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ABBREVIATIONS	
	

99m-Tc: Technetium 99 metastable 

99mTcO4−: Technetium 99 pertechnetate eluate 

99mTc-B-NP: radiolabelled bevacizumab-loaded nanoparticles 

99mTc-HSA: radiolabelled albumin in the commercial collyrium Acuolens® 

AMD: Age-related macular degeneration 

ANOVA: Analysis of Variance 

ARPE-19: Retinal pigment epithelium cells 

AUC: Area under the curve 

BEVA: bevacizumab (Avastin®) 

B-NP: Bevacizumab-loaded nanoparticles  

B-NP-GLU: Bevacizumab-loaded nanoparticles cross-linked with glutaraldehyde  

B-NP-PEG: Bevacizumab-loaded nanoparticles coated with polyethylene glycol 35,000 

CD31: Cluster of differentiation 31 

CDR: Complementarity-determining region 

CH: Constant region of the light heavy chain 

CL: Constant region of the light chain 

Cl: Clearance 

Cmax: Peak of maximum concentration 

CNV: Corneal neovascularization 

CRC: Colorectal cancer 

CS: Chitosan 

DEXA: Dexamethasone phosphate (Colircusí dexametasona®) 

DME: Diabetic macular edema 



 

II	

DMEM: Dulbecco’s modified Eagle’s medium 

DMSO: Dimethyl sulfoxide 

DRX: X-ray diffractograms 

DDS: Drug delivery system 

DTA: Differential thermal analysis 

EE: Encapsulation Efficiency 

ELISA: Enzyme-Linked ImmunoSorbent Assay 

EMC: Extracellular matrix 

EMEA: European Medicines Agency 

EPR: Enhance permeability retention 

18F-FDG: 2-deoxy-2-[18F]fluoro-D-glucose  

Fab: Fragment antigen binding 

Fc: Fragment crystallizable 

Fr: Relative bioavailability 

FBS: Fetal bovine serum 

FcRn: Brambell receptor 

FDA: Food and Drug Administration 

FOLFIRI: Chemotherapy regimen consisting of leucovorin (folinic acid), fluorouracil and 

irinotecan 

FOLFOX: Chemotherapy regimen consisting of leucovorin (folinic acid), fluorouracil and 

oxaliplatin 

FTIR: Fourier-transform infrared spectroscopy 

FTIR-ATR: Attenuated total reflectance infrared spectroscopy 

GI: Gastrointestinal 

GLU: Glutaraldehyde 

HAMA: Human anti-mouse antibody 



 

III	

HCl: Hydrochloric acid 

HPMC: Hydroxypropyl methylcellulose 

HSA: Humas serum albumin 

HSV: Herpes simplex virus 

HT-29: Human colon adenocarcinoma cells 

HUVEC: Human umbilical vein endothelial cells 

IA: Invasive area  

IFN: Interferon 

IFL: Chemotherapy regimen consisting of irinotecan, leucovorin (folinic acid) and fluorouracil 

Ig: Immunoglobulin 

ip: Intraperitoneal 

iv: Intravenous 

KCl: Potassium chloride 

kDa: kilo-Daltons 

LV: Leucovorin 

mAb: Monoclonal antibody 

MBq: Megabecquerel 

microBCA: Micro Bicinchonic Acid (protein assay) 

MPS: Mononuclear phagocyte system 

MTT: 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide 

MTV: Metabolic tumor volume 

MW: Molecular weight 

NP: Nanoparticle 

NP-GLU: Albumin nanoparticles cross-linked with glutaraldehyde 

NP-PEG: Nanoparticles coated with polyethylene glycol 35,000 

OOR: Objective response rate 



 

IV	

OS: Median overall survival 

PAA: Polyacrylic acid 

PAMAM: Poly(amidoamine) 

PBS: Phosphate buffered saline 

PCS: Photon Correlation Spectroscopy 

PDI: Polydispersity Index 

PEG: Polyethylene glycol  

PFS: Median progression-free survival 

PK: Pharmacokinetic 

po: Per oral 

PLGA: Poly(lactic/glycolic) acid 

PEO: Polyethylene oxide 

PET: Positron emission tomography 

PQ: Partitioning quotient 

PVA: Polyvinyl alcohol 

RB: Rose Bengal 

RR: Response rate 

SD: Standard deviation 

SLN: Solid lipid nanoparticles 

SPECT-CT: Single photon emission computed tomography 

SUV: Standardized uptake value 

t1/2 : Half-life of the terminal phase 

TBS: Tris-buffered saline 

TEM: Transmission electron microscopy 

TGF: Tumor growth factor 

TLG: Total lesion glycolysis 



 

V	

Tmax: Time to reach maximum concentration 

TSA: Total surface area 

Tukey HSD: Tukey's honest significant difference 

V: Volume of distribution 

VEGF-A: Vascular endothelial growth factor  

VEGFR: Endothelial cell receptors 

VH: Variable region of the heavy chain 

VL: Variable region of the light chain 

VOI: Volumes of interest 
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1. Introduction 

 Antibodies are soluble glycoproteins belonging to the immunoglobulin (Ig) 

superfamily, secreted by B cells or B lymphocytes, that identify and neutralize foreign 

organisms or antigens [1]. Antibodies consist of two identical light chains (25 kDa) and 

two identical heavy chains (50 kDa) covalently attached by inter-chain disulfide bonds 

(Figure 1). Each light chain consists of a variable region (VL) and a constant region (CL). 

The heavy chains consist of one variable region (VH) and three constant regions (CH1, 

CH2, CH3) bound to each other through their median regions by disulfide bonds (S-S). 

Due to the great flexibility of this zone, it is known as a hinge region [2,3]. Attending to 

the functional aspect of the Ig, there are two fragments. The first one, the so-called Fab 

region (Fragment, antigen binding), is involved in the recognition and binding to the 

antigen. The second one is involved the Fc region, is involved in their function and half-

life in the blood [3,4].  

 

Figure 1. Schematic representation of immunoglobuline domains. 
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Heavy	chain	

Light	chain	
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Fc	Region
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Table 1: Characteristics and functions of immunoglobulins. 

Antibody Characteristics Function Bibliography 
source 

IgG 

 

-Most abundant in the organism 

-Present a Y shape 

-Neutralization of 
antigens 

-Activation of the 
complement 

-Intensification of 
phagocytosis  

[5,6] 

IgA 

 

-Dimmer 

-Present in the mucosas and 
biological fluids 

-Present in the breastmilk (going 
from mother to child) 

-Neutralization of 
antigens 

 

[7–9] 

 

IgM 

 

-The first to respond against an 
antigen 

-Pentamer structure 

-Neutralization of 
antigens 

- Forms part of the 
B-cell receptor 

[9,10] 

IgE 

 

- Present a Y shape 

-Low serum concentrations 

- Bound to surface of mast cells 
and basophils 

-Mediate the 
immediate 
hypersensitivity 
reactions 

- Defense against 
parasites 

[11,12] 

IgD 

 

 

- Present a Y shape 

-Low serum concentrations 

- Involve in the 
activation of B cells 
by an antigen 

[13,14] 

 

Most of the antibodies have 2 antigen-specific binding sites (Fab) and thanks to the 

hinge region they can bind to two distant epitopes simultaneously. The constant region (C) 

is the remainder of both chains. It is very similar in the antibodies of the same class. This 

region is responsible for the type of antigen-antibody reaction. Human immunoglobulins 
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are divided into five isotypes (IgG, IgM, IgA, IgD and IgE) depending on the aminoacid 

sequence (γ, µ, α, δ and ε) of the heavy chain. Table 1 shows the main characteristics of the 

human immunoglobulins [2]. 

 Human immunoglobulins preparations have been used for decades as a treatment to 

treat a variety of medical conditions. It is used not only for its ability to fight infection but 

also as a replacement therapy [15].  Intravenous immunoglobulin (IVIg) is a preparation of 

polyclonal serum IgG pooled from thousands of blood donors [16]. Immunoglobulin 

replacement therapy via the intravenous route is required in patients with certain primary 

immunodeficiency diseases, characterized by absent or deficient antibody production and, 

in most cases, recurrent or unusually severe infection [15]. Also, IVIg has proved to be an 

efficient anti-inflammatory [17] and immunomodulatory treatment [18]. More recently, the 

potential anti-tumoral effect of IVIg has been assessed in vivo in various animal models 

[19]. IVIg showed antimetastatic effect in BALB/c mice intravenously inoculated with 

CT26 mouse colon carcinoma cells [19,20]. In another work, IVIg significantly reduced 

tumor volume in a xenograft model of colon cancer in mice using the MC38 cells [21]. 

Also, immunoglobulins are widely used in serum eye drops for the treatment of persistent 

epithelial defects, severe dry eyes [22,23], persistent epithelial defects [24], and superior 

limbal keratoconjunctivitis [25] as well as a supportive measure in ocular surface 

reconstruction [26]. 

 

1.  Monoclonal antibodies 

 In 1975, Kohler and Milstein demonstrated the capability of hybridomas to produce 

specific antibodies for a particular antigen [27,28]. The generation of hybridomas involves 
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immunizing a certain species against a specific antigen and obtaining the B-lymphocytes 

from the spleen of the animal. The B-lymphocytes are then fused with an immortal 

myeloma cell line (an immortal B-cell line) [29]. These hybridoma cells are then 

cultured in vitro in selective medium where only the hybridomas survive. The initial 

culture of hybridomas contains a mixture of antibodies derived from many different 

primary B-lymphocyte clones, each one secreting its own specific antibody. Then each 

individual clone can be separated by dilution across wells. Finally, the cell culture medium 

can then be screened from many different wells for the specific antibody activity required 

and the desired B-lymphocytes grown from the positive wells, and then recloned and 

retested for activity [30]. 

 

Figure 2. Schematic representation of monoclonal antibodies production by the hybridoma 

technique. 

1.1.  Types of monoclonal antibodies 

 Figure 3 shows the different monoclonal antibodies depending on their percentage 

of human content and immunogenicity potential. 

Antigen

Isolation	
immune cells

Tumor	cells

Hybridoma

Screening	for	the	
desired	antibodyFusion

Clonation

Monoclonal	
antibodies
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 Figure 3. Representation of the humanization of monoclonal antibodies and their 

immunogenicity potential. 

A. Murine monoclonal antibodies (suffix: -omab) 

 The first-generation of mAbs were fully murine in origin, which presented two 

main problems. The first one was the development of human anti-mouse antibody 

(HAMA) reactions leading to a rapid clearance of the antibody and, therefore, 

hypersensitivity, poor target-site penetration and reduced efficacy via stimulation of 

cytotoxicity. The second one was related to the fact that mouse mAbs do not bind to the 

human complement and Fc receptor, resulting in a failure to the target intended for 

elimination [29,31].  

These shortcomings have led to the development of less immunogenic mAbs by 

make them more human in origin by combining genetic engineering and hybridoma 

techniques [29]. Second-generation mAbs are characterized by their partial human origin 

and the major classes are chimeric and humanized [29,31,32]. Table 2 summarizes the 

murine monoclonal antibodies on the market (table 2): 

 

Murine
(0%	human)

Chimeric
(96%	human)

Humanized
(>90%	human)

Human
(100%	human)

-omab -ximab -zumab -umabGeneric	suffix

High LowImmunogenicity

Type
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Table 2. Murine monoclonal antibodies in the market [33]. 

INN  
(International 
Nonpropietary 
Name) 

Brand name Isotype Target Indication 

Muromonab-
CD3 

Orthoclone 
OKT3® 

IgG2a Antigen CD3 Acute kidney 
transplant 
rejection 

Edrecolomab Panorex® IgG2a EpCAM Colon cancers 
Ibritumomab 
tiuxetan 

Zevalin® IgG1k Antigen CD23 Non-Hodgkin's B 
cell lymphoma 
(NHL) 

Capromab Prostascint® IgG1k PSA Prostate cancers 
Tositumomab-
I131 

Bexxar® IgG2a Antigen CD20 Non-Hodgkin's B 
cell lymphoma 
(NHL) 
 

PSA: prostate antigen; EpCAM: epithelial cell adhesion molecule. 

B. Chimeric monoclonal antibodies (suffix: -ximab) 

 These antibodies present a variable region from murine origin whereas the constant 

region is human, thus achieving a decrease in immune reactions [34]. The immunogenicity 

is predominantly determined by the constant region (Fc) of the light and heavy chains, so 

the amino acid sequences of murine monoclonal antibodies, which are not essential for 

antigen binding, are replaced by human sequences [34,35]. This was enabled by grafting 

the entire antigen-specific variable domain of a mouse antibody onto the constant domains 

of a human antibodies using recombinant DNA technology [1]. This technology involves 

integrating genes that express proteins of interest into the genome of mammalian or 

microbial organisms. These engineered cell lines are grown in chemically defined media to 

produce proteins of interest that will be subsequently purified [36].  Table 3 shows the 

chimeric monoclonal antibodies on the market. 
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 Table 3. Chimeric monoclonal antibodies on the market [1,33]. 

INN  
(International 
Non-propietary 
Name) 

Brand name Isotype Target Indication 

Abciximab ReoPro® IgG1κ Fab Antigen CD41 
Antigen CD61 
Integrin-α-IIb_β3 
Fibrinogen receptor 

Antiplatelet prevention of 
blood clots in the setting 
of high risk percutaneous 
transluminal coronary 
angioplasty. 
Refractory unstable 
angina when 
percutaneous coronary 
intervention is planned 

Rituximab® Rituxan® 
Mabthera® 

IgG1κ Antigen CD20 Non-Hodgkin's B cell 
lymphoma (NHL) 
Rheumatoid arthritis 

Basiliximab Simulect® IgG1κ IL-2-RA Prevention renal 
transplant rejection 

Infliximab Remicade® IgG1 TNF Treatment Crohn's 
disease  

Cetuximab Erbitux® IgG1κ EGFR Metastatic colorectal 
cancers 
Psoriatic arthritis 
Rheumatoid arthritis 
Ulcerative colitis 

Brentuximab 
vedotin 

Adcetris®  IgG1 Antigen CD3 
EpCAM 

ALCL and Hodgkin 
lymphoma (2011-US) 
 

Siltuximab Sylvant™   IgG1κ IL-6 Multiple myeloma 
Neoplasms 
Renal cell carcinoma 

IL-2-RA: Interleukin-2 receptor alpha; TNF: tumor necrosis factor; EGFR: epidermal growth factor 

receptor; IL-6: Interleukin 6. 

C. Humanized monoclonal antibodies (suffix: -zumab) 

 Humanized mAbs contain Fab sequences with smaller amounts of mouse sequence, 

fused onto human constant domains. This greater proportion of human sequence reduces 

the likelihood of HAMA development [31]. It consists of only the transferred 

complementarity determining region (CDR) from the mouse antibody onto the structural 
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“scaffold” formed by the framework regions of a human antibody variable domain [29,37]. 

There are several processes that may employed to obtain humanized mAbs such as CDR-

Grafting (CDR fragment transplantation) [38], Antibody Resurfacing [39,40], and 

Antibody Reshaping [41]. Evidences have shown the importance of the correct 

humanization of the antibody for the preservation of its affinity or specificity [42]. 

Although, humanized mAbs present longer clearance times and lower immunogenicity 

responses, the immunogenicity can be still elicited by the present of murine CDRs [29]. 

Table 4 shows the therapeutic humanized monoclonal antibodies on the market. 

 Table 4. Humanized monoclonal antibodies on the market [1,33,43,44]. 

INN  
(International 
Non-propietary 
Name) 

Brand name Isotype Target Indication 

Daclizumab Zenapax® IgG1 Antigen 
CD25 

Prevention acute kidney 
transplant rejection 

Trastuzumab Herceptin®  IgG1k HER-2 Metastatic breast cancers 
overexpressing ERBB2 
Gastric/gastroesophageal 
carcinoma 

Palivizumab Synagis® IgG1k RSV 
F protein 

Respiratory Syncytial Virus 
(RSV) disease (prophylaxis of 
lower respiratory tract 
disease in pediatric patients) 

Gemtuzumab 
Ozogamicin 

Mylotarg® IgG4k CD33 ADC Acute myeloid leukemia 

Alemtuzumab Campath® 
(USA) 
MabCampath® 
(EU)  

IgG1k Antigen 
CD52 

B cell chronic lymphocytic 
leukemia 

Bevacizumab Avastin®  IgG1 VEGF Breast cancers (metastatic HER2 

negative) 

Metastatic carcinoma of the colon 

and rectum 

Metastatic colorectal cancers 

Metastatic non-small cell lung 

cancers 
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INN  

(International 

Non-propietary 

Name) 

Brand name Isotype Target Indication 

Omalizumab Xolair®  IgG1k IgE Allergic asthma 

Severe persistent asthma 

Natalizumab Tysabri®/Ante

gren®  

IgG4 α4 β1 

integrin 

Acute and chronic inflammatory 

conditions 

Crohn's disease 

Multiple sclerosis 

Ranibizumab Lucentis®  Fab VEGF Rheumatoid arthritis 

Systemic lupus erythematosus 

Neovascular (wet) age-related 

macular degeneration (AMD) 

Macular edema following retinal 

vein occlusion 

Diabetic macular edema (DME) 

Diabetic retinopathy  

Myopic choroidal 

neovascularization  

Eculizumab Soliris®  IgG2/4 Complement 

factor5 

Paroxysmal nocturnal 

hemoglobinuria 

Certolizumab 

pegol 

Cimzia®  PEGylat

ed Fab' 

TNF Crohn's disease 

 

Nimotuzumab Theracim®  IgG1k EGFR Glioma cancers 

Palivizumab Synagis®  IgG1k  Respiratory Syncytial Virus 

(RSV) disease (prophylaxis of 

lower respiratory tract disease in 

pediatric patients) 

Tocilizumab Actemra™ 

RoActemra® 

(EU)  

IgG1k IL-6R Lymphoproliferative disorder 

giant lymph node hyperplasia 

(Castleman's disease) 

Rheumatoid arthritis 

Pertuzumab Perjeta®  IgG1k HER-2 Breast cancers 

Prostate cancers 
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INN  

(International 

Non-propietary 

Name) 

Brand name Isotype Target Indication 

Obinutuzumab Gazyva® 

Gazyvaro®  

IgG1 IgE Chronic lymphocytic leukemia 

Trastuzumab 

emtansine 

Kadcyla®  IgG1 HER-2 Metastatic breast cancer (HER2 

positive) 

Pembrolizumab Keytruda®  IgG4 PD-1 

 

Metastatic melanoma 

Vedolizumab Entyvio™  IgG1k α4 β1 

integrin 

Inflammatory bowel disease  

Ulcerative colitis 

Elotuzumab Empliciti™  IgG1k SLAM 7 

Antigen CD2 

Multiple myeloma 

Mepolizumab Nucala® / 

Bosatria® 

IgG1k IL-5 Asthma  

Hypereosinophilic syndrome 

HER-2: human epidermal growth factor receptor 2; RSV: respiratory syncytial virus; VEGF: 

vascular endothelial growth factor; IL-6R: interleukin 6 receptor; HER-2: human epidermal growth 

factor receptor 2; PD-1: programmed death receptor-1; SLAM7: self-ligand receptor of the 

signaling lymphocytic activation molecule (SLAM) family member 7; IL-5, interleukin 5. 

D. Human monoclonal antibodies (suffix: -umab) 

 The need to avoid the immunogenicity reactions led to generate fully human mAbs 

(Table 5). These third-generation of mAbs have shown to reduce immunogenicity 

compared to chimeric and humanized mAbs [31]. However, they can result in reduced 

binding affinity for the therapeutic target. This drawback has led to the development of 

mAbs with higher affinity for the target through mutation of amino acids constituting the 

complementarity-determining regions that bind the target [31]. The most common 

technique to obtaining human monoclonal antibodies, or fragments are: (i) the Phage-

Display technique (presentation of the antibody outside of a phage) followed by a 
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subsequent expression in Escherichia coli (E. coli) or other cells [42,45] and (ii) the 

Ribosome Display technique [46,47]. 

The Phage-Display technique consists of fusing the variable domains with genes encoding 

a coat protein of a bacteriophage [42,45]. These bacteriophages are used to infect bacteria 

and thereby obtain phages expressing on its cover protein analogous to the antibodies 

(recombinant phages) fusion. Then, the phage is put in contact with the antigen it is 

capable of binding with, and used to infect fresh bacteria. Each phage will produce a 

monoclonal antigen-binding particle analogous to a monoclonal antibody [45]. Genes 

encoding the antigen-binding site can be extracted from the phage DNA and linked to parts 

of the immunoglobulin genes encoding the constant regions, yielding genes encoding the 

complete immunoglobulin molecule. By introducing such genes into a suitable host cell, 

such as E. coli, the transfected cells will produce the monoclonal antibodies with the 

desired characteristics [42,48]. 

The Ribosome-Display technique is an in vitro method for obtaining monoclonal 

antibodies. It consists of isolating and copying of the antibody genes from human cells to 

obtain the mRNA. This mRNA is conjugated with ribosomes, and the antibodies are 

produced as a complex (antibody-ribosome-mRNA) in a cell-free protein synthesis system. 

Thus provides a physical linkage between genotype (a gene) and phenotype (a 

polypeptide). The sequence information for the polypeptide of interest can be selected by 

affinity purification of this complex by reverse transcription (RT-PCR technique) [46,47]. 
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 Table 5. Human monoclonal antibodies on the market [2,33,49–55]. 

INN  

(International 

Non-propietary 

Name) 

Brand name Isotype Target Indication 

Adalimumab Humira® IgG1k TNF Psoriatic arthritis 

Rheumatoid arthritis 

Panitumumab Vectibix™ IgG2k EGFR Lung cancers 

Prostates cancers 

Renal cancers 

Canakinumab Ilaris® IgG1k IL-1β Cryopyrin-Associated 

Periodic Syndromes (CAPS) 

Syndrome (FCAS) and Muckle-Wells 

Syndrome (MWS)  

Rheumatoid arthritis (RA) 

Golimumab Simponi® 

Simponi Aria® 

IgG1k TNF Ankylosing spondylitis 

Psoriatic arthritis (fully human) 

Rheumatoid arthritis  

Ofatumumab Arzerra®  IgG1k Antigen 

CD20 

Chronic Lymphocytic 

Leukemia (refractory) 

Non-Hodgkin's lymphoma 

Rheumatoid arthritis 

Ustekinumab Stelara®  IgG1 IL-12p40 Psoriasis 

Psoriatic Arthritis 

Crohn’s Disease 

Denosumab Xgeva® 

Prolia®  

IgG2 RANKL Postmenopausal osteoporosis 

Belimumab Benlysta®  IgG1λ 

 

BLys Systemic lupus erythematosus 

Ipilimumab Yervoy®  IgG1k CTLA4 Melanoma 

Raxibacumab Anthrax®  IgG1 PA of 

Bacillus 

anthracis 

Prevention of inhalational anthrax 
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INN  

(International 

Non-propietary 

Name) 

Brand name Isotype Target Indication 

Nivolumab Opdivo®  IgG2 PD-1 Melanoma 

Non-small cell lung 

cancer 

Renal cell carcinoma  

Classical Hodgkin 

Lymphoma 

Squamous cell cancer 

of the head and neck 

Urothelial carcinoma 

Ramucirumab Cyramza™  IgG1k VEGF Tumor vasculature 

Alirocumab Praluent®  IgG1 PCSK9 

 

Primary 

hypercholesterolaemia 

Mixed dyslipidaemia 

Daratumumab Darzalex™  IgGk1 Antigen CD38 Multiple myeloma 

Evolocumab Repatha™  IgG2 PCSK9 

 

Hypercholesterolaemia 

Mixed dyslipidaemia 

Necitumumab Portazza™  IgG1k EGFR  

 

Metastatic colorectal 

cancers 

Solid tumors 

Secukinumab Consentyx® IgG1k IL-17A 

 

Plaque Psoriasis 

Psoriatic arthritis 

Ankylosing 

Spondylitis 

Golimumab Simponi™  IgG1k TNF  

 

Ankylosing 

spondylitis 

Psoriatic arthritis 

Rheumatoid arthritis 

IL-1β: interleukin 1β; IL-12p40: interleukin 12 p40 subunit; CD: cluster of differentiation; 

RANKL: receptor activator of nuclear factor kappa-B ligand; BLys: B lymphocyte stimulator; 

CTLA4: cytotoxic T-lymphocyte antigen 4; PA: protective antigen; PD-1: programmed death 

receptor-1; PCSK9: proprotein convertase subtilisin/kexin type 9; IL-17A: interleukine 17 A.  
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 At the present, there are, approximately, 30 monoclonal antibodies approved by the 

Regulatory Agencies (FDA & EMEA) and over 200 are undergoing pre-clinical or clinical 

investigation [31]. The monoclonal antibodies available in therapeutic are used in different 

areas such as cancer, autoimmune and chronic inflammatory diseases and in the treatment 

of transplant rejection. The most common antibodies used in therapeutics are the 

immunoglobulin G (IgG1 and IgG2) [43]. 

1.2.  Economical impact of monoclonal antibody production 

Since the approval of the first monoclonal antibody in 1986, the number of 

monoclonal antibody products approved for commercial sale in the US and Europe has 

grown steadily, with three to five new products approved per year over the past several 

years. By November 2014, forty-seven monoclonal antibody products had been approved 

and marketed in the United States and Europe. Three of these products were produced in E. 

coli while the remaining were produced in mammalian cells [56,57]. 

The demand for monoclonal antibody products has resulted in a significant rise in 

global manufacturing capacity, devoted to their production as well as to significant 

improvements in methods and approaches to monoclonal antibody manufacturing process 

design and optimization [56].  

mAbs are the largest and fastest-growing segment of the biopharmaceutical sector, 

and account for almost half of the global revenue accrued from this sector annually. Sales 

of all monoclonal antibody products, regardless of the production system, have grown 

from approximately $39 billion in 2008 to almost $75 billion in 2013, marking a 90% 

increase. In 2013, eighteen of those monoclonal antibody products (Humira®, Remicade®, 

Enbrel®, Rituxan®, Avastin®, Herceptin®, Lucentis®, Erbitux®, Synagis®, Eylea®, Soliris®, 

Tysabri®, Stelara®, Xolair®, Orencia®, Simponi®, Actemra®, and Xgeva®) achieved annual 
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sales of over $1 billion, while six of these products (Humira®, Remicade®, Enbrel®, 

Rituxan®, Avastin®, Herceptin®) saw sales of over $6 billion [56]. Based on an approval 

rate of approximately four monoclonal antibody products per year, it is estimated that 70 or 

more new monoclonal antibody products will be on the market by 2020 [56,58]. These 

rising revenue levels mark an increase in demand and market value of mAbs. 

By 2013, global revenues for mAb products totaled almost $75 billion, accounting 

for approximately half of total sales accrued by all biopharmaceutical products. This value 

has continued to increase, with mAb sales in 2016 totaling over $90 billion [59]. It's 

estimated that a record number of mAb approvals were seen in 2017, and are only 

expected to increase further in upcoming years. This large market share within 

biopharmaceuticals sector is a reflection of their potential impact on the entire 

pharmaceutical industry, where its wide range of possible applications contribute to this 

success [56,59]. 

In terms of biologics, estimated $100 billion will be generated from patented 

products by 2020. However, between 2009 and 2019, estimated $50 billion of the market 

value of biologics in the United States alone will lose patent protection. For example, 

Genentech is at risk of losing $10.7 billion in sales with patent expiration for Avastin®, 

Herceptin, and Rituxan [56,57]. Therefore, many pharmaceutical companies are choosing 

to invest in manufacturing and marketing a biosimilar (a “highly similar” product to the 

branded drug), which is projected to account for between $100 million and $250 million 

over a period of 7-8 years. A second strategy is to create second-generation biologics that 

are an improvement over the original agent that will give the companies new patent and 

exclusivity rights. Given the complexity of mAbs, second generation biologics are a more 

attractive approach over biosimilar production as it results in lower costs and higher profit 

potential [57]. 
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2.  Bevacizumab 

 Bevacizumab is a full-length humanized monoclonal antibody produced in Chinese 

hamster ovary cells using recombinant DNA technology. This was obtained from the 

murine monoclonal antibody anti-VEGF A.4.6.1., which was a hybridoma produced from 

immunized mice with the predominant VEGF165 isoform [60,61]. These murine 

monoclonal antibodies have been shown to recognize all VEGF-A isoforms, and inhibit 

angiogenesis [61]. Bevacizumab is an immunoglobulin G (IgG) composed of two identical 

light chains, consisting of 214 amino acid residues and two 453 residue heavy chains 

containing an N-linked oligosaccharide and its molecular weight is 149 kD [62]. 

2.1.  Mechanism of action 

Bevacizumab targets VEGF-A (vascular endothelial growth factor), including four 

of the major isoforms of VEGF [63], and neutralizes the biological properties of human 

VEGF, including endothelial cell mitogenic activity and angiogenic properties [64]. Also, 

it has been used as an adjuvant in chemotherapy [65,66] for its potential antitumor effect 

via 'normalization' of the tumor blood flow. The physiological consequences of these 

vascular abnormalities include temporal and spatial heterogeneity in tumor blood flow and 

oxygenation and increased interstitial fluid pressure. These abnormalities, along with the 

resultant microenvironment, fuel tumor progression along with a reduction in the efficacy 

of chemotherapy, radiotherapy, and immunotherapy. The 'vascular normalization' is 

characterized by the attenuation of the hyperpermeability and a reduction in tumor hypoxia 

and interstitial fluid pressure. These in turn can lead to an improvement in the metabolic 

profile of the tumor microenvironment, the delivery and efficacy of chemotherapy, and the 

direct effect on tumor cells [67–69]. The FDA approved bevacizumab in 2004 for the first-

line treatment of metastatic colorectal cancer and afterwards for other cancers, including 
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non-small-cell lung cancer, metastatic breast cancer, and lung and kidney tumors [65,70–

73]. More recently, bevacizumab has started to be used off-label in the treatment of eye 

diseases including corneal and retinal neovascularization, diabetic retinopathy and age-

related macular degeneration [74–79].  

2.2.  Pharmacokinetics 

 The pharmacokinetic (PK) parameters of bevacizumab depend on the 

demographics, pathophysiological covariates, disease severity, and combination therapy 

with various chemotherapy regimens [80]. Tissue distribution of monoclonal antibodies is 

governed by multiple factors related to the antibody molecular structure, vascular 

endothelium, fluid flow rates, interaction with target, and interaction with Fc receptors 

[81]. The mAb extravasation can occur via three basic processes: passive diffusion, 

convective transport, and transcytosis through vascular epithelial cells. Due to the 

relatively large molecular weight and polarity of IgG antibodies, passive diffusion does not 

play a significant role in the extravasation process and thus, convective transport is 

considered to be the main mechanism of antibody extravasation in tissues [81,82]. After iv 

administration mAbs are absorbed primarily by convective transport (Figure 4) through 

lymphatic and blood [82,83]. The larger the pore size, the lower the restriction for 

convective transport. Hence, higher antibody concentrations are often observed within 

tissues associated with fenestrated or discontinuous capillary endothelia, such as spleen, 

liver and bone marrow [81,82].  The distribution of mAb to the brain is limited due to the 

tight junctions in the brain vascular endothelium, and plasma:brain concentration ratios are 

typically in the range of 500:1. On the other hand, the vasculature in most tumors is quite 

porous, facilitating the penetration and accumulation of macromolecules within tumors. 

Receptor-mediated endocytosis of IgG may also contribute to the movement of IgG from 

blood to tissues [81]. Bevacizumab is mainly metabolized/eliminated via proteolytic 
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catabolism throughout the body, including in endothelial cells, similar to the metabolism 

and elimination pathway of endogenous IgG [64]. IgG interact with the Brambell receptor 

(FcRn) which protects IgGs from degradation. The binding of FcRn to the IgG is pH-

dependent, where IgG binds to FcRn in acidic environments. However, this is a saturable 

mechanism and, therefore, its capacity to recycling the IgGs is limited [84,85]. 

 

 Figure 4. Convective extravasation as distribution process for monoclonal antibodies.  

 

Clearance (CL) and volume of distribution in the central compartment (V1) 

increased with total body weight and has been found to be higher in males. Also, CL 

decreased with increasing albumin and decreasing baseline alkaline phosphatase [86]. 

The population PK parameters for bevacizumab are similar to those for other IgG 

antibodies and display a linear PK after intravenous infusion 1-10 mg/mg [64,80,86]. The 

half‐life of bevacizumab has been estimated at approximately 20 days (range 10–50), after 

administration of doses of 1–20 mg/kg either weekly, every 2 weeks or every 3 

weeks [87]. The pharmacokinetic profile of intravenous bevacizumab in patients with 

metastatic colorectal cancer has been found to be linear over the dose range 0.3–10 mg/kg 

Vascular	space Interstitial	
tissue	space

Lymphatic	
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with some accumulation after multiple-dose administration of 10 mg/kg every 2 weeks 

[70]. The clearance of bevacizumab after repeated administration of the 

bevacizumab/bolus-IFL regimen combination in colorectal cancer patients was similar to 

that following treatment with bevacizumab as a single agent. The CL was low, it was 

found higher in male than in female patients, and the elimination half-life was long (12–22 

days), allowing administration once every 2–3 weeks [70]. 

 The half-life of bevacizumab after intravitreal injection in humans ranges from 1 to 

18 days. In humans, the intravitreal half-life ranges from 3 days in endophthalmitis and 

retinal detachment to 10 days in non-inflamed eyes. The half-life of bevacizumab in 

human serum is 17–21 days, similar to that of other full-length antibodies [60]. On the 

other hand, topically applied bevacizumab is unlikely to produce therapeutic intraocular 

concentrations because of rapid elimination in tears and poor penetration of molecules 

larger than 5 kDa through intact epithelium [60,88]. 

2.3  Therapeutic efficacy 

2.3.1.  Bevacizumab in cancer 

 The first phase I trial of bevacizumab in measurable or assessable solid tumors was 

carried out in 1997. Different concentrations ranging from 0.1 to 10 mg/kg were 

administered intravenously at days 0, 18, 35 and 42. The results were encouraging with 

48% of patients achieving disease stabilization [89]. Then, several studies of bevacizumab 

in combination with standard chemotherapy (Table 6), such as doxorubicin, carboplatin, 

paclitaxel and 5-fluorouracil (5-FU)/leucovorin (LV) were performed with no increment of 

the cytotoxicity. The most significant results were found in renal cancer, in inoperable non-

small cell lung cancer (NSCLC) and metastatic colorectal cancer (CRC) [89,90].  
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The first randomized trial of bevacizumab in combination with 5-FU/LV in the 

treatment of metastasic CRC was a 3 arms Phase II study. Patients were randomly divided 

into groups: i) 5-FU/leucovorin (LV) (control arm), ii) 5-FU/LV + 5 mg/kg bevacizumab, 

and iii) 5-FU/LV + 10 mg/kg bevacizumab. Results showed that patient response rates 

were higher for patients receiving the combination of bevacizumab with 5-FU/LV, with 

longer overall survival compared to the group receiving chemotherapy alone [69,91]. 

Hurwitz et al. (2004) studied the incorporation of bevacizumab to a bolus of 5-fluoroacil 

(5-FU) and iridotecan (IFL) compared to iridotecan alone that resulted in a significant 

increase in progression-free survival and overall survival in patients with previously 

untreated metastatic colorectal cancer, compared with chemotherapy alone [92,93].  

 In 2004 the FDA approved the use of bevacizumab for first-line treatment of 

metastatic colorectal cancer [94]. Based on these results bevacizumab was then 

administered in combination with oxaliplatin/ fluoropyrimidine resulting in a median 

survival greater than two years and 13 months in both, first and second-line therapy, 

respectively [95–97]. Other clinical studies based on the combination of bevacizumab with 

FOLFOX4 (oxalipaltin plus infusional 5-FU and leucovorin regimen) for the second-line 

treatment of advance colorectal cancer demonstrated the improvement in progression-free 

survival (PFS) and overall survival (OS) compared with the chemotherapy alone [96,98]. 

Those results led to the approval of bevacizumab to be used for second-line treatment in 

metastatic colorectal cancer and to its use in other malignancies including non-small cell 

lung cancer (NSCLC), glioblastoma, ovarian cancer, cervical cancer and renal cancer 

[90,99]. Table 7 shows different efficacy studies of the intravenous bevacizumab plus 

subcutaneous interferon-α in the first-line treatment of metastatic renal cell carcinoma 

[100,101]. 
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 In advanced breast cancer (Table 8), a first phase III trial of capecitabine 

combining bevacizumab as a third line chemotherapy, did not show improvement in the 

progression-free or overall survival. However, it demonstrated a higher response rate [94]. 

At the moment, bevacizumab in combination with paclitaxel is administered as a first-line 

treatment in metastatic breast cancer [89,103,104]. 
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Table 6. Efficacy of bevacizumab in the first-line treatment of metastatic colorectal cancer (mCRC) [57,97]. 

 

Study name Treatment Median overall 

survival (OS) 

(months) 

Median progression-

free survival (PFS) 

(months) 

Objective response 

rate (OOR)  

(% patients) 

References 

AVF2107G Bevacizumab (5 mg/kg) + IFL 20.3*** 10.6*** 44.8** [92] 

Placebo + IFL 15.6 (primary end 

point) 

6.2 34.8 

 Bevacizumab (7.5 mg/kg) + IFL 22 Not reported 36.8 [106] 

IFL 25 Not reported 35.2 

ARTIST Bevacizumab (5 mg/kg) + mIFL 18.7* 8.3*** (primary end 

point) 

35.3* [107] 

mIFL  13.4 4.2 (end point) 17.2 

NO16966 Bevacizumab (5 mg/kg) + FOLFOX4 or XELOX 21.3 9.4** (end point) 47 [108,109] 

Placebo + FOLFOX4 or XELOX 19.9 8.0 (end point) 49 

ITACA Bevacizumab (7.5 mg/kg) + chemotherapy (60 % 

of patients received FOLFOX4 and 40 % 

FOLFIRI) 

20.6 9.2 (end point) 54.2 [110,111] 

Chemotherapy (60 % of patients received 

FOLFOX4 and 40 % FOLFIRI) 

20.6 8.4  48.1 

AVEX Bevacizumab (7.5 mg/kg) + Capecitabine 20.7 9.1**** (end point) 19* [112] 

Capecitabine 16.8 5.1 (end point) 10 
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Study name Treatment Median overall 

survival (OS) 

(months) 

Median progression-

free survival (PFS) 

(months) 

Objective response 

rate (OOR)  

(% patients) 

References 

MAX Bevacizumab (7.5 mg/kg) + Capecitabine Not reported 8.5 38.1 [113] 

Capecitabine 0.88 5.7 30.3 

AVF0780 Bevacizumab (5mg/kg) + 5-FU/LV 21.5 9 40* [91] 

Bevacizumab (10mg/kg) + 5-FU/LV 16.1 7.2 24 

5-FU/LV 13.8 5.2 17  

[114] AVF2192 Bevacizumab (5mg/kg) + 5-FU/LV 16.6 9.2*** 26 

5-FU/LV 12.9 5.5 15.2 

*p < 0.05, **p< 0.01, ***p <0.001, ****p<0.0001 vs. chemotherapy 

IFL: Irinotecan 125 mg/m2 intravenous infusion, fluorouracil 500 mg/m2 intravenous bolus plus folinic acid 20 mg/m2 intravenous bolus administered once 

weekly for 4 weeks of a 6-week cycle. mIFL: Irinotecan 125 mg/m2 , fluorouracil 500 mg/m2 infused intravenously over 6–8h plus folinic acid 20 mg/m2 

administered once weekly for 4 weeks of a 6-week cycle (ARTIST). FOLFOX4: Oxaliplatin 85 mg/m2 intravenous infusion on day 1, fluorouracil 400 mg/m2 

intravenous bolus then 600 mg/m2 intravenous infusion on days 1 and 2 plus folinic acid 200 mg/m2 intravenous infusion on days 1 and 2, repeated every 2 

weeks XELOX: Oxaliplatin 130 mg/m2 intravenous infusion on day 1 followed by oral capecitabine 1,000 mg/m2 twice daily on days 1–14 of a 3-week cycle. 

FOLFIRI: Irinotecan 150 or 180 mg/m2 intravenous infusion, folinic acid 400 mg/m2 intravenous infusion plus fluorouracil 400 mg/m2 intravenous bolus then 

2,400 mg/m2 intravenous infusion over 46–48 h, every 2 weeks. 5-FU: fluorouracil. LV: leucovorin. 
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Table 7. Efficacy of intravenous bevacizumab plus subcutaneous interferon-a in the first-line treatment of metastatic renal cell carcinoma [64]. 

Study name Treatment Median overall 

survival (OS) 

(months) 

Median progression-

free survival (PFS) 

(months) 

Objective response 

rate (OOR)  

(% patients) 

References 

AVOREN Bevacizumab (10 mg/kg) + IFN α-2a 9 MU 23.3 (primary end 

point) 

10.2* 31* [115,116] 

Placebo + IFN α-2a 9 MU 21.3 (primary end 

point) 

5.4 13 

CALGB 

90206 

Bevacizumab (10 mg/kg) + IFN α-2a  18.3 (primary end 

point) 

8.5* 25.5* [117,118] 

IFN α-2a  17.4 (primary end 

point) 

5.2 13.1 

BEVLiN Bevacizumab (10 mg/kg) + IFN α-2a  30.7 15.3 (primary end 

point) 

28.8 [119] 

*p < 0.05  

IFN: interferon 
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Table 8. Efficacy of intravenous bevacizumab in the first-line treatment of metastatic breast cancer [64]. 

Study name Treatment Median overall 

survival (OS) 

(months) 

Median progression-

free survival (PFS) 

(months) 

Objective response 

rate (OOR)  

(% patients) 

References 

E2100 Bevacizumab (10 mg/kg) + paclitaxel 26.7 11.8** 49.2** [104] 

Paclitaxel 25.2 5.9 25.2 

RIBBON-1 Bevacizumab (15 mg/kg) + Capecitabine  8.6** 35.4* [120] 

Placebo + Capecitabine  5.7 23.6 

Bevacizumab (15 mg/kg) + Taxane based regimen or 

Anthracycline-based regimen 

 9.2* 51.3* 

Placebo + Taxane based regimen or Anthracycline-

based regimen 

 8.0 37.9 

TURANDOT Bevacizumab (15 mg/kg) + Capecitabine Not reported 8.1 27 [121] 

Bevacizumab (10 mg/kg) + Paclitaxel 

 

Not reported 11.0* 44**** 

SAKK 24/09 Bevacizumab (10 mg/kg) + Paclitaxel  10.3 58 [122,123] 

Bevacizumab (10 mg/kg) + Capecitabine + 

Cyclophosphamide 

 8.5 50 

*p <0.01, **p<0.001, ***p<0.0001 vs. comparator 

Taxanes included albumin-bound paclitaxel or docetaxel, and anthracycline regimens comprised fluorouracil plus epirubicin and cyclophosphamide; 

fluorouracil plus doxorubicin and cyclophosphamide; epirubicin plus cyclophosphamide; or doxorubicin plus cyclophosphamide
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2.3.2.  Bevacizumab in ocular diseases 

Also, anti-VEGF therapy has been used off-label in the treatment of ocular 

pathologies that present neovascularization [124,125]. Intravitreal bevacizumab has been 

injected in patients for the treatment of choroidal neovascularization with a result of an 

improvement in visual acuity of about 3 lines after measurement with Snelen's letter. It 

should be noticed that those improvements depend on the etiology of the 

neovascularization. When intravitreal bevacizumab was used for the treatment of macular 

edema in persistent diabetic retinopathy, improvement in both macular edema and 

neovascularization was reported, and these have reappeared upon completion of 

administration [126].  

Several experimental animal models have shown the inhibitory effect of 

subconjunctival and topical bevacizumab after chemically induced corneal 

neovascularization [127–131]. Lopes et al. (2017) applied bevacizumab topically (dose of 

approximately 1 mg twice a day) and subconjunctivally (a single dose of 2.5 mg) in 

rabbits' eyes after an alkali burn, demonstrating an inhibitory effect in corneal 

neovascularization [132]. Also, in a rat model of chemically induced corneal 

neovascularization both topical (10 mg/mL twice a day) and subconjunctival (a single dose 

of 1.25 mg) administration of bevacizumab were found to inhibit neovascularization and 

therefore, reduces corneal neovascularization [131]. More studies confirmed the inhibitory 

effect of topical and subconjunctival bevacizumab in corneal neovascularization in animal 

models [129,130,133,134]. 

More recently, studies in humans have been also reported the potential benefits of 

topical bevacizumab for controlling neovascularization [135–137].  The administration of 

topical bevacizumab 1% in two patients four times a day with CNV unresponsive to 
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corticosteroid therapy, resulted in a significant reduction of superficial and deep stromal 

neovascularization [125,134]. Moreover, topical bevacizumab on patients not responding 

to traditional anti-inflammatory treatments resulted in a significant reduction of mean 

vascularized area and vessel with maximal effect in early administration [138,139]. In a 3-

year follow-up study of patients receiving a single dose of bevacizumab plus eye drops up 

to 12 weeks after penetrating keratoplasty (full-thickness corneal transplant procedure) 

demonstrated the potential improvement in graft survival rate with no healing epithelial 

defect [140]. Although topical bevacizumab has been found effective in reducing corneal 

neovascularization long-term treatment can lead to loss of epithelial integrity [141]. This 

suggests that the duration of treatment may well determine the safety of topical 

bevacizumab [125]. 

2.4.  Toxicity 

 In clinical trials, bevacizumab has been associated with a higher risk of severe and 

life-threatening toxicities in patients with chemotherapy as compared with those who 

received chemotherapy alone [142]. Due to bevacizumab’s influence on blood vessels, it 

causes coagulative side effects resulting in haemorrhages, arterial thromboembolism, 

wound repair problems such as GI perforation and fistulae and hypertension [143,144]. 

Proteinuria is another side effect of bevacizumab due to its effect on kidney blood vessels 

[144]. These toxicities have limited the use of bevacizumab in clinical practice [142]. 

For off-label topical application, several studies have reported delayed epithelial wound 

healing after continuous use of topical bevacizumab, which was attributed to interference 

with epithelial cell adhesion [145,146]. 
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3. Corneal neovascularization 

 Corneal angiogenesis is a manifestation of several pathological conditions 

including hypoxia, congenital diseases, inflammatory disorders, chemical burns, limbal 

stem cell deficiency, allergy, trauma, infectious keratitis, autoimmune diseases, and 

corneal graft rejection [147]. Corneal angiogenesis is defined as the sprouting of new 

vessels from pre-existing ones from the corneal limbus towards the center of the cornea 

[148] and it results from an imbalance between angiogenic and antiangiogenic factors 

(Figure 5). This in turn results in the migration and proliferation of endothelial cells into 

the cornea [149,150]. Corneal neovascularization (CNV) may be a physiological healing 

response however, it can surpass a threshold, invading the cornea and reducing visual 

acuity. Also, CNV can lead to edema, hemorrhage, lipid deposition and scarring which 

causes scleralization of the normally transparent cornea [147,149]. Furthermore, CNV 

results in the entrance of circulating immune cells into the cornea, reducing the immune 

privilege and consequently graft survival probability after transplantation [151,152]. 

CNV is associated with the second most common cause of blindness worldwide, 

trachoma [153] and, with the most common cause of corneal blindness in the industrialized 

countries, herpetic keratitis [154]. Approximately, 15% of world blindness is caused by 

chlamydial infections and 146 million cases have an active infection. Another cause of 

blindness associated to corneal neovascularization is Onchocerciasis infection, which has 

blinded approximately 270,000 cases and 120 million people worldwide are at risk [155]. 

Herpetic keratitis is estimated to affect 500,000 cases in the US [147,156]. In the US, there 

are 1.4 million people incidences of corneal neovascularization (4% of the population), 

which can lead to visual impairment or even blindness [157]. Corneal neovascularization is 

also a feature of contact lens wear, particularly extended-wear usage of soft hydrogel 
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lenses, where 1.3% of the 9 million contact lens wearers are estimated to have new corneal 

vessels [147].  

 

 Figure 5. Corneal angiogenic balance. 

5.1.  Structure of the cornea 

 The anterior segment is divided into two compartments: (1) the anterior chamber 

that contains aqueous humor and is limited at the front by the cornea and at the back by the 

iris and pupil, and (2) the posterior chamber that also contains aqueous humor and is 

immediately after the anterior chamber and is limited at the back by the ciliary body and 

lens (Figure 6) [158]. 

The cornea is the most anterior part of the eye and is the first barrier of the eye 

against foreign agents. It is an avascular connective tissue that receives its nourishment 

from tears and the aqueous humor. It supplies protection against infective agents and 

together with the overlying tear film, provides a proper anterior refractive surface for the 

eye [159]. 
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 Figure 6. Schematic cross-section through the human eye. 

 

 In the average adult, the cornea has a horizontal diameter of about 12.0 mm and a 

vertical diameter of around 13 mm. It is thicker at the periphery and gradually decreases in 

thickness toward to the centre, up to 0.5 mm. The human cornea contains three cellular 

layers (epithelium, stroma, endothelium) and two interface spaces (Bowman membrane or 

layer, Descemet membrane) [160,161]. 

The structure of the cornea (Figure 7) can be understood as a lipid–water–lipid 

sandwich, in which the thickest layer is the hydrophilic stroma located between the 

epithelial layer (anterior) and the endothelial layer (posterior). The epithelium lies on 

Bowman’s layer of compressed superficial stromal tissue, whereas the Descemet’s 

membrane separates the endothelial layer from the stroma [160,161]. Under normal 

conditions the cornea is "free from blood and lymph vessels" and the oxygen and glucose 

supplies come from the tear film and aqueous humor respectively. To maintain its clarity, 

the cornea harbors an immune and angiogenic privilege, controlled by a number of 

regulating immune cells and proteins [152,162]. Corneal blood supply is provided by the 

ciliary arteries, which are branches of the ophthalmic artery. It maintains a severe balance 
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between pro- and anti- angiogenic factors to preserve corneal avascularity and therefore 

excellent vision [163]. 

 

 Figure 7. Corneal layers from anterior to posterior layer. 

a. Epithelium: the epithelial basement layer is the most external barrier and, along 

with the tear film, is the mainly responsible for the refractive power of the eye. It is 

a stratified, non-keratinizing squamous layer uniform throughout its structure 

[159,160]. The average half-life of corneal epithelial cells is between 7 to 10 days. 

After the involution, apoptosis (programmed cell death), and desquamation of these 

cells results in a complete turnover of the corneal epithelial layer [160].  

The ocular surface epithelial cells produce and secrete mucins that form a 

hydrophilic barrier for protection and lubrication within the eye [164]. Mucins are 

the largest and most highly glycoproteins that play essential roles as components of 

all wet-surfaced epithelia mucous secretions and barriers. They can be classified 

into secreted or membrane-associated mucins [165]. The secreted mucins provide 

lubrication to the ocular surface and can trap allergens and debris to facilitate their 
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clearance from mucosal surfaces. On the other hand, the membrane-associated 

mucins establish a tightly bound covering of the ocular surface known as the 

glycocalyx. The glycocalyx is essential for the tear film to adequately prevent the 

eye from desiccation and prevent bacterial adhesion and invasion [164]. 

b. Bowman layer (8-12 µm): it is an acellular condensate of the most anterior portion 

of the stroma. It is located just anterior to the stroma and posterior to the epithelial 

basement membrane. It is not able to regenerate itself, and, therefore when 

disrupted, it can lead to scaring [160,166]. 

c. Corneal stroma: it provides the bulk of the structural framework of the cornea and 

comprises around 90 % of its thickness (500 µm). The stroma differs from other 

collagenous structures in its transparency. It presents a precise organization of the 

collagen fibers and extracellular matrix composed by inorganic salts, glycoproteins, 

proteoglicans and water[161,166]. This highly organized network reduces forward 

light scatter and contributes to the transparency and mechanical strength of the 

cornea [160]. The corneal stroma is one of the most densely innervated tissues in 

the human body. The sensory nerves come from the ophthalmic division of the 

trigeminal nerve and continue radially to reach the central cornea [167]. 

d. Descemet membrane (3 µm in children and around 10 µm in adults): it is located 

between the posterior aspect of the corneal stroma and the underlying endothelium. 

The anterior region is secreted by the endothelial cells during fetal development 

and is more highly organized than the posterior region [160,166]. It is divided into 

two layers: an anterior which contains collagen and proteoglycans and a posterior 

layer which is composed by endothelial cells [168,169]. 

e. Endothelium: the intact human endothelium is a monolayer, which appears as a 

honeycomb-like mosaic when viewed from the posterior side. The endothelial layer 
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secretes the collagen that forms the Descement's membrane and is responsible for 

the maintenance of the corneal clarity by ensuring it remains in a relatively 

deturgesced state [170,171]. 

3.2.  Ocular administration of drugs 

 The main routes for the treatment of eye diseases involve the local administration 

of drugs. Systemic administration is limited by a number of interdependent factors. Among 

these factors are the blood-aqueous-barrier and blood-retinal-barrier that regulate the 

transport of molecules to the ocular tissue. These barriers are responsible for the low 

intravitreal drug levels of poorly lipid soluble drugs, around 10% of serum levels, [172] 

and only 1%–2% of the administered dose reaches the anterior segment [173]. All these 

result in frequent dosing to maintain therapeutic levels of the drug in the target tissue, 

which may lead to non-specific absorption and undesirable systemic side effects (toxicity) 

[172,174]. Therefore, topical administration is used to treat diseases localized in the 

anterior segment of the eye (cornea, conjunctiva, sclera, anterior uvea) [173], whereas 

local parenteral routes (i.e., transcleral, intravitreal,...) are employed to reach the posterior 

segment of the eye [175]. 

Topical administration involves, in general, the administration of drugs on the form 

of eye drops that are instilled in the surface of the eye [176]. However, the time for drug 

absorption is only a few minutes, because the flow of lacrimal fluid and the blink that 

remove instilled compounds from the surface of the eye. Other factors such as the tear 

turnover, metabolism and evaporation, as well as the limited corneal area (~1 cm2) and its 

poor permeability also limits the possibilities for drug absorption [177,178]. Consequently, 

in general, the bioavailability of the instilled drug is very low, typically less than 5% 

[172,179].  
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In this context, there is a need for the development of ocular systems with 

prolonged time of residence in close contact with the eye surface. 

3.3.  New ocular drug delivery systems 

 In order to increase both retention time on the surface of the eye, and corneal 

absorption, novel topical systems have been developed.  

3.3.1. Hydrogels 

 Hydrogels are hydrophilic cross-linked polymeric networks which can retain 

hydrophobic and hydrophilic agents, small molecules, and macromolecules protecting 

them from degradation and controlling their release [180]. In situ hydrogels are polymeric 

solutions that after administration undergo gelation. Phase transition changes can be 

induced by different stimulus such as variations in the temperature [181], pH [182] and 

osmolarity [183]. In some cases, the 3D network may improve the permeability and 

diffusion of the incorporated drug through the ocular epithelium [184,185]. The formation 

of hydrogels can be achieved through various mechanisms: i) hydrophobic interactions 

[186], ii) electrostatic interactions (oppositely-charged or hydrogen bonds) [186,187], iii) 

complexation [188] and iv) covalent cross-linkage [189]. 

Bioadhesive polymers establish strong non-covalent bonds with the mucin 

increasing the retention time of the drug in the ocular surface and decreasing its 

elimination [180]. The swelling rate and water adsorption capacity of hydrogels appear to 

be the most key parameters that control the release kinetics of water molecules, solutes and 

drugs from these polymeric networks [180]. The most common bioadhesives are 

macromolecular hydrocolloids with numerous hydrophilic functional groups, capable of 

forming hydrogen bonds [190]. The optimal molecular weight for maximum 
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mucoadhesion depends on the type of polymer, where bioadhesive forces increase with the 

molecular weight of the polymer up to 100,000, to interact with the glycoproteins (mucins) 

that form the structure of the mucus protective layer [191]. Polymers commonly used in 

ophthalmics for their mucoadhesive properties include: polyvinyl alcohol (PVA), 

polyacrylic acid (PAA), polycarbophil, polyvinyl pyrrolidone, hyarulonic acid, chitosan 

(CS), polyethylene oxide (PEO), polymethacrylate, cellulose derivates and carboxyvinyl 

polymers [180,192–194].  

Natural polymers such as alginate, collagen, and hyaluronic acid (HA), usually 

have the advantage of being non-toxic and biodegradable and can interact with proteins 

and cells through non-specific or specific binding. This can be desired in hydrogel-based 

sustained release systems or cell carriers. However, they may suffer from weak mechanical 

strength, high batch-to-batch variability, and immunogenicity [195]. On the contrary, 

synthetic polymers allow for the preparation of hydrogels with well-defined network 

architecture, tunable mechanical properties, and prolonged stability [195,196].   

Gao et al. (2010) studied a in situ gel made of a triblock polymer PLGA-PEG-

PLGA (poly-(DL-lactic acid co-glycolic acid)-polyethylene glycol-poly-(DL-lactic acid 

co-glycolic acid) for the ocular delivery of dexamethasone. After topical administration the 

concentration of the drug in the anterior chamber was found to be significantly higher 

when compared to the drug solution. The results suggested the potential of the PLGA-

PEG-PLGA in situ gel in enhancing ocular bioavailability [197]. The natural polymer 

sodium alginate is a mucoadhesive polymer that undergoes gelation in the presence of 

divalent ions, such as calcium, which is present in the lachrymal fluid [176]. Sodium 

alginate has been formulated in combination with hydroxypropilmethyl cellulose (HPMC) 

to study the in vitro controlled release of moxifloxacin hydrochloride. The formulations 
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showed a more prolonged in vitro released than the marketed product and no signs of 

ocular irritation in rabbits [198]. The association of carbopol, a polyacrylic acid derivate, 

with pluronic to prepare an in situ gelling system for the ophthalmic delivery of 

pilocarpine showed to posses a better ability to retain the drug than the individual polymer 

solution. The in vitro release displayed a sustained release characterized by 19% of the 

drug released in the first minute and 78% of the drug released in the following 6 hours. 

The in vivo studies in rabbits confirmed that the system is able to retain the drug better than 

the carbopol or pluronic alone, enhancing the ocular bioavailability [199]. 

Hydrogels enhance drug retention compared to conventional eye drops and 

therefore the bioavailability of the drug. However, they present some drawbacks such as 

the difficulty to be sterilized and to control the drug release and their degradation [195]. 

3.3.2. Liposomes 

 Liposomes are lipid vesicles (from 0.08 to 10.00 µm) with one or more 

phospholipid bilayer enclosing an aqueous core. They can be classified as small 

unilamellar vesicles (10–100 nm), large unilamellar vesicles (100–300 nm) and 

multilamellar vesicles (contains more than one bilayer) [200]. Liposomes are ideal for 

ophthalmic application because of their morphology and amphiphilic properties, liposomes 

can entrap both hydrophobic and hydrophilic compounds. Furthermore, liposomes are 

biocompatible, and their sizes, shapes, zeta potentials and surface groups can be easily 

modified [176] 

Liposomes have been proposed as drug delivery systems for a large variety of 

drugs (from chemoterapeutic agents, vaccines and radiopharmaceuticals for diagnosis to 

cosmetic formulations) [201,202], however they can present some disadvantages such as 

low solubility, short-half life, high production cost and  stability problems [203]. In order 
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to solve this problems surface modified liposomes have been developed. Positively 

charged liposomes resist aggregation more than neutral liposomes and can interact with the 

negatively charged eye mucosa, increasing the retention time. However, positively charged 

liposomes are more likely to produce irritation when administered topically in the eye 

[204]. In an interesting work, Shafaa et al., prepared multilamelar liposomes, made of L- 

α-dipalmitol and cholesterol, for the ocular delivery of timolol maleate. Results showed a 

higher and longer capacity to lower the IOP in rabbits for positively charged liposomes. 

This was probably due to the greater ability of those liposomes to interact with the 

polianionic cornea and conjunctival mucoglycoproteins [205]. In another interesting work, 

Sasaki et al., found submicron-sized liposomes to be a good candidate for topical drug 

delivery to the posterior segment. The surface modification of the liposomes with poly-L-

lysine (PLL) might induce long-term retention of liposomes in ocular tissues and facilitate 

liposome uptake into conjunctival cells [206].  

Cationic and anionic liposomes were studied for the topical delivery of acyclovir. 

Liposomes were prepared with stearylamine as a cationic charge-inducing agent and 

dicetylphosphate (DP), as anionic charge-inducing agents. The in vivo experiment in rabbit 

showed that the concentration of acyclovir in the cornea 2.5 h after topical administration 

was higher for positively charged liposomes than for negatively charged and free 

acyclovir. Also, the absorption of the drug through the cornea was found to be higher for 

animals receiving positively charged liposomes. The results suggested that positively 

charged liposomes interacted with the negatively charged mucosa, increasing the residence 

time of the drug in the ocular surface and increasing the absorption [200,207]. 
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3.3.3. Solid Lipid Nanoparticles 

 Solid lipid nanoparticles (SLN) are the first generation of nanoparticles containing 

lipids that are solid at room and body temperatures. SLN are composed of ‘generally 

recognised as safe’ lipids and are easily produced on a large scale without the use of 

organic solvents [176]. They comprise of a solid lipid core that accommodates the drug 

that is stabilized by a layer of one or more surfactants [208]. They offer several advantages 

including controlled release and biocompatibility. However, SLNs have associated an 

initial burst effect of hydrophilic drug [209]. SLNs are a good candidate for ocular drug 

delivery due to advantages like enhanced corneal absorption, improved bioavailability and 

prolonged retention time in the eye [210]. SLNs have proved good results in the ocular 

delivery of several drugs such as cyclosporine, timolol and tobramycin [211–213]. Cavalli 

et al. (2002) showed that topical SLNs containing tobramycin increased the ocular 

bioavailability of tobramycin compared to the aqueous solution of the drug. This increment 

in bioavailability could be due to a higher residence time of the drug on the corneal surface 

and conjunctiva compared to the solution of the drug [213].  

In another work by Attama et al. (2009) surface-modified SLNs (SM-SLNs) 

demonstrated to control the release of timolol maleate, avoiding the typical initial burst 

effect of SLNs compared to the conventional ones. The SM-SLNs provided a sustained 

release and high permeation of timolol through a regenerated human cornea. These results 

suggest that the administration of timolol encapsulated into SM-SLNs would facilitate 

transport of the drug through the cornea. Also, the particulate nature of the formulation 

would ensure adherence to the surrounding membranes, preventing tear washout and the 

subsequent pass to systemic circulation, which is associated with respiratory and cardiac 

side effects [211]. 
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3.3.4.Microparticles 

Microparticles are defined as particulate dispersions or solid particles with a size in 

the range of 1 µm -1000µm, where the drug is dissolved, entrapped, encapsulated or 

attached to a microparticles matrix. Depending upon the method of preparation, 

microparticles, microspheres or microcapsules can be obtained [214]. They offer many 

advantages including long-term stability, drug controlled release, easy preparation, low 

toxicity and low irritation due to the small size [215,216].  

Microspheres are vesicular systems that consist of a matrix system in which the 

drug is dispersed. Microcapsules are vesicular systems that consist of a polymer membrane 

surrounding a cavity where the drug is confined. 

Polymeric microspheres can be prepared by different methods including solvent 

evaporation, spray-drying, suspension polymerization, emulsion, dispersion, and 

sedimentation polymerization [217]. Microparticles can be prepared from a range of 

different polymers, including both synthetic (PLGA, poly-lactide and poly-ϵ-caprolactone) 

[218,219] and natural (chitosan and albumin) polymers [220–222].  

Poly(lactide-co-glycolide) (PLGA) microparticles have been prepared for the 

ocular delivery of vancomycin. For that purpose, microparticles were prepared by an 

emulsification/spray-drying technique. The resulting nanoparticles displayed a drug 

content of 20% to 27% with a release rate higher for the microparticles with higher drug 

content, suggesting a diffusion release profile. Also, when they were administered to 

rabbits noticeable drug concentrations were found in the aqueous humor 180 min after 

administration (around 0.80 µg/ml) [223]. 
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Chitosan -N-acetyl cysteine conjugate microspheres of acyclovir showed a biphasic 

release profile characterized by initial burst release (40% in 1h) followed by prolonged 

release, up to 80% release in the following 11h. The microparticles showed a 

mucoadhesion 1.6 fold higher compared to chitosan microspheres [220]. Also, serum 

albumin is a natural protein polymer widely used in the preparation of microparticles 

because it is non-toxic, biocompatible and biodegradable. However, in order to provide 

sustained release it must be stabilized by heat or chemical agents (glutaraldehyde, 

formaldehyde). Addo and colleagues, increased up to 4-fold tetracaine residence time by 

the association of the drug to albumin-chitosan microparticles [222].  

3.3.5. Dendrimers 

Dendrimers are artificial macromolecular core-shell like structures made up of a 

series of branches around an inner core with peripheral functional groups [224]. They 

represent an attractive drug delivery system due to their nanometer size range, ease of 

preparation and high number of functional groups [225]. They are classified by the 

terminal groups into "full generation", when the functional group is a primary amine, or 

"half generation", when the functional group is a carboxylate or an ester. Also, the can be 

classified by their number of branches, as more branches represent a higher generation 

dendrimer. Drug can be enclosed within the dendrimer structure or attached to the terminal 

groups [226]. The poly(amidoamine) (PAMAM) dendrimers were the first family of 

dendrimers [224] and have been studied for the ocular delivery of pilocarpine nitrate and 

tropicamide due to the influence of molecular weight, size, molecular geometry and charge 

of these dendrimers on its residence time in the cornea. PAMAM dendrimer resulted in an 

increment of the residence time in the cornea due to the stronger interactions with the 

hydrogen bonds of the underlying surface of the cornea [227]. Also, Yao et al. (2009) 

prepared and evaluated puerarin and poly(amidoamine) (PAMAM) dendrimers as ocular 
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delivery systems. The results showed that the amount of puerarin incorporated increased 

by increasing the dendrimer size. Although puerarin–dendrimer complexes did not increase 

corneal permeation across the cornea, they showed longer ocular residence time compared 

to puerarin after eye drops in rabbits [228]. 

3.3.6.  Niosomes 

 Niosomes are lipid non-surfactant vesicles with a microscopic lamellar structure. 

They are biodegradable, biocompatible and non-immunogenic [229]. They can encapsulate 

a wide range of drug molecules due to the presence of hydrophilic, amphiphilic and 

lipophilic moieties in their structure. The method of preparation and the composition of the 

bilayer define the characteristics of the liposomes and unlike liposomes they present higher 

stability and lower production cost [230]. They can be divided into three groups depending 

on the size: unilamellar vesicles with a size range from 0.025 to 0.05 µm, multilamellar 

vesicles with a size range equal or higher than 0.05 µm, and large unilamellar vesicles with 

a size range equal or higher than 0.10 µm [231]. 

Abdelkader et al. (2010) developed niosomes for the ocular delivery of naltrexone 

hydrochloride and found that the encapsulation efficiency of water soluble drugs and the 

thermo-responsive properties depend on the cholesterol ratio in the formulation [230]. 

Also, timolol maleate niosomes coated with chitosan or carbopol were prepared and tested 

on rabbits. Coated niosomes showed a more sustained effect on IOP (up to 8 h for chitosan 

and up to 6h for carbopol) compared to a timolol maleate solution [232]. 

3.3.7.  Nanoparticles 

 Nanoparticles are solid colloidal particles ranging in size from 1 to 1000 nm (1 µm) 

polymeric particles [233]. They consist of macromolecular materials and can be used 
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therapeutically as drug carriers, in which the active principle (drug or biologically active 

material) is dissolved, entrapped, or encapsulated, or to which the active principle is 

adsorbed or attached [233]. 

In general, nanoparticles provide several advantages, such as increased stability of 

the drug encapsulated, increased drug bioavailability, controlled release, targeted released, 

reduced clearance, retarded drug metabolism and in the case of eye drops, reduced ocular 

irritation [234].  

Depending on the preparation method and morphology, nanoparticles are divided 

into nanospheres and nanocapsules (Figure 8). Nanocapsules are vesicular systems in 

which the drug is confined in a cavity surrounded by a polymeric membrane. On the other 

hand, nanospheres are a dense polymeric matrix in which the drug is uniformly dispersed. 

The drug can also be absorbed in the surface of the nanoparticles [235].  

 

 

 

Figure 8. Schematic representation of the structure of nanocapsules and nanospheres. 

The polymer used to prepare the nanoparticles determines: the preparation process, 

the release kinetics of the drug and the bioavailability of the active [236]. Different 

polymers are used for the preparation of nanoparticles including synthetic (polylactides, 

PLGA, poly(caprolactone)  and polyacrylamide) [237–240] and natural polymers 

(chitosan, albumin and sodium alginate) [241–243]. 

Nanoparticles have to be biocompatible, biodegradable, non-toxic, and capable of 

efficiently sustaining the release of encapsulated drug efficiently [244].  Factors due to the 

Nanocapsule Nanosphere
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characteristics of the eye, the lipophilic-hydrophilic properties, the biodegradation rates 

and safety of the nanocarriers may determine the success of the delivery system [236]. 

Also, to overcome rapid clearance and increase the residence time in the eye, the surface of 

the nanoparticles can be modified by their coating with different polymers in order to 

provide mucoadhesive properties and, thus, prolong their residence time in close contact 

with the eye epithelium. For this purpose, among others, the following compounds have 

been proposed: PEG, hyaluronic acid (HA) and chitosan [245–247]. 

Bhatta et al., (2012) developed natamycin-loaded lecithin/chitosan (L/C) 

nanoparticles for ocular delivery. The in vitro study displayed a two-step release 

charaterized by an initial burst effect followed by a slow and sustained released. The in 

vivo pharmacokinetic study performed in rabbits, showed better PK/PD indices for 

nanoparticles compared to the free drug allowing a reduced frequency dosing interval. 

These resultes were attributed to an increment in residence time on the eye surface due to 

the mucoadhesive properties of the system [248].  

More recently, another strategy to increase the residence time in the eye has been to 

embed nanoparticles in thermosensitive gels. Yang et al. (2016) developed PLGA 

nanoparticles embedded in a thermosensitive gel for ocular delivery of hydrocortisone 

butyrate. Nanoparticles were prepared with different surfactants (PVA, pluronic and 

chitosan) displaying a sustained and controlled release. The gel was found to eliminate the 

initial burst effect of the drug probably due to diffusional resistance of the gel and/or the 

adhesion of the nanoparticles to the gel. Those formulations could be used as a depot in the 

cul-de-sac to provide an efficient drug concentration within the cornea [249]. 
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4. Colorectal cancer 

 Colorectal cancer (CRC) is a malignant tumor that develops in the mucosa of the 

colon or rectum. Usually it starts with the growth of a non-cancerous polyp (adenomatous 

polyp or adenoma) from glandular cells and progress very over a period of decades 

[250,251].  Once the cancer has appeared it can spread locally or to distant parts of the 

body (metastasis) [252]. The majority (over 95%) of the cancers that starts in the colorectal 

region (mucus-making glands lining the colon and rectum) are adenocarcinomas. Other 

less-common cancers of the colorectal region include carcinoid tumors, gastrointestinal 

stromal tumors, lymphomas, and sarcomas [253,254]. 

Colorectal cancer (CRC) is the third leading cause of cancer death worldwide [255] 

accounting for 1.4 million new cases and almost 700.000 deaths in 2012 [256]. It affects 

men and women almost equally, with just over 1 million new cases recorded in 2002 

[256,257]. Countries with the highest incidence rates include Australia, New Zealand, 

North America, and parts of Europe. The countries with the lowest risk include China, 

India, and parts of Africa and South America [253,256,257]. 

In the US in 2016 it was estimated that there were 134,490 new colorectal cancer 

cases (70,820 in males and 63,670 in females) along with 49,190 colorectal cancer deaths 

(26,020 and 23,170 in males and females, respectively) