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“Mil vezes venturosos os que a sorte
Na terra lusitana fez nascidos
Porque estes viverdo além da morte
Porséculos felizes distinguidos.”
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Abstract

Nanoparticles (NP) have been developed and studied for morethan 20years as drug delivery
carriers. Particular attention has been focused on their exploitation for cancer treatment, as a
mean to efficiently deliver the anti-cancer drugs to tumor-site, improving the outcome of those
molecules. Inthis dissertation, polymeric poly(lactic-co-glycolic)-polyethyleneglicol (PLGA-PEG)
nanoparticles were produced and surface-functionalized with an antibody targeting the
CarcinoembryonicAntigen (CEA) of intestinal epithelial cells. CEA is overexpressin anumber of
cancers, including colorectal cancer. Nanoparticles were loaded with paclitaxel (PTX), an anti-
cancer drug, and the most relevant physical-chemical properties regarding mean particle size,
surface charge and drugloading were determined. The meansize and polydispe rsityindex (PDI)
of optimized formulation wereround around 177 nm and 0.14, respectively. The surface charge
was negative, close to -6 mV. Association efficacy and drugloading were measured though high
performance liquid chromatography (HPLC) and were found to be 99% and 20%, respectively.
Morphology of the nanoparticles was characterized using transmission electron microscopy
(TEM), showing spherical structures. The release profile of PTX was assessed, confirming the
sustainrelease up to 48 h. Cytotoxicity of the nanoparticles was evaluated though a MTT assay
in two intestine epithelial carcinoma cell lines (Caco-2 clone and SW480), showing no
cytotoxicity for nanoparticles, either unloaded orloaded with PTX. The functionalization of the
particles was accomplished through the carbodiimide chemistry and its efficacy tested through
an ELISA assay. Results confirmed the presence of the antibodyon the surface of nanoparticles.
Flow cytometry experiments were performed to confirm the targeting ability of functionalized
nanoparticles to CEA expressing cells. Overall, surface-modified PLGA-PEG nanoparticles with an
antibody targeting the CEA were successfully developed as nanocarriers for PTX and interacted

with CEA expressing cells, being potentially used as targeted systems to treat colorectal cancer.



Resumo

As nanoparticulas (NP) tém sido desenvolvidas e estudadas ha mais de 20 anos como
veiculos de transporte de fdrmaco. Particularmente explorados para o tratamento de cancro,
como um meio parauma entrega de fdrmaco anticancerigeno localizada no tumor, melhorando
o efeito destas moléculas. Nesta dissertacdo, nanoparticulas poliméricas de poly(lactic-co-
glycolic)-polyethyleneglicol (PLGA-PEG) foram produzidas e a sua superficie funcionalizada com
um anticorpo especifico para o CarcinoembryonicAntigen (CEA) das células tumorais epiteliais
intestinais. CEA é sobrexpresso em varios cancros, incluindo o cancro colorectal. Nas particulas
foi encapsulado paclitaxel (PTX), um farmaco anticancerigeno, e as propriedades fisico-quimicas
mais relevantes, nomeadamente o tamanho médio da particula, carga da superficie e eficada
de encapsulacdo do farmaco foram determinadas. O tamanho médio e o indice de
polidispesividade da formulacdo otimizada era por volta de 177 nm e 0.14, respetivamente. A
carga da superficie era negativa, perto dos -émV. A eficacia de associa¢do e encapsulacdo do
farmaco foram medidas através de cromatografia liquida de alta performance (HPLC) e foram
99% e 20%, respetivamente. A morfologia das nanoparticulas foi caracterizada usando
Microscopia Eletrénica de Transmissdo (TEM), e mostrou estruturas esféricas e uniformes. O
perfil de libertacdo de PTX foi avaliado, confirmando uma libertagdo controlada até 48h. A
citotoxicidade das nanoparticulas foi avaliada através de um ensaio de MTT em duas linhas
celulares epiteliais de carcinoma intestinal (Caco-2 clone e SW480). Os resultados ndo
mostraram citotoxicidade das nanoparticulas, vazias ou com farmaco. A funcionalizacdo das
particulas foi feita usando a quimica carbodiimida e a sua eficacia foi testada através de um
ensaio ELISA. A presenca do anticorpo na superficie das nanoparticulas foi confirmada nos
resultados. Experiénciasde citometriade fluxoforamrealizadas para confirmar a capacid ade de
target das particulas funcionalizadas nas células que expressavam CEA. Em geral, nanoparticulas
de PLGA-PEG modificadas na superficie com o anticorpo especifico para CEA foram
desenvolvidas com sucesso como veiculos para o transporte de paclitaxel e provaram interagir
com as células que expressam CEA, podendo ser potencialmente usadas como sistemas alvo

para tratamento de cancro colorectal.
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Chapter 1

1.1. Introduction

Colorectal cancer is one of the most diagnosed cancers worldwide (1). Despite diagnostic
advancesinthe lastyears, most patientare only diagnosed in advanced stages, making this one
of the most lethal oncologic diseases (2). Conventional treatments are not always efficient as
they should since 50% of cases have recurrent disease (3). Thus, more efficient treatment should
be addressed.

Paclitaxel (PTX) is one of the drugs used in the treatment of colorectal cancer. This drug,
even highly efficient, is extremely hydrophobic, which difficult its solubility during the
intravenous administration. A better pharmaceutical formulation to transport PTX to a target
cancer would increase its therapeutic effect, improving the cancer treatment.

One of the most explored vehicles in drug delivery research are nanoparticles (4). These
nanocarriers are capable to transport hydrophilic and hydrophobic drugs with a high loading
capacity, enhancing the circulation time of the drug and its bioavailability, making them
excellent for drug delivery (5). Another interesting characteristic of nanoparticles is the
possibility of surface functionalization (6). A target moiety, forexamplean antibody, can be link
to the surface and allow a specific bond between the particle and the target site.

For colorectal cancer, a target therapy would decrease the secondary effects of
chemotherapy and improve the efficacy of the treatment (7). To do so, a specific receptor of
intestine cancercells can be the target used forthese nanoparticles. One example of areceptor
is carcinoembryonicantigen(CEA), whichis found in the surface of several cancer cells, including

colorectal cancer (8).

1.2. Objectives of this project

The production of polymeric nanoparticle with functionalized surface that allowed specific
binding to colorectal cancer cells and capable of encapsulation paclitaxel and releasingitina
controlled manner, for an intravenous administration, was the mail goal of this work. To
accomplish this goal, nanoparticleswere produced and functionalized and the physical-che mical
properties assessed, namely average size, size distribution, surface charge, association efficacy
and drug loading. The in vitro release profile of the particles was evaluated as well. The cell

studies involved a cytotoxicity assay to ensure the safety of the particles as well as cell-

1



nanoparticle interaction studies. These last studies, important to assess the target capacity of

the system, had to be performed against a colorectal cell line positive for CEA expression, using
a CEA negative control cell line.

1.3. Organization

This dissertation is organized in five chapters. Chapter 1 gives a brief context, motivation
and organization of the work. Chapter 2 consists in a literature review of the main subjects of
the dissertation. Chapter 3 gives an overview of the materials a methodology and Chapter 4

presents the results and discussion of them. Chapter 5 presents the conclusion and future
perspectives.






Chapter 2

2.1 Literature review

2.1.1 Colorectal cancer

Colorectal cancer (CRC) is one of the most serious cancer worldwide. Indeed it is the third
most diagnosed cancer and the fourth most lethal (2). It was estimated in 2012 that 103,170
new cases appeared onlyin United States (9). In Portugal, colorectal canceris the second most
common in women and third in men (10). Age, personal and family history, racial and ethnic
background are the main risk factors for developing this condition, as well as diet and lifestyle
(11). Only asmall percentage is due to geneticdisorders (12). Colonoscopy remains the primary
diagnosis method, and even though prevention screenings are recommended, only 50% of the
Portuguese population apply them (10, 13).

