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O cancro colorretal (CCR) é um dos cancros mais incidentes e mortais no 
mundo, maioritariamente devido à sua capacidade de metastização. A 
isoforma do recetor CD44 com o exão 6 (CD44v6) nas células colorretais tem 
sido envolvida em diversos processos cancerígenos, incluindo metástases. O 
CD44v6 é coreceptor para o fator de crescimento de hepatócitos (HGF) e fator 
de crescimento endotelial vascular (VEGF), junto com o c-Met e o recetor 
VEGF 2 (VEGFR-2), respetivamente. Os regimes padrão de quimioterapia 
recomendada para os estádios metastáticos do CCR estão frequentemente 
associados a efeitos secundários graves, uma vez que não atuam 
seletivamente. As terapias que atuam seletivamente contra um alvo molecular 
melhoram a eficácia dos fármacos, resultando em menor toxicidade. Um 
exemplo é o bevacizumab (Avastin®), um anticorpo monoclonal (mAb) que 
atua inibindo a ação do VEGF. Sistemas de entrega de fármacos (DDS), como 
nanopartículas (NPs), podem ser conjugados com ligandos de modo a serem 
direcionados para um alvo molecular específico. Um tipo de ligando com 
elevada afinidade para recetores celulares são os anticorpos. Neste trabalho 
foi desenvolvido um nanosistema inovador, com NPs poliméricas de poli(ácido 
láctico-co-glicólico)-polietilenoglicol (PLGA-PEG) encapsuladas com 
bevacizumab e conjugadas com um fragmento de anticorpo (Fab) específico 
para células cancerígenas humanas com expressão de CD44v6, o AbD15179 
(Fab v6). Foram também produzidas NPs não funcionalizadas e com um Fab 
(-) para avaliar a especificidade do Fab v6. As NPs produzidas apresentaram 
um tamanho entre 200 a 300 nm e uma carga elétrica superficial negativa 
entre -5 e -10 mV, com uma eficiência de associação (EA) do bevacizumab 
de cerca de 85%. No geral, as formulações com uma concentração de 5 e 50 
µg/mL não demonstraram toxicidade em células cancerígenas. As NPs de 
PLGA-PEG Fab v6 ligaram-se especificamente à superfície das células que 
sobreexpressam o CD44v6 e essa afinidade foi mantida com a encapsulação 
de bevacizumab. Além disso, as NPs PLGA-PEG Fab v6 mostraram maior 
internalização celular do que as NPs não funcionalizadas e Fab (-). De modo 
a confirmar a especificidade das NPs PLGA-PEG Fab v6 com bevacizumab, 
os níveis intracelulares de bevacizumab e VEGF foram avaliados. Os níveis 
intracelulares de bevacizumab foram significativamente mais elevados nas 
células incubadas com NPs PLGA-PEG Fab v6. Os níveis intracelulares de 
VEGF não mostraram significância entre os grupos, mas foi possível observar 
uma tendência na diminuição dos níveis de VEGF após a incubação das NPs 
PLGA-PEG Fab v6. Neste trabalho foi demonstrado que é possível encapsular 
um mAb em NPs PLGA-PEG e funcionalizar com um Fab para uma entrega 
intracelular do fármaco específica efetiva. No entanto, o seu uso na entrega 
de fármacos requer mais investigação e otimização. 
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abstract 

 
 
 

 

Colorectal cancer (CRC) is one of the most incident and mortal cancers in the 
world, mainly due to its metastatic ability. CD44 receptor isoform containing 
exon 6 (CD44v6) in colorectal cells have been implied in many cancers 
associated process including metastasis. CD44v6 is a co-receptor for 
hepatocyte growth factor (HGF) and vascular endothelial growth factor 
(VEGF), along with c-Met and VEGF receptor 2 (VEGFR-2), respectively. 
Standard chemotherapy regimens recommend for metastatic stages of CRC 
are commonly associated with severe side effects because they act non-
selectively. Therapies that act specifically against a molecular target enhance 
efficacy of the drugs, resulting in lower toxicity. One example is bevacizumab 
(Avastin®), an anti-angiogenic monoclonal antibody (mAb) that inhibits VEGF 
action. Drug delivery systems (DDS), as nanoparticles (NPs) can be 
conjugated with ligands in order to be directed to a specific molecular target.  
One type of ligand with high affinity to cell receptors are antibodies. In this 
work, it was developed an innovate nanosystem, with polymeric NPs of 
poly(lactic-co-glycolic acid)-polyethylene glycol (PLGA-PEG) loaded with 
bevacizumab and decorated with an antibody fragment (Fab) specific for 
CD44v6-expressing human cancer cells, the AbD15179 (v6 Fab). Bare and (-
) Fab PLGA-PEG NPs were also developed to evaluate the specificity of v6 
Fab. The NPs produced displayed sizes in the range of 200-300 nm and a 
negative surface electric charge between -5 and -10 mV, with an association 
efficiency (AE) of bevacizumab around 85%. Overall, the formulations at a 
concentration of 5 and 50 µg/mL did not show toxicity in cancer cells. The v6 
Fab-PLGA-PEG NPs specifically bonded to the surface of cells 
overexpressing CD44v6 and this affinity was maintained with the 
encapsulation of bevacizumab. Also, PLGA-PEG NPs functionalized with v6 
Fab were more internalized in cells than the bare and (-) Fab-PLGA-PEG NPs. 
To confirm the specificity of bevacizumab-loaded v6Fab-PLGA-PEG NPs, 
intracellular levels of bevacizumab and VEGF were evaluated after incubation 
of PLGA-PEG NPs. Intracellular levels of bevacizumab were significantly 
higher in cells incubated with v6 Fab-PLGA-PEG NPs. The percentage of 
intracellular VEGF levels did not show significance between the groups but 
was possible to observe a tendency in the decrease of VEGF levels after 
incubation with v6 Fab-PLGA-PEG NPs. In this work it was demonstrated that 
it is possible to encapsulate a mAb in PLGA-PEG NPs and then functionalize 
with a Fab for a specific and effective intracellular delivery of the drug. Though, 
their use in drug delivery requires further investigation and optimization.  
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Chapter I – Introduction  

1. Colorectal Cancer 

1.1. Physiopathology of Colorectal Cancer 

Colorectal cancer (CRC) is the 3rd most incident cancer and the 2nd most deadly 

cancer worldwide [1]. CRC manifests through the accumulation of genetic modifications that 

are responsible to change the normal epithelium to adenomatous lesions, developing 

carcinoma [2, 3]. Genetic susceptibility plays a role in up to 35% of all CRCs [4]. The 

molecular pathogenesis of CRC is heterogeneous and could follow three different molecular 

mechanisms [5, 6], namely: i) chromosomal instability (CIN), ii) high microsatellite instability 

(MSI-H), or iii) CpG island methylator phenotype (CIMP). CIN mechanism is the cause of 

more than 70% of sporadic CRCs and it is the pathway most related with frequent 

chromosomic modifications [2]. This pathway begins through mutations in adenomatous 

polyposis coli gene and is further promoted by activating mutations of the K-Ras oncogene 

and inactivating mutations of the TP53 tumor suppressor gene [3]. CIN tumors are 

characterized by aneuploidy and loss of heterozygosity. MSI-H pathway contributes for 15% 

of sporadic CRCs and is characterized by the deficiency on the DNA mismatch repair 

system [7]. In the mismatch repair-deficient CRCs there is an accumulation of inactivating 

mutations in repairing genes, such as hMSH2, hMSH3, hMLH1, hPMS2, hPMS1 and 

hMLH3.This phenotype is also characterized by mutation of oncogene BRAF and is a 

hallmark condition in familial Lynch Syndrome. Lastly, CIMP is characterized by the 

hypermethylation of tumor suppressor genes, most importantly MGMT and MLH1, leading 

to their silencing [8]. Almost all cases of tumors with BRAF mutations follow this 

tumorigenesis pathway [9]. Tumors that are considered to belong to MSI-H pathway are 

frequently associated to methylation of MLH1 which is associated with CIMP positive 

tumors. These three pathways of CRC are characterized by an accumulation of genetic 

alterations and have characteristics that overlap between them.  

The progression of CRC occur through the epithelial-mesenchymal transition (EMT), 

a reversible process characterized by the loss of epithelial properties, including the polarity 

apico-basal, cell-cell contacts (by E-cadherins) and the overexpression of N-cadherin and 

fibronectin (i.e. events that favour the cell mobility) (Figure 1) [10]. Also, presence of nuclear 

β-catenin is correlated with the induction of EMT. A series of transcription factors, as Snail, 
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Twist and Zeb, are undergoing EMT, regulated by a combination of extracellular signals 

[11]. These signals can be activated during cancer progression by the receptor tyrosine 

kinase c-Met pathway. The c-Met and its cognate high-affinity ligand hepatocyte growth 

factor (HGF), control invasive growth through the coordination of cell proliferation, survival, 

EMT and migration/invasion. After cells intravasate into lymph and blood vessels, solitary 

carcinoma cells can extravasate and remain solitary, forming a micrometastasis, or they 

can form a macrometastasis through the reversible process of EMT, the mesenchymal-

epithelial transition (MET) [12]. 

  
 
  
 
 
 

 

 

 

 

Figure 1. EMT and MET on progression of tumor. Normal epithelium can proliferate locally and be 

altered by epigenetic and genetic changes leading to a carcinoma in situ. Further alterations can 

induce the disruption of basement membrane and the local dissemination of the cells, through an 

epithelial-mesenchymal transition (EMT). The cells can intravasate into lymph or blood vessels, 

being transported passively to distant organs. When in secondary locations, the carcinoma cells can 

extravasate and form a micrometastasis, or they can form a new carcinoma by mesenchymal-

epithelial transition (MET). Adapted from [12].  

 

It is well-known that metastatic dissemination is present in about 50% of patients 

with CRCs [13], with a frequency of 30-70% in liver, 20-40% into the lung and 5-10% into 

the bone and lower frequencies into brain, adrenal gland and ovary [14]. Metastatic 

colorectal cancers (mCRC) are characterized by cells with capacity of invasion, deregulated 

adhesion, resistance to apoptosis and ability to modulate the environment. 
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Another characteristic of CRC pathology is related with cancer stem cells (CSCs). 

CSCs are a set of cells in a tumor that have the capacity to generate differentiated cells 

from a small sub-group of undifferentiated cells, which are also capable of self-renewal [15]. 

Several cellular markers of CRC, such CD44, CD133, CD166 and EpCAM are able to 

identify CSCs [16].  

According to the American Joint Cancer Committee (AJCC)/Union for International 

Cancer Control (UICC) TNM classification, 7th edition, the pathological stage of the cancer 

is classified by the invasion of primary tumor (T stage), lymph node involvement (N stage), 

and presence of distant metastases (M stage). These stages are important because they 

provide the basis for therapeutic decisions, being crucial for the disease prognosis [17].  

1.2. Colorectal Cancer Therapies 

The treatment of CRC is defined according to several factors, such as location, size 

and the extent of cancer spreading [18]. It includes surgery, radiofrequency ablation, 

cryosurgery, radiotherapy and chemotherapy. An important first line of defence against 

cancer is surgery and is the base treatment for the patients in stages of primary tumor 

(stages I and II) [19]. In patients in a more advanced stage of cancer (stage III), where 

surgical resection has already been done, adjuvant chemotherapy is recommended [17, 

20]. Patients in stage IV (distant metastasis) with resectable metastasis should be indicated 

for surgical resection of the metastasis. In patients with irresectable metastasis, the 

management consists of palliative chemotherapy. 

The current treatment of CRC is based on four chemotherapeutic drugs, 5-

fluorouracile (5-FU), oxaliplatin, irinotecan and leucovorin [6]. The first-line chemotherapy 

comprises a fluoropyrimidine (intravenous 5-FU or oral capecitabine) used in different 

combinations with oxaliplatin, irinotecan and leucovorin [21]. Combination treatments of 

these drugs include 5-FU/leucovorin with oxaliplatin (FOLFOX4), 5-FU/leucovorin with 

irinotecan (FOLFIRI), 5-FU/leucovorin, and oxaliplatin and irinotecan (FOLFIRINOX). When 

the first-line strategy of therapy fails, the chemotherapy backbone should be changed, and 

a second-line therapy is proposed. Therapies that act selectively against molecular targets 

involved in the growth, progression and spread of cancer cells have been developed [6].  

