th€entre de Recherche Paul Pascal
(CRPP), Bordeaux and tHastitut National de la Recherche Agronomig{&FP-IBVM),

Villenave d’Ornon, France.

Example 1 The Cancer Stem Cell (CSCs) concept says thgtaosmall proportion of cells

within the tumor have tumorigenic capacity. Thes#lscare usually chemo and radio
resistance that is why it is believed that are oasjble for tumor relapse and recurrence of
cancer patients. There is an urgent need to dewedoper therapies that are effective in
killing these specific tumor cells. Magnetic nandjgdes (MNPs), functionalized with

specific monoclonal antibodies, can be generategdognize CSCs target molecules within
the tumors. Hyperthermia is a new approach of ugieage MNPs positioned in an alternating
magnetic field (AMF) to produce localized heat aal CSCs. Magnetic nanoparticles-

induced hyperthermia is under investigation in ediht clinical trials on cancer patients.
However, there is no information available on wleethyperthermia can eliminate CSCs.
Therefore, the final goal of this project involMeetapplication of hyperthermia to destroy
CSCs and study the effect of this treatment in cedptumor growth, increased cell death and

improving the response to conventional therapieshamo-radio therapy.

More particularly, this work has focused on thstfisteps of this strategy related to
the preparation of antibody-functionalized MNPs (RBsanti-CDs) and their application to
target CSCs for several tumor cell lines by fluoegse microscopy. It has also been
supplemented with cytotoxicity studies by MTT assagnd surface and intracellular

distribution studies by scanning electron microyc(EM) technique.

Example 2 It is known that elongated viruses in concenttagelution self-organize into

liquid-crystalline structures (mesophases) whichileik different intermediate states between
disordered liquids and perfectly organized crystalserefore, the introduction of specific
functions by molecule grafting or nanoparticle biogdon the viral particles with a precise

positional control, combined with the self-assemiplisoperties of these functionalized
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bioparticles, would give access to a wide rangeapplications in biosensing, memory
devices, nanocircuits, light-harvesting systemsjobatteries or MRI contrast agents. We
used the mutant M13-C7C phage which presents digenetation that allows the creation of
unique binding sites on only one end of the filatbas virus through a pair of cysteine
residues. The final goal of the project is to depdhybrid materials formed by the monitored
assembly of these mutant M13-C7C phages with magnanoparticles, with a 1:1 molar
ratio, to induced highly sensitive nanorods by nadignfield, which are otherwise absent

from the viral coat protein of the wild type phage.

More specifically, this work has focused in the masoduction, amplification and
purification processes, of the mutant M13-C7C phagach is during its growth in
competition with the wild type one. We have theeafically studied the functionalization of
these mutant phages with maleimide fluorophoredlovied by the self-organization
properties in order to validate our scientific agguh.

« Keywords Nanobiotechnology; Nanofunctionalization; Cancetem cells (CSCs); Magnetic
nanoparticles (MNPs); Monoclonal antibodies; Viralnoparticles (VNPs); Liquid crystalline

structures.
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» RESUMEN GENERAL

Este trabajo, compuesto de dos subproyectos, dedaarollado en el marco de dos
lineas de investigacion independientes en la fuadimacion y aplicacion de nanosondas en
el campo de la nanobiotecnologia, especificamentdiemedicina o biotecnologia. La
propuesta de investigacion multidisciplinar implftgicos, quimicos, bioquimicos y meédicos,
y por lo tanto una parte del trabajo de formaciéhedtudiante se realizé en varios centros en
el extranjero: eHillman Cancer CentefUPCI), Pittsburgh, USA; eCentre de Recherche
Paul Pascal(CRPP), Bordeaux y dhstitut National de la Recherche Agronomidisd-P-

IBVM), Villenave d’Ornon, Francia.

Ejemplo 1. El concepto de célula Madre del Cancer (CMC) djoe sélo una pequefia
proporcion de células dentro del tumor tienen calaac tumorigénica. Estas células son
normalmente quimio y radio resistentes, y es pajue se cree que son responsables de la
recaida y reaparicion del tumor de pacientes carcera Hay una necesidad urgente en
desarrollar terapias contra el cancer que seartivefecen matar CMCs. Nanoparticulas
magnéticas (NPMs), funcionalizadas con anticuerposoclonales especificos, pueden ser
generadas para reconocer moléculas diana de CM@sodde tumores. La Hipertermia
Magnética (HTM) es un nuevo enfoque en utilizar namoparticulas magnéticas (NPMs)
posicionadas en un campo magnético alterno pardupirocalor localizado y matar las
células tumorales. La hipertermia (HT) inducida maeté nanoparticulas esta bajo
investigacion en diferentes ensayos clinicos emeptes con cancer. Sin embargo no hay
informacion disponible de si la HT puede elimind@s. Por lo tanto, el objetivo final de
este proyecto implica la aplicacion de la HT pasatdiir CMCs y estudiar el efecto de este
tratamiento en reducir el crecimiento del tumomantando la muerte celular y mejorando la

respuesta a terapias convencionales como la quadio-terapia.

En concreto, este trabajo se ha centrado en losepys pasos de esta estrategia,
relacionadas con la preparacion de NPMs funciomddiz con anticuerpos especificos
(NPMs:anti-CDs) y su aplicacion en el marcaje de @3Mpara varias lineas celulares
tumorales mediante microscopia de fluorescencianbién se ha complementado con
estudios de citotoxicidad mediante ensayos de MEStydios de la distribucion intracelular

mediante la técnica de microscopia electronicaadedo (MEB).

Ejemplo 2. Es conocido que los virus elongados en soluciamwxentradas se auto-
organizan en estructuras de cristales liquidos daales exhiben diferentes estados
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intermedios entre liquidos desordenados y cristadgfectamente organizados (mesofases).
Por lo tanto, la introduccion de funciones espea#fimediante el injerto de moléculas o la
adhesion de nanoparticulas en las particulas siraten un control posicional preciso,

combinadas con las propiedades de auto-ensambéaéstds bioparticulas funcionalizadas,
podria dar acceso a un amplio rango de aplicaciemdsosensores, dispositivos de memoria,
nanocircuitos, sistemas acumuladores de luz, néedds o agentes de contraste para MRI.
Nosotros usamos el fago mutante M13-C7C el cuagmt@a una mutacion genética que
permite la creacion de sitios de unién Unicos estegmente en un extremo del fago, a través
de un par de residuos de cisteina. El objetivol fited proyecto es desarrollar materiales
hibridos formados por el ensamblado controlado stesevirus mutados M13-C7C con

nanoparticulas magnéticas (NPMs), con un relaci@aml:1, para inducir nanovarillas

(nanorods) altamente sensibles mediante camposétiaug) los cuales estan por otra parte

ausentes en la proteina de la cubierta viral ¢kegel de tipo silvestre.

Mas concretamente, este trabajo se ha centradoseprdcesos de produccion en
masa, amplificacion y purificacion, del fago mutaidi3-C7C el cual estd durante su
crecimiento en competicion con el tipo salvaje. ld&s hemos estudiado especificamente la
funcionalizacion de estos fagos mutantes con flooo§ de maleimida, seguido de las

propiedades de auto-organizacién para tratar dgavaln enfoque cientifico.

» Palabras claveNanobiotecnologia; NanofuncionalizacioGglulas madre del cancer (CMCs);
Nanoparticulas magnéticas (NPMs); Anticuerpos mtmmades; Nanoparticulas virales (NPVs);

Estructuras cristalinas liquidas.
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I. GENERAL INTRODUCTION

1. Nanobiotechnology

Nanobiotechnology (bionanotechnology or nanobiology, a mix between
nanotechnology and biotechnology, is extensivelertisciplinary because it combines
physical principles, chemical properties, and kmatal characteristics. The great promise of
nanobiotechnology stems from our burgeoning ability design and synthesize self-
assembling biostructures with better functionalggnsitivity, and specificity than synthetic
organic or inorganic moleculgd]. This intersection of research fields is basedtlom
perception that nanotechnology can offer biologw rieols with a depth of understanding,
while biological principles guide nanotechnologyniew forms of highly complex functional
nanosystems. Biological systems can guide the phlysvorld of electronics, materials
science, computation, and manufacturing in therakseof complex functional devices and

systems operating at the molecular and even atlewit[see the FIG. 1]2].

Nanomedicinds one of the fastest moving and most excitinggaesh areas is the
interface between nanotechnology, biology and mieelicThis field presents many exciting
possibilities for healthcare offering nanostructus new therapeutic alternatives, which
could revolutionize the areas of targeted/contdotleug delivery, disease detection, magnetic
hyperthermia applied to cancer, biosensors or gissugineering, and so dB8]. Another
emerging and highly interdisciplinary field \aral Nanotechnologyinhabiting the interface
between virology, chemistry and materials sciemeeayhich viral nanoparticles (VNPs) are

applied in diverse areas such as electronics, grarg next-generation medical devi¢és].

o

3

Avidin-Biotin/Streptavidin

BIOTECHNOLOGY .

NANOTEGHNOLOGY

a /¥ suajog

Maleimide-thiol

Electrostatic interactions

FIG 1. NANOBIOTECHNOLQGY. This is a mix of biotechnology and nanctechnology, which includes F1G 2. NANOFUNCTIONALIZATION PROCESS. Some examples

new fields such as viral nanotechnology (gxample 1) and nanomedicine (example 2). are electostatic interactions, proteins A/ G, biotin-avidin/Streptavidin
and maleimide-thiol reaction.

CARLOS PINOL DOMINGO Page 9



it Yniversidad  THE USE OF FUNCTIONALIZATION APPLIED TO NANOBIOTECHNOLOGY: Targeting cancer stem cells and
e regioselective functionalization of phages

2.- Nanopatrticles and nanofunctionalization

Nanotechnology has brought a new generation ofligiyght materials with superior
mechanical and electrical propertigg. An important example is the nanoparticle (NP),
which is an excellent candidate for their furthgplecation in nanobiotechnology]. It is
crucial to develop procedures for their adequatefubictionalization, which ultimately
confers the appropriate features for biotechnoklgand biomedical applications, such as
specificity and bioactivity. Therefore, differentrategies have been reported for their
functionalization with relevant biomolecules sucaatibodies, virusespeptides, folic acid,

vitamins, antibiotics DNA, carbohydrates, .&, 9].

The immobilization of biologically active moleculesquires low density and good
steric accessibility to active binding sites of tN@s [10]. Some examples of different
immobilization protocols (nanofunctionalization pess) are through non-covalent
interactions, such as using exclusively electrastateractions (the most simple strategy), via
immobilized protein A (presents high affinity toetlrc region of most ABs), through biotin-
avidin/Streptavidin (the strongest known non-comtlbiological interaction), or also by
maleimide-thiol reaction (via covalent bonding asbl) [see the FIG. 2]11, 12, 13]

Two examples of the use of the functionalizatiopliegl to nanobiotechnology are
reviewed in this report. In the first case, we wadkget cancer stem cells with antibody-
functionalized magnetic nanoparticles for magnhtiperthermia. The regioselective control
of molecular nanoprobes on filamentous virus piadicand self-assembly of these

functionalized rod-like nanoparticles will be catesied in the second case.
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. EXAMPLE 1: Targeting cancer stem cells with anibody-functionalized magnetic

nanoparticles for magnetic hyperthermia

1. INTRODUCTION
1.1. Cancer

Cancer remains as one of the most leading causeteath[1]. Based on the
GLOBOCAN 2008 estimategout 12.7 million cancer cases and 7.6 millioncea deaths
occurred in 2008, accounting for 13% of all humaattls worldwidgsee the FIG. 1].

Cancer concept encompasses a broad group of disea$eof them involving
unregulated cell growth, in which cells divide agidw uncontrollably, forming malignant
tumors and eventually have the potential to metasda Nowadays, the most common types

of cancer treatments available are chemotherapgesuand radiotherapj?].

ECONOMICALLY Heart diseases
DEVELOFING [Cancer|
COUNTRIES 1 Stroke
2
3 I
2 ; 3 |
WORLD _—_
Infectious diseases
Heart diseases

FIG 1. TWO RANKINGS OF THE LEADING CAUSES OF DEATH. Cancer occupies a prominent

ranking position, being present on the podium in both classifications. [Forresi M. et al, 2011] [Ferlay J.,
Estimates of worldwide burden of cancer in 2008: GLOBOCAN 2008]

1.2. Cancer Stem Cells (CSCs): Concept, tumodioel and markers

What cells can be transformed to form tumors?To answer this central question in
cancer biology was proposed thiwchastic modelThis theory believed for a long time hold
that any tumor cell, uniform from a biological stipoint, can lead to new candsee the
FIG. 2, A) (left)] Unfortunately, this model seems to fail because active programs
responsible for the malignant process (tumor regeiom) are unlikely. Besides, experiments
conducted during the last decades have shown thatnecessary up to a million human
tumor cells or mouse to establish a tumor. Theegfamew theory has recently emerged. This
is the hierarchical theorythat suggests that tumor cells are heterogeneous & functional

point of view and could be organized in a hierarg¥here there are a minority population

CARLOS PINOL DOMINGO Page 12
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within the tumor cell mass in each type of cantlee, CSCs, constituting the bulk of the
cancer cells within the tumor in most cagsse the FIG. 2, A) (right)] These “tumor
initiating cells” have characteristic propertieslbof normal stem cells, such as capacity of
self-renew and the potential to divide asymmetiycgenerating any cell type within the
tumor; and also of tumor cells, dividing uncontablly (a large number of times) and leading
the expansion of the tumor. Given its propertiedias been postulated that the CSCs may
arise from mutations in normal stem cells, whicl #rund in many tissuetn some cases,
these CSCs may be very resistant reservoirs tttetapies and chemotherapies, being
responsible for the relapse of a tumor (reappearfnequently observed in many cancers) or
even give rise to metastasgee the FIG. 2, B)] Therefore, since conventional therapies
often increase the fraction of tumorigenic cell€@mcer, the experimental results suggest that
only those treatments capable of eliminating th&€€&ay prevent an effective and lasting
recurrencg3-6].

[THE STOCHASTIC MODEL] |TH'E CANCER STEM CELL MODELI e -
- Tumor relapse e
1 Conventional
® | © > O
b TN t | Self-renewal {
- - ] A
! (- _ ('I l : E -
& i t - € 2 ’ G‘J& 4
L 4N : g N N
t' : ! ) F Tumor regression
: ‘I‘ “ B A & ‘T ancer stem cet } & T3
L8 L3 ll - l - = specific therapy % ’ t ‘:
© e . @OO© ec
A) : |
@ cancer stem cell @ Transientamplifying celis @0 Tumor cells (differenciated cells)

FIG 2. CANCER STEM CELLS (CSCs). A) Two important theories have been proposed to understand the biology
of cancer. B) The CSC specific therapy was postulated to explain the relapse of tumors after the conventional cancer
therapy. The images were taken of the EuroStemCell webside.

Recently, putative CSCs have been discovered iryrddferent solid tumor types.
Examples include thelead and Neck Squamous Cell Carcinoma (SCCHNJioellPCI-13
an epithelial tumor with hardly any improvementtire treatment during the last 30 years,
containing about < 10 % of CSCs within the turfibr 9]. Breast cancer cell line MDA-MB-
231, also an epithelial tumor where the CSCs, discavén 2003, are representing only 2%
of the total mass of breast tumor c¢ll®, 11] Thehuman neuroblastoma cell line SH-SY5Y
the most commonly diagnosed tumor in infants, wathpopulation of CSCs appears to
represent between 0.3% and 25.1% of the tumors iexdrf®]. Also, recently it has been
discovered CSCs of thegancreatic cancer cell line MIA PaCa-3, lethal epithelial tumor
usually diagnosed in an advanced sfag 13]
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How have the CSCs been identifiedThanks to a variety of markers expressed by thesCS
(CSCs markepssuch as cell-surface proteins (CD133, CD44, CD8joplasmic proteins
(ABC transporters) and enzymes (Aldehyde dehydragefALDH1]) and so on. It must be
taken into account that the vast majority of celbjch express these markers, are not stem
cells and the markers considered from one orgafregaently not useful for identifying stem
cells in other tissuef6]. The combination of these markers, for instancel&Dand CD44,
two star markers, is believed that could be spe€iftCs markers for many tum@4g. On the
one hand(CD133, a glycosylated transmembrane cell surface antigédnunknown function

so far, is restricted to stem cells since is cargid an early (proliferative) antigen expressed
on primitive progenitors (such as pancreatic istdts or placenta) and some leuken|ib4-

16]. It has been found that this marker labels CSQxraih (e.g. SH-SY5Y 2.7%), prostate,
intestinal, pancreatic, ovarian, colorectal, lung &ver cancer§l7]. On another hand;D44,

a highly glycosylated type-l transmembrane cellfasie receptor protein involved in
cell/matrix interactions, is widely expressed onsineell types. This CSC marker is typically

expressed in breast, colorectal, ovarian, liveiCBE or pancreatic cancef$, 14]

1.3. Magnetic nanoparticles (MNPs) as agents fpelhermia

MNPs are submicron moieties with special magnetic priogge made of inorganic
or organic materials, which may or may not be bigvddable[18]. MNPs for biomedical
applications must be highly stable over time, uogeizable by the immune system (with
biocompatible polymers), have low levels of toxicand a high magnetic moment which
minimizes the required dosd%9]. The iron-based NPs (mainly magnetite ;&£ have
provided today the best results in relation tociotoxicity and final biodistribution in the
body [1, 20, 21] A useful method in cytotoxicity studies, very gie, accurate, yields
reproducible results, is thTT essaywhich consists of viable (living) cell determiicat
spectrophotometrically as a function of mitochoadactivity in living cells. Compared to
conventional therapies, nanoparticles (NPs) shoxeraé advantages in cancer treatment (or
diagnosis) due to they can be synthesized in spesifes (10-100 nm) and with surface
characteristics to penetrate tumours. Besides, thayalso be engineered to penetrate cells
and physiological barriers or to target tumour se(surface functionalization) with

biomolecules by attaching to tumor-specific celrkess.

Magnetic HyperthermigMHT), one of the promising approaches in canberapy
[22], consists of heating the target tissue (44 < T6<°4C), by remote application of an
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alternating magnetic field applied on previouslgarporated MNPs to CSCs. The purpose of
this non-invasive and highly selective techniquéoisnhibit the proliferation of CSCs with
the aim of destroying or rendering them more samsito the effects of conventional
protocols of radiation and chemotheraf@®s, 24]. A significant improvement in clinical
outcome with improved overall survival, as compared patients who only receive
radiotherapy or chemotherapy, has been demonstfatetimors of the SCCHN, breast,
brain, and so o5, 26] Certainly this technique depends on the effigjetactransport the
MNPs into the CSCs (target cells) to be heatedhaba central part of this technique is to
implement an effective strategy for vectorizatidritese NPs. A good choice is to use of the
monoclonal antibodies (ABs or anti-CDs) (other op# are carbohydrates, peptides or
nucleic acids) to recognize different CSCs mark#ranks to their unique properties which

there are sensitivity, selectivity and specifigy] [see the FIG. 3]
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Cancer Stem Cell (CSC) Magnetic Nanoparticle (MNP) Tumor cell { Fluorophore conjugated specific
Size: ~20 um Size: 40 nm Size: ~20 ym antibody (anti-CD_FLU) Size:~ 5nm

FIG 3. SCHEME OF THE PROPOSED STRATEGY: Preparation of the antibody-functionalized MNPs and

their application to target CSCs for several solid tumor lines. A) Different markers expressed by the CSCs
(CSCs markers). There could be one or several of these CSCs markers in every CSC, depending on the type of
tumor cell line. B) Monoclonal antibody structure. All the antibodies (AB) used have an isoelectric point of ~7.3.
Antibodies are divided in two diferent parts, the Fab region that corresponds to the target (markers) binding and
the Fc region where the MNPs will be attached. Besides, This ABs are conjugated in the Fc region with about 6
molecules of fluorophore (FITC/PE) for each molecule of AB.€) Monodisperse MNPs of 25 kDa with a concentration
of 3.44 mg/mL and a particle size of 40 nm, composed of a Fe304 core and polyethylenimine (PEI) shell, were
used. The PEI shell creates a highly branched polymer with about 25% primary, 50% secondary and 25% tertiary
amine groups. The isoelectric point (Zeta potential) is at around 9.2, therefore, positively charged for values
below of pH. These MNPs had been synthesized and characterized by Dr. Pilar Calatayud and Beatriz Sanz from the hyperthermia
group of the Institute of Nanotechnology of Aragon (INA). D) Functionalization process. This process will be carried out by

electrostatic interactions, in a way that the Fab is free to interact with the CSC markers. E) CSCs targeting
process with ABs-functionalized MNPs, shown for a solid tumor. This process corresponds to the last aim of this
work.
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2. AIMS

Several experiments designed to achieve the taggedf CSCs with MNPs,
previously functionalized with anti-CDs, are revehin this work:

- To determine the cytotoxicity of the Magnetic Nanoprticles (MNPs) on the tumor cell
lines. Cytotoxicity studies will be carried out for eale by MTT essays, modifying the

concentration of nanoparticles (NPs) and the tiafescubation.

- To study the surface and intracellular distribution of the NPs treated-tumor cells It
will carry out the incubation of the tumor cellsds with the MNPs, analyzing both the
affinity between MNPs and tumor cells by Neubaukarsber counting and also the
intracellular distribution of the cancer cells bgaBining Electron Microscopy (SEM).

- To functionalize the MNPs with specific anti-CDs ad CSCs targeting The synthesis of
the fully functional MNPs with highly specific magks, anti-CD44 and anti-CD133, and
the characterization of the resulting complex (MN¥RS_ABs) in terms of stability and

functionality, with the targeting of CSCs, will s&udied by fluorescence microscopies.

3. EXPERIMENTAL SECTION
3.1. MATERIAL [see the FIG. 3]

= Magnetic nanoparticles (MNPs) Monodisperse MNPs with a particle size of 40 nm,
composed of a @, core and PEI shell, were used.

= Tumor cell lines. Four tumor cell lines have been used throughloeitlife of this project.
On the one handSCCHN cell line PCI-13breast cancer cell line MDA-MB-23and
pancreatic cancer cell line MIA PaCaere used during the stay in the Hillman Cancer
Center. These cell lines were either establishedhat University of Pittsburgh Cancer
Institute. On the other handuman neuroblastoma cell line SH-SY&Yell line established
at the Institute of Nanoscience of Aragén (INWRs used during the stay in the INA.

= Monoclonal antibodies (ABs or anti-CDs) It has worked with two monoclonal antibodies:

= CD44 (Hl44a) — FITC Antibody, humar[Clone: Hl44a (isotype: mouse IgG2a),
purchased from MACS Miltenyi Biotedhis CD44 antibody (anti-CD44), conjugated to
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Fluorescein isothiocyanate (FITC), anti-CD44_FIT€;ognizes an epitope of the CD44

antigen.

= CD133/1 (AC133) — PE antibody, humf@ione AC133 (isotype: mouse IgG1), purchased
from MACS Miltenyi Biotec] This CD133 antibody (anti-CD133), conjugated to R
phycoerythrin (PE), anti-CD133_PE, recognizes atopp of the CD133 antigen.

3.2. PROTOCOLS
= Note: In the APPENDIX lare showrsome protocols when working with tumor cells.

3.2.1. MTT protocol for cytotoxicity studies

DAY 1- The tumor cells were seeded onto three 96-walepl(a plate for each essay time) at
10° cells mL* (10 cells per well). Each plate contained three-quanéets of the wells with
the three tumor lines, corresponding to a quaderéach one; and the last quarter of every

plate without cells (only growth medium), used asegative control.

DAY 2- 100puL of MNPs medium at different concentrations wedeed to each one of the
wells. Seven different concentrations, for eacle lof the plate, ranged from 1 to 20§
MNPs mL* medium (1, 2, 5, 10, 50, 100 and 2@ MNPs mL* medium), and the last line
without MNPs used as a negative control (prepanddplicate). These samples were cultured
overnight at 37°C.

DAY 3, 4 and 5 The following procedure was repeated with thdipent plague for each
time. To perform the colorimetric test, 100 of medium of each well were removed gently,
incubating the samples with 14 (5 mg mL*) MTT at 37°C for 3h. The resultant formazan
crystals were dissolved in 100L of lysis buffer. The absorbance was measured by a
microplate reader (ELISA) at 550 nm. An importaspect to take in account is the removal

of any bubbles to avoid interferences in the meaments.

3.2.2. Protocol for studying the affinity betweemNRIs and tumor cell lines

DAY 1 — Three cell culture flasks for every tumeilldine containing 6.7 x T0tumor cells
each of them (1.34 x 2@ells mL*) were prepared. Subsequently, l50f MNPs (10.32ug
mL™) were added into two of the three replicates. [akeone was used like control. Then, all

samples were incubated overnight at 37°C.
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DAY 2 — The harvesting and the counting of tumelisclines were carried out, as are
explained in the poinprotocols for working with tumor celisf the APPENDIX 1 Then, the
samples were passed down a magnetic coluBttoMACS" Separator, MACS Miltenyi
Bioteg, obtaining the respective flow thru of each samfbubsequently, the magnetic
columns were disengaged from the separator andaewBS volumes were passed down
through to obtain the eluates. Finally, it was iearrout the counting of the tumor cells, of

both flow thru and elutes, in the same way thardketime.

3.2.3. Protocol for TEM/EDX sample preparation

DAY 1- The SH-SY5Y cells were seeded onto a 24-wetepda 5 x 16 cells mL* (5 x 1¢
cells per well). A sterile cover slip had been atldeeach well used in the assay, previously.

The tumor cells were cultured overnight at 37°C.

DAY 2- Cells were washed twice with PBS and the MNPdiaet different concentration,
were added into wells each. The first well was us®d negative control and the following to
the well 6 contained 1.25, 2.5, 5, 25 andu®MNPs mL* medium (two replicas). The tumor

cells with and without MNPs were cultured overnighB7°C.

DAY 3-— The growth medium of each well was removed, @ioiig any cell that may have
been peeled away and the MNPs that not have beerporated or anchored into the tumoral
cells. The samples were washed twice and afterwieelsd with 2.5% glutaraldehyde in 0.1M
sodium cacodylate buffer with a 3% sucrosa solut@m0 min at 37°C. After the fixation,
the samples were re-washed twice and the dehyidragaiocess was conducted by incubating
the cells at RT with increasing concentrations déthmnol, through following steps in
duplicate: Firstly, MeOH 30%, 50%, 70% for 5 mirckeane; secondly MeOH 100% for 10
min; and finally, MeOH 100% anhydride for 5 min. élprepared samples were preserved
into anhydride methanol in the refrigerator at @.8vaiting for the next step. Finally, all
cover slips were sputter-coated with gold, remagnas intact samples until they were
analyzed by SEMSEM INSPECT F50, FEI Compamgnd EDX.

3.2.4. Protocols for the studies both the intecsichetween MNPs:anti_CDs and the targeting
of CSCs with these antibody-functionalized MNPs

Firstly, 10 uL of each anti-CD (or only one, depending of thengk) anti-
CD44_FITC or/and anti-CD133_PE and different rangieBINPs concentration were added
into each eppendorf, containing 5@ of TRIS buffer at pH:7.9. In addition, several
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negative controls were also prepared, where teedime corresponded to the negative control
with only buffer (without MNPs and anti-CDs), thecend one only contained dl0 of each
anti-CD and the last one contained exclusively MNHg&ese samples were stirred by vortex
and incubated for 1 hr at RT. Secondly, magnetoaission of the samples were carried out
using aMagnetopure size big (Chemicello this end, each eppendorf was inserted into the
magnetized wells and steeping for 30 min. Finathe supernatants were isolated and
analyzed by spectrofluorometry on the one hand,thagellets by fluorescence microscopy

on the other.

3.2.4.1. Protocol for spectrofluorometer samplgaration

The supernatants obtained were analyzed by spkecrometry, using aLS5S
luminescence spectrometer (Perkin Elmer Life SegncThe intrinsic fluorescence
spectrum was monitored from 496—-600 nm upon exaitadt 496 nm in 0.5 cm path
length plastic disposable cuvettes. In advancamigdtion process was carried out with
the best slit width and preparation of the standamyes for both anti-CDs and MNPs, or
without MNPs.

3.2.4.2. Protocol for sample preparation for flsmence microscopy

DAY 1 — SH-SY5Y cells were seeded onto a 24-wedtglat 10 cells mL* (10° cells per
well). A sterile cover slip had been added in eaell used in the assay, previously. The
tumor cells were cultured overnight at 37°C.

DAY 2 — Cells were washed twice with PBS and théuca mediums containing the
pellets related to the essay in basic media (TRiffebat pH=7.9) were added in each
well. The first two wells were used as a negatioetl, where the first one corresponded
to the negative control without MNPs or anti-CDedahe second one was the negative
control only with 1QuL of each anti-CD. These samples were culturedrogkt at 37°C.

DAY 3 — The growth medium of each well was removeahtaining any cell that may
have been peeled away and the conjugates thatmetld®en incorporated or anchored into
the tumoral cells. The samples were washed twideadterwards fixed with 4 % PFA for
15 min at RT. After the fixation, by helping wittwvéezers and outside the laminar-flow,
the cover slips were washed three times sequgnsalbmerging into different beakers
with the following sequence of fluids: PBS, PBS,IIMD. Then, the treated cover slips

were fixed on slides. To that endub of Mowiol-DAPI solution was added on a slide for
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every sample and dropped carefully the cover dmeosblution, trying to avoid formation

of air bubbles between slide and cover.

DAY 4 — Finally, each cover was fixed stronger @we tover slip with nail polish. The

fluorescent samples must be kept in the dark tadesoy degradation.

4. RESULTS AND DISCUSSION
4.1. Cytotoxicity studies of the MNPs on the tumocell lines by MTT essay

The cytotoxicity produced by MNPs is an importaristacle that needs to be
overcome for biomedical applications. Thereforeisittundamental to determine how the
MNPs are affecting to the viability of any type a#ll inside the bloodstream. In this project
was delimited the study for several tumor cell $inEor that, MTT cell viability assays were
carried out to analyze the toxicity caused by thdRd in several tumor lines (Mia PaCa-2,
PCI-13 and MDA-MB-231) at different times; in thease, every 24 hours for three désse

the protocol in previous experimental section B)2.

N O pg/mL MNPs
N 1 pg/mL MNPs
B 2 pg/ml MNPs
B 5 pg/mL MMFs
N 10 pg/mL MNPs
N 50 pg/mL MNPs
N 100 ug/mL MNPs
I 200 pg/mL MNPs

DAY 2 DAY 3 PClLisfoay 4 DAY 2 oay 3 [MDA-MB-23f]o A7 1 DAY 2 DAY 3

A) DAY
110 —
100 -

S0 7 0 pg/mL MMFs=
= 80 4 1 pg/mL MNPs
= 70 2 pg/mL MMPs
£ 80 - 5 po/mL MMPs
E s0 4 10 pg/mL MNPs
= 40 50 pg/mL MNHPs
S 20 . 100 pg/mL MNPs
O g ] 200 pg/mL MNPs

10 g

o

DAY 1] MIA PaGa-2 PG-13 MDA-MBE-231[DAY Z]|MIA PaGa-2 PGI1-13 MDA-MEBE-231 MIA PaGa-2 PGHF13 MDA-MB-231
B) TYPE OF TUMOR LINE

FIG 4. CELL VIABILITY OF CULTURED TUMOR CELLS WITH MNPs. A) Representation DRUG-DAY for each
CELL LINE. B) Representation DRUG-CELL LINE for each DAY The data and error bars represent the mean and SD of n=3 in
the same experiment.

The results showed a decreasing trend for eachvieddility bar, pertaining to each
tumor cell line, when the MNPs concentration isréased from 1Qug mL™ to 200pg mL*
[see the FIG. 4]. More specificallhere was not observed a loss of viability tegtmL?, and

from here there were a proportionately reductiorthie higher concentration studied, with a
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net loss of cell viability around the 20 percefiiere seems not to exist an obvious loss of the

viability of tumor cell lines over time, from dayd.3

Furthermorethese cancer cells seem to attach (or internalizes not clear) with

the MNPs, as there seems shown in the fluorescemages taken during this cytotoxicity

essay(see the photos in the Append)x It was also observeatie agglomeration of the MNPs,

at high concentration, which is a problem to takiaccount.

It should also be noted that if the results woudeénbeen positive, showing a toxic

effect these MNPs for the tumour cell lines studted application of hyperthermia would not

have been needed. Actually, it is fundamental tokwath non-toxic MNPs because if they

were capable to destroy very resistant cells, ssdumor cells, to kill the normal cells would

be more very simple

4.2. Study of the affinity between MNPs and tumor ell lines

In order to get an idea regarding the affinity bedw the MNPs and the tumor cell

lines, whether or not take place their uptake ngpke essay of cell counting was carried out

by Neubauer chamber countitexplained in the experimental section 3.2[2ee the FIG. b

M
TUMOR LINE
MiA PaCa-2, MDA-MIB-231, PCH13) ( '|'UMOR+ UNE l PBS
[Mi2 PaC3-2 MDAMB-231, PCETS) Several Was,n,g_sl
*
1) Incubate ovemight at 37°C.
2) TOTAL cell counting (Neubaver chamber ) el L
MAGNETIC | ™= o N M
COLUMN | - ; 3) FLOW THRU T ‘'  #4EWTED |
. .‘ 3 g A
: . 72 18 —
g # g ke g .
3) FLOW THRU MNPs ) 3 o b ‘
’ TUMOR LINE ¥ — . 3 =
c M4 PaCa-2, MDA-MB-231, PCH1Y) TUMOR L|NE
(MiA PaCa-2 MDA-ME-231, PCI-13)
4) ELUTED MHNPs
; TUMOR LINE +
MIA PaCa-2 MDA-MB-231, PCH13) TUMOR L|NE
MiA PaCa-2 MDA-MB-231, PCI-13)
A) 5 TO7AL cellcoutingtetaue chamter) B) i b
FIG 5. Study of the affinity between MNPs and tumor cell lines. The samples were passed through a magnetic column and analyzed by Neubauer chamber counting.
A) Scheme of the experiment. The photo comesponds to this experiment. B) Detailed scheme of the process of separation by magnetic column {OctoMACSTM separator).

The results for every tumor cell line could be thmeplicas of the same essay

because of the similarity. The flow-thru, which r@aponds to the cells not attached on the

magnetic column, only show positive results for tde#ls without MNPs. On the contrary,
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exclusively the population of the cells with the M&lhas been obtained in the eluates, which
correspond to the cells attached on the magnetioroo Thanks to this experiment, it has
been proved that practically all cells attach otamalize the MNPs for each tumor line
studied (PCI-13, MIA PaCa-2 and MDA-MB-231).

Necells [*10°)
Nscells [*10°)

w
L

3
1

IMITLAL FLOWTHRY ELUTED
Tumor cell line {PCL13)

INITLAL FLOWTHRU T INITIAL FLOW THRU ELUTED
Tumor cell line (MIA PaCa-2) Tumor cell line (MDA-MB-231)

FIG 6. Study of the affinity between MNPs and tumor cells. Representation of N®* CELLS for each CELL

LINE. The samples has been analyzed by Neubauer Chamber Cell Counting. The data and error bars represent the
mean and S0 of n=2 in the same experiment.

4.3. Study of the surface and intracellular distritution of the MNPs treated-tumor cells
by TEM/EDX techniques

We have already demonstrated that tumor cellsantevith the MNPs, but it doesn’t
know if there exists the internalization of thenubSequently, a much more comprehensive
study was carried out using two more powerful tégies such as Scanning Electron
Microscopy (SEM), which provides high-resolutiondalong-depth-of-field images of the
sample surface, and Energy Dispersive X-ray Spsaobmy (EDX), offering elemental
identification of almost any element of the pertodable (explained in the experimental
section 3.2.3.).

Clear differences in the tumor cell surface wersenbed between the cultured tumor
cells with and without MNP$see the FIG. 7] The blank sample, belonging to the control
without MNPs, showed the normal morphology of th&s®d of cells, which is a large
extension of the axon (that conducts electricalulegs away from the neuron's cell body),
and the long and branched projections of the dewdfihat act to conduct the electrochemical
stimulation received from other neural cells to te#l body). In contrast, in the case of the

tumor cells cultured with MNPs, it was observededuced cell extension with much more
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delimited cell morphology due to the presence drishiendrites even further branched.
Furthermore, unlike the control, these samples bitdd a cell membrane filled with
roughness. These membrane deformations seem totBab¥he tumor cells contain material
inside, thereforeit is likely that the MNPs were also internalizaplart from carried out the
MNPs adhesion on the surfacEhese observations present the same trend witleasirg

concentration of MNPs from 5 to 26 mL™.

FIG 7. Study of the surface and intracellular distribution of the MNPs treated-tumor cells by TEM and EDX. A magnified image of the SH-SY5Y
tumor cells taken by SEM and three photos of the same picture taken by EDX, which analize the presence of Si, C and Fe respectively for each sample, are
shown in every case. A) BLANK (only cells); B) 5 mg/mL of MNPs; €) 25 mg/mL of MNPs. SEM images were taken at 5 and 30 kV with a FEG column by the SEM
INSPECT F50 (FEI company). The photos and the analysis of data were realized by Carlos Cuestas Ayllon and Teobaldo Torres Molina in the INA.

Thanks to the second technique used, EDX, it wéisitiy corroborated that we
have effectively iron material in the samples, esponding to the MNPs. Clearly, it is
observed an expanding red spot on the tumor cetls mcreasing concentration of MNPs
[see the FIG. 7] These figures give us also information aboutdis¢ribution of the carbon
(integral element of living systems) or the silitke SiO2 is the major component of cover

slip) in each sample.

These samples were also analyzed by fluorescenceosnopy obtaining good
photos §ee the fluorescence images of the SH-SY5Y tuthtneén the APPENDIX P

4.4. Fluorescence microscopy studies of the intettaan between MNPs:anti_CDs and the
targeting of CSCs with these antibody-functionalizé MNPs

The goal of these essays was to optimize the dgondifor achieving the maximum
interaction between NPMs and anti-CDs, and thushieg together the target (the CSCs)

with the maximum guarantees. As already discugbedabeling of MNPs with anti-CDs is a
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crucial step for the selective and specific lalgglh the CSCs within the tumor. Therefore, an
experiment to study the interaction between MNP& amti-CDs in different media,
mimicking the behavior of these conjugates in higptital living conditions which would be
found inside of blood stream, was designed. Aftemg several initial essays without
satisfactory results, possibhecause this functionalization method chosen, bytrstatic
interactions, does not seem sufficiently consistentake account in carrying out more
complex essays such as when it works in PBS or ¢RPMas decided to simplify the
experiment. In doing so, several essays workingpasic conditions (TRIS buffer pH:7.9)
were evaluated to study the affinity between MNR$:@Ds (explained in the experimental
section 3.2.4.)see the FIG. B

The functionalization processwas carried out by electrostatic interacti¢gese the
FIG. 3], where the carboxyl groups of the FCR of the antsGizre made interact with the
free amine groups on the surface of the MNPs. BatirCDs, anti-CD44 and anti-CD133,
have an isoelectric point of 7.3, therefore, thdoayl groups present negative charge for this
pH and for more basic values. For the case of thiP®the isoelectric point (Zeta potential)
Is 9.2, so the closer the pH value are to 9.2nbee positive charges the MNPs have on the
surface (reason because the TRIS buffer pH:7.9 etmsen). Moreover, thanks to the
interaction between the anti-CDs and the MNP ifized in the FcR, the Fab region is free to
interact with the CSCs markers (fundamental stdp).principle, these electrostatic
interactions achieved will remain at the physiotogH, 7.3 (blood conditions), disappearing

for lower values because of the protonation of ¢heboxyl groups (loss of the negative

anti-CDs_FLU + MNPs
Ts buffer, pH=7.9
1) Vortex: and incubate at RT for 1 hr@

charges).

2) MAGNETIC SEPARATION

anti-CDs_FLU|  [EPRSSSSSSNY | |;)\0; | |1iiPs:anti-CDs_FLU|
é |
3) lsolate the [ vy ] Mdhﬂ. RPMI
supemaEnt 8 1) PERNATANTS PELLETS redar: *L«L i"
5) Voriex and pour -

MAGNETIC SEPARATION ono tumor cell wells anti-CDs_FLU + lNPs

2)Alow to stand foe 3 min Trs buffer, pH=7 § PELLET SUPERNATANT
SPECTROFLUOROMETER FLUORESCENCE MICROSCOPY B

A)

FIG 8. Study of the interaction between MNPs:anti_CDs at pH basic conditions. The samples were analyzed by spectrofluorometer and fluorescence
microscopy. A) Scheme of the experiment. The photo corresponds to this experiment. B) Detailed scheme of the process of separation by magnetic column (Magnstopure
size hig [Chemicell]).
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Once the magnetic separation was carried out, tfeemcubation process between
the anti-CDs and the MNPs, two types of sampleswellected:Supernatantand pellets
The observation of a loss of anti-CDs in the supeatants with the resultant presence of
them in the pellets will corroborate the affinity between the MNPs and the anti-CDs.
Besides, the incubation of these MNPs:anti-ABs_FLWith the tumor cells will allow to

locate the CSCs inside the tumor sample.

On the one hand, treupernatant samples containing the anti-CDs_FLU unreacted
free from the MNPs or MNPs:anti-ABs_FLU, were ob&. According to our estimates, the
peak intensity for each of these sample (measwdtespectrofluorometer) should be lower
gradually, meaning a less amount of anti-CDs insiingernatant since they will have reacted
with the MNPs, for higher values of the MNPs coricaion (added during the incubation).
This is because a higher amount of MNPs permiis@eased interaction surface for the anti-
CDs. The hypothesis seems to be fulfilled in outesmbtained in the grapHiepresented in
the FIG. 9] Specifically, this is true for all the samplesept for the sample which had been
incubate with the highest MNP concentration. Ancadge MNP concentration there might
be, in this case around 5@0g mL*, producing the MNPs agglomeration for higher
concentrations and avoiding the interaction betwe&Ps and anti-CDs_FLU. Besides, the
affinity between MNPs and anti-CDs seems to chastigéitly for anti-CD44 or anti-CD133,

because the agglomeration effect previously desdri lower in the case of the first anti-CD.

B LANK (onhy basic bu fier)
EEm G ANKZ_anti-ABs
600 T BN ELANK3_S pg/mL MNPs
S UPERNATANT1_100 pg/mL MNPs
550 + BN S PERNATANT2_50 pg/mL MNPs
S UPERNATANT3_25 pg/mL MNPs
500 + W UPERNATANT4A Spg/mL MNPs
S 450 4 / 5 f
& /-_‘\
= 400 4
B
5 301 i /
= 300 - /
@©
£ 250 -
§ | ™
2 200 4 /
=]
S 150 4 S S
[T
100
apti-C44 FITC anti-CP133 |PE
50 RN |
Iyt 7 77—
500 510 520 530 540 550 560 570 580 590 600
Wavelength (nm)
FIG 9. FLUORESCENT SPECTRUM OF THE SUPERNATANTS. Study of the interaction between
MNPs:anti-ABs in tris buffer, pH:7.9. 10 puL of each anti-CD44_FITC and anti-CD133_PE were added for
every sample. Data taken by Perkin Elmer LS55 Fluorescence Spectrometer.
NoteThe concentrations of MNPs shown in the legend comespond to the previous step,since the supematants are MNPs-free.
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On the other hand, thpellet samples were obtained, containing the magnetic
species (MNPs and MNPs:anti-CDs_FLU), free from #iméi-CDs_FLU unreacted. These
pellets were also attempted to analyze by speatiadimetry without results, possible due to a
guenching effect by MNPs. For that, a new hypothess proposed, consisting to incubate
the pellets with a tumor cell line, trying to detehie fluorophores by fluorescence
microscopy.The results were positive, as shown in the pictoféke FIG. 10, for the case of
the anti-CD44_FITC, but without results for anti-CBB_PE. Thanks to this essay was to
demonstrate (only for the anti-CD44) that the iatgron had occurred and, moreover, and
conclusively proven to targeting the CSCs for then&an neuroblastoma cell line SH-SY5Y
[see the FIG 10 The images shows some blanks prepared and twtgefor the pellet
samples, 5 and 26y mL?, after incubating the pellets with the tumor c@lhe blue color
present in some pictures corresponds to the DARtwis used extensively in fluorescence
microscopy since this is a fluorescent stain thatl$ strongly to A-T rich regions in DNA,
allowing to clearly locate cells. The green colerthe anti-CD44, which is present in many
cells of every sampléJnfortunately, the anti-CD133 was not observednewee the dynamic
range also studied, decreasing the intensity tonti@mum (extreme conditions) as shown in
the picture 3.d of the FIG.10

The same experiment was repeated using a diffdlantescence microscope,
obtaining the same resultseg¢ the fluorescence images of the SH-SY5Y tuithéinean the
APPENDIX 2).

Concretely, the goal was to localize specificalhg tCSCs at the junction of both
anti-CDs_FLU, since neither of them alone is speddr the CSCs, but unfortunately one of
them did not work. The causes of this problem arenown. On the one hand, it does not
appear to be a problem related to a loss of therdecence because of it was observed
fluorescence by spectrofluorometry. On the otherdhaccording to the introduction, there
exists a sub-population about the 2.7% of CSCsHerSH-SY5Y cell line, using this anti-
CD133 marker, therefore, that does not seem to p®laem related to a non-specific CSC
marker. Therefore, the real problem might be due ttunctionalization loss of the anti-
CD133. It must take into account that these antsELU were transported from USA to
Spain, remain at room temperature for over 24 arshe end of summer), so it is possible

seems feasible that the anti-CD133_PE was damaged.
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[FIG 10] FLUORESCENCE IMAGES OF THE PELLETS. Study of the interaction between
MNPs:anti_CDs in TRIS buffer, pH:7.9. Fluorescence images of SH-SY5Y pellets (culture medium):
1) BLANK 1 (only cells), 10X; 1.a) Cells (DAPI). 2) BLANK 2 (cells + anti-ABs), 10X; 2.a) Cells, 2.b)
Cells (DAPI)_anti-CD44_FITC, 2.c) Cells_anti-CD44_FITC. 3) BLANK 2 (cells + anti-ABs), 20X; 3.a)
Cells, 3.b) Cells (DAPI), 3.c) Cells (DAPI) anti-CD44 _FITC, 3.d) Cells_anti-CD133_PE (dynamic
range). 4) SUPERNATANT 4: 5ug mL™, 20X; 4.a) Cells, 4.b) Cells (DAPI),4.c) Cells (DAPI)_anti-
CD44_FITC, 4.d) Cells_anti-CD44_FITC. 5) SUPERNATANT 3: 25 ug mL™, 20X; 5.a) Cells (DAPI),

5.b) Cells (DAPI)_anti-CD44 _FITC, 5.c) Cells_Anti-CD44_FITC. Images taken by the inverted fluorescence
microscope OLYMPUS IX81, with the help of Dr. Maria Royo in the microscopy and image service of the IACS (Zaragoza).
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V. CONCLUSIONS

A set of experiments corresponding to the functiaadion of MNPs with anti-CDs,
and the CSCs targeting with these compounds forimesi been described. Moreover, it was
also fundamental to obtain some preliminary infdiora about cytotoxicity studies or the
affinity between this kind of MNPs and the tumoll daes studied, due to the lack of
information of this systemM{NPs-Tumor cejl

With regard to the cytotoxicity studies, the detamion of the cell viability of
cultured tumor cells with MNPs by MTT essays wewaried out. To that end, these
experiments were realized modifying the concerdratif MNPs and the times of incubation.
The results showed that the cytotoxicity effectrd MNPs on the tumor cell lines studied is
minimal, representing a net loss of cell viabiliagbout 20% in the range of MNPs

concentration studied (0-2Q@ mL™?), without causing any appreciable change over.time

Studies related to the surface and intracellulatribution, of the MNPs treated-
tumor cells, were then realized. On the one hamal affinity between MNPs and tumor cell
lines was verified by Neubauer chamber countingfioming that practically all cells attach
the MNPs for each tumour line studied (PCI-13, M?ACa-2 and MDA-MB-231). On the
other hand, thanks to an analysis of the intralzelldistribution of the MNPs treated-tumor
by SEM technique was corroborated that the cek IBH-SY5Y internalizes the MNPs.
Besides, there appears to be that the MNPs aketuthor cell morphology (a more complex

cell surface pattern).

Finally, the synthesis of the fully functional MNR&th highly specific markers and
the CSCs targeting of these compounds, by fluorescenicroscopies, was carried out.
Primarily, the antibody-functionalized MNPs (MNPRstiaCDs) was characterized in terms of
stability and functionality, in basic media, obiam a stable compound, for both anti-CDs
(anti-CD44 and anti-CD44). Furthermore, it was obseé as there seems to be an adequate
MNP concentration, in this case around;@)mL‘l, producing the MNPs agglomeration for
higher concentrations and, thus, avoiding the autssn MNPs-anti-CDs. Finally, the
targeting of CSCs with these previously syntheszmudplexes was evaluated. Thanks to this
essay it was demonstrated, for the case of the B¥Sthat the labeling of CSCs is
successful only for the anti-CD44. Unfortunatelye tCSCs targeting with the anti-CD133
was not observed, possibly due to a functionabralbss because of the anti-CD133_PE was

damaged.
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These preliminary studies have provided us a abbza of the difficulties that we
face in the future if we go ahead with this amhisigroject. On the one hand, the next step
would be to improve the functionalization methoedjstrying to localize the CSCs with a
good anti-CD133, in addition to carry out studiesriore complex media. On the other hand,
since there is no information available on whethgperthermia can eradicate CSCs, our
future challenges could be to evaluate if CSCs samesitive to hyperthermia-induced by
magnetic nanoparticles, and this may lead to cobntumor growth (proliferation).
Furthermore, it could also be examined if MHT irages sensitivity of cancer cells lines to

chemo and radio therapy due to eradication of CSCs.
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[Il. EXAMPLE 2: Regioselective control of molecular nanoprobes onildmentous

virus particles and self-assembly of these functi@tized rod-like nanoparticles

1. INTRODUCTION

Viral nanoparticles (VNPs) form the basis of sonmvel renewable molecular
materials due to many attractive features of theiseés such as a precise nanoscale
dimensions, elasticity, stability, low polydispaysibiocompatibility and well known genetic

information with an efficient and inexpensive protion[1-3].

1.1. M13 bacteriophage: wild type and mutant virus

The filamentous M13 bacteriophafee the FIG. 1,2]an abundant virus in nature
that infects the bacteria E. coli, is an ideal edatk for nanotechnology, among other features
because it is non-enveloped, i.e. without a lipienmbrane, so the functional groups on the
capsid proteins can make direct contact with cgatiraterials. General properties of these
rod-shaped viruses include a length of about 900G &/nm in diameter, a molecular weight
of 1.6x10 g mol* and a circular single-stranded DNA genome encésedeveral phage-
encoded proteins. The major protein capsid is dlgrbtein, where approximately 2700 of
these coat proteins are helically wrapped to caostthe flexible cylindrical body of the
bacteriophage. At one end of this protein assentblg, copies of the plll, a minor coat
protein, form the tails of the phage that modulgtesge infectivity of the host bactef#a6].

— m —

LA

ACX CeGes~D

\SS/

b)
FIG 1. MAGES OF FILAMENTOUS PHAGE. b)
#) Visualized by electron micrograph (Dogic Z and Fraden || £ye 9 NFUTANT M13-C7C PHAGE. ) Linker sequence in each of the 5

S. et al., 2006]. b) Visualized by atomic ft i : . . .
e /- 1) el ot aioniy e icsoscopy copies of the PIII protein clustered at one end of the M13 virus. b) Structure

The large size of the phage tip structure suggests that it is the . ; . , .
plll end/The Bacteriophages Oxford University Press, 2006] of the loop-constrained heptapeptide flanked by a pair of cysteine residues.
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These rod-like colloids can be handled easilyhim leboratory and have long been
used in molecular biology studies because theywarenable to genetic modification of virus
capsid proteins. Besides, a very interesting charatic of these VNPs is that non-reactive
cysteine residues are exposed to exterior surfaeeause evolution had disfavored
interparticle disulfide bonds. Therefore, this s a unique opportunity to genetically
monitor the position of the cysteine residue omtetgic locations of the virus and protein

shells, after which the thiol group can be sel&tyitargeted with thiol-selective probes [7].

The mutant M13-C7C bacteriophafgee the FIG. 2]is based on a simple M13
phage vector modified, in the end of the plll pnoteby pentavalent display of a loop-
constrained heptapeptide. Each loop is flanked pgiaof cysteine residues, which could be
oxidized during the phage functionalization to sutfide linkage. In this case, the infectivity
function of PIIl is not affected because the digpth peptide is sufficiently short (<50
residues). Furthermore, the LacZ gene has beenigaheinserted into the mutant phage
vector, which is used as a characterization metbaodistinguish between the mutant M13-
C7C and the M13 (wild-type) phages thanks to théamtuphage plaques appear blue when
plate on media containing XGal and IPTG. An impertaoncept in biology is the plaque-
forming unit (PFU) which is a measure of the numiiieparticles capable of forming plaques
(colonies) per unit volume, such as virus particléénfortunately, there exists a
counterproductive part resulting in a longer regtimn cycle of the mutant phage compared
with the wild type. As a resultthere is the possibility of in vitro selection fany
contaminating wild-type phage during the amplifioatsteps, even vanishingly small levels

of contamination can result in a majority of theagle pool8].

1.2. Liquid crystalline organization

‘Soft” matter, including polymers, colloids, amphiles, liquid crystals and a lot of
biological systems, presents two fundamental featurhe first one, the ordering is generally
intermediate between that of a crystalline solid #rat of a liquid, and the second one is the
range of organization shown in the structures fatnbygpically in the ‘nanoscale’ ordering (1-
1000 nm). An important distinction between differégypes of soft material is the difference

between direct and indirect ordering of moleculiessupramolecular aggrega{s.

Liquid crystals are materials presenting at leas¢ intermediate phase between

isotropic liquid and crystalline solid phases. Teelamitic liquid crystals are the most

CARLOS PINOL DOMINGO page 32



Universidad Example 2: REGIOSELECTIVE CONTROL OF MOLECULAR NANOPROBES ON FILAMENTOUS
i Zaragoza VIRUS PARTICLES AND SELF-ASSEMBLY OF THESE FUNCTIONALIZED ROD-LIKE
’ NANOPARTICLES

common type of self-assembly for these structucesnposed exclusively of anisotropic
particles exhibiting a rod-shape. Liquid crystalsmposed of rod-like colloids exhibit
different phase sequences with increasing conderirdbehaving as lyotropic liquid crystals.
The simplest liquid crystalline phase is the sdedahematic (N), in which the molecules are
positionally totally disordered, but arrange inaang preferential direction. The Smectic (Sm)
phase shows a positional order since the centresask are arranged in layers (Sm layers)

[see the FIG. 3]10-12]
agents

¥

THERAPEUTIC
FIELD

nanobatteries

FIG 4. VIRAL NANOPARTICLES (VNPs) APPLICATIONS. Some potential
a) ’x applications for these virus-based hybrid materials for the engineering of therapeutic
FIG 3. SMECTIC (Sm) PHASE OF LIQUID CRYSTAL. fields are shown in both diagr ams. PICTURES: (left) SEM image showing the close-packed
a) Schematic representation of the Sm phase of lamellar structure of phage and nanocrystal layers (red arrows) in the inner areas of the film /S-
rodlike particles. b) Sm or lamellar phase observed by | | W Lee, A M. Belcher et al, Science. Vol 296 (2002)]. (right) Intravital Imaging of Human
DIC microscopy (digitally enhanced picture). The Prostate Cancer Using Viral Nanoparticles [N. F. Steinmetz et al., Small. Volume 7, Issue 12,
scale bar indicates 10 pm. [GRELETE. et al,, 2008] || pages 16641672 (2011)].

Light- S il
harvesting &
systems |

;

-

¥ smeetic (8m)

1.3. Applications of the virus-based hybrid materials

There exists an ample utilization of the phageldistechnology for material science
applications. Liquid crystalline self-ordering ssts with nanosized features of engineered
viruses may provide new pathways to organize elaidy optical, and magnetic materials that
would not be feasible via the traditional top-dofahrication techniquel8, 13]. For example,
the wire-structures of viruses have inspired swidié their applications as conductive
nanowires for electrical devices such as nanodscor nanobatteries, by mineralizing
continuous metal layers on the virus surface, taiomanowires that exhibit crystallographic
ordering [4]. Also, studies of the use of rod-like viruses asldgwal scaffolds for the
construction of light-harvesting systems or magnstistems are noteworthy both for their
potential uses in solar cells, photocatalysts, aptical sensors or memory devices,
respectivelysee the FIG. 4 (left)[5].

CARLOS PINOL DOMINGO page 33



Universidad Example 2: REGIOSELECTIVE CONTROL OF MOLECULAR NANOPROBES ON FILAMENTOUS
Zaragoza VIRUS PARTICLES AND SELF-ASSEMBLY OF THESE FUNCTIONALIZED ROD-LIKE
NANOPARTICLES

>.|\

More recently, nanometer-sized constructs, sush dandrimers, liposomes,
nanoshells, nanotubes, nanoemulsions, quantumalatsgven viruses are being developed to
increase detection sensitivity and efficacy forrépeutic applications as bioimaging agents
intended as noninvasive probes (near infrared délsment dyes, magnetic contrast agents) or
to target biomarkers of disealse 14]. For example, the crystalline phase of the VN&sla¢
be adjusted to create enhanced suspension stdbilityagnetic resonance imaging (MRI)
contrast agentgs]. Also, the VNPs could be an invaluable tool to ioye detection, early
and accurate biosensing, of small lumps of cane#ls.cThese “smart” nanoparticles were
equipped with bright fluorescent dyes for imagimgl @ chemical tags to help it find and latch
onto cancer cells to increase imaging sensitigée the FIG. 4 (right)[15].

2. AIMS

The validation of a method to carry out the m@a®&luction of the mutant M13-C7C
phages and the optimization process to functioealith any maleimide probe are reviewed

in this work:

- Amplification, purification and characterization of the M13-C7C phagesThe growth
of viruses by M13-C7C-infected bacteria solutioml @malysis of the phages obtained, by

titration process and transmission electron miapgd TEM), will be carried out.

- To functionalize phages with nanoprobes The functionalization of these rod-like
particles, with a previously disulfide reductionopess, and labeling with maleimide-
functionalized fluorophores of the M13-C7C phag# performed.

- Self-organization studies Liquid crystal line phases will be studied byditascence and
differential interference contrast microscopy (DI@) order to validate our scientific

approach, i.e. the regioselective functionalizabbriral nanoparticles (VNPS).

3. EXPERIMENTAL SECTION

= Note In theAPPENDIX 2are shown some protocols for working with phages.
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3.1. Precautionslt is important to note the special precautionamgasures that were taken
into account in every step before and during theldication process always to prevent the
contamination of the mutant viruses with the undekiwild-type ones. Basically, the
multiplication of the wild type is many times greathan the mutant viruses and consequently
the slightest contamination would lead a guaranfeédre. Therefore, the first step was to
disassemble and thoroughly clean the micropipetigs 70% EtOH, which were used
exclusively in the inoculation processes. Besidesne considerations such as the thorough
cleaning of the laminar hood with 70% EtOH evemgdiwas used, the use of virgin bacterial
culture Petri dish without a previous bacteria &ction or the opening of a new box of
aerosol-resistance tips for each new amplificatiegre strictly undertakel].

3.2. M13-C7C amplification proces# volume of LB was inoculated with the mutant M13-

C7C solution at a concentration of"@fu mL* (ImL/L for the infecting solution and 0.5
mL/L for the mass production). At the same timeyaume of E. coli ER2738 culture
(10mL/L for both cases), previously grown overnjghiere also added. The mix was shaken
at 37°C, 230 rpm for different incubation timesh(s for the infecting solution and 8 hrs. for
the mass productiofy, 16].

3.3.M13-C7C titration procesdgirstly, 200uL of serial dilutions of M13-C7C phage in LB
were prepared into sterile tubes. After, 2000f E. coli ER2738 (Oky¢=0.5) were put into

each one of the M13-C7C serial dilutions, vorted arcubate for 5 min at room temperature.
Then, 3 mL of top agar at 56°C were also addedex@nd the mix were poured on the top of
the IPTG/XGal _LB-agar plates prepared previouslynaHly, let cool down, cover with
parafilm and grow overnight at 3798, 16].

3.4. Functionalization proces&0 mL of the M13-C7C mass production (1 mgHin 20
mM NaHPQ, buffer pH 7.0 was reduced with 1.28 TCEP-HCI about 30 min at room
temperature. Then, the solution was mixed with 3U@5of DyLight 550 Maleimide I mL of

DyLight 550 Sulfhydryl-Reactive Dye purchased frdme Thermo Scientific Compagny
dissolved in DMSO, 1:T0dilution to prevent virus damage, stirring geritlgt 4°C for 2 hrs.

It must be taken into account that is needed 1@dimore of reduction agent and dye per
virus molecules, because there are 5 tails per ®AG-molecule with 1 disulfide group in
each tail. Besides, it has been used about 2 andl& excess of reduction agent and dye,
respectively{17-19].
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4. RESULTS AND DISCUSSION
= Note In the APPENDIX 2 are shown some photos takemduhe course of the project.
4.1. BIOLOGY

Before starting the experiments, a 1:100 diluttdrthe M13-C7C bacteriophag&00
mL of Ph. D.-C7C [phage display Library], ~f(fu mL?*, purchased from the New England
Biolabs Company was prepared, because a'1@fu mL* value is required for the

amplification process.

The first step was to prepare 50 mL of thiecting solution, corresponding to a first
amplification, needed to carry out subsequently B&3-C7C mass production. It was
mandatory to check the complete absence of wild typuses (M13 phages) in the infecting
solution before to proceed with the following stepsthe FIG. 5are shown four filamentous
phages with an estimated length of 1006 nm (accshmgad by Alexis de la Cotte of the
CRPP). Many impurities are observed in the pictlure to the LB medium drying.

124
. . 1 }/{/,,,/»"“
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b k) FIG6 . OPTIMIZATION OF THE M13-C7C AMPLIFICATION PROCESS.

Optical Density (0.D.) measurements at different incubation times were taken to
FIG5. TEM. a) Tmage of the M13-C7C phages. b) Virus length calculated study the bacteria growth. The results indicate that the exponential phase corresponds
from 95 independent photos. Images taken by the H600 Hitachi TEM. The to about 10 hours. The data and error bars represent the mean and siandard deviation (D)
images and the analysis of data were realized by Alexis de la Cotte (CRPP). of n=2 independent experiments.

An optimization processwas now realized to optimize the steps of multgdion and
purification needed for the mass production. Speadlfy, Optical Density (O.D.)
measurements at different incubation times wererta& study the bacteria growth cufgee
the FIG. 6] Viruses need to infect bacteria to multiply. Téfere, virus amplification also
occurred during bacterial amplification, correspiogdio the exponential phase. The results
indicate that the exponential phase before it reathe plateau (stationary phase) is between

4 and 10 hrs. It should be noted that the proligioti infecting the amplification solution
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with the wild type viruses increases with incubatibme, due to a higher number of

mutations. After several amplifications essaysyats confirmed that a suitable amplification

time is 8 hrs. Besides, the purification processs waso maximized, adapting the

centrifugation steps (times and speddsg the FIG. 7]

Once the process was optimized, MhE3-C7C mass productionwas carried out to
produce the M13-C7C in huge amounts. For do th@t,irfdependent experiments of
amplification with a final volume of 2 L were mad obtain about 284 mg of the mutant

M13-C7C phage, free from wild tygsee the experimental section 3.2.)

A purification process of the M13-C7C phages is needed to carry out &fteh
amplification process. This process is composeal dépletion step and several centrifugation

steps[see the FIG. 7] which aims is obtain the M13-C7C in high concatidn diluted in

dH,O and free of bacteria, LB and other impurities.

These last two processes, the amplification amdigation, are the most important

steps in the work, consequently where more timeldsen invested, because a large-scale
production of pure mutant M13-C7C viruses is nemgs$o form smectic phases of liquid

crystals.

Centrifugation at 6000 g
for 20 min.
Discard the pellet. )

'q ™ 4 ]
ELIMINATE BACTERIA AGGREGATION VIRUSES

Depletion. Add PEG 20.000
(20 g/1) and NaCl (15 g/L),
shaking for 30 min. y

e ")
VIRUS CONCENTRATION

Ultracentrifugation at 45000
rpm for 3 hrs.

Discard the supernatant. )

f N

ELIMINATE ANY
REMAINING BACTERIA
Ultracentrifugation at 15000
rpm for 30 min.

Discard the pellet. y

Thermo Scientific SORVALL WX Ultra series centrifuge with FS0L-8x29 rotor.

REMOVE LB MEDIUM

Centrifugation at 6000 g for
30 min.
Resuspend the pellet in dH20

FIG 7. M13-C7C PURIFICATION PROCESS. This process is composed of several centrifugation
steps, all carried out at 4°C, which goal is to obtain the M13-C7C in a high concentration diluted in
dH20 and free from bacteria, LB and other impurities. The ultracentrifugation steps carried out by the

FIG 8. M13-C7C TITRATION PROCESS.
Results obtained where blue plaques are observed into
the plate.

Finally, achecking processby titration was carried out for each sample afigali

(explained in the experimental section 3.&)corroborate that the amplification had been

successfulsee the FIG. 8] Specifically, this characterization process aiaw know both

CARLOS PINOL DOMINGO

page 37



Universidad Example 2: REGIOSELECTIVE CONTROL OF MOLECULAR NANOPROBES ON FILAMENTOUS
Zaragoza VIRUS PARTICLES AND SELF-ASSEMBLY OF THESE FUNCTIONALIZED ROD-LIKE
NANOPARTICLES

'>:;|\

whether or not the amplified culture is infecteg, the wild type M13, and the PFU niL
value.

The results achieved were satisfactory, evenesgling our expectations, obtaining
considerable amounts of M13-C7C with only blue oas in all plates. To confirm of
absolutely way that the viruses correspond exalgito mutant M13 an amplification of
DNA is suggested8]. But this process is only suitable when it workghwanalytical
quantities. Therefore, the functionalization of thutant M13-C7C bacteriophages with
fluorescent probes and the study the liquid crija@phases obtained will be done to confirm

in a definitive way these biological results.

4.2. CHEMISTRY

The second part, the chemistry, a functionalizatisethod was proposed both to
validate the amplification process, to verify tlmsce and for all and also to validate this

functionalization method.

After the functionalization procegsee the FIG. 9] composed of a first reduction
step of thiol groups and another correspondingholabeling with the 550 maleimide dye
(explained in the experimental section B.4wo dialysis processes were carried out. Fifstly
with dH,O to remove the excess of dyes and the second2@ithM TRIS, pH 8.1, 20 mM

NaCl, to change the pH for suitable working cormatis with virus liquid crystals.

£

1}Incubate at t.a.lz TCEP-HCI1

about 30 min.

=5
J-5

£ O-§

B)

2 ) Stirring gently
it at 4°C for 2 hrs. 2

FIG 9. FUNCTIONALIZATION PROCESS of the M13-C7C PHAGE, in NazHPO4
buffer pH 7.0. A) Functionalization scheme. 1) Reduction step. 2) Maleimide-thiol reaction.

B) Real maleimide-functionalized linker structure in each of the 5 tails at the end of the
mutant M13-C7C virus.

It is noted that in thipurification step, corresponding to dialysis step, did not work

to remove the excess of dyes for both@Hnd TRIS buffer. This is because a pink solution,
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corresponding to the dye color in solution, was abtained after the first dialysis step.
Despite that, the dialysis process is needed t@venprotein remains and other impurities
that are impossible to remove by centrifugationer€fore, to overcome this obstacle and to

remove the excess of dye, several ultracentrifogatteps were carried out.

4.3. PHYSICS

An ultracentrifugation process was fundamental,any case, to concentrate the
viruses for thesample preparation Working with liquid crystals, and study the sne¢sSm)
phases, must be achieve concentrations around ®avd mL* of virus. To do this, the
sample preparation is a delicate and laboriousgaydecause we need homogeneous sample
which is highly concentrated. The iridescence pheta, due to visible light diffraction of
the smectic layers (having a periodicity of abouiM), were observed within the sample

once a homogenous smectic phase is achiesdAppendix, the Image 12]

i ZooMIN

FIG 10. LIQUID CRYSTAL STUDIES. L. Smectic (Sm) or lamellar phages, of the M13-C7C phages, observed in two different zones in the same sample.
The scale bar indicates 6pm (digitally enhanced pictures): a) DIC; b) Fluorescence image, Ex:550 nm; ¢) Fluorescence image, Ex:488 nm. IL (left) The same
subarea for the zone 2 has been extended for the three cases studied. (right) Self-organization scheme for the mutant M13-C7C phages, inside the studied
subarea, where each line corresponds to a layer of viruses. Images taken by LEICA DMIRE2 confocal microscope.
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Self-organization studies Three images of the smectic phases, using differe
observation conditions, in two different zones wkaken by confocal microscodgee the
FIG. 10]. Clear lines are observed by differential intexfece contrast (DIC) microscopy.
Each line corresponds to a layer of virus with dttviof the size of the M13 virus (1.0060).
Two different results are obtained when the fluceese is measured. On the one hand,
exciting at 550 nm our 550 DyLight emits red ligblhowing the functionalized tails colored.
On the other hand, it is not observed the pattérimes in the sample when the sample is
excited at 488 nm. This confirms that the goal l&en achieved, obtaining phages
functionalized with fluorophores with a regioseieet control. Besides, thanks to this
functionalization step it could verify that the difipation process was a success.

An important consideration, constituting the maiséct application of our results, is
that an optical technique more easily availablanyg lab, such as fluorescence microscopy,
can be now used to study these self-organizatiouctstres. Therefore, it is not already
necessary to use an advanced technique, such agddBserve the Sm or lamellar phases
whenever working with these fluorescence mutant {@¢I& viruses.

5. CONCLUSIONS

A simple approach for the mass production of mutéti3-C7C viruses by
amplification process, free of the wild type, issdebed. The main advantage of this M13-
C7C amplification process is the large-scale prtdocof the mutant phages exhibiting
cysteine residues at one of its extremities. Howewe special precautionary measures to be
taken to avoid any contamination with the wild typeuses, before and during the
amplification process, are strong. Herein liesithportance of this method validated, namely

the neatness worked with over the life of this @ctj

With regard to the biology part, the first chaljfenwas to obtain the infecting
solution, without the M13 viruses, and perform thgtimization process. Secondly, the
multiplication processes, with the correspondingiffpation steps, were carried out many
times until a sufficient quantity of mutant virusegre reached. The results achieved were

more than satisfactory obtaining considerable ansooh mutant M13-C7C viruses. To do
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this, a checking process by titration was carriat] obtaining exclusively blue colonies for

each phage dilution on every plate.

The chemistry section consisting in a method otfionalization was then realized,
achieving the validation of this method as weldainitively the amplification process also.
To do this, a first reduction step of thiol grougnrsd another corresponding to the labeling

with a maleimide dyewith the corresponding purification steps, werdized.

Finally, related to the physics part, the self amigation studies of these
functionalized rod-like nanoparticles were carraad. To that end, the sample was prepared
through a delicate process. Three images of thectamghases, using different conditions,
were taken by confocal microscopy. Bright lineach corresponding to a layer of virus were
observed by differential interference contrast (PIQicroscopy. Two different results,
exciting at 550 nm or 488 nm, were obtained whenflillorescence was measured, showing
the functionalized tails colored due to a patternthe sample or non-pattern observed,
respectively. This confirms that the aim was ackigwbtaining phages functionalized with

fluorophores with a regioselectivity control.

Over the years noticeable advances are being matie fabrication of nanostructured
novel materials from VNPs due to the unique capasl of the viruses, such as high
monodispersity, chemical specificity and the amgat character. We anticipate that our
approach, using a liquid crystalline self-ordersygtem of engineered mutant viruses, may
provide new pathways to organize electronic, optiaad magnetic materials among other
potential applications. Therefore, our next chakercould be to develop hybrid materials
formed by the monitored assembly of these mutant3-AIC phages with magnetic

nanoparticles, with a 1:1 molar ratio, to induceghty sensitive nanorods by magnetic field.
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IV. GENERAL CONCLUSIONS

Those conclusions specifically related to the tssfdom each subsections (i.e.,
CSCs and viral particle functionalization) have rbedready exposed at the end of the
corresponding chapters. Here, the general conclssfoom the whole work are to be

presented.

The work realized along this Final Master projeenh doe evaluated within the
framework of two independent research lines on ftivetionalization of nanoprobes for

biomedical or technological applications, respestiv

A first, methodological consideration based onwleek and discussions found along
several months of this work, refers to the multghBnary nature of the research presented
here. This multidisciplinary character of our waskthe fundamental reason why it has been
developed at several different research groupsctwhiere formed by physicists, chemists,

biochemists and medical doctors.

The relevance of the nano-object based functioai@diz has become clear in both

applications reported here:

On one hand, with regard to the functionalizatiogetimd chosen for application to
cancer stem cells, the ‘simple’ electrostatic iat#éions tuned by adjusting the pH gave
satisfactory results regarding the functionalizatiof the MNPs with the anti-CDs.
If more complex essays are to be performed in theré (e.g., further change to cRPMI
medium or for the actual in vivo conditions), themmore appropriate strategy should be to
change for a more robust attachment of the funatigroups, such as avidin-biotin or

maleimide-thiol binding.

Regarding the second example, i.e. the functioatdin of viral particles, the
maleimide-thiol functionalization has proven to & excellent method. The advantages of
this method include a strong attachment (covalentlh high selectivity (reacting exclusively
with thiol groups), stability in extreme conditioasid simple experimental protocol (it has

been developed as a single-step protocol).
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It is clear that the age of the nanobiotechnologg fust begun. The increasing
complexity of diverse materials involving multipdeales, the combination of rational design
and evolution, and the emerging confluence of md aano are broad technological trends

that will give great momentum to nanobiotechnologthe coming years.
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o ABBREVIATIONS

AB: Monoclonal antibody (specific)

anti-CD: Monoclonal antibody (specific)

anti-CD_FLU: Fluorophore conjugated to anti-CD
anti-CD44: CD44 (Hl44a) Antibody

anti-CD44_FITC: FITC conjugated to CD44 antibody
anti-CD44_PE PE conjugated to CD44 antibody
anti-CD133: CD133/1 (AC133) Antibody
anti-CD133_FITC: FITC conjugated to CD133/1 antibody
anti-CD133_PE PE conjugated to CD133/1 antibody

CD: Surface Cell Receptor or Antigen (CD44 or CD133)
CD44: A highly glycosylated type-I transmembrane califace receptor protein
CD133 A glycosylated transmembrane cell surface antigen
cRPMI: Complete medium

CSCs Cancer Stem Cells

DAPI: 4',6-diamidino-2-phenylindole

DIC: Differential Interference Contrast

DMF: N,N-Dimethylformamide

DMSO: Dimethyl sulfoxide

FcR: Fc receptor

FITC : Fluorescein isothiocyanate

FLU: Fluorophore (FITC or PE)

IPTG: Isoprophyl thiogalactoside, or isoprofyD-galactopyranoside
LB: Luria-Bertani broth

M13: A wild-type filamentous bacteriophage

M13-C7C: A mutant form of the M13.

MDA-MB-231: Breast cancer cell line

MHT : Magnetic Hipertermia

MIA PaCa-2: Pancreatic cancer cell line

Milli-Q : Ultrapure water of type 1

MNP: Magnetic Nanopatrticle

MNPs:anti-CD: MNPs conjugated to an anti-CD
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MNPs:anti-CD_FLU: MNPs conjugated to an anti-CD_FLU
MNPs:anti-CD133_FITC: MNPs conjugated to an anti-CD133_FITC

MNPs:anti-CD133_PE MNPs conjugated to an anti-CD133_PE
MNPs:anti-CD44_FITC: MNPs conjugated to an anti-CD44_FITC

MNPs:anti-CD44_PE MNPs conjugated to an anti-CD44_PE

MRI : Magnetic Resonance Imaging
MTT : 3-(4-5-Dimethylthiazol-2-yl)-2,5-diphenyltretazom bromide

NP: Nanoparticle
PBS Fetal Bovine Serum

PCI-13: SCCHN cell line
PE: R-Phycoerythrin
PEG: Polyethylene glycol
PEI: Polyethylene imine
PFA: Paraformaldehyde

PFU: Plaque-forming unit
RPMI : Roswell Park Memorial Institute medium

RT: Room temperature

SEM: Scanning Electron Microscopy

SCCHN: Squamous Cell Carcinoma of the Head and Neck
SH-SY5Y: Human neuroblastoma cell line

Sm: Smectic phase

TCEP: Tris-(2-carboxyethyl)phosphine hydrochloride

TEM: Transmission Electron Microscopy
TRIS: Tris(hydroxymethyl)aminomethane

VNPs: Viral Nanopatrticles
XGal: 5-Bromo-4-Chloro-3-indolyB-D-Galactopyranoside

- |
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m APPENDIX 1

* PROTOCOLS FOR WORKING WITH TUMOR CELLS
The following steps were undertaken whenever aessay with tumor cells was launched.

* Some important considerations to take into actwdnen working with cell lines

- Pre-warmed culture medium and PBS at 37°C sed.u

- It must work under sterile conditions within lenar flow hood whenever an incubation
process is carried out later. Therefore, it is adbtigatory to use sterile material and
sterilized solutions in these cases.

- The cell samples with MNPs must be treated eamgful because even the slightest jolt
could produce the detachment of cells, becaudeecshearing stress caused by the MNPs.

- cRPMI: The following compounds must be adde@ach new RPMI 1640 bottle (Sigma-
Aldrich): 10% PBS, 1% L-glutamine, 1% Penicillindf§ptomycin solutions, 1% MEM

non-essential amino acid and 1% Sodium pyruvat@ (ie).

* Preservation (or storage) and thawing of tumdfices

Liquid nitrogen is used to preserve cultured tumgts to -196°C. To minimize the
effects of freezing, a cryoprotective agent whioWérs the freezing point, DMSO, is added.

It was used a typical freezing medium composed®@t 8erum and 10% DMSO.

The frozen samples of cultured tumor cells werevdthby placing the vials directly
into a 37°C water bath. As soon as the last icetalyas melted, the cells were immediately
diluted into medium. These tubes have to be cewgeid for 5 min at 1500 rpm to eliminate
the toxic agent, DMSO. Finally, the supernatans wemoved by decantation and the pellet

resuspended in cRPMI.

* Maintenance of tumor cell lines

Tumoral cells are grown and maintained at 37°C vathh CQ into a humified
incubator. Cell culture flasks should be examinaiydobserving the morphology, the color
of the medium and the density of the cells. Norpadtlecause of cell growth, medium is
replaced every two or three days. In this periotiro€ is observed a change of color of red-

rose to yellow-brown.
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» Harvesting of tumor cell lines (standard protdooladherent cells)

Tumor cells, a type of adherent cells, are hardestleen have reached a too much

population density or it is interested in carrymg an essay.

Firstly, it was removed and discarded the spentatdlure medium from each culture flask
and proceeding with the wash step, without wasting time to prevent cell drying. To this
end, PBS (wash solution) was gently added on tip@site side of the attached cell layer of
the vessel to avoid disturbing it, and rock theseéback and forth several times (repeat twice
in total). This wash step removes any traces afrsgcalcium, and magnesium, apart of dead

cells or other impurities, that they would inhithie action of the dissociation reagent.

Secondly, it was removed and discarded the washigolfrom each culture vessel and was
added the pre-warmed accutase (trypsin) into thmtwcells. This is a dissociation reagent to
disengage the cells from the vessel. It was usedginreagent to cover the cell layer, gently
rocking the container to get complete coveragehef ¢ell layer. It now was incubate the
culture vessel at 37° for 3-7 min (the actual iratidn time varies with the cell line used) to

facilitate cell separation. In difficult casesc@n tap the vessel to expedite cell detachment.

Thirdly, once cells were been detached, it was adle equivalent of twice the volume used
for the dissociation reagent of pre-warmed compigtevth medium to neutralize the trypsin

effect. It was dispersed the medium by pipettingrothe cell layer surface several times.
Then, tumor cells were transferred to a conicaétabd were centrifuged, at 200 x g during a

few minutes (about 7 min), for removing pollutants.

Finally, the cell pellet was resuspended in a mativolume, depending on the estimated cell

density, of pre-warmed cRPMI for cell counting.

* Counting of tumor cells

It is essential to know the tumor cell concentratior each sample before carrying
out an experiment, to work with the appropriateditbons and obtaining reproducible essay.
Therefore, 10QuL of tumor cell sample are removed and mixed 1:thwi% trypan blue
solution, a diazo dye, which distinguishes betwdead and living cells. Viable cells, with
intact cell membranes, exclude trypan blue whiladdeells stain blue due to trypan blue
uptake. Then, the total number of cells is caledatising a hemacytometer. This is a

counting chamber which determines the cell conediotr in a liquid sample.
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FLUORESCENCE IMAGES OF THE CYTOTOXICITY ESSAYS . 1) Blank (only MNPs):1.a)
0 pg mL?, 1.b) 100ug mL™. 2) MNPs_MDA-MB-213_12h2.a)0pug mL?, 2.b) 5ug mL?, 2.¢)5 g
mL™, 2.d) 100 ug mL*. 3) MNPs_MIA PaCa-2_36Hh3.a) 0 ug mL™, 3.b) 50 ug mL*, 3.c) 100 ug
mL™, 3.d) 200pg mL™. 4) MNPs_PCI-13_60h4.a) 0 ug mL™, 4.b) 50 ug mL™, 4.¢) 100 ug mL™,
4.d) 200 ug mL™. Images taken by the inverted fluorescence micras@oplOVERT 40 CEL in th
image service of the Hillman Cancer Center (Pittgin USA).

CARLOS PINOL DOMINGO Page 50



“i Universidad  THE USE OF FUNCTIONALIZATION APPLIED TO NANOBIOTECHNOLOGY: Targeting cancer stem cells and

Zaragoza

regioselective functionalization of phages

i 3 - J

= FLUORESCENCE IMAGES OF THE SH-SY5Y TUMOR CELL LINE . A) Study of the
interaction between MNPs:anti_CDs in TRIS buffer, p1:7.9. SUPERNATANTS: cells + Bl of
each anti CDs + MNPA.1) 5 ug mL™ MNPs: A.1.a) Without filter, A.1.b) Green filter,A.1.c) Red
filter. A.2) 25ug mL* MNPs:A.2.a) Without filter, A.2.b) Green filter A.2.c) Red filter.A.3) 100pug
mL™ MNPs: A.3.a) Without filterA.3.b) Green filter, A.3.c) Red filteB) Preparation samples for
SEM. B.1) BLANK1 (only cellg: B.1.a)cells, 20X, B.1.b) cells, 40)8.2) BLANK2 (cells + MNPSs):
B.2.a) 1 pg mL* MNPs, B.2.b) 5 pg mL* MNPs, B.2.c) 25 ug mL* MNPs, B.2.d) 100 pg mL™
MNPs. Images taken by the inverted fluorescence micrasddfiKON ECLIPSE TE2000-S in the
image service of the INA. T
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m APPENDIX 2

» BASIC PROTOCOLS FOR WORKING WITH PHAGES

¢ Culture media

LB-Agar plates To prepare 5 plates: 100 mL of pre-warmed LB-A@aplates per 100

mL), warming up in the microwave, is poured in gvplate, filling 1/3 of the plate, and
wait to solidification. Store the plates upside dowrapped with parafilm, to prevent them
from drying out, and store at 4°C.

IPTG/XGal_LB-agar platesio prepare 25 plates: 0.1 mM of IPTG and XGatr@sponds
to 100uL/200 uL of 0.1 M IPTG/0.05 M XGal stock solution, respeety) were added
into 100 mL of LB-Agar (8 plates per 100 mL), prewsly dissolved and cooled to 65°C or

less. As quickly as possible after their prepamtibe solution is poured into the plates,
until cover the surface completely, and wait tadstitation. Store the plates upside down
inside the bag at 4°C.

* Culture bacteria

Preparation of plating bacteri@o prepare 3 E.coli_LB-Agar plates: Streak o thaster
stock culture of E. coli K12 ER2738 onto each LBaAglate, helped by a sterile stick.

Then, the plates were inverted and incubated & 8v®rnight. Store for a maximum of 2
weeks, wrapped with parafilm at 4°C in the dark.

Preparation of bacteria solutiofio prepare 100 mL of E.coli_LB solution: Firsth00 mL

of LB were inoculated, in a 100 mL sterile erlenmeywith a single well-isolated
bacterial colony, picked from the minimal agar elpteviously prepared. Then, 138 of
Tetracycline (7.5 mg mt) were added to the solution. Tetracycline is aabspectrum
polyketide antibiotic (explain). Finally, the liguculture was agitated, in a rotatory shaker,
overnight at 37°C and 180 rpm.

= Note It must work in the amplification process withiwas of OD around 0.5 for the

bacteria solution, because this corresponds dig¢gmning of the exponential phase.
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» PHOTOS TAKEN DURING THE COURSE OF THE PROJECT . 1) PREPARATION OF
PLATING BACTERIA: E.coli K12 ER 2738 grown in LB mdeum. 2) PREPARATION OF
SOLUTION BACTERIA: Turbid solution after overnightncubation. 3) AMPLIFICATION

PROCESS: Incubation process. PURIFICATION PROCESS: Step 1 Elimination bactd?lastic
bottles with the bacteria pellets after the cemgréition process) PURIFICATION PROCESS: Stef
2-3 _Comparation between both samples: after théetiep process (turbid solution) and after t
step3-erlemeyer containing the supernatant remdeksér solution).6) TITRATION PROCESS;
Preparing the phage dilutions) TITRATION PROCESS: Let cool down the IPTG/XGal-lagar
plates with the top agar-dilutions sampl8y. SAMPLE PREPARATION FOR SEM: M13-C7
sample and washing solutiorsy. FLUORESCENCE LABELLING PROCESS: Removing the exc

of dye by centrifugation proces40) SAMPLE PREPARATION FOR LIQUID CRYSTALS

STUDIES: Melting the ends of capillary to seal hetitally. 11) SAMPLE PREPARATION FOR
LIQUID CRYSTALS STUDIES: Sealing the sides of samplith UV polymer glue12) SAMPLE
PREPARATION FOR LIQUID CRYSTALS STUDIES: Iridescenphenomena observed within t
sample with Sm phase organizati@il Photos were taken at the Centre de Recherché Pascal
(CRPP-CNRS), Bordeaux, France.
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