Usually, this type of cancer starts in the lining of the bowel and then spreads to the musde
layerunderneath andfinally to through the bowel wall (14). Stage zerois considered when the
tumour is confined in the mucosa, also known as carcinoma in situ. In stage |, the tumour has
invadedthe innerlayerof the mucosa. When the tumour has reached beyond the mucous layer,
but not though lymph nodes metastasis, is considered to be on stage Il. This stage is dividedin
three sections, A, B and C when the tumour reached the muscular layer, outermost layer or
beyond colon, respectively. Stage lll is characterized by the invasion colon wall and lymph nodes.
This stage isalso dividedinthree sections, section Ais whentumourreachedtheinnerlayer of
colon, Bwhenreachedthe middle and C outerlayerand surrounded nodes. When tumourisin
stage IV, there are already metastasesin distant organs, such as liver or ovary (Figure1). Within
the patients, only 39% are diagnosed when the cancerisin alocal stage, giving them a 5-year
rate survival of 90%. But this survival rate decreasesto 71% for patients diagnosed with regional
cancer and to 14% for the patients diagnosed with distant-stage cancer. The survivalrate is very
influenced by the different access to screening, treatment and prevalence of other diseases in

the patients (1).
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Fig. 1 Colorectal tumour stages accordingly to the American Joint Committee on Cancer. Stage O: the
tumour is confined to the mucosa. Stage I: Tumour invades the inner layer of the mucosa. Stage Il: tumour
has spread through the colon (muscular layer, outermost layer or beyond), but without lymph node
metastasis; Stage lll: tumour has spread though colon (inner, middle or outer layer) and lymph nodes
metastasis; Stage IV: tumour has metastasised in distant organs such as the liver. Adapted from (7).

The most important frequent treatments used in colorectal cancer are polypectomy and
surgery, radiotherapy and chemotherapy. Polypectomy is the removal of polyps during a
colonoscopy and surgery remainsthe primary way to remove solidtumours. Patients with colon
cancer in stage | and Il usually undergo partial or total colectomy alone. Some cases in stage I
and most cases instage lllundergo chemotherapy as well as colectomy, in order to decrease the
recurrence disease. For rectal cancer patients, the most common treatment in stage | is
proctectomy or proctocolectomy, some cases combined with radiotherapy and/or
chemotherapy. In stage Il or lll, radiotherapy and chemotherapy is always applied after
proctectomy or proctocolectomy (15). Usually these methods are combined with medication
and radiotherapy and if the tumour is removed in the first stages, the patient might recover
completely (9). Unfortunately not all the cases are noticeable at such initial stage and there is
always the risk of post-surgical complication, especially inthe elderly people (16). Radiotherapy
usesionizing radiation to control the proliferationof tumour cells. It can be classifiedin selective
internal radiation therapy (SIRT), trans-arterial chemoembolization (TACE) and radiofrequence
abalation (RA). This method is always associated with risks since radiation can induce d amages
innormal cells (17). Chemotherapy is one of the most used methods to treat cancer. It is based
on agents such as anti-metabolites (e.g. 5-fluorouracil), topoisomerase inhibitors
(e.g.doxorubicin) ortaxanes (e.g. paclitaxel) capable of kill malignant cells and stop the tumour
growth. This type of drug interferes with DNA replication and chromosomal separation. One of
the primary characteristics of CRC is its high cellular heterogeneity caused by biologic and

geneticalterations, which leadsto agrand variety between tumours (13). This variety makesthe



chemotherapeutic agents not specificand even though they are highly effective, they lead to
dose-limited side effects such as nausea, finger numbness, hair loss and fatigue (18, 19). The
side effects of the treatment are noticeable even to cancer survivals. Chronic diarrhea,
incontinence, bladder and sexual dysfunction are among the common health problems (15).
Even though protocols have been followed that allowed the use of more than one
chemotherapeutic agent in a series of cycles, the different concentrations on the plasma
promote the development of drug resistance (20, 21). Surgical resection of the tumourand the
conventional cancer treatments are not a cure insurance. Nearly 50% of colorectal carcinoma
patients develop the disease once more (3). This recurrence rates combined with all the
secondary effects of colorectal cancer therapy lead to the conclusion that better solutions

should be implemented, using a more effective approach to treat this disease.

2.1.2 Paclitaxel

One of the most used chemoactive drugs is paclitaxel (PTX). PTX was first isolated in the
beginning of the 1960s from the bark of Pacific Yew and its structure was publishedin 1971 (22).
Being an important member of the taxanes in use today, this 853 Da drug with a molecular
formula of C4;Hs:NOgy, (Figure 2), interferes with microtubule function, causing hyperstability
and dysfunction of the microtubules, leading to severe damage in the mitosis process leading to
cell death. Considered one of the most significant advances in chemotherapy by the National
Cancer Institute (NCI), PTX as a potent anti-tumour against a vast number of cancers such as

breast, gastric, lung, esophageal, bladder, colon, ovarian or prostatic cancer (23, 24).

Fig. 2 Chemical structure of paclitaxel. Adapted from (25).



One of the most know characteristic of PTX is its high hydrophobicity. This comes as a
disadvantage and classifies PTX underclass IV of Biopharmaceutics Classification System due to
its low solubility and poor permeability (26). To overcome this disability, the commercial form
of PTX, Taxol®, uses Cremophor EL and dehydrated ethanol as a vehicle. After dilution in an
isotonicsolution, the drugis ready for an intravenous administration. However, there isa great
number of side effects regarding this was of treatment such as hypersensitivity, hypotension,
neurotoxicity or nephrotoxicity (27). Alternatives to Cremophor EL are under investigation,
including Abraxane®, a Cremophor-free formulation using albumin-bound nanoparticles to
transport paclitaxel that has been approved by the Food and Drug Administration (FDA) for
breast cancer treatment (28). Genexol-PM is other example of a Cremophor-free formulation,

this time using polymeric micelles (29).

2.1.3 Nanoparticles for drug delivery

Nanomedicine has been widely explored, implying the use of nanomaterials in clinical and
research activities to diagnose and treat pathologies. Nanoparticles as drug delivery systems
have been studied for more than 20 years and grown exponentially. From simple systems to
multifunctional particles that might target specificcells, improving the properties of therapeutic
carriers by increasing the circulation time, half-life, bioavailability, solubility and lower toxicity
(5).

Away toimprove the diagnosis and treatment of colorectal canceris the use of nanopartides
as drug delivery system. These nanocarriers with small and tuneable size have a large surface
area capable of beingfunctionalized with all sorts of molecules, such as, proteins or DNA. They
have suitable stability, high carrier capacity, including hydrophobic and hydrophilic drugs and
are compatible with different routes of administration. By protecting the drug they carry,
nanoparticles might increase drug circulation time, improving the effect with smaller
concentrations (30). Some examples of clinically approved nanoparticles for cancer treatment
are Doxil® (31) and Abraxane® (32), but more than 250 pharmaceutical nanocarriers in
preclinical or clinical stage of development (33).

There are several types of nanoparticles. Liposomes (34), polymeric (35), magnetic (36),
dendrimers (37) and nucleic acid based nanoparticles (38) have been widely be used in drug
delivery. Polymeric nanoparticles are one of the most used and the focus of this work. This type
of particle tends to be spherical, with a hydrophilicshell and a hydrophobic core, formed by self-
assembly of two or more polymer blocks with different hydrophobic through aqueous or
microencapsulation methods. These polymers are biodegradable and noncytotoxic, like poly (D,

L-lactide-co-glycolide), polycaprolactone and chitosan. Polymericnanoparticles are more stable
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than liposomes, allowing the encapsulation of different types of chemical nature drugs and
controlledinface of temperature or pHchanges (33). This controlledrelease combined withthe
ability of encapsulate highly toxic, poorly soluble or unstable drugs make polymeric
nanoparticles a promising nanocarrier (39).

Poly(lactic-co-glycolic-acid) (PLGA) is one of the polymers most used to produce
nanoparticles (40). This copolymer of polylactic acid (PLA) and polyglycolic acid (PGA) is
biocompatible and biodegradable and approved by US FDA and EMA (European Medicines
Agency), making it suitable to use in drug delivery (41). To increase the circulation time of the
particles and to avoid its immunogenicity, poly(ethylene glycol) (PEG) is often introducedin a
drug delivery system (42). PEGis capable of shield particles from the immune system, especially
from macrophages butis also capable to protect proteins from digestion by proteolytic enzymes
and diminish clearance rates through renal filtration, increasing the serum half-life of partides
(43). Combining PLGA and PEGis a common practice, including for paclitaxel delivery (28, 44-46)

The physical and chemical properties, such as size, shape or surface charge are important
when a nanoparticle-based strategy is being planned. For cancer treatment, nanoparticles of
around 200 nm are consideredideal since nanoparticles can permeate the tumourvasculature
but no the normal vasculature (6). Solid tumour have imperfect vessels, with fenestrations
around 100-600 nm, whereas a normal vessel have 1-2nm fenestrations (47, 48). This huge
difference combined with animproper lymphatic drainage origin the effect known as Enhanced
Permeability and Retention (EPR) effect. This effect allows the accumulation of nanopartidesin
the tumour site, improving its action (6, 19, 49).

This EPR effect can be the soloresponsible forthe success of a drug-loaded nanopartidein
the cancertreatmentbut certainlyis not the only alternative. Targeted nanoparticles have been
an importantfocus of interest. These particles are capable increasing the in vivo specificity of a
cancer therapy when are functionalized with a moiety capable of recognise specific cancer
receptors (7). Several moietiescan be used forthis purpose, such as monoclonal antibodies (50),
peptides (51) or aptamers (52).

Within these moieties, monoclonal antibodies (mAb) are widely used since they are capable
of recognizing specific antigens in the surface of cells (53). Different receptors can be used for

this purpose, one example is the Carcinoembryonic antigen (CEA).

2.1.4 Carcinoembryonic antigen

Carcinoembryonic antigen (CEA) is a highly glycosylated cell surface protein of 180 kDa. It
was firstly described by Gold and Freeman, who detected this glycoprotein in human colon
cancer tissue extracts (54). Involved in celladhesion, thisglycoproteinisalso expressed in many
other tumours, even though its normal expression period is during fetal development. Itis

known that healthy adulttissues express CEA, but only on the luminal surface of the celland this
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expressioninminimal. In colorectal cancer, the expression patternis much higherand is always
aberrant, being expressed on the basal and lateral cell membranes (55). That way, making CEA
accessible though the blood flow (56-58).

Thanks to the characterization of CEA-related proteins sequences and cloning of cDNA, the
cloning of CEA-related family lead to the identification of the large family called
carcinoembryonic antigen cell adhesion molecules (CEACAMs) (59-61). These proteins thatin
humans are encoded by 22 separate genes, 12 specificfor CCACAMs (Figure 3) and 10 for
pregnancy-specific glycoproteins (PSG). The extracellular domains of these molecules are
necessary forthe role as homophilicand heterophilicintercellularadhesion molecules. But CEA
is also capable of associate with signaling receptors and influence signaling pathways to

encourage metastasis progression (62-64).

os®e

Fig. 3 Carcinoembryonic antigen cell adhesion molecules (CEACAMs) family. Adapted from
(65).

Being a cell surface glycoprotein, CEA is a functional colon carcinoma ligand, critical to the
metastatic dissemination of colonic carcinoma (57). This molecule is one of the most used
tumourmarkers. The reason behind thisisthe fact that CEA isa stable molecule with restricted
expressionin normal tissues and highly expressed in tumours. In healthy individual, the majority
of CEA isproducedin colon, whereitis released from the apical surface of cells, being expelled
from the organism through feces. This means that its presence in the blood is neglected. In
cancer situations, especially colorectal cancer, CEA is expressed around the cell since the last
loosed its polarity (55). Forexample, CEACAM1is one of the most distributed molecules, within

CEA family. Of its 12 differentisoforms (Figure 4), 3 are secreted. CEA can then be measured
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in the serum of patients with colorectal or other carcinomas like pancreas, liver, breast, ovary
or lung cancer. It is recommended by the “National Institute of Clinical Excellence European
Group on Tumour Markers” and the “American Society of Clinical Oncology” and can be
measured before and aftersurgery, as wellas during chemotherapy. Better survival chances are
associated with the intensive follow-up using CEA measurements since the rise and doubling

time of CEA are sensitive in signalling recurrent disease (66, 67).

Fig. 4 CEACAM1differentisoforms. Adapted from (65).

Sinceitis expressedin primary and metastatic colorectal as well as other carcinomas, CEA is
one of the most explored target for an antibody-mediated strategy (55, 57). Tiernan et. alltested
fourdifferent molecules thatactas biomarkers and CEA was proven to be the most suitable for
tumour targeting forboth diagnosis and therapeuticdelivery purposes (53). Several antibodies
or antibody fragments have been studied for diagnosis purposes. Radiolabled anti-CEA
antibodies or antibody fragments have been used in mouse models using PET imaging for
tumourvisualization and the results were clearand promising. Even though most of the studies
using specific CEA targeted antibodies conjugated with fluorophores were more of a “proof -of-
concept”, results showed improvement in highlighting the tumour, improving the surgical
resection (68, 69). One example of an anti-CEA antibody is CEA-Scan™, aradiolabelled antibody
approved in 1999 by the FDA for cancer imaging. It is implemented for patients with
histologically-demonstrated colon or rectal carcinoma and as a technique for imaging of
recurrence or metastaticcarcinomas.(70, 71) Not only single antibodies are used been studied
for diagnosis, but also functionalized nanoparticles are been studied to allow a better tumour
visualization (72-79). Even though the most focus is on nanoparticles for diagnosis purposes,
CEAisalsoexploreasamoietyfordrugdelivery. Lipid-polymer NP isone example of this strategy
(80).
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Chapter 3

Materials and methods

3.1 Materials

Colorectal cancercelllines, C2BBe1 Clone of Caco-2 (passage 66 to 80) was purchased from
American Type Culture Collection (ATCC, USA) and SW480 (passage 12 to 35) was kindly
provided by the University of Gottingen. Cervix adenocarcinoma cell line Hela (passage 43 to
51) was also purchased from American Type Culture Collection (ATCC). Invasive breast ductal
carcinomacell line MCF-7 (passage 10to 17) was kindly provided by Dr. Inés Alencastre (Institute
of Investigation and Innovationin Health —i3S). PLGA (Purasorb® PDLG 5004A; 50:50) was kindly
provided by Corbion and PLGA-PEG-COOH from PolySciTech®. Paclitaxel (PTX) was kindly
provided by Indena SpA—Milano. 3-(4,5,-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), Tween®80, 2-(N-morpholino)ethanesulfonic  acid (MES), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), paraformaldehyde,
sodium chloride, 6-coumaric (6-C), bovine serum albumin (BSA), phosphate-buffered saline
(PBS), polyvinyl alcohol (PVA) and Pluronic F-127 were acquired from Sigma-Aldrich. Dimethyl
sulfoxide (DMSO) and sulphuricacid were purchased from VWR. Centrifugal filters (Ultra-15, 100
kDa) were purchased from Amicon® Versene dialysis membrane (10,000 MWCO; Snake Skin®
pleated dialysis tubing), CEA Monoclonal Antibody (COL-1) and TMB Substrate Solution, acetone
and methanol were purchased from ThermoFisher. Anti-Cacino Embryonic Antigen antibody
(CEA31) was acquired from Abcam, Triton X-100 from SpiChem and sodium azide from Panreac
AppliChem. Goat anti-mouse- HRP antibody was purchased from EDM Millipore. Lastly,
Dulbecco’s modified Eagle medium (DMEM) was purchased from Lonza, fetal bovine serum,
non-essential aminoacids (NEAA), penicillin and streptomycin were purchased from Merck

Millipore.
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3.2 Methods

3.2.1 Production of the nanoparticles

The nanoparticles were produced thougha nanoprecipitation method. Briefly, 50mg of PLGA
plus 2.5mg PLGA-PEG-COOH (w/w) were added to 10mg of PTX and leftin 2mL of a mixture of
DMSO and acetone (1:1) to allow the dissolution. This organicsolution was transferred through
a 25G needletoan aqueoussolution of 1% PluronicF-127 (20mL) under magneticstirring (200
rpm). Final solution was left for 3h to allow the organic solvent evaporation. The washing process
of the nanoparticles was performed using Amicon® filters (100kDa), centrifuged for 20 min at
1912xg. This process was repeated twice and the first supernatant was collected for PTX
guantitation. After the last centrifugation, the nanoparticles were redispersed at the desired
concentration. PTX-loaded PLGA nanoparticles were producedin asimilar manner, only without
adding PLGA-PEG-COOH. The empty nanoparticles also used the same procedure, without
adding the drug. 6-coumarin loaded nanoparticles were produced following the same method
but instead of PTX, 0.1% (w/w) of coumarin dissolved in DMSO was added.

3.2.2 Physical and chemical characterization

3.2.2.1 Mean particle size, size distribution and surface charge

After washing, all the formulations of nanoparticles were tested for its average size and
polydispersity index with Dynamic Light Scattering (DLS) and surface charge was assessed
through ElectrophoreticLight Scattering (ELS), usinga Malvern Zetasizer Nano ZS. The samples
were diluted in sodium chloride (NaCl) 10Mm, pH 7.4.

3.2.2.2 Morphology

The morphology of the nanoparticles was observed though Transmission Electron
Microscopy (TEM), after washing. Briefly, 10 uL of PTX-loaded PLGA-PEG nanoparticles were
mounted on nickel grids and a beryllium holder and left to stain for two minutes. The excess

liguid was removed with filter paper. Afterwards a Uranyl Acetate solution was added and left
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to incubate for 2 seconds. The JEOL JEM 1400 TEM was used at 120kV and the images were
digitally recorded using a CCD digital camera Orious 1100 W.

3.2.2.3 Association Efficiency and Drug Loading

The Association Efficiency (AE) and Drug Loading (DL) of PTX into nanoparticles were
assessed by High Performance Liquid Chromatography (HPLC, Merck-Hitachi 7000), by the
indirect method. This method uses the supernatant of the nanoparticle after washing and
guantifies the drug that was not associated to the particle. A calibration curve of PTX dissolved
in methanol was produced, using concentrations from 1 to 100 pg/mL. The supernatants of
different formulations were collected and tested through a LiChrospher® 100 RP-18 (5um)
(Merck Millipore) with guard column. The mobile phase was composed of methanol and water
(65:35) at a flow rate of 1.0 mL/min. The injection volume was 20 puL and the absorbance
wavelength was 227nm. The values of AE and DL were calculated usingthe following Equation
2.1and 2.2 (81).

initial mass of PTX—recovered massof PTX

Association Efficacy (%) =

x 100 (2.1)

initial massof PTX

initial PTX— vered PTX
initial massof recovered mass of % 100

Drug Loading (%) = (2.2)

theoretical mass of nanoparticle

3.2.3 Invitro paclitaxel release studies

The in vitro release profile of PTX from PLGA and PLGA-PEG nanoparticles was performed
sing a dialysis membrane, were 1mL of the nanoparticle (Img/mLof PTX) or free drug solution
(1 mg/mL) was placed and the membrane wasimmergedin 40 mL of PBS (pH 7.4, 0.1% Tween
80®). The samples were stirred at 100 rpm at 372C, 0.5mL of each sample was removed in the
predetermined time points (0.25, 0.5, 0.75, 1, 2, 4, 8, 24 and 48h) and the same volume was
refilled with fresh medium. The concentration of PTX was determined by HPLC analysis, as
described above.

The addition of Tween®80to the release medium (PBS) was performed to aid the solubility
of PTX and to prevent it to bind to the dialysis membrane. Since PTX is highly hydrophobic, an
optimal concentration of Tween®80had to be assessed. A previously experiment was performed

using six different concentrations of Tween®80 (0, 0.5, 1, 2, 5 and 10%) in PBS. Five milligrams
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of PTX were added to the release medium and samples weretaken atthree time points (15 min,
1h and 24h). The conditions wherethe samples were kept werethe sameas in the release study.
A secondrelease study was performedusing 10% Tween 80 instead of 0.1% in order to assess if
a higherconcentration of Tween 80could improve therelease. The same protocolas performed

using 0.1% Tween was followed.

3.2.4 6-coumarin loaded nanoparticles

To obtain fluorescent NPs, a similar protocol to the nanoparticle production was followed,
being 6-coumarin (6-C) (0.1% w/w loading) encapsulated instead PTX. The particles were
characterized with the same techniques as previously mentioned for PTX-loaded NP. The in vitro
release profile was also accessed and the 6-C was quantified by fluorescence spectroscopy (exc.
460 nm, emi. 510 nm). To ensure the sink conditions, to the release medium, PBS 1x, was added
0.1% Tween® 80 to allow the solubility of 6-C. The nanoparticles (1 mL; with a concentration of
1 mg/1 mL) were placedin a dialysis membrane and this membrane immersedin 40 mL of the
release medium, at 37°C with constant stirring (100 rpm). At specifictime points (0.25; 0.5; 0.75;
1, 2, 4, 8 and 24h), a 500 pL sample was taken and the same amount was replaced with fresh
release medium. The samples were put in a 96-well plate reader and their fluorescence

guantified.

3.2.5 Cell Culturing

The cell culture medium used for all cell lines was Dulbecco’s modified Eagle medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS), 1% (v/v) of non-essential
aminoacids (NEAA) and 1% (v/v) of penicillin (100 Ul/ml) and streptomycin (100 Ul/ml). Cells

were maintained at 37°C, 5% CO, and 95% humidity, and media was renewed every 2-3 days.

3.2.6 Specificity of the anti-CEA antibodies to cell lines

Before the functionalization of the nanoparticles and cell-nanoparticle interaction studies,
an antibody validation experiment was performed to access the specificity of the antibodies to
the cell lines used. Two different antibodies were used, COL-1and CEA31 againstfour cell lines
Caco-2 clone, MCF-7, HeLaand SW480. To do so, 2x10° cells per wellresuspended in FACs buffer
(PBS plus 10% FBSand 0.1% of sodium azide) were seeded in a 96 well plate with round bottom.
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The plate was centrifuged for 3min in 300 x g and the supernatant removed. The cells were
incubated with the primary antibody (COL-10or CEA31) during 1h in order to allow the antibody
bindingto the surface of the cells. The 1h time point was also usedin the other cell-assays. Then
the cells were washed three times before adding the anti-mouse secondary antibody. After
leaving 1htoincubate, the cellswerewashed threetimes moreand analysed in the FACS CANTO

Il cytometer (BD Biosciences).

3.2.7 Surface-functionalization of the nanoparticles

In order to functionalize the surface of nanoparticles with anti-CEA antibody, the
carbodiimide chemistry was selected to chemically link the antibody ligand (82, 83).
Nanoparticles (1mL) were centrifuged at 6000 rpm for 20 min and then resuspendedin 500 pL
of MES buffer (0.1M). Then, 43 pg of EDC and 64 ug of NHS were dissolved in 500 pL of the MES
bufferand added tothe nanoparticle dispersion. The mixture was leftin agitation for 1h, at room
temperature. Three washes in MiliQ water (centrifuged at 6850xg, for 20 min) proceeded to
remove the excess of EDC and NHS, where the nanoparticles, and the last resuspension was
performed with PBS 1x, pH 7.4. The antibody, COL-1, was then introduced in a ratio of 1:0.01
(COOH:ADb) and left for 24h in agitation at 4°C. Before storing the functionalized particles, two

washes were performed using PBS 1x, in order to remove the excess of antibody.

3.2.8 Binding efficiency of the antibody

3.2.8.1 Nuclear magnetic resonance

Proton Nuclear magneticresonance (*HNMR) was used to confirm the presence of antibody
in the surface of nanoparticles. Functionalized and non-functionalized PLGA-PEG nanopartides
(1 mL) were lyophilised and then dissolved in 600 pL DMSO, as well as 1.9 pg of the antibody
alone. The sampleswere placed on the nuclear magneticresonance quartz tubes and analysed.
The analysis was performed on an Advance Ill HD spectrometer from Bruker operating at 600
MHz (14.1 Tesla), at room temperature and chemical shift values were expressed in & (ppm).

The internal reference was tetramethylsilane (TMS).
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3.2.8.2 Enzyme-linked immunosorbent assay

The binding efficiency of CEA antibody to nanoparticles was further confirmed by and
enzyme-linked immunosorbent assay (ELISA). The protocol consisted in plating 10 uL of each
sample (input (same amount of antibody used in the functionalization process), nanopartide
(functionalized and non-functionalizes) and the supernatant of both types of nanoparticles)
added to 40 uL of carbonate coating buffer and left to incubate at 37°C for 3h. Three washes
with PBSTwere doneand asolution of BSA1% was added to each sample to prevent non-specific
binging of the antibodiesto the plate. The plate was lefttoincubate at 37°C for 1h. Afterwards,
three more washes were performed and 50 pL of Goat anti-mouse- HRP antibody (1:2500) were
added and lefttoincubate for45 min at 37°C. After washingforthe last 3 times, TMB Substrate
Solution was added to each sample and left during 20 min. Then sulphuric acid 2M was added
and the plate read at abs=450 nm. The conjugation efficiency (%) was calculated using the

following equation:

absorvance of the sample

Conjugation ef ficiency = x 100 (2.3)

absorvance of the input

The input, as described, is the same amount of antibody used in the functionalization

process. It acts as a positive control for this experiment.

3.2.9 Cytotoxicity assessment of the nanoparticles

To testthe cytotoxicity of the nanoparticles, a MTT assay was performed againstintestinal
epithelial cells. Caco-2clone (C2BBe1) and SW480 cell lineswere the chosen cell lines, the first
as a CEA-positive cell lineand thesecondthe sub-expressing. The cells were cultured indifferent
culture flasksina complete medium. 1x10% cells per well were seeded in a 96-well plate and left
to incubate for 24h at 372C in a 5% CO, air atmosphere. After removing the medium, the cells
were washed twice with PBS. Five different concentrations of free drug, empty PLGA
nanoparticles, empty PLGA-PEG nanoparticles, loaded PLGA nanoparticles and PLGA-PEG
nanoparticles (0.01, 0.1, 1, 10 and 100 nM) were prepared with complete medium and leftto
incubate with the cells for 24h. The cells were washed twice with PBS and incubated with the
MTT solution (final concentration 0.5 mg/ml) for 4h, at 372C in the dark. The MTT solution was
then removed and DMSO was added and left to incubate for 15 min under stirring, at room
temperature. The absorbance was measured at 570 nm and 630 nm using a microplate

spectrophotometer. The following equation was used to analyse the results:

experimental value—negative control

Metabolic activity (%) =

x 100 (2.4)

positive control—negative control
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The negative control used was Triton X-100 1% and the positive control was medium with

only live cells (84).

3.10 Cell-nanoparticle interaction studies

In order to find the optimal concentration of particles to use in the cell-nanopartide
interaction studies, 1x10° cells (Caco-2 or SW480) per well were seeded in a 24-well plate and
left to incubate for 24h. After two washes with PBS 1x, a solution of 6-C loaded PLGA PEG
nanoparticlesin culture medium(5, 500or 500 pug/mL) was added to the cells and left to incubate
for 15 min or 1 hour. After two washes, the cells were detached with versene and centrifuged
at 500 x g for 5min. After the resuspension in FACS buffer, the cellswere analysed in FACS CANTO
.

The same protocol described above was followed to test the interaction of functionalized
and non-functionalized nanoparticles with Caco-2 clone and SW480cell lines. The concentration

of particles used in the assay was 50 pg/mL.

3.11Data analysis

Every experiment was performed in triplicate and is represented as mean * standard
deviations (SD). A one-way analysis of variance (ANOVA) with Tukey’s post hoc test
(GraphPadPrism software Inc., USA) was used to analyse the data. The level of significance was
set at probabilities of *p <0.05; **p <0.01 and ***p < 0.001.
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Chapter 4

Results and Discussion

PTX-loaded PLGA nanoparticles and PTX-loaded PLGA-PEG nanoparticles were produced by
nanoprecipitation and the critical physical chemical properties, such as mean size, size
distribution, surface charge, association efficiency and drugloading were accessed. The surface
of the particles was functionalized using the carbodiimide chemistry and its efficiency was tested
though ELISA. The cytotoxicity of the particles, functionalized and non-functionalized, was
evaluated though a cellmetabolicassay (MTT). Flow cytometry studieswere performedin order
to characterize the interaction between functionalized and non- functionalized nanopartices

and two intestinal epithelial celllines. The results are presented and discussed in this chapter.

4.1 Synthesis and characterization of PLGA nanoparticles

4.1.1 Particle size, size distribution and zeta potential

The firstattempt in this project was the establishment of parameters to attain the optimal
nanoparticle formulation. As it can be seen in Table 1, several formulations were prepared in
the optimization process. Formulations were being produced and evaluated on size,
polydispersity index and surface charge in order to achieve an ideal formulation. These
formulations were expected to resultin size below 200 nm, to be able to permeate through the
tumourvasculature but not through the normal vasculature (6). The polydispersity value had to
be as below 0.1, to ensure a highly monodisperse population and a surface charge of + 30mV,
since that is considered the zeta potential of electrostatically stabilized nanosuspensions (85).
However, lower values of surface charge have been associated with stability, especially with
PEGylates nanoparticle (86, 87). Guided by these values, the mass of PLGA and drug used were
the first variables to be changed. The high amount of PLGA (100 and 60 mg) were not well
dissolvedinthe organicsolvent, even when the volume of the solvent was double. Considering
that and since the size of particles with less polymer (10 and 20 mg) did not presented
significantly differences in size from the formulation using 50 mg, the last was the amount
chosen. The presence of PEG on the surface was important for this formulation since prolongs
the circulation time of nanoparticlesin the blood system by escaping easily the uptake by

macrophages (42). To determinethe best ratio for thefinalformulation, 1%, 2% and 5% of PLGA-
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PEG-COOH ratios were tested. There were no significant differences between these three
formulations in size, so the higher amount, 5% (2.5 mg), was chosen in order to increase the
pegylation advantages for the system.

The amount of drug used was chosen accordingly to the association efficacy and drug
loading. When the amount of polymerand drug were defined, the surface charge was takenin
consideration,and the values weretoo close to zero. This was not expected since the PLGA used
has a negative group, COOH, and the charge shouldbe more negative. One of the hypothesis for
these results was the surfactant, PVA that couldbe attached to the surface and did not detached
duringthe washing procedure. Pluronic F-127 was then chosen since the surface charge of the
particles using this surfactant was more negative. The charge of the particles in this work is
important not only to avoid nanoparticle aggregation but also for the functionalization process
since the chosen chemistry was the carbodiimide (88). This chemistry isone of the most usedto
conjugate nanoparticles and antibodies withreactive functional groups such asamino-NH, (e.g.
lysine) (89). To allow this covalent bound, the nanoparticle must have COOH groups on its
surface, and its present detected trough a negative surface charge. The values were not as
negative as expected (83), but the use of sodium chloride used in the characterization process
can influence the values, making them more neutral (90).

The final formulation used 50 mg of PLGA, 2.5 mg of PLGA-PEG-COOH and 10 mg of
paclitaxel, dissolvedin 2 mL of organic solution (acetone and DMSO 1:1) and PluronicF-127 as

the surfactant.
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Table 1 Properties of all formulations produced during the optimization process, including the mean size, polydispersity index, surface charge association efficacy and drug
loading. The values are represented as mean values + SD (n=3).

PLGA PLGA-PEG0-COOH Paclitaxel Organic solution Size Surface charge Association efficacy Drug loading
Surfactant (%) Pdi (%) (%)
(mg) (mg) (mg) (mL) (nm) (mv)
0 1 318 +17 0.27 £ 0.05 -3.1+0.3 - -
100 0 10 301 +13 0.23+0.03 -3.4+0.2 - -
0 2 273 +£19 0.11 £ 0.02 -2.2+0.5 - -
10 267 t4 0.12 £ 0.03 -2.7+0.6 - -
60 0 436 + 29 0.22 £ 0.05 -2.01+0.6 - -
6 ! 272 £ 19 0.18 £ 0.03 -1.4+0.1 68.2 £ 0.9 6.6 +£0.1
0 0 ) 229+2 0.06 + 0.03 -3.8+0.9 - -
10 232 +5 0.11 + 0.07 -2.3+0.3 95.7+25 19.0+ 0.5
PVA 2% 05 0 5 226+3 0.08 + 0.04 -32+1.1 - -
50 ’ 10 233+5 0.10 £ 0.03 -2.2+04 97 +0.3 19.3+0.1
1 0 2 221+3 0.06 + 0.02 -24+0.7 - -
10 231+4 0.09 £ 0.03 -2.1+0.5 94.8+3.1 189+ 0.6
2.5 0 2 218+ 4 0.05 +£0.03 -2.7+0.4 - -
2.5 10 2 235+7 0.09 £ 0.03 -1.9+04 97.0+0.6 19.3+0.1
0 228 +5 0.04 £0.03 -1.7+0.2 - -
20 0 2 1 234+6 0.09 + 0.03 -1.4+0.3 91.7+9.5 9.1+1.0
1 227 +3 0.09 + 0.04 1.7+0.7 45.1+18.3 8.2+3.6
10 0 2 1 213+ 16 0.18 + 0.06 5.6+1.9 67.31+13.4 33+0.7
0 184+ 9 0.18 +0.03 -11.8+2.1 - -
Pluronic F-127 1% 0 10 2 197+ 10 0.2 +£0.04 -9.4+3.7 99 £ 0.8 19.8+0.2
>0 5 0 5 173+2 0.07 £ 0.02 -10.0+0.7 - -
. 10 177+ 4 0.14 +0.03 -5.7+21 99.2+0.1 19.8 £ 0.04
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4.1.2 Morphology

The final formulation of nanoparticles was analysed thought TEM. Figure 5 shows the
morphology of PTX-loaded PLGA-PEG nanoparticles and it can be seen that the nanopartides
were spherical in shape and with a similarsize, below 200 nm. The size is according to the DLS
results, eventhough in theimage, the size seam smaller. The shapeis anotherfeatureimportant
since spherical particlestend to be more easilyinternalized (91). It can be seen that the partides

have a spherical shape, as intended.

Fig. 5 Image of PTX-loaded PLGA PEG nanoparticles obtained by Transmission Electron Microscopy
(TEM).

4.1.3 Association Efficiency and Drug Loading of Paclitaxel

The Association Efficiency (AE) and Drug Loading (DL) of the PTX-loaded nanoparticles was
assessed, using the different formulations, by HPLC. The average retention time of PTX was
around 12 minutes.

The supernatant of the different formulations was analysed and the amount chosen of
paclitaxel was decided through the results. The formulation with 10 mg of PTX presented the
higher AE and DL, 99.2% and 19.8%, respectively (Table 1), becoming the chosen amount of
drug. Due to the high hydrophobicity of PTX, high values of associationefficiency were expected
when using the nanoprecipitation technique. This was observed in previous published work

using PTX-loaded nanoparticles (92).
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4.2 In vitro paclitaxel release

Paclitaxel is a highly hydrophobic drug with a solubility in PBS of only 0.3 pg/mL (93).
Tween®80is often used to helpsolubilizing PTX, usually at 0.1% whichincreases its solubilisation
to 6.32 pg/mL (46, 94-96). The in vitro studies of free PTX, PTX-loaded PLGA and PLGA-PEG

nanoparticles were then performed and the cumulate profile is shown in Figure 6.
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Fig. 6 Cumulative percentage release of free PTX (circles), PLGA nanoparticles (squares) and PLGA-
PEG nanoparticles (triangles) in 0.1% Tween. The percentage of drug release was accessed for 48 hours.
Values represented as a mean + SD (n=3).

The release of free PTX onlyreached around 60% during the 48h. In PLGA-PEG nanopartides
the release of PTX was onlyobserved after 8h and reached a maximum of 17% in 48h. In previous
experiments,free PTX controls reached 100% (97). Also, othertypes of nanoparticles were used
and the release started earlier than 24h (46, 95). This could mean that the nanopartides
produced in this work are more stable and allows a more controlled drug release.

To assess if the absence of signal from drug release in the nanoparticle formulations until
the 8h was because the drug was not being release from the particle or because the drug did
not solubilise well in the release medium, other experiment was performed.

Itis described thatthe solubility of paclitaxel in PBS increases withthe addition of Tween®80
in a concentration-dependent manner (46). To determine the ideal Tween® 80 concentration,
a previous experiment was performed with different concentrations of Tween®80 (0.5, 1, 2, 5
and 10%) where 5 mg of paclitaxel were introduced and left at 37°C, under continuous stirring
(100 rpm) for 24h. At specifictime points, asample was collected to be tested though HPLC. The
results showed higher solubility for the 10% Tween®80, being this percentage the choose one
to use inthereleasestudy of the nanoparticles. The in vitro release profile of the free PTX, PLGA
and PLGA-PEG-COOH nanoparticles was then assessed using 10% Tween®80in PBS (pH7.4). The

cumulative release profile is shown in Figure 7.
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For the PLGA-PEG nanoparticles, it can be observed that the first burst of drug release
happensduringthe firsthour, around 30% (Figure 7 B). From that time point until the 8h time
point, the release happensinaslowerrhythm, until around 40%. After that time point and until
the 48h time point, the release seemsto stop. The PLGA nanoparticlesandthe free PTXshow a

similar release profile, even though the last shows a slight increase, but not statistically

significant.
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Fig. 7 Cumulative percentage release of free PTX (circles), PLGA nanoparticles (squares) and PLGA-

PEG nanoparticles (triangles). The % of drug release was accessed for 48 hours (A) and presented the burst
of release during the first 2h (B). Values represented as a mean * SD (n=3).

These results could mean that using 10% Tween®80, PTXis released from the nanoparticles
inan earlierstage, becausethe drugin more solublein the release medium. However, itis more
probable that the results between free PTX and PTX-loaded particles were so similar because
Tween®80 is destroying the particles, releasing the drug. This hypothesis is supported with

previous publish work that used this concentration of Tween®80to produce nanoparticles (98).

Thus, results from the first release study (Figure 6) are more reliable and state that these
PLGA and PLGA PEG nanoparticles are a robust vehicle for PTX, only allowing its release after
24h.
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4.3 6-Coumarin loaded nanoparticles

To produce fluorescent PLGA-PEG nanoparticles, 6-coumarin (6-C) was encapsulated during
the production process. The mean particle size, Pdl and surface charge was tested and the
resultswere 201 nm, 0.07 and -13 mV, respectively. Comparing with particlesencapsulating PTX,
the size increased around 30 nm, but still considered similar, making the fluorescent particles
capable of mimic the PTX-loaded particles in the cell assays.

The in vitro release of 6-C loaded nanoparticles was also assessed in a similar matter, using
0.1% Tween®80in PBS (pH 7.4) as a release medium. The experiment was conducted at 37°C
and under constant stirring (100 rpm). 6-C was detected through fluorescence (exc. 460 nm,
emi. 510 nm). A calibration curve was performed with concentrations from 0.002 to 0.008
pg/mL, with R?value of 0.99. The results, foundinthe Figure 8, show a controlled release until
24h of only 8%, whichis not considerable significate. More important, less than 1% of 6-C was
released up to 1h. Considering that most assays that used these particles had a maximum
incubation time of 1h, the fluorescence observed in the cell assays presented below is duo to

the presence of fluorescent particles and not because of free 6-C.
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Fig. 8 Cumulative release profile of 6-C from PLGA-PEG nanoparticles. At the presented time points,
an aliquot was taken from the release medium and fresh medium was introduced. The amount of 6-C

release was quantified by fluorescence (ex. 410nm, em. 510nm). Values represented are mean values + SD
(n=3).
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4.4 Specificity of the antibodies and cell lines

The cell lines chosen to perform the cell assays were Caco-2 clone and SW480. The reason
behind this choice lies onthe expression of CEA and because these cell lines are form intestinal
adenocarcinomas. SW480 had been described as a low-expressive CEA cell line and Caco-2as a
positive cell line for CEA expression (56). Since the cell line chosen was Caco-2 clone and not
Caco-2, and SW480 has been described by some as a CEA-expressing cell line, a pre-study was
necessary to determine the CEA expression on the surface of the cells.

Two antibodies anti-CEAwere used, CEA31and COL-1. These antibodies had not been tested
against Caco-2 clone and SW480 before, so a known positive and negative cell line was
necessary. Inthis case, MCF-7 was used as a described positive cell line and Hela as a negative
cell line.

The assay performed to confirmthis expression was Flow Cytometry. The four cell lines were
incubated with the two antibodies, a fluorescent secondary antibody afterwards and then the
samplesanalysed. Ascan be seenin Figure 9, HeLa and SW80 had similarlevels of fluorescence
which can validate SW480 as a negative cell line forthe expression of CEA. The only significant
difference between the two cell lines was with the CEA31 antibody (*P<0.05), which Hela
presented higher fluorescent units (FU) than SW480. MCF-7 and Caco-2 clone had higherlevels
of fluorescence, which can indicate them as positive cell lines for the CEA expression. It is
important to note that Caco-2 clone had values significantly higher than MCF-7, especially with
the COL-1 antibody (***P<0.001). This antibody showed better interaction with almost all cell
lines, exceptin the Hela cell line.

Accordingly with the results, SW480 was chosen as the negative cell line and Caco-2 clone
as the positive cell line forall cell assays. The antibody chosen to functionalize the particles was

COL-1 because of its higher interaction levels with the cell lines chosen.
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Fig. 9 Fluorescent units (FU) values for the interaction between CEA31 antibody and COL-1 antibody
with Hela, SW480, MCF-7 and Caco-2 clone line lines. The results are mean values *+ SD (n=3; **P<0.01;
#¥%p<0.001).

4.5 Binding efficiency of the antibody

The next step was the functionalization of the surface withthe model antibody against CEA,
COL-1. Using a carbodiimide chemistry, the COOH groups of the nanoparticles were activated
through ECD/NHS. EDC reacts with the carboxylated NPs when NHS is present in the reaction,
forming amine-reactive groups. When incubated with the antibody COL-1, its primary amines
are coupled to the COOH groups of the nanoparticles through a stable amide bound (99). The
ratioused in this functionalizationwas 1:0.01 (COOH:Ab). The meansize, Pdl and surface charge
of functionalized and non-functionalized PTX-loaded PLGA-PEG nanoparticles was accessed.
Both types of particles went through the functionalization process, the difference was the non-
addition of antibody on the non-functionalized particles. The results (Table 2) showed a slight
increase in size for the functionalizes particles but not a decrease in the surface charge, as
expected since the negative groups (COOH) should be used in the conjugation process (83).
Comparing the results of non-functionalizes PLGA-PEG particles in Table 1 with Table 2, a size
incensement can be observed. This is explained by the functionalization process, due to the
presence of EDC/NHS linked to the surface of NPs or due to aggregation since nanoparticle

aggregation was already described when using cabodiimide process (100).

28



Table 2 Properties of functionalized and non-functionalized PTX-loaded PLGA-PEG nanoparticle,
including the mean size, polydispersity index and surface charge. The values are represented as mean
values + SD (n=3).

Surface charge

Size (nm) Pdl
(mv)
Functionalized
PTX-loaded PLGA- 243 +10 0.3+0.04 -10.4 £2.3
PEG NP
PTX-loaded
213 +12 0.2 £ 0.05 -6.5+0.3
PLGA-PEG NP

4.5.1 Nuclear Magnetic Resonance

One of the methods used to confirm the presence of COL-1 antibody in the nanopartide
formulation was Proton Nuclear Magnetic Resonance (*H NMR). Free antibody, functionalized
and non-functionalized PLGA-PEG nanoparticles were dissolved in DMSO. The three spectra
were comparedin order to assess if the characteristic peak of the antibody was presentinthe
functionalized nanoparticles but notin the non-functionalized nanoparticles. The results shown
in Figure 10 show similar peaks in all samples from the solvent (DMSO) at 2.5 ppm and from
TMS at 0.0 ppm. Both non-functionalized and functionalized nanoparticles had common peaks
at 1.5, 5.0 and 5.5 ppm, characteristicof PLGA (101). A peak should also be visibleataround 3.5
ppm detecting the presence of PEG. In the spectra obtained, there was, indeed, a large peak
around 3.5 ppm for both functionalized and non-functionalized nanoparticles. However, it was
also presentin the free antibody spectra as well, which was not expected. It can also be seen
that a specific peak common in the antibody and functionalized particles was not seen.
Antibodies usually have spectra with much more peaks comparedto the peaks seen in Figure
10, which mightindicate that this technique was not sensible enough to detect the antibody, or

the amount of antibody used (1.9 pg) was too low (102).
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Fig. 10 H: NMR spectra of non-functionalized (A) and functionalized (B) PLGA-PEG nanoparticles and
the free antibody (C).

Thus, the NMR results are not able to conclude the presence of the antibody. A more

sensible method should be used to assess the efficacy of the functionalization process.

4.5.2 Enzyme-linked immunosorbent assay

Another method to confirm the functionalization was an Enzyme-linked immunosorbent
assay (ELISA). Aninput of the same amount of antibody used in the functionalization was used
as a positive control. The non-functionalized nanoparticles and supernatants were used as
negative controls. The nanoparticles functionalized and the supernatant of the first wash after
functionalization was then tested to confirm the functionalization. The results, shown in Figure
11, confirm the present of antibody in the nanoparticle surface. Around 15% of antibody is
present in the surface of the particle, even though the amount of antibody in the supernatant
was higher, around 40%. The total amount of the input should be equal to the some between
the nanoparticle and supernatant, but the input seams higher. This could mean that some of the
antibody is lost, probably during the following washes. Even though 15% is a low percentage,
the amount of antibody used was significantly lower than the mass of polymer (100-fold less).
A higheramount of antibody could lead to a higher association efficacy but even with excessive
amounts of antibody, low conjugation efficacy, 1-20%, has been reported when using
carbodiimide chemistry (99). Another possibility that can lead to this low percentage is the
orientation of the antibody. If the antibody do not have the binding site available for the

30



secondary antibody-HRP, the signal is not strong, even though the antibody is in fact in the
surface of the particle (103). A more efficient conjugation method was not appliedinthis work
since the antibody did not have a specificgroup, justas a cysteine group, that would allow the

use of maleimide chemistry (82).
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Fig. 11 Percentage conjugation between the antibody and the nanoparticle surface. The initial

amount of antibody used in the functionalization (input), nanoparticles and supernatants of functionalized
and non-functionalized nanoparticles were tested using an ELISA assay to assess the presence of the
antibody, confirming the functionalization. The presented values as means * SD (n=3; **P<0.01;
**+¥p<0.001).

4.6 Cytotoxicity assessment of the nanoparticles

The cytotoxicity of the nanoparticles was tested using the MTT assay, a colorimetric assay
usedto assess the cell metabolicactivity (104). Free PTX, functionalized and non-functionalized
empty PLGA or PLGA-PEGand loaded PLGA or PLGA-PEG nanoparticles weretested, eachin five
different concentrations (0.01, 0.1, 1, 10 and 100nM). These concentrations were chosen
accordingly to the half minimal inhibitory concentration (IC50) of PTX that is in the range from
2.5to 7.5 nM (105). Two intestinal epithelial cell lines were used, Caco-2 clone and SW480, to
perform this in vitro assay, with the incubation period with the samples of 24h.

As seen in Figure 12, most formulations have values above 70%, which according to
International Organization for Standardization, means that no significant toxicity was identified
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(81). Theresults were expected since therelease of PTX from the nanoparticlesis not completed
afteronly 24h. Some exception are depicted, such asin non-functionalized empty PLGA-PEG NP
(100 nM) (Figure 12 A) or non-functionalized PTX-loaded PLGA NP (10nM or 100 nM) (Figure 12
B), where the metabolicactivity was close to 50%. Despite appearing slightly different from the
other nanoparticle formulations, differences were not significant. It was expected that
metabolicactivity would decrease with the increase of PTX concentration, as can be seeninall

experiments.
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Fig. 12 Metabolic activity SW480 cell line (A, C) and Caco-2 clone cell line (B, D) with free PTX, empty
and loaded PLGA or PLGA-PEG non-functionalized (A, B) and functionalized (C, D) nanoparticles at
concentrations of PTX (0.01, 0.1, 1, 10 and 100nM) after incubation for 24h. Cell viability was determined
by MTT assay. Untreated cells were taken as positive control and 1% Triton X-100 was used as negative
control. Values are reported as mean * SD (n=3; *P<0.05; **P<0.01; ***P<0.001).

Four different types of nanoparticle were tested, not only assess the safety of the
formulations but also to identify differences between them. The present of PEG in the
formulation did not decrease this value and empty particles provided higher values of activity
when compared with PTX-loaded nanoparticles, which was expected. Between functionalized
and non-functionalized nanoparticles there was no significant differences, exceptin empty PLGA
NP (0.01 nM) and PTX-loaded PLGA PEG NP (10 and 100 nM) in SW480 cell line (Figure 12A and
C). Since these differences were not noticeable in Caco-2 cell line, the antibody may not be
considered the responsible for an increase in toxicity.

The mostimportant conclusionisthat this nanoparticle systemis saferto the cells that the
free drug, proving the efficacy of the system since the drug load can be high (100 nM) without

damaging the cells, decreasing the secondary effects.
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4.7 Cell-Nanoparticle interaction studies

4.7.1 Optimization of particle concentration for cell-nanoparticle
interaction studies

After proving the functionalization of the nanoparticles by ELISA, the next study to be
performed was the cell-nanoparticleinteraction study. To be ableto determine the right number
of nanoparticles used in the assay, a pre-study was performed using bare particles with three
different concentrations (5, 50and 500 pg/mL). This study isimportant to determine a base line
data for the unspecific interaction between the nanoparticles and the cells, as well as the
background fluorescence of the cellsitself. The particles werelefttoincubate with Caco-2clone
and SW480 cell lines for 15min and 1h.

The results presented in Figure 13 are blank corrected, as cells without nanoparticles being
the blank. The lowest concentration presented negative values because of the blank correction,
provingto be unfitto use as the signal is as low as the background. The 50 pg/mL concentration,
although not much different from the 5 pg/mL, presented values slightly above background
(**P<0.01 for Caco-2 clone). The maximum concentration had a significantly increased signal
(***P<0.001) which could interfere with the final purpose of distinguish a difference between
functionalized and non-functionalized nanoparticles.In can also be seenin Figure 7 that SW480
cell line present significantly lower values of FUwhen compared to Caco-2 clone cell line. The

chosen concentration to procced with the in vitro interaction studies was 50 ug/mL.
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Fig. 13 Fluorescent units of unspecific interaction between SW480 (A) or Caco-2 clone (B) cell line and
PLGA-PEG nanoparticles, with concentrations of 5, 50 and 500 ug/mL, for 15 min and 1h. The represented
values are mean values + SD and blank corrected (n=3; *P<0.05, ***P<0.001).
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4.7.2 Cell-nanoparticle interaction study

The functionalized nanoparticles were then tested by FACS, as described above. Non-
functionalized and functionalized particles, with a concentration of 50 ug/mL were dispersed in
cell culture medium and incubated with cells for 15 minutes and 1 hour. Normally the
nanoparticles are dispersedin PBS or culture medium without supplements, but since the
purpose of the nanoparticles was to be administered by the intravenous route, the protein
corona expected to be form upon administration can be mimicked with complete medium, also
full of proteins (106).

The results presented in Figure 14 showed higher fluorescent values for the Caco-2 clone
celllineinall samples, as expectedsinceitisthe positive cellline, compared to SW480 cell line.
The between the different time points, there is an increase in the fluorescent valuesin the 1
hour time point for both cell lines and type of particles. Statistic differences were observed
between thetwo different time points, (P<0.001) for both functionalized and non-functionalized
NP in SW480 cell line (Figure 14 A) and (P<0.01) for non-functionalized NP and (P<0.001) for
functionalized NP in Caco-2 cell line (Figure 14 B). Between the functionalized and non-
functionalized nanoparticles there is not any significant difference, even though atrend can be
observed withslight higher values forthe functionalized particles. This result can be a side effect
of the chosen conjugation chemistry. Even though carbodiimide chemistry is one of the most
used, when applied in this case, it is not site-specific. Antibody possesses several NH, groups,
and so, whenthe COOH groups of the nanoparticles are activated, any NH, of the antibody can
be attached. The challenge comeswith the direction of the antibody. If the antigen biding zone
of the antibody is not available, the particle will not correctly bind to the receptor. A site-
oriented chemistry, such as maleimide-thiol, could improve the binding efficacy of the system
by using a modified antibody, or other moiety such as a peptide, with a thiol group in the Fc

region. That way, the antigen binding region wouldbe available to bind to the re ceptor (88, 107).
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Chapter 5

Conclusion

In this work, PLGA-PEG nanoparticles were produced by nanoprecipitation. The most
important physical-chemical properties were assessed, namely mean size, polydispersity index
and surface charge. The results showed particles of around 177 nm, with a Pdl of 0.14 and a
zeta-potential of -6mV. Mean particle size around 200 nm are considered appropriate fordrug
deliveryin cancer treatment, which is the ultimate goal of these particles. The Pdl value, even
though above 0.1, is still considerable a monodisperse population. Foran intravenousinjection,
a monodisperse and negatively charged populationisimportant to ensurethat the nanopartides
are not going to aggregate when injected. PTX was loaded to these particles as an anticancer
drug model. The association efficiency and drug loaded were tested by HPLC and the results
were 99% and 20%, respectively. The morphology of the nanoparticles was accessed through
Transmission Electron Microscopy and the particles presented around shape and uniform sizes,
agreeing with DLS results. The in vitro release study showed a controlled release, proving the
robustness of the system. Cytotoxicity studies were performed to ensure the safety of the
particles, where empty or PTX-loaded nanoparticles were tested on two intestinal cell lines,
Caco-2 clone and SW480. Particles were proven safe since the viability of the cells was mainly
above 70%.

The functionalization of PLGA PEG nanoparticles with antibodies on the surface allow
nanoparticles to becomeable of target specifictissues. In this case, an antibody against CEA was
used in order to target colorectal cancer cells. Carbodiimide chemistry, one of the most used,
was the chosen method to perform the functionalization process and ELISA assay was used to
verify the efficacy of functionalization. The results demonstrated a successful process even
though some improvement could be done.

The next step was the cell and nanoparticle interaction studies. By using fluorescent
nanoparticles and COL-1 as anti-CAE antibody, functionalized nanoparticles were then tested
against the positive, Caco-2 clone, and negative, SW480 cell lines. The results showed higher
interaction with the positive cell line, as expected, although no significantly differences between
functionalized and non-functionalized particles were observed. Even though, functionalized
particles tented to present higher values of interaction.

In conclusion, the nanoparticles provedto be a suitable vehicle fordrugdelivery purposes,

non-toxic and capable of interact with colorectal carcinoma cell lines.
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Future Work

Even though the system built is robust, there is always room for improvement. The
functionalization processis one example. The carbodiimide chemistry is this case was not site-
oriented, but other method of functionalization or modificationin the antibody can be used to
ensure the antibody binds to the surface of the nanoparticle in its correct direction, leaving
antigen binding zone of the antibody available to interact with CEA from cancer cells.

Other moieties can be explored to the functionalization, like small peptides or antibody
fragments that with equal binding affinity, make the particle less prone to immune reactions
after the injection of the particles through intravenous route.

Fluorescent microscopy studies can be done to evaluate the qualitative interaction of the
nanoparticles with cells, allowing a better knowledge about the internalization process of the
particles. Some permeability studies through the intestinal tissue can be performed as well.
Following the intention of administration these nanoparticles by intravenous route,a 3D model
can be established with endothelial cells on top and epithelial cells on the bottom, simulating
the intestinal epithelial. After proving interaction with intestine cancer epithelial cells, the
nanoparticles would be ready to move to in vivo studies. These studies would evaluate the

biodistribution, safety and therapeutic effect of the system.
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