Drugs that have as targets vascular endothelial growth factor (VEGF) and epidermal growth 

factor (EGF) receptors have improved outcomes in the chemotherapeutic treatment of 

mCRC [5, 22]. Cetuximab (Erbitux®) and panitumumab (Vectibix®) are two humanized 

monoclonal antibodies (mAbs) that inhibit the activation of EGF receptors (EGFR). Studies 
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have been showed a reduced risk of progression of KRAS wild-type mCRC when cetuximab 

or panitumumab was added to the first-line treatment regime FOLFIRI [23, 24]. Also, mAbs 

as antiangiogenic agents, such as bevacizumab (Avastin®) and ramucirumab (Cyramza®), 

have been used to target VEGF and VEGF receptor 2 (VEGFR-2), respectively. 

Bevacizumab has been introduced for first- and second-line treatment of mCRC, in 

combination with intravenous 5-FU-based chemotherapy, improving the overall survival of 

the patients [25-27]. 

Nevertheless, therapies acting non-selectively, namely the drugs used in first-line 

therapy, are frequently associated with common and major side effects [6]. Therapies that 

do not act against specifically a molecular target act also against healthy tissues and cells, 

being associated with a high toxicity profile [28, 29]. Also, the mortality rates still remain 

high due to the development of chemotherapy resistance. 

2. CD44v6 as a Target for Colorectal Cancer Directed Therapies  

2.1. CD44 General Biology and Structure of its Isoforms 

Cluster of differentiation 44 (CD44) forms a family of multifunctional, single-chain 

transmembrane glycoproteins belonging to the class of cell adhesion molecules (CAMs) 

[30]. Selectins, integrins and cadherins belong to the CAMs family that control cell behaviour 

by mediating cell-cell and cell-matrix contact, cell growth and trafficking, EMT and tumor 

progression [31]. CD44 is consequently essential for maintaining tissue integrity [32]. CD44 

is accepted as a biomarker for CSCs, tumor initiating potential and invasiveness of cancer 

cells [33, 34]. CD44 major ligand is hyaluronic acid (HA), the most abundant component of 

extracellular matrix (ECM). However, CD44 also has binding sites for collagen, laminin, 

fibronectin and many others [33].  All the isoforms belonging to this family of proteins are 

encoded by a single gene present on chromosome 11 in humans. CD44 gene has seven 

extracellular domains, a transmembrane domain and a cytoplasmatic domain and is 

composed of 20 exons (10 constant and 10 variable exons. Standard isoform of CD44 

(CD44std) is composed of 10 exons (s1-s10) and variant isoforms of CD44 (CD44v) 

express one or more additional exons between v1-v10 [31]. The heterogeneity of the CD44 

family is increased by several posttranslational modifications [30], as differential 

glycosylation (N-glycosylation and O-glycosylation) and the insertion of alternatively spliced 

exon products in the extracellular domains of the molecule [33].  
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CD44s is present on the membrane of most vertebrate cells and has been more 

extensively studied as a receptor for HA [33]. CD44v is expressed mainly in epithelial cells 

being present in several types of carcinoma and in some cases play a well-defined role, 

depending on which tissue it is expressed [30]. In many cancers, the expression of CDD4s 

and CD44v isoforms correlates with advanced stages of carcinogenesis [35]. Among CD44v 

isoforms, CD44v containing exon 6 (CD44v6) seems to play a major role in cancer 

progression [30]. Its expression correlates with poor prognosis, metastatic potential and 

aggressive stages of CRCs [36]. 

2.2. CD44v6 Biology  

CD44v6 became object of clinical interest after Gunthert et al. showed that 

overexpression of CD44v6 in rat pancreatic cancer cells confers metastatic capacity [37]. 

This initial study of CD44v6 biology and its potential as a therapeutic target and prognostic 

marker started several studies to discover all the characteristics of CD44v6 and its 

relevance in cancer therapy.  

CD44v6 is mainly expressed in proliferative tissues, including the skin [38] and the 

crypts of the intestine [36] but is also found in the endothelium and activated lymphocytes.  

CD44v6-containing isoforms have been shown to play a prominent role in the establishment 

of primary tumors [32] as well in metastasis [37]. CD44v6 contains a binding site for HGF, 

VEGF [33], osteopontin (OPN), and other major cytokines produced by tumor environment 

that can cause increased CD44v6 expression in colorectal cancer stem cells (CR-CSCs) 

[39]. 

CD44v6 participates in the HGF-mediated activation [39] and internalization of the 

HGF receptor c-Met [40] that is predominantly expressed in epithelial cells (Figure 2) [41]. 

CD44v6 isoforms also play a dual role for c-Met-dependent signalling. The extracellular 

domain of CD44v6 is required for c-Met activation [32], whereas the cytoplasmatic domain 

recruit ERM proteins (Ezrin-Radixin-Moesin) that bind the cytoskeleton in order to promote 

activation of Ras/MAPK pathway. Also, other signalling pathways starting at the c-Met 

receptor, as PI3K-Akt pathway, depend on the function of the CD44v6 cytoplasmatic tail 

[42]. Ras signalling promotes CD44v6 alternative signalling that sustains late Ras signalling, 

creating a positive feedback loop which has shown to be important for cell cycle progression 

[43]. 
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Figure 2. Regulation of Met by CD44v6. Extracellular domain of CD44v6 binds HGF and presents it 

to Met, which is activated. The downstream signalling cascades require activation of CD44-

associated ERM proteins through the cytoplasmatic tail of CD44v6. Activation of Ras/MAPK and 

PI3K/Akt pathways is important for cell proliferation. Adapted from [33].  

 

CD44v6 co-receptor function is not restricted to epithelial cells, it can control 

endothelial cell migration, sprouting, and tubule formation induced by HGF or VEGF-A. HGF 

and VEGF are two potent angiogenic factors [44] which are interrelated once the expression 

of HGF and its receptor c-Met correlates with tumor vascularization, and HGF induce and 

potentiate the activity of VEGF. The most prominent receptor tyrosine kinase involved in 

angiogenesis, the VEGFR-2, is also dependent-regulated by CD44v6 [45] in a manner that 

is similar to that described for Met. CD44v6 and VEGFR-2 are constitutively associated [35], 

in contrast to Met, which needs its HGF ligand to interact with CD44v6 [41]. 

2.3. CD44v6 in Cancer 

Da Cunha et al. described for the first time the overexpression of CD44v6 in 

hyperplasic lesions of the gastric mucosa, which is directly correlated to the severity of 

cancer [46]. This study also found that overexpression of CD44v6 is associated with a 

diminished/abnormal expression of E-cadherin. E-cadherin has an important role in cancers 
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[47] and its loss of expression is related to EMT, an important process on development of 

metastasis [12]. Cancer cells increase self-renewal and migration through EMT favouring 

the appearance of CSCs. Microenvironmental signals were found to increase EMT and 

metastatic potential of CR-CSCs promoting the expression of CD44v6, which acts as both 

functional biomarker and therapeutic target. This study demonstrated that the metastatic 

process in CRC is initiated by CSC through the expression of CD44v6 in CR-CSCs [39]. In 

this way, CD44v6 is a marker predictor for metastasis in CR-CSCs and its expression is 

increased by cytokines, HGF, OPN, stromal cell-derived factor 1 (SDF-1) secreted from 

tumor-associated cells such cancer-associated fibroblasts (CAFs). These compounds 

provide metastatic activity to tumorigenic cells.  

The first therapeutic developed directed against CD44v6 was the mAb bivatuzumab 

[48]. Clinical trials were conducted in patients with histologically confirmed squamous cell 

carcinoma of the head and neck or oesophagus. Although it seems that the antibody had 

targeted the tumor with success in some of the patients, many of them developed serious 

adverse effects and one patient developed toxic epidermal necrolysis leading to death [48]. 

The use of this targeted drug in clinic was abolished due the toxicity effects.  

The use of mAbs directed towards specific CD44v6 epitopes inhibited the activation 

of c-Met by HGF [41] through a mutation on three specific residues of the v6 exon [49]. 

Following this work, it was possible the production of a peptide with five amino acid 

containing these three specific residues to disrupt the activation of c-Met. This peptide also 

inhibits VEGFR-2 binding [45], blocking angiogenesis, and showed the inhibition of tumor 

growth and metastasis in pancreatic cancer models [50]. 

A fragment antigen binding (Fab) with specificity for CD44v6 was developed from a 

chimeric mAb and tested on CD44v6-expressing head and neck squamous cell carcinoma 

(HNSCC) cells [51]. The study showed that the conjugate was stable and had affinity to 

CD44v6. Also, a biodistribution study was performed and the fragment demonstrated better 

tumor penetration and a superior tumor-to-blood ratio. AbD15179 is a CD44v6-targeting 

antibody fragment selected and screened from HuCAL (human combinatorial antibody 

library) PLATINUM library [52, 53]. The specificity of AbD15179 for CD44v6 expressing cells 

has been confirmed in the last years. Radiolabelled AbD15179 displayed high and specific 

tumor uptake in CD44v6-expressing squamous cell carcinoma xenografts [54] and 

improved avidity and slower dissociation rate [55]. A study with nanoparticles (NPs) also 

showed the specificity of AbD15179 for CD44v6 receptor [56]. In this study, PLGA-PEG 
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NPs were functionalized at the surface with AbD15179 and specifically bound to intestinal-

type cells overexpressing CD44v6. 

CD44v6 is a suitable target for drug delivery and/or immunodiagnostics and 

AbD15179 fragment can improve targeted therapy directed to CD44v6 overexpressed in 

CRC cells but can also to other diseases that have CD44v6 abnormal expression.    

3. Nanoparticles for Targeted Drug Delivery  

3.1. The Beginning of Nanomedicine 

Nanotechnology is a complex area involving different fields, such chemistry, biology, 

applied physics, optics and materials science. Nanotechnology allows a nanosystems 

production to diagnose, as accurately and early as possible, and treat, as effectively as 

possible, a disease, avoiding the side effects of free drugs and resulting in health benefits.  

Treatment of cancer have as standard therapy chemotherapy, radiotherapy and 

surgery resection. However, conventional cancer therapies usually cause cytotoxicity 

resulting in severe side effects since they do not distinguish healthy cells from cancer cells. 

Nanotechnology as drug delivery systems (DDS) has the ability to improve the drug 

therapeutic index by increasing efficacy and/or reducing the toxicity effects [57]. The 

incorporation of therapeutic molecules into nanocarriers might enhance the 

pharmacological properties of drug, such as stability, solubility, circulating half-lime and 

tumor accumulation [58]. This is due to the facility of nanosystem to control the drug release 

rate and to deliver a molecular drug to intracellular sites of action. However, besides drug 

delivery, nanotechnology can be also used to develop more sensitive systems for cancer 

diagnosis and imaging [59, 60]. Therapeutic nanocarriers as NPs for cancer treatment are 

mainly administrated systemically and accumulated in tumor by the enhanced permeability 

and retention (EPR) effect [28]. In EPR effect, NPs escape into the tumor tissues due to 

increased permeability of the blood vessels and the dysfunctional lymphatic drainage, two 

general features of tumors [61]. The systemic delivery of NPs is a complex process in which 

multiple biological effects can affect the effect of the drug, such as blood circulation, 

extravasation and interaction with tumor environment, tumor tissue penetration and cell 

internalization. The characteristics of NPs influence these biological processes, thus being 

determinant factors for the therapeutic outcome of the drug.  
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3.2. Types of Nanosystems  

There are currently different types of nanocarriers that can be divide into organic 

(liposomes, polymeric micelles, polymeric NPs and dendrimers), inorganic (iron oxide NPs, 

gold NPs, mesoporous silica NPs, carbon NPs and quantum dots), and hybrid organic-

inorganic particles [62]. Relatively to the NPs formulations, the most commonly explored 

material are polymers and they can be classified as synthetic (e.g. poly(lactic acid) (PLA) 

or poly(lactic co-glycolic acid (PLGA)) or natural (e.g. chitosan and collagen) [63]. Polymeric 

NPs have shown advantages relative to other materials [64]. They have the ability to 

encapsulate drugs into their cores, as opposed to surface attachment, protecting their cargo 

from degradation and improving the bioavailability of the drug and their retention time. The 

encapsulation of a drug into polymeric NPs increase drug efficacy, specificity and 

tolerability, reducing the risks to patients. PLGA is one of the most used polymers due its 

advantageous features in drug delivery [65]. It is biodegradable, biocompatible and is 

associated with a minimal systemic toxicity, being approved by the Food and Drug 

Administration (FDA) and European Medicine Agency (EMA) [66]. Also, PLGA NPs have 

the versatility to encapsulate either hydrophobic or hydrophilic drugs.  

PLGA NPs are internalized in cells mainly by endocytosis [67]. As PLGA is a 

hydrophobic material, the body recognizes PLGA NPs as a foreign body and the reticulo-

endothelial system (RES) eliminating these from the blood stream, being retained in the 

liver or the spleen. These biological barrier for DDS can be overcome by surface 

modification of NPs [68]. NPs can be coated with molecules that hide the hydrophobicity 

and make them invisible to the RES. Polyethylene glycol (PEG) is a hydrophilic polymer 

and it is the most common moiety used for surface modification [69]. Coating NPs surface 

with PEG block electrostatic and hydrophobic interactions, increasing their blood circulation 

half-time and therefore increasing specific binding and internalization of NPs into the 

desired tumors cells or organs [70]. PEG-based polymers can also be used in 

bioconjugation applications in order to coupling a ligand to the surface of NPs [71]. 

3.3. Nanomedicines in Cancer 

There are already nanocarriers formulations approved clinically and they are used 

in treatment of different types of cancers with different stages. Doxil® was the first 

nanomedicine approved by FDA and consists in a pegylated liposome for doxorubicin (dox) 

encapsulation [72]. It was approved for the treatment of HIV-related Kaposi’s sarcoma, 

metastatic ovarian cancer and metastatic breast cancer. Since then, other cancer 
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nanomedicines have reached the market and others are in different phases of clinical trials 

[73]. DDS approved by FDA include liposome, polymer, micelle, nanocrystal, inorganic and 

protein NPs [74] and have indications for different diseases, besides cancer. For the 

treatment of cancer, stand out the liposome, polymer and protein NPs. Between approved 

liposomes, Marqibo® [75] and VyxeosTM [76] are indicated for leukaemia and Onivyde® for 

pancreatic cancer [77]. Eligard® [78] and Oncaspar® [79] are polymeric NPs approved for 

the treatment of prostate cancer and acute lymphoblastic leukaemia, respectively. There 

are also other nanoformulations approved by EMA such MEPACT® (liposomal mifamurtide) 

[80] and MyocetTM (non-PEGylated liposomal dox) [81].  

NPs for the treatment of CRC are normally loaded with drugs used in conventional 

chemotherapies (e.g. 5-FU, irinotecan) or targeted drug as cetuximab and rapamycin. 

Liposomes are the most well stablished nanocarriers and some are currently under clinical 

study for the treatment of CRC [73]. Examples are CPX-1 (loaded with 

irinotecan/floxuridine) that completed phase II of clinical trials [82], and Thermadox® (dox) 

[83]. Also, several agents have shown promising in vitro results including oxaliplatin-loaded 

long circulating liposomes, liposomal curcumin and dox-encapsulated liposome.  

However, polymer NPs are considered more stable than liposomes and several 

formulations for CRC therapy have shown a good pharmacokinetic performance [73]. 

NK911 and SP1049C, two polymeric formulations loaded with dox, are produced with a 

copolymer of PEG plus dox-conjugated poly(aspartic acid) and pluronic micelles, 

respectively, and have shown better results in tumors in comparison with drug alone [84]. 

NK105 is a polymeric micelle loaded with paclitaxel (PTX) that also showed a better 

pharmacokinetic profile than PTX alone [85]. However, these formulations did not reach the 

target directly and the drugs were released into the extracellular matrix, compromising the 

effectiveness of the drug. In the last years, NPs that have site-specific targeted are a 

promising advancement in cancer therapy [86]. An example is abraxane, an albumin-based 

NP formulation that was approved by FDA in 2005 for treatment of metastatic breast cancer 

and represents a promising advance in the field of targeted nanomedicine [57]. This 

formulation is PTX-loaded conjugated with albumin molecules, which enhances the 

transport of NPs across the vascular endothelial, resulting in 50% greater clinical doses of 

PTX.  
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3.4. Targeted Drug Delivery 

Combining targeted drug delivery and a controlled drug release system has 

numerous advantages in chemotherapy [87, 88]. Using targeted systems, it is possible 

concentrate the drug activity on action site reducing its exposure to the healthy tissues and 

cells. DDS can be conjugated with ligands in order to produce targeted nanosystems able 

to drive the drug to the specific site of action, increasing the payload of the drug with minimal 

activity loss and reduced toxicity. 

NPs can achieve tumor by active or passive targeting [68]. Passive DDS exploit the 

characteristics of tumor biology and nanocarriers accumulate in the tumor through EPR 

effect (Figure 3). In this way, retained nanocarriers will release encapsulated drug into the 

tumor cells. On the other hand, in active targeting, ligands are linked at the NPs surface in 

order to target a specific cell. The ligand is chosen to specifically bind to overexpressed 

molecules on the tumor cell surface or tumor vasculature, and not expressed on healthy 

cells [69, 89]. The interaction between the ligand and the cell receptor allows a specific 

internalization and the release of the drug inside the cell.  

 

Figure 3. Schematic representation of passive drug delivery (by enhanced permeability and retention 

(EPR) effect) and active targeted drug delivery to tumors. Adapted from [89]. 
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Passive targeting approach form the basis of clinical therapy but have several 

limitations. Some drugs are not able to diffuse efficiently, and the approach turns random, 

which makes difficult to control the targeting. This lack of control may induce multiple drug 

resistance (MDR), and chemotherapy treatment fail its efficacy due to resistance of cancer 

cells towards one or more drugs. The passive strategy is further limited because certain 

tumors do not exhibit the EPR effect, and the permeability of vessels may not be the same 

throughout a single tumor. Active target can overcome these limitations, programming the 

nanocarriers so they actively bind to specific cells after extravasation [89].  

Conjugated NPs are typically internalized in cells efficiently through an endocytic 

process [90], which involves NPs invagination on the membrane and then the formation of 

intracellular vesicles [67]. Once inside the cell, NPs are exposed to the endosome and 

lysosomal environments and must escape from the lysosomal degradation to reach their 

intracellular target and release the encapsulated drug [91]. Despite the acidic pH of 5-6 of 

endosomal and lysosomal compartments, PLGA NPs have the ability to escape to the 

lysosomal degradation through the selective surface charge reversal of NPs from anionic 

to cationic [92]. The pH in the endosome increase and eventually, due to the osmotic 

pressure, the endosome disrupts, and the NPs are released to cytoplasm, in a process 

called proton sponge effect [93]. Once in cytoplasm, NPs release the drug at a slow rate, 

resulting in a site-sustained therapeutic effect, which is especially crucial for drugs that 

require intracellular uptake. Additionally, surface modification of NPs with PEG decrease 

the clearance of NPs from the bloodstream by the RES [94], increasing significantly the 

circulation time of the NPs [95].  

To develop a targeted therapy, it is necessary to take in account several factors, 

such as route of administration, biological barriers, adsorption of host proteins to the NP 

surface, conjugation chemistry, hydrophobicity of NPs, composition, physicochemical 

characteristics of NP and ligand (size, shape and charge) and the orientation of the 

conjugated ligand [96].   

In general, when using a targeting agent to deliver nanocarriers into cancer cells, it 

is imperative that the agent binds with high selectivity to molecules that are uniquely 

expressed on the surface of cancer cells. NPs can be functionalized by conjugating specific 

units such as proteins (antibodies and their fragments), nucleic acids (in form of DNA or 

RNA aptamers), or other receptor ligands (peptides, vitamins, carbohydrates), to be able to 

recognize the target [97].  
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4. Antibodies in Drug Delivery 

4.1. Antibodies as Ligands in Targeted Therapy 

mAbs were the first class of targeting molecules and are the most commonly used 

ligand type to decorate NPs due to their high affinity, specificity, and versatility [98]. To 

better understand how mAbs can be used as ligands in DDS, it is first necessary introduce 

antibody biology. 

Antibodies or immunoglobulins (Ig) are part of the immune system by recognizing 

antigens and are secreted by B-cells [99]. Each B lymphocyte clone produces antibodies 

that are specific for only a single epitope, and in this way, a mAb is an antibody produced 

by a single clone of B-cells. An antibody is a homodimer composed structurally by two heavy 

(H) chains (~ 50 kDa each) and two light (L) chains (~ 25 kDa each) and is subdivided into 

the constant (C) and variable (V) domains, also referred as the Fv region (Figure 4) [100]. 

These chains are linked by disulphide bonds and non-covalent interactions. Each variable 

domain contains a hypervariable region, the complementary-determining regions (CDRs), 

that is responsible for the antigen recognition. Antibodies are composed by two identical 

domains for antigen recognition (Fab) connected with a flexible hinge region to the fragment 

crystallizable region (Fc) which is involved in effector functions and biodistribution of the 

antibody [101]. Direct antigen binding to the target is made through CDR of variable 

domains of Fab and is highly specific. When this binding happens, the constant domain 

activates the immune effector function mediated by Fc fragment which activates the cells 

containing Fc receptors (FcR), namely phagocytic cells. The main effector functions of 

antibodies are opsonisation, classical complement-dependent cytotoxicity (CDC) and 

natural killer (NK) cell-mediated antibody-dependent cellular cytotoxicity (ADCC) [102].  
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Figure 4. Structure of a whole monoclonal antibody (mAb), include the fragment antigen binding 

(Fab) and fragment crystallizable (Fc) regions. These regions are composed of the constant (CH and 

CL) and variable (VH and VL) domains. The sites for antigen binding are given by complementary-

determining regions (CDRs) of the Fab fragment, and immune effector function is mediated by the 

Fc fragment.  

 

Antibodies are ideal targeting ligands due to their affinity, specificity and engineering 

malleability [96]. However, the use of the whole antibody has some drawbacks such 

immunogenicity induction and clearance from bloodstream, due to the binding of FcR to 

antibody Fc region. Also, the antibody size (~ 150 kDa) difficult cell internalization. To 

overcome these disadvantages, recombinant techniques have been used to create several 

different therapeutic antibody formats without loss of full antigen affinity [103] and enable 

optimize the molecular size, valence, charge and affinity. 

The primary building blocks of antibody-based therapy are antibody fragments, 

namely Fab and single chain Fv (scFv; 25 kDa). The Fabs and the scFv induce less 

immunogenicity than the whole antibody due to the absence of Fc fragment and retain the 

affinity and specificity due to the presence of CDRs [97]. Importantly, antibody fragments 

can be coupled to the surface of NPs in an oriented manner that allow a better recognition 

of the target. Examples of antibody fragments derivates are Fabs, dimers of antigen-binding 

fragments (F(ab′)2), scFv, single-domain antibodies (sdAbs), among others [62]. Antibody 

fragments are considered less stable than whole antibodies, however they are considered 

safer due to reduced non-specific binding [104]. Conjugation of an antibody ligand to the 

system allows a more selective drug delivery because it enhance the binding of the antibody 

to their target, with higher affinity.  

Nevertheless, ligand orientation on the NPs surface is a critical step for the 

nanosystem’s success. Antibody ligands can be conjugated to NPs by covalent or non-
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covalent methods [62]. Non-covalent linkage involves the adsorption of the targeting ligand 

to the surface of NPs by hydrophobic or electrostatic interactions, for example. With this 

method the orientation of the ligand is not controlled and their binding to the target is 

compromised. Also, in these methods can occur the displacement of the absorbed ligand 

by serum proteins, that can have more affinity for the NPs surface. Ligands covalently linked 

to the NPs form conjugates more stable and allow a more effective targeting to the receptor. 

The covalent attachment of targeting ligands at NPs surface can be performed by several 

chemical methods including carbodiimide chemistry, reactions with N-hydrosuccinimide 

(NHS) active esters, click chemistry reactions such as azide-alkyne cycloaddition and thiol-

ene reaction, and the use of thiol reactive groups [105].  

In antibody conjugation systems there are two mains chemical reactions that might 

be applied [106], the carboxyl-to-amine conjugation reaction and the maleimide-to-

sulfhydryl conjugation reaction. The carbodiimide chemistry is mainly applied to link with a 

covalent bond the amine residues (lysine, histidine and arginine) to a structure with a 

carboxyl group.  The maleimide reaction is applied to antibodies that have cysteine 

residues, once it is the only amino acid that contains a terminal thiol group, necessary to 

this reaction. This method will be highlighted due to its importance in this work. In maleimide 

chemistry (Figure 5) occurs a reaction between maleimide groups and thiol functions, 

forming a stable thioether bond.    

 
 
 
 
 
 
 

 
 
Figure 5. Maleimide-to-sulfhydryl conjugation reaction. 

 

Some proteins present native thiol groups but other thiol functions are absent or 

present in insufficient quantities [107]. Thus, is necessary to generate sulfhydryl groups (-

SH) for the conjugation and it can be done either via heterobifunctional crosslinking agents 

or by reduction of existing disulphide bonds through reductant agents (such DTT and 

TCEP). Antibodies molecules contains disulphide groups that bind the two heavy chains 

and the disulphide bridges between light chain and heavy chain [108]. Selective reduction 

of some or all of the hinge region disulphides between the two heavy chains can result in a 

reduced antibody molecule that still maintains its antigen binding capacity.  
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4.2. Therapeutic Antibodies and Drug Delivery Systems  

Recombinant mAbs have been used to treat several diseases, as cancer, asthma 

and immune and infectious diseases [109]. Their high specificity and affinity allow a targeted 

therapy, avoiding side effects [110]. Despite the numerous advantages, antibody-based 

therapy has several limitations [111]. The challenges of antibody-based therapy include the 

tumor tissue penetration and the mode of action of the drug [112]. The major limitation is 

attributed to drug distribution, since only a low percentage of administrated dose of mAbs 

with large size can achieve the tumor [113] and it happens due to “binding site barrier effect”. 

In “binding site barrier effect”, therapeutic antibodies with high affinity bind their antigen at 

the periphery of the tumor, and therefore the antibody can only reach the inside of the tumor 

when the antigens are all saturated on the periphery. It is possible decrease this effect using 

small antibodies with a low affinity [114].  

The majority of human cancers are solid tumors and to the date, of the eight mAbs 

approved for cancer therapy, only three (trastuzumab, cetuximab, bevacizumab) can be 

used for this type of tumors [113]. Solid tumors have anatomical and physiological 

properties that make them hard to penetrate, making a challenge the delivery of effective 

concentration of the therapeutic antibody [115].  

Antibody encapsulation in nanosystems has emerged as an alternative for antibody 

therapy as it allows to overcome many of the disadvantages and minimize limitations of 

antibody delivery [116]. The encapsulation of antibodies into nanocarriers reduce unwanted 

systemic antibody exposure and allow the administration of a lower dose, decreasing 

toxicity and increasing the patient compliance. Also, allows a sustained antibody release, 

keeping the plasma concentration of antibodies in a therapeutic range. Furthermore, 

Srinivasan et al. concluded that antibody nanoencapsulation allows an antibody delivery in 

intracellular components of the cell, for a targeted drug delivery, with lower toxicity [117]. 

Different types of nanocarriers with mAbs have been developed and NPs for 

antibody delivery can be produced using biocompatible and biodegradable polymers, lipids 

or organometallic compounds. Among the different type of polymers, PLGA is the most 

commonly used polymer in antibody-loaded nanocarriers once it promotes a controlled 

release of antibodies, allowing a potency enhancement of the therapy [69]. To encapsulate 

antibodies, the most used method is the modified solvent emulsification-evaporation 

method based on a water-oil-water (w/o/w) double emulsion technique. In most cases, this 

technique offers high encapsulation/association efficiency and a controlled release of the 

antibody. However, nanoencapsulation of antibodies is a critical process once can occur 
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precipitation and/or aggregation of the antibody that can lead to the instability of antibody 

and consequent loss of activity [118]. Effects of double emulsion technique on bevacizumab 

activity were studied by Varshochian et al. and concluded that the water/oil interface is the 

most destabilizing factor. In the formation of the primary emulsion, the antibody tends to 

migrate to the interface and can lead to its unfolding. The entrapped antibody can potentially 

interact with the NP matrix and change the antibody structure, which can produce stability 

issues, loss of bioactivity and increased immunogenicity. In fact, it is necessary assure the 

stability and bioactivity of antibody when loaded in NPs. 

4.3. Bevacizumab  

Approximately fifty mAbs are approved by the FDA up to date, since the first mAb 

was licensed in 1986 [119]. Bevacizumab (Avastin®) is a VEGF-neutralizing mAb and was 

the first angiogenesis inhibitor to be approved by FDA in 2004 for the treatment of advanced 

colon cancer [120]. Is now indicated for mCRC, with intravenous 5-FU-based chemotherapy 

for first- or second-line treatment [121]. 

Bevacizumab is a humanized immunoglobulin G 1 (IgG1) that binds to human 

vascular endothelial growth factor A (VEGF-A) and interacts with VEGF receptor tyrosine 

kinases [122]. VEGF-A is a key regulator of angiogenesis [44] and has a role in the 

promotion of growth vascular endothelial cells, regulation of vascular permeability and 

vasodilatation, and induction of endothelial migration [123]. VEGF expression is regulated 

by hypoxia that increases its transcription by hypoxia-inducible factor 1 (HIF-1). In CRC, 

interaction of IL-6 with HIF-1 increase the expression of VEGF, contributing for tumor 

growth. VEGF-A blockade with bevacizumab decreases tumor perfusion, angiogenesis, 

microvascular density and interstitial fluid pressure in CRCs’ patients [124]. Bevacizumab 

can be used in treatment of several diseases: age-related macular degeneration [125], 

retinal neovascularization [126], inflammatory diseases of the eye [127], and several 

cancers, such as cervical cancer [128], mCRC and non-small cell lung carcinoma, among 

others [102]. Although bevacizumab shows good antiangiogenic activity in some patients, 

in others the therapy is not effective due to tumor resistance [129]. It is usually administrated 

every 2 or 3 weeks by intravenous route for cancer treatment [130]. On the other hand, the 

treatment of ocular diseases implies multiples administrations by intraocular route since 

half-life of bevacizumab by ocular route is small (between 7-10 days) [131]. Thus, patient 

compliance to therapy can be compromised [127] due to the possible onset of different 

complications such retinal detachment, endophthalmitis and vitreous haemorrhage [132].  
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Antibody-based therapy has several limitations due to large size of antibodies which 

leads to a limited pharmacokinetics and a low tumor penetration. Also, this type of treatment 

has the need of multiple administrations, resulting in high doses and an expensive therapy 

[116]. These drawbacks can be overcome by the encapsulation of bevacizumab into 

nanocarriers. In recent years, different types of nanosystems have been developed to 

encapsulate bevacizumab. A  recent study showed that encapsulation of bevacizumab in 

chitosan NPs promotes an inhibitory effect of VEGF [133]. Battaglia et al. produced 

bevacizumab-loaded solid lipid NPs (SLNs) and the results have shown that antiproliferative 

and antiangiogenic bevacizumab activity in glioblastoma (GBM) treatment was increased 

100-200 fold when delivered by SLNs compared to free bevacizumab [134]. Other study 

successfully encapsulated bevacizumab into nanostructured mesoporous silica films [135]. 

The use of PLGA NPs as nanosystems to bevacizumab delivery overcome some limitations 

of antibody-based therapy [114] allowing the modulation of release profile of bevacizumab 

[130] and potentiate its intracellular delivery to cells [134]. PLGA allows a controlled release 

of the drug [136] and the antibody release profile by PLGA NPs usually have an initial burst 

release, attributed to the large molecular size of bevacizumab, followed by a slower release 

that occurs due to diffusion and degradation of polymer [114, 118].  Previous studies 

showed that is possible have a sustained release of bevacizumab from PLGA NPs over 

time [130], once the NPs could be retained in the cytoplasm resulting in sustained 

intracellular drug levels. In specific, a study showed that bevacizumab was released by 

polymeric NPs after 30 days of incubation [125] and another study showed a release of 

bevacizumab over 91 days [116]. It is also known that the release of NPs produced through 

PLGA 50:50, used in the present work, achieve a complete degradation profile after two 

months [137].  As well, it was demonstrated that the release profile of bevacizumab is pH-

dependent, meaning that the quantity of bevacizumab release increase with higher pHs. 

Bevacizumab has an isoelectric point of 8.3 and at pH below this value, bevacizumab is 

positively charged. As PLGA NPs have a negative charge, there is a strong electrostatic 

attraction between the NPs and the antibody at pH lower than 8.3, decreasing the release 

rate [130]. A slow release profile of the drug allows a reduction of the frequency of 

administrations, increasing overall treatment convenience and reducing the cost of therapy.  
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Chapter II – Aims of the Thesis  

 The general objective of this dissertation was to design and characterize a NP 

system to specifically target CRC overexpressing CD44v6. The NPs were produced with 

low toxicity polymers, PLGA and PEG, to deliver intracellularly bevacizumab to CD44v6 

cell-surface receptor overexpressed in cancer cells. This system was functionalized with a 

human antibody fragment with specificity for CD44v6 overexpressed in mCRC. This 

targeting system, with a loaded mAb and functionalized with a Fab, has never been made 

before and intends to be more specific for carcinogenic cells, increasing the efficacy of the 

drug with lower toxicity in healthy cells. 

The specific aims of this dissertation were: 

1. Produce and characterize bevacizumab-loaded PLGA-PEG NPs 

functionalized with v6 Fab; 

2. Study the toxicity of NPs in cancer cells with and without overexpression of 

CD44v6;  

3. Characterize biologically the produced NPs for binding specificity and affinity 

to CD44v6 as a surface receptor of cancer cells; 

4. Demonstrate the cell uptake of NPs and evaluate its specificity and affinity 

to CD44v6; 

5. Characterize the intracellular levels of bevacizumab and VEGF after 

incubation of NPs in CD44v6 expressing cancer cells.  
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Chapter III – Materials and Methods  

1. Materials  

The human stomach adenocarcinoma epithelial cell lines MKN74-CD44std and 

MKN74-CD44v6+ were purchased from Japanese Collection of Research Bioresources 

(JCRB) Cell Bank, Japan. The Roswell Park Memorial Institute (RPMI) medium and 

Versene were acquired from ThermoFisher Scientific, USA. The fetal bovine serum (FBS) 

was purchased from Biochrom AG (Germany) and geneticin was acquired from Santa Cruz 

Biotechnology (USA). Poly(lactic-co-glycolic acid) with 50:50 LA:GA ratio (PLGA 5004 A, 

44,000 Da) was kindly offered by Corbion-Purac Biomaterials (Netherlands). Poly(lactic-co-

glycolic)-b-poly(ethylene glycol)-Maleimide (PLGA-PEG-Mal, 30,000-5,000 Da) and 

Poly(lactic-co-glycolic acid)-Flamma Fluor FKR648 (PLGA-FKR648, 20,000-30,000 Da) 

were purchased from PolySciTech (USA). The surfactant Poloxamer 407 (Pluronic® F127) 

was kindly offered from BASF (USA). The mAb Bevacizumab (Avastin®) was kindly offered 

by pharmacy of Centro Hospital do Porto. The Amicon centrifuge filters (100 kDa MWCO) 

were acquired from Merck (USA) and TMB (3,3′,5,5′-Tetramethylbenzidine) substrate from 

Thermo Fisher Scientific (USA). For the high-pressure liquid chromatography (HPLC) 

analysis, Trifluoroacetic acid (TFA) from Acros Organics (USA) and Acetonitrile HPLC 

Gradient Grade from Fisher Scientific (UK) were used. Ethyl acetate (EA) and Triazolyl Blue 

Tetrazolium Bromide (MTT) were purchased from Sigma (USA). Fab anti-CD44v6 was 

bought in Bio-Rad (USA). The antibodies used include horse radish peroxidase (HRP)-

conjugated goat anti-human secondary antibody (anti-human-HRP), from Milipore (USA), 

PE (Phycoerythrin) human anti-VEGFA antibody from Abcam (UK) and APC 

(Allophycocyanin) anti-human IgG Fc were acquired from Biolegend (USA).  

2. Methods  

2.1. Cell Culture  

MKN74 cell line is a human epithelial cell line derived from a moderately 

differentiated tubular adenocarcinoma (intestinal-type carcinoma) and the gastric cancer 

cell model system used is based on cells with forced overexpression of CD44v6 in order to 

ensure gastro-intestinal CD44v6-expressing cell specificity (MKN74-CD44v6+). The cells 

were modified with an expression vector containing green fluorescent protein (GFP). This 
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GFP expression of the cells dictated the choice of fluorophore used in cell studies. MKN74 

cells with forced CD44v6 expression (MKN74-CD44v6+) were used as testing model and 

MKN74 cells expressing the standard version of CD44 (MKN74-CD44std) were the control. 

Previous work validated the utility of modified MKN74 cells, ensuring that the transfected 

cell model could monitor binding of v6 Fab NPs to the cells [56]. 

MKN74 cell lines were maintained in RPMI medium supplemented with 10% (v/v) 

FBS and 0.5 mg/mL geneticin to maintain selection pressure of CD44v6 expressing cells. 

The cells were sub-cultured when 80% confluency was reached and maintained at 37°C 

and 5% CO2 in a water-saturated atmosphere in an incubator.  

2.2. Production of PLGA-PEG Nanoparticles  

The optimization of the protocol for the encapsulation of bevacizumab in PLGA-PEG 

NPs was based on work previously developed [130, 137], where PLGA NPs (without PEG) 

were produced using a modified solvent emulsification-evaporation method based on a 

w/o/w double emulsion. In double emulsion technique, polymers were dissolved in organic 

solvent, EA. The hydrophobic solution was then emulsified with an aqueous phase 

containing the drug to be encapsulated or water, in case of empty NPs. The first created 

emulsion was added to a surfactant, to form the w/o/w emulsion using sonication. This 

emulsion was left under magnetic agitation for 3 h at 300 rpm to evaporate the organic 

solvent. After the 3 h, the NPs formed were separated from the surfactant and non-

encapsulated drug by centrifugation.  

A work studied the influence of surfactants of ligand-decorated PLGA-PEG NPs on 

target recognition and showed that PLGA-PEG NPs functionalized with v6 Fab made from 

2% Poloxamer 407 had the highest target binding in MKN74-CD44v6+ cells [138]. Thus, all 

the NPs formulations developed in the present work were produced with 2% Poloxamer 

407.  

The method was performed with the following percentages: 80% of PLGA 50:50, 

10% of PLGA-FKR648 and 10% of PLGA-PEG-Mal. FKR648, a red channel fluorophore 

with absorbance at 642 nm and emission at 663 nm, was selected to reduce the interference 

of GFP from the cells with detection of the fluorescent NPs. Twenty mg of total PLGA were 

dissolved in 1 mL of EA overnight at room temperature (RT). Then, 80 μL of 25 mg/mL 

bevacizumab solution (Avastin®) were added, and the first emulsion was homogenized for 

30 seconds using a Vibra-Cell™ ultrasonic processor with 70% of amplitude. After the 

primary emulsion, 4 mL of 2% Poloxamer 407 in phosphate buffer at pH 8.3 were added 
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into the primary emulsion (w/o) and mixed with similar sonication conditions. Finally, the 

second emulsion (w/o/w) was added into 7.5 mL of the same surfactant solution and left in 

the fume hood under magnetic stirring at 300 rpm during 3 hours for organic solvent 

evaporation. Empty PLGA-PEG NPs (without antibody encapsulation) were processed 

similarly but 80 μL of ultrapure water was used as aqueous phase, instead of antibody 

solution. Bevacizumab-loaded PLGA-PEG NPs were washed once at 10,000 x g for 20 min 

at 4°C. The obtained empty PLGA-PEG NPs were washed three times with 10 mL ultrapure 

water using Amicon centrifuge filters (100 kDa MWCO) at 3,000 x g during 10 min at 4°C. 

The final NPs concentrations before functionalization equals to 2 µg/µL. PLGA-

FKR648/PEG-Mal NPs that were encapsulated with bevacizumab were termed 

“bevacizumab-loaded PLGA-PEG NPs” and NPs without drug were called “empty PLGA-

PEG NPs”. Figure 6 shows a schematic representation of the NPs production. 

 

 

Figure 6. Production of bevacizumab-loaded PLGA-PEG NPs by double emulsion technique. 

Bevacizumab was added to the polymers dissolved in EA and sonicated to form the first emulsion 

(w/o). The first emulsion was immediately added to the surfactant solution and sonicated, forming 

the second emulsion (w/o/w). The evaporation of the organic solvent leads to the formation of NPs.  

2.3. Functionalization of Nanoparticles with the Antibody Fragment AbD15179 

Previous work tested different molar ratios of Fab:PLGA during Fab conjugation to 

the PLGA-PEG NPs, to investigate which ratio demonstrate the strongest binding to 

MKN74-CD44v6+ cells [56]. The results showed that a Fab:PLGA ratio of 1:25 has the 

better ratio for cell studies and it was the ratio used in this work.  

The thiol-Michael addition click based on conjugation to a maleimide functional 

group was applied to perform the conjugation reaction between the thiol group (-SH) of the 

three C-terminal cysteines of antibody fragment AbD15179 specific for CD44v6 (v6 Fab), 

and the maleimide end-groups of PEG chains in the PLGA-PEG NPs (Figure 7). Briefly, 



 
 
 

24 

Fabs were diluted to reach a final concentration of 1 μM in 1x PBS pH 7.4 and ultrapure 

water. Then, Fabs were reduced with TCEP (tris(2-carboxyethyl)phosphine) at a final 

concentration of 3 μM, to allow mild reduction of the C-terminal cysteines and incubated for 

1-2 hours at 4°C before NPs addition. To perform the conjugation of the Fab to the 

maleimide group of NPs, 25 μL of PLGA-PEG NPs at 2 µg/µL were centrifugated at 10,000 

x g for 10 min at 4°C. The pellet was resuspended in 50 µL of Fab at 1 µM, to maintain a 

NPs concentration of 1 µg/µL, which equals to a molar ratio of 1:25 Fab:PLGA. NPs without 

Fab conjugation were processed similarly but with PBS only. After overnight incubation at 

4°C, the NPs were washed three times by centrifugation at 10,000 x g during 10 min at 4°C 

with 200 μL of ultrapure water. In the last wash, the NPs were resuspended in 50 μL of 

ultrapure water. All NPs were maintained in low light conditions, and each formulation was 

performed in triplicate. PLGA-FKR648/PEG-Mal NPs that were conjugated with the human 

AbD15179 Fab were termed “v6 Fab-PLGA-PEG NPs”. NPs conjugated with human 

negative control Fab, called (-) Fab-PLGA-PEG NPs, were produced to ensure that any 

downstream NP binding were due to CD44v6 specificity and not from the presence of 

another conjugated protein. NPs without any Fab conjugation were termed “bare PLGA-

PEG NPs”. 

 

 

 
 
Figure 7. Functionalization of PLGA-PEG NPs surface with v6 Fab through maleimide-thiol 

conjugation chemistry. v6 Fab was mildly reduced with TCEP and added to the washed PLGA-PEG 

NPs to produce PLGA-PEG NPs conjugated with a human Fab specific for human CD44v6. 

2.4. Physicochemical Characterization of Nanoparticles 

NPs were characterized for their hydrodynamic diameter and polydispersity index 

(PdI) through dynamic light scattering (DLS) method. Zeta potential was measured by 

electrophoretic light scattering (ELS). Both methods were performed using the Malvern 

Zetasizer Nano ZS instrument (Malvern Instruments, UK). The samples were diluted 1:100 
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in sodium chloride (NaCl) 10 mM solution at pH 7.4. Three measurements were taken for 

each of the triplicate NP formulations.  

Transmission electron microscopy (TEM) was used to visualize the morphology of 

the bare and v6 Fab-PLGA-PEG NPs. All samples were mounted in a copper grill and 

treated with 2% uranyl acetate (negative staining). The particles were observed through a 

JEOL JEM-1400 TEM electron microscope (JEOL, USA). 

2.5. Determination of Fab Conjugation Efficacy to the Nanoparticles  

Enzyme-linked immunosorbent assay (ELISA) was performed to determine the 

conjugation efficacy of the Fabs to the PLGA-PEG NPs. Briefly, 10 μg of functionalized NPs 

and non-functionalized NPs (for control purpose) were diluted in 50 μL of 50 mM 

bicarbonate/carbonate coating buffer at pH 9.6 and added to the 96-well plate in duplicate, 

for 3 h at 37°C. Blocking was achieved with 100 μL of 1% bovine serum albumin (BSA) in 

1x PBS at pH 7.4 for 1 h at 37°C. The Fab was detected with 50 μL of anti-human-HRP 

diluted 1:5000 in PBS for 1 h at 37°C. 50 μL of TMB substrate was added to the wells, and 

the reaction was stopped with 50 μL of 2M sulfuric acid. Absorbance at 450 nm was 

measured with a microplate reader (BioTek Synergy Mx). Between each of the steps, each 

well was washed three times with 100 μL of PBS containing 0.1% Tween-20 (PBST). A 

standard curve of known v6 Fab concentrations (200, 100, 50, 40, 25, 15, 10, 6.25, 3.125 

and 1.562 ng/µL) was also run in parallel. 

2.6. Determination of Bevacizumab Content of Nanoparticles 

Association efficiency (AE) and drug loading (DL) are two important parameters to 

characterize the bevacizumab content of PLGA-PEG NPs. Therefore, the AE and DL were 

calculated by indirect method. The values of AE and DL were calculated using the following 

equations 1 and 2, respectively, considering free bevacizumab amount in the supernatant 

after washing procedure of PLGA-PEG NPs: 

AE  (%) =
total amount of bevacizumab−free bevacizumab in supernatant

total amount of bevacizumab
× 100         ( 1 ) 

 

DL  (%) =
total amount of bevacizumab−free bevacizumab in supernatant

total dry weight of nanoparticles
× 100         ( 2 ) 

 

A validated reversed-phase high pressure liquid chromatography (RP-HPLC) 

method with fluorescence detection [139] was used to evaluated indirectly the bevacizumab 
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payload from fresh PLGA-PEG NPs. Measurements were perform using a Shimadzu UFLC 

Prominence System coupled with a Shimadzu RF-10AXL fluorescence detector with 

excitation wavelength at 280 nm and emission at 360 nm. For HPLC analysis, it was used 

a Zorbax SB 300SB-C8 Narrow-bore column with 5 μm particle size, 2.1 mm internal 

diameter x 260 mm length from Agilent Technologies (Santa Clara, CA, USA). The mobile 

phase consisted of 0.1% TFA in ultrapure water (eluent A) and 0.1% TFA in acetonitrile 

(eluent B) at a flow rate of 1.0 mL/min in a gradient mode. The gradient started at 35% of 

eluent B for 1 min, was increased to 45% in 0.1 min and kept constant from 1.1 to 6 min. 

Eluent B was then decreased to 35% in 0.1 min and kept constant from 6.1 to 14 min. The 

temperature of the column was maintained at 75 °C and the injection volume was 2 μL. The 

total area of the peak was used to quantify bevacizumab. A standard curve of known 

bevacizumab concentrations (1, 5, 10, 25, 50, 75 and 100 µg/mL) was also run in parallel. 

2.7. Nanoparticles Cytotoxicity 

To test the cytotoxicity of the NPs, MTT assay was performed in MKN74-CD44std 

and MKN74-CD44v6+ cell lines. To assess the ideal cell density for the MTT assay, it was 

performed a calibration curve for both cell lines. MKN74-CD44std and MKN74-CD44v6+ 

cells were seeded at 8,000 and 6,000 cells/well, respectively, in 96-well plates and 

incubated for 24 h in a cell incubator at 37°C and 5% CO2. The culture medium was 

removed, replaced with 200 µL of different concentrations of NPs (5 and 50 µg/mL) or free 

bevacizumab (0.5 and 5 µg/mL) dissolved in supplemented RPMI medium in each well and 

incubated for 24 h at 37°C in a 5% CO2 air atmosphere. For control purpose, cultured cells 

were treated with supplemented medium (positive control), 1% (v/v) Triton-X in 

supplemented medium (negative control), and for the background, wells of each plate were 

devoted with supplemented medium only, without cells. After 24 h, the cells were washed 

three times with PBS, replaced with 200 µL of MTT solution per well (at a final concentration 

of 0.5 mg/mL in supplemented RPMI medium) and incubated for 4 h at 37°C in a 5% CO2 

air atmosphere. The reaction was stopped by removing the medium and adding 200 µL of 

dimethyl sulfoxide (DMSO). After 20 minutes of shaking at RT in the dark, the plate was 

measured with a microtiter plate reader (BioTek Synergy Mx) at 570 nm and 630 nm 

absorbance. The values of 630 nm absorbance were subtracted from the values of 570 nm 

absorbance, and this subtracted value was used to calculate the percentage of cell viability 

following the equation 3. 

Cell viability  (%) =
experimental value−negative control

positive control−negative control
× 100   ( 3 ) 
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2.8. Binding of Nanoparticles to the Surface of Cells Expressing CD44v6 

Fluorescence-activated cell sorting (FACS) was performed to determine binding of 

the NPs to the surface of MKN74 cells with or without overexpression of CD44v6. Cells 

seeded in a T-75 flask with ~80% confluency were detached with versene and fixed with 

0.1% sodium azide (NaN3) in PBS supplemented with 10% FBS for 30 min. Hundred 

thousand cells per well were added to a 96-well plate with round-bottom wells and 50 µg/mL 

of bare, (-) Fab and v6 Fab-PLGA-PEG NPs were incubated with the cells for 2 h, followed 

by three washes with PBS. All the steps took place on ice. The binding of NPs to the surface 

of cells was determined by measuring the intensity of the red channel fluorophore FKR648 

with the BD AccuriTM C6 Plus (BD Biosciences). The data was analysed with FlowJo v10 by 

determination of mean fluorescence intensity (MFI).  

2.9. In Vitro Cell Uptake Studies 

To perform in vitro internalization studies, MKN74-CD44v6+ and MKN74-CD44std 

were seeded at 40,000 cells/well in 24-well plates in RPMI complete medium and cultured 

for 24 h at 37°C and 5% CO2. After 24 h, 50 µg/mL of NPs (bare NPs, (-) Fab-PLGA-PEG 

NPs and v6 Fab-PLGA-PEG NPs) were added to each well in RPMI medium without the 

FBS and geneticin supplements. As control, the cells were maintained in medium (cells 

only). After incubation, the cultured cells were washed twice with PBS, detached with 

Trypsin/EDTA (T/E) and centrifugated at 1300 rpm for 7 min at 4°C. After the discard of 

supernatant, the cells were washed in PBS and centrifugated once more to resuspended in 

100 µL of PBS in order to analyse immediately by flow cytometry. Fluorescence intensity of 

the red channel fluorophore FKR648 was measured with the BD AccuriTM C6 Plus (BD 

Biosciences). The data was analysed with FlowJo v10 by determination of MFI. 

2.10. Intracellular Staining of Bevacizumab and VEGF 

To assess if bevacizumab-loaded PLGA-PEG NPs were internalized in cells and to 

evaluate the intracellular levels of VEGF upon bevacizumab treatment, it was performed a 

protocol to study the intracellular levels of bevacizumab and VEGF after the incubation of 

NPs in MKN74-CD44v6+ cells. Three hundred thousand of cells/well were seeded in 1 mL 

of RPMI medium supplemented in 6-well plates and cultured for 24 h at 37°C and 5% CO2. 

In the next day, the cells were either maintained in medium without supplements (cells only) 

or incubated with 50 µg of (-) Fab or v6 Fab bevacizumab-loaded PLGA-PEG NPs, in RPMI 
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without supplements, for 24 h at 37°C and 5% CO2 atmosphere. As another control, cells 

were also incubated with the same quantity of free bevacizumab that was present at the 

concentration of incubated NPs.  

After 20 h of cell seeding, a cell stimulation cocktail was added to the cells in RPMI 

medium without supplements. The cell stimulation cocktail consisted in a mixture of 50 

ng/mL of PMA (phorbol 12-myristate 13-acetate), 500 ng/mL of ionomycin and 10 µg/mL of 

Brefeldin A. PMA and ionomycin activated the cells leading to cytokines production that are 

captured in the rough endoplasmic reticulum and Golgi apparatus. This localization of 

cytokines is caused by the protein transport inhibitor Brefeldin A, which blocks intracellular 

protein transport, thus allowing intracellular detection of the secreted proteins by 

immunofluorescent staining [140]. After 24 h of the NPs incubation, the medium was 

collected to a tube and the cells were detached with ice cold PBS with the help of a scrapper. 

Then, the cells were removed to the same falcon and centrifuged at 1200 rpm for 5 min at 

4°C. The supernatant was discarded, the cells were resuspended in PBS and the same 

volume of 4% paraformaldehyde (PFA) was added. The incubation took place at RT, in the 

dark, for 20 minutes. After the fixation step, the cell suspension was centrifuged once more 

and resuspended in 1 mL of FACS buffer (PBS/sodium azide/BSA).  

Two hundred thousand cells/well (~200 µL) were plated in 96-well plate with round-

bottom wells and centrifuged at 2000 rpm for 10 seconds at 4°C. The supernatant was 

discarded, and the cells were incubated with 200 µL of permeabilization buffer (10% 

saponin/FACS buffer) for 10 minutes at ice. Then the cells were centrifuged at 2000 rpm for 

10 seconds at 4°C. After discard the supernatant, it was added in each well 30 µL of 

intracellular antibody (Recombinant Anti-VEGFA antibody and APC anti-human IgG Fc 

antibody) diluted at 1:30 in permeabilization buffer and incubated 20 minutes at ice, in the 

dark.  

To stain intracellular VEGF levels, it was used a PE human anti-VEGFA antibody, 

diluted at 1:30, which was detected by flow cytometry by the fluorescent protein label PE.  

For bevacizumab staining, APC anti-human IgG Fc antibody at a dilution of 1:30 was used. 

This antibody was detected by flow cytometry by the fluorescent protein label APC. The 

tested samples (cells only, free bevacizumab, (-) Fab and v6 Fab bevacizumab-loaded 

PLGA-PEG NPs) were incubated with a mixture of the antibodies.  

 To stop the incubation, 200 µL of FACS buffer was added, the cells were 

centrifuged one more time at 2000 rpm for 10 seconds at 4°C and resuspended in 100 µL 

of FACS buffer. Therefore, the cells were posteriorly stored at 4°C, protected from light, and 
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analysed as soon as possible with the BD AccuriTM C6 Plus (BD Biosciences). The data 

was analysed with FlowJo v10.  

2.11. Statistical Analysis 

Statistical analysis was performed by the GraphPad Prism Software version 8.0.2. 

Normally was evaluated using Shapiro-Wilk test. Differences between groups were 

analysed by one-way ANOVA with Dunnett's multiple comparisons test. The statistical 

differences were considered significative at * p< 0.05; very significative at ** p < 0.01; highly 

significative at *** p < 0.001 and extremely significative at **** p < 0.0001. 
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Chapter IV – Results and Discussion   

The objective of this work was to produce and characterize PLGA-PEG NPs loaded 

with bevacizumab and conjugated with a human Fab specific for CD44v6 expressing CRC 

cells, for an intracellular delivery of the drug with lower toxicity. Initially, NPs were produced 

and characterized regarding size, charge and shape and its toxicity was evaluated in cancer 

cells. Then, the specificity of v6 Fab-PLGA-PEG NPs was tested in cancer cells 

overexpressing CD44v6, namely the binding to the cell surface and the cell uptake. Lastly, 

it was evaluated the ability of NPs deliver bevacizumab intracellularly and its anti-angiogenic 

activity through VEGF levels. 

1. Physicochemical Characterization of Nanoparticles  

Modified solvent emulsification-evaporation method based on a w/o/w double 

emulsion technique was the method used to produce empty and bevacizumab-loaded 

PLGA-PEG NPs. All NPs formulations were characterized after production regarding 

particle size, PdI and surface charge (Table 1 and Figure 8). Mean particle size (Z-average 

or hydrodynamic radius) and surface charge (Zeta potential) are the two most commonly 

mentioned factors that are responsible for a range of biological effects of NPs [141] and 

were measured by DLS and ELS, respectively. Zeta potential is the potential at the 

slipping/shear plane of a colloid particle moving under electric field, and its widely used to 

assess the surface charge of NPs. PdI was used to characterize the NP size distribution, 

where small values of PdI (near to zero) confirm the uniformity of size distribution.   
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Table 1. Physicochemical characterization of the PLGA-PEG NPs. Z-average (size), polydispersity 

index (PdI) and Zeta-potential (charge) of the empty and bevacizumab-loaded PLGA-PEG NPs, with 

or without functionalization with v6 Fab, measured by DLS and ELS. Values represent mean ± 

standard deviation (n=3).  

Formulation Bevacizumab 
Z-average (size, 

nm) 
Polydispersity Index 

(PdI) 
Zeta Potential 
(charge, mV) 

Bare PLGA-PEG 
NPs 

- 124.1 ± 0.1 0.098 ± 0.015 -4.5 ± 0.2 

+ 183.5 ± 4.9 0.388 ± 0.044 -6.4 ± 1.1 

(-) Fab-PLGA-PEG 
NPs 

- 167.2 ± 2.5 0.235 ± 0.005 -6.1 ± 0.8 

+ 253.5 ± 1.4 0.353 ± 0.003 -9.8 ± 0.1 

v6 Fab-PLGA-PEG 
NPs 

- 245.4 ± 2.9 0.186 ± 0.013 -8.2 ± 0.5 

+ 345.8 ± 16.4 0.382 ± 0.072 -12.0 ± 0.9 
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Figure 8. Comparison of (A) size and (B) charge between empty and bevacizumab-loaded PLGA-

PEG NPs. In both graphs, bars represent mean values ± standard deviation (n=3). The statistical 

differences are given for non-significant (ns) at p> 0.05; significative at * p< 0.05; very significative 

at ** p < 0.01; highly significative at *** p < 0.001 and extremely significative at **** p < 0.0001. 

 

Before proceeding with encapsulation of bevacizumab into PLGA-PEG NPs and 

functionalization of bevacizumab-loaded PLGA-PEG-NPs, the empty PLGA-PEG NPs were 

produced and functionalized with v6 Fab. The empty v6 Fab-PLGA-PEG NPs show an 

increase in size and decrease in charge than the ones without any Fab. This possibly 

indicates the presence of the v6 Fab at the surface of the NPs. To confirm the 

functionalization of NPs with the v6 Fab, it was performed an ELISA. The values were 

interpolated from a standard curve with known v6 Fab concentrations (Figure S1) and the 
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results showed a conjugation efficiency of 86.08 ± 5.53%. This result demonstrated that the 

conjugation of the v6 Fab to the surface of PLGA-PEG NPs was effective.  

The initial protocol to produce bevacizumab-loaded PLGA-PEG NPs consisted in 

the use of 80% of PLGA-COOH, 10% of PLGA-PEG-Mal, 10% of PLGA-FKR648 and as 

surfactant, 2% (w/v) of Poloxamer 407 dissolved in ultrapure water at pH 7.4. However, the 

NPs produced with these conditions showed a size near 400-500 nm and a PdI near 0.5 

before the washing steps. After the washes, the size and PdI increased even more, making 

functionalization with the antibody fragment impossible. Several hypotheses were placed 

that could be carrying such a large particle size, namely the amount of antibody introduced 

into the particle in relation to the PLGA mass, and the existence of reactivity between the 

PEG-Mal chemical group and the bevacizumab. Therefore, to discard those hypotheses, 

different types of PLGA (PLGA-PEG-NH2 and PLGA-PEG-COOH) and different 

concentrations of the aqueous phase were tested. However, the particle size remained at 

400-500 nm prior to washes (data not shown). Next, it was tested the production of PLGA-

PEG NPs with 2% Poloxamer 407 prepared in phosphate buffer instead of ultrapure water, 

at pH 8.3, which is the isoelectric point of bevacizumab. This pH was chosen to verify if the 

stability of formulations was affected and to increase the theoretical AE. The surfactant 

solution made in buffered solution, instead of made in water, allows the maintenance of the 

pH imposed during the NPs production and purification.  

The bevacizumab-loaded PLGA-PEG NPs produced with 2% Poloxamer 407 at pH 

8.3 showed a decrease on NPs size for approximately 180-190 nm (Table 1), which 

suggests that the stability of formulations was affected. At the isoelectric point of 

bevacizumab (pH 8.3), the sum of all its electrical charges is zero and above this value 

bevacizumab is negatively charged. Therefore, as molecules are practically neutral at pH 

8.0, the solubility of bevacizumab decreases leading to the onset of monodisperse particles 

and to an increase in AE of the antibody. However, in comparison with the empty PLGA-

PEG NPs, the encapsulation of bevacizumab increases the mean particle size and the PdI 

(Table 1), meaning that the particle size distribution is heterogeneous. The functionalization 

of bevacizumab-loaded PLGA-PEG NPs increases even more the size of the systems. 

These results may be due to the high size of bevacizumab (149 kDa) and absorption of the 

antibody on the NPs surface. The encapsulation of proteins through w/o/w method in PLGA-

PEG NPs can lead to the loss of therapeutic efficacy of the protein due to its 

degradation/denaturation [90, 118]. The protein stability can be affected once the protein is 

exposed in water-organic interface and the homogenization is also a critical step in the 

process. 



 
 
 

34 

All the formulations presented an overall surface charge negative close to neutral. 

Some negative values may be attributed to the acidic properties of PLGA [69]. Zeta potential 

values near to zero are attributed to PEG, which have neutral charge, and when 

measurements are made with sodium chloride solution, the zero values are more evident 

comparatively with measurements made with ultrapure water [142]. 

In summary, the produced NPs have a mean size in the range of 200-300 nm, a PdI 

between 0.1 and 0.4 and a zeta potential between -5 and -10 mV. All types of NPs 

formulations demonstrated mean particle sizes that are considered to be suitable for 

intravenous administration. It has been shown that very small particles can be cleared 

rapidly from the systemic circulation by renal filtration [143] while bigger NPs have the 

potential to become entrapped inside organs of RES, such as liver, spleen and bone marrow 

[144]. After intravenous administration of positively charged NPs, the presence of serum 

proteins can lead to the aggregation of NPs, creating protein corona [145]. These 

aggregates can often be entrapped inside RES organs or cause embolism in blood 

capillaries [146]. For that reason, a negative surface zeta potential values of NPs are 

preferential for long-circulating NPs in the blood [143]. 

Transmission Electron Microscopy (TEM) was used to evaluate the morphology of 

NPs formulations (Figure 9). NPs showed a spherical appearance and a big range of NPs 

size. 
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Figure 9. TEM images of the bare and v6 Fab-PLGA-PEG NPs.  

  



 
 
 

36 

2. Bevacizumab Content of Nanoparticles 

The AE and DL of bevacizumab for PLGA-PEG NPs were evaluated indirectly by a 

validated RP-HPLC method with fluorescence detection [139] and the values were 

interpolated from a standard curve (Figure S2) with known concentrations of bevacizumab. 

The values of bevacizumab-loaded PLGA-PEG NPs showed an AE of 86.52 ± 1.77% and 

a DL of 7.87 ± 0.16%. Indeed, this production protocol of bevacizumab-loaded PLGA-PEG 

NPs demonstrated to effectively encapsulate bevacizumab.  

In order to check if any antibody was lost in the functionalization process, the 

bevacizumab content of v6 Fab bevacizumab-loaded PLGA-PEG NPs was also evaluated. 

However, it was not possible to verify the peak area because the values were residual. A 

comparison of the peaks of the functionalized particles was made with a water sample 

(Figure S3). This may have happened since a very small volume of the formulation at 2 

µg/µL (25 µL) was used to proceed to functionalization process. 

3. Nanoparticles Cytotoxicity  

In order to assess the cell toxicity of the NPs formulations, the percentage of cell 

viability was measured using the MTT reduction assay. First, the cytotoxicity of the empty 

PLGA-PEG NPs was evaluated (Figure 10). Then, it was evaluated the toxicity of 

bevacizumab-loaded PLGA-PEG NPs and free bevacizumab, for comparison purposes 

(Figure 11). The cell lines MKN74-CD44std and MKN74-CD44v6 were used to test 

cytotoxicity after 24 h of NPs incubation.  

It is expected that cell viability would decrease with higher concentrations of 

bevacizumab and NPs, as can be seen in all conditions, in both cell lines. However, it was 

observed more cytotoxicity for bevacizumab-loaded PLGA-PEG NPs which is also expected 

since treatments with bevacizumab are associated with toxicity. Even though, these NPs 

are less toxic than free bevacizumab at the same concentrations (PLGA-PEG NPs 

concentration of 5 and 50 µg/mL correspond to, approximately, 0.5 and 5 µg/mL of 

bevacizumab, respectively).  
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Figure 10. Cytotoxicity of empty PLGA-PEG NPs in (A) MKN74-CD44std and (B) MKN74-CD44v6+ 

cell lines. NPs concentration of 5 and 50 µg/mL correspond to, approximately, 0.5 and 5 µg/mL of 

bevacizumab, respectively. The values are represented as mean and error bars represent the 

standard deviation. n=3 replicates. The dashed line presents 70% of the control value and values 

below are considered cytotoxic. 
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Figure 11. Effect of bevacizumab-loaded PLGA-PEG NPs and free bevacizumab in (A) MKN74-

CD44std and (B) MKN74-CD44v6+ cells. The values are represented as mean and error bars 

represent the standard deviation. n=3 replicates. The dashed line presents 70% of the control value 

and values below are considered cytotoxic.  

 

It is standardized that if cell viability is reduced to < 70%, the compounds have a 

cytotoxic potential. In this way, this NP system is not cytotoxic and the NPs with 

bevacizumab encapsulated are less toxic to the cells in comparison with the free drug. 

These results are in agreement with literature, that show that PLGA NPs do not present 

toxicity in both endothelial [130] and epithelial cell lines [147]. 

4. Specific Binding of v6 Fab-PLGA-PEG Nanoparticles to the Surface of Cells 

In this work, the NPs functionalization was performed to trigger the specific 

recognition of CD44v6 expressed on the surface of cancer cells. To confirm the specific 
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binding of v6 Fab-PLGA-PEG NPs to CD44v6 in cells, it was performed a protocol to 

evaluate the binding of the NPs to the cell surface overexpressing CD44v6 by FACS. 

MKN74-CD44v6+ cells were first detached with versene to impair receptor degradation and 

the use of sodium azide on the fixation process minimizes surface receptor recycling, 

meaning that the receptor on the cell surface was maintained to study the real binding of 

the NPs to the surface receptor.  

Figure 12 show the results of empty PLGA-PEG NPs (Figure 12A) and 

bevacizumab-loaded PLGA-PEG NPs (Figure 12B). First, empty PLGA-PEG NPs 

functionalized with v6 Fab were tested and then proceeded to bevacizumab-loaded PLGA-

PEG NPs functionalized with v6 Fab. For both conditions, the proper negative controls were 

implemented. The assay was performed with the negative control Fab ((-) Fab-PLGA-PEG 

NPs) and a non-expressing cell line to ensure that any NP binding increase in MKN74-

CD44v6+ cell line was due to CD44v6 specificity. 
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Figure 12. Binding of (A) empty PLGA-PEG NPs and (B) bevacizumab-loaded PLGA-PEG NPs to 

CD44v6 on the surface of MKN74-CD44std and MKN74-CD44v6+ cells. The values are represented 

as mean and error bars represent the standard deviation. n=3 replicates. MFIs = mean fluorescence 

intensity. The statistical differences are given by ** p < 0.01; *** p < 0.001. 

 MKN74-CD44std cells showed an increased binding to the surface for the bare and 

(-) Fab empty PLGA-PEG NPs in comparation with empty v6 Fab-PLGA-PEG NPs. This 

demonstrates that empty v6 Fab-PLGA-PEG NPs do not have specificity for cells that 

express CD44std. However, for the bevacizumab-loaded v6 Fab-PLGA-PEG NPs it is 

possible observe a positive significant difference of the binding to the surface of MKN74-

CD44std cells. Though, the difference for these NPs in MKN74-CD44v6+ cells is more 

evident. There was a significant increase in surface binding for v6 functionalized NPs of 

empty and bevacizumab-loaded PLGA-PEG NPs compared to bare and (-) Fab NPs in 

MKN74-CD44v6+ cells, and to v6 functionalized NPs in MKN74-CD44std cells. These 
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differences confirmed the presence of v6 Fab on the NPs. Nevertheless, bare and (-) Fab 

NPs show some cell binding to the CD44v6 cells. This can be explained by the fact that 

MKN74-CD44v6+ cells are modified with a CD44v3-10 variant, that is, there is an 

overexpression of v6 but also some expression of the other variants between 3 and 10. 

That way, is expected a residual binding of the nonspecific NPs to cell receptors.  

In summary, it is possible to see that v6 Fab-PLGA-PEG NPs have a two-fold 

increase in cell binding compared to non-functionalized NPs, confirming the specificity of v6 

functionalized NPs to CD44v6 surface receptor. Furthermore, Figure 11B shows that the 

specificity of v6 Fab-PLGA-PEG NPs is maintained with the encapsulation of bevacizumab.  

5. Cell Uptake Studies 

To ensure that the NPs maintained the specific binding to CD44v6 in live cells, cell 

uptake studies were performed in the same cell lines with the same concentrations of NPs. 

The results were analysed by FACS. 

Figure 13 shows that v6 Fab-PLGA-PEG NPs, both empty (Figure 13A) and 

bevacizumab-loaded (Figure 13B), appear to exhibit a higher significant internalization in 

MKN74-CD44v6+ cells compared with bare and (-) Fab PLGA-PEG NPs, which suggest 

the ability of the v6 functionalized NPs to be internalized more easily than the non-

functionalized NPs. Additionally, v6 functionalized NPs showed a significantly higher uptake 

in MKN74-CD44v6+ cells than MKN74-CD44std cell line, reinforcing the specificity of v6 

Fab NPs to CD44v6 receptor.  

Bare and (-) Fab of empty PLGA-PEG NPs are more internalized than the same 

conditions of bevacizumab-loaded PLGA-PEG NPs. The particle size of empty bare and (-

) Fab PLGA-PEG NPs is around 120-170 nm, while bare and (-) Fab bevacizumab-loaded 

PLGA-PEG NPs have a particle size of 180-250 nm. These particle size differences may 

influence the rate of NPs internalization in cells, since the small size of empty PLGA-PEG 

NPs can provide a faster cell uptake compared to bevacizumab-loaded PLGA-PEG NPs. 
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Figure 13. Binding of (A) empty PLGA-PEG NPs and (B) bevacizumab-loaded PLGA-PEG NPs to 

live cells. The values are represented as mean and error bars represent the standard deviation. n=3 

replicates. MFIs = mean fluorescence intensity. The statistical differences are given by *** p < 0.001. 

 

The results presented in Figure 13 are in agreement with the previous experience 

of the binding to the surface (Figure 12). In this work, the NPs were produced to target 

actively CD44v6 receptor. NPs seems to reach the right target via specific interaction 

between the targeting v6 Fab on the surface of NPs and CD44v6 receptor on the cell 

membrane. This specific recognition promotes the particle internalization.  

6. Evaluation of Intracellular Levels of Bevacizumab and VEGF 

Bevacizumab is a mAb that binds to intracellular VEGF-A and inhibits its interaction 

with VEGF receptor tyrosine kinases [44], inhibiting the angiogenesis process. 

Bevacizumab-loaded PLGA-PEG NPs functionalized with v6 Fab aim to intracellularly 

deliver bevacizumab in order to interact with intracellular VEGF. As previously mentioned, 

v6 Fab-PLGA-PEG NPs were internalized by CD44v6 expressing cancer cells, so the next 

step was to study bevacizumab internalization and its bioactivity through interaction with 

intracellular VEGF.  

To evaluate the intracellular levels of bevacizumab and VEGF, MKN74-CD44v6+ 

cells were incubated with bevacizumab-loaded v6 Fab-PLGA-PEG NPs, and free 

bevacizumab and bevacizumab-loaded (-) Fab-PLGA-PEG NPs, to serve as controls. After 

24 h of incubation, the cells were stained for intracellular VEGF levels with PE human anti-

VEGFA antibody and for intracellular bevacizumab with APC anti-human IgG Fc antibody 

and analysed by FACS.  

From Figure 14, it can be seen that intracellular levels of bevacizumab in the cells 

were significant lower after free bevacizumab incubation compared to the bevacizumab-
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loaded v6 Fab-PLGA-PEG NPs. On the other hand, intracellular levels of bevacizumab 

were also significantly higher in the cells incubated with v6 Fab-PLGA-PEG NPs compared 

to (-) Fab-PLGA-PEG NPs. This means that the v6 Fab-PLGA-PEG NPs were able to 

internalize and deliver the drug to cells, validating the specificity of v6 Fab to CD44v6 

expressing cells.  
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Figure 14. Intracellular fluorescence levels of bevacizumab in MKN74-CD44v6+ cell line, after 

incubation with free bevacizumab, (-) Fab and v6 Fab bevacizumab-loaded PLGA-PEG NPs. The 

values are represented as mean and error bars represent the standard deviation. n=3 replicates. 

MFIs = mean fluorescence intensity. The statistical differences are given by ** p < 0.01; **** p < 

0.0001. 

 

Additionally, other works regarding intracellular delivery of drugs with conjugated 

NPs have been developed. PLGA-PEG NPs conjugated with folate and loaded with a 

chemotherapeutic drug, PTX, were showed to be significantly more effective compared to 

non-targeted NPs in an ovarian peritoneal metastasis model overexpressing folate receptor 

[148], a growth factor receptor involved in invasion and proliferation of tumors [149]. 

Farokhzad et al. developed NPs produced with PLGA-PEG that were encapsulated with 

docetaxel (DTX) and functionalized with a RNA aptamer specific for the prostate-specific 

membrane antigen (PMSA), an antigen expressed on the surface of prostate cancer cells. 

This targeting system demonstrated to have higher efficacy and reduced toxicity of the drug 

when compared with non-targeted NPs [150]. A study developed immunoliposomes 

conjugated with anti-HER2 mAb fragment and loaded with dox, to selective target breast 

cancers with overexpression of HER2 (human epidermal growth factor receptor 2), a cell 

surface receptor that plays an important role in progression of breast cancers, among others 

[151]. The results showed that anti-HER2 immunoliposomes internalized efficiently in cells 

overexpressing HER2, both increasing drug efficacy and reducing systemic toxicity.  
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The results presented so far in this dissertation are in line with previously developed 

work, since PLGA-PEG NPs functionalized with v6 Fab showed to do an effective 

intracellular delivery of bevacizumab to CD44v6 overexpressing cancer cells. 

Then, percentage of intracellular VEGF expressed in cells was studied and the 

Figure 15 showed no significance between the groups. However, although not significant, 

it is possible to observe a tendency in the decrease of intracellular VEGF levels due to the 

bevacizumab internalization. A possible explanation for this, is the fact that IgG derived 

fragments, such Fabs, present a higher ability of tissue penetration than full IgG [127]. More 

significant differences may not have been seen since the concentration of bevacizumab 

incorporated in cells was very low.  
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Figure 15. Percentage of VEGF in MKN74-CD44v6+ cells, after incubation with free bevacizumab, 

(-) Fab and v6 Fab bevacizumab-loaded PLGA-PEG NPs. The values are represented as mean and 

error bars represent the standard deviation. n=3 replicates.  

 

Anti-angiogenic effects of bevacizumab-loaded PLGA NPs in GBM treatment were 

studied by Sousa et al. after intranasal administration of NPs in an orthotopic GBM nude 

mice model [152]. The study showed a significant decrease of VEGF levels with 

bevacizumab-loaded PLGA NPs compared to the free bevacizumab after 2 weeks of 

treatment. In the present work, the experiment was done only with a 24 h time point and it 

was already been shown that bevacizumab release profile is slow [116, 125]. Therefore, the 

biological effect of bevacizumab in decreasing the cellular levels of VEGF may be time 

dependent, which may explain the non-significant difference in VEGF levels after incubation 

with free bevacizumab and bevacizumab-loaded PLGA-PEG NPs. As further work, more 

time points following the treatment of MKN74-CD44v6+ cells with bevacizumab-loaded 

PLGA-PEG NPs could be added to the experiment in order to evaluate more extensively 

the anti-angiogenic effect of bevacizumab.  
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In summary, this study demonstrated that intracellular delivery of bevacizumab was 

efficiently achieved with v6 functionalized PLGA-PEG NPs and that efficacy of the cell 

uptake was higher with v6 functionalized NPs targeted to CD44v6 expressing cancer cells.  
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Chapter V – Conclusions and Future Perspectives 

1. Conclusions  

CRC is one of the deadliest cancers worldwide due to its metastatic potential. 

CD44v6 is a transmembrane protein that plays an important role in the establishment of 

tumors and metastasis, which made this molecule a potential target for therapy and/or 

diagnosis of tumors. Standard chemotherapy regimens recommend for metastatic stages 

of CRC are often associated with severe side effects once they do not target a molecule 

specifically, acting also against the healthy tissues and cells. Targeted therapies combined 

with nanomedicine have been emerged as a strategy in detecting and target specific 

molecules that are overexpressed in cancer, such CD44v6. Targeting ligands based on 

recombinant mAbs are the most commonly used due to their affinity, specificity and 

engineering malleability. 

The therapeutic proposed here is a novel intravenous targeted therapy for mCRC 

with overexpression of CD44v6. The main objective of this work was to develop and 

characterize technologically and biologically PLGA-PEG NPs loaded with a mAb and 

functionalized with a human antibody fragment with specificity for CD44v6.  

 The rationale of v6 Fab-PLGA-PEG NPs displays qualities as a potential nanocarrier 

to target CD44v6. PLGA is one of the most polymers used for NPs formulations because is 

considered biodegradable, biocompatible, allow sustained drug release, have low toxicity 

and is approved by FDA/EMA. Incorporation of PEG turns the formulation less immunogenic 

and minimizes phagocytic recognition for enhanced circulation times. As nanoparticles are 

functionalized with a human antibody fragment and produced with a polymer approved by 

FDA/EMA, it is expected nominal toxicity and well tolerated in humans.  

Overall, NPs demonstrated adequate physical and technological characteristics. v6 

Fab-PLGA-PEG NPs presented a size around 250 nm for empty PLGA-PEG NPs and 350 

nm for bevacizumab-loaded PLGA-PEG NPs and an overall surface charge negative close 

to neutral. Empty PLGA-PEG NPs showed greater uniformity in size as they have lower PdI 

values. Functionalized and bevacizumab-loaded PLGA-PEG NPs had higher PdI values 

which means size heterogeneity. Since the AE of bevacizumab was ~80% with a DL of 7%, 

a low number of particles is necessary to cellular delivery of the bevacizumab and in this 

way, the toxicity of the therapy will be lower that when administrated free bevacizumab. 
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Overall, the formulations did not show cytotoxicity at the concentrations tested, for these 

cells.  

NPs decorated with v6 Fab seemed to bind specifically to CD44v6 on the surface of 

cells, with a lower binding to cells that do not express CD44v6. Encapsulation of 

bevacizumab do not alter the specificity of v6 Fab-PLGA-PEG NPs to CD44v6 expressing 

cells. Bare and (-) Fab PLGA-PEG NPs showed a lower binding, and this probably confirms 

the specificity of v6 Fab to CD44v6 receptor.  

The results of internalization and intracellular staining studies showed that the 

uptake of functionalized NPs did not occur due to unspecific interactions between the Fabs 

and the cells. The functionalization of the PLGA-PEG NPs with the v6 Fab allowed a higher 

uptake by the cells, when compared with non-functionalized NPs, confirming that the v6 

Fab-PLGA-PEG NPs loaded with bevacizumab were specific for the cell-surface receptor 

CD44v6 and allowed an effective antibody intracellular delivery. To further support these 

results, it would be necessary add later times points to the study. Also, an in vitro release 

study could be done to observe the release profile of the drug from v6 Fab-PLGA-PEG NPs.  

In this work it was showed that v6 Fab-PLGA-PEG NPs have the potential to deliver 

bevacizumab in CD44v6 expressing cancer cells. This target delivery system may result in 

higher bioavailability of a therapeutic agent at its site of action, that simultaneously 

increases the effectiveness of the drug, reduce the total dose needed and the side effects 

associated with the drug. It was demonstrated that it is possible to encapsulate a mAb in 

PLGA-PEG NPs and then functionalize with an antibody fragment for a specific and 

effective intracellular delivery of the drug. The nanocarrier developed in this dissertation 

present clinical potential and provide a launching point for future improvements and 

therapeutic and/or diagnostic opportunities. Though, its use in drug delivery requires further 

investigation and optimization. 

2. Future Perspectives 

The targeted nanosystem developed here can be optimized in different parameters. 

A release profile of the encapsulated drug can be done to study how the bevacizumab are 

released over time through PLGA-PEG NPs functionalized with a Fab. Also, it could be 

study if the Fab is dissociated of the surface of NPs along time.  

Other nanocarriers can be developed based in this work, namely NPs loaded with 

mAbs with different chemical and/or biological properties and be applied in treatment or 
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diagnostic for other types of cancer or other diseases. Similarly, as NPs were functionalized 

with maleimide-thiol reaction, it is possible to conjugate the NPs to other ligands or other 

Fabs against different molecular targets.  

NPs produced here were incorporated with a fluorescent dye (FKR648), which 

allows in a future work monitoring the systemic delivery of NPs in real time, in tumors with 

and without overexpression of CD44v6.  In this way, it would be possible treat and monitor, 

at the same time, the progression of a tumor.  

Lastly, as NPs were produced in low quantities, other methodologies with a higher 

output of production can be explored. For example, microfluidic platforms have been 

developed to scaling up the systems [153, 154]. 
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Figure S1. Standard curve of logarithmic v6 Fab standard concentrations (200, 100, 50, 40, 25, 15, 

10, 6.25, 3.125 and 1.562 ng/µL). Black points represent the mean and dashed lines represent the 

standard deviation. n=3 replicates. 
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Figure S2. Standard curve of bevacizumab standard concentrations (1, 5, 10, 25, 50, 75 and 100 

µg/mL). Black points represent mean of n=3 replicates. 
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Figure S3. Chromatogram of a water sample and supernatants of bevacizumab-loaded PLGA-PEG 

NPs functionalized with v6 Fab analysed by RP-HPLC with fluorescence detection. Black line 

represents the water sample (n=1) and the pink, green, red and blue lines represent the supernatants 

of bevacizumab-loaded PLGA-PEG NPs functionalized with v6 Fab (n=4). Retention time at 

approximately 7.044 ± 0.006 minutes.  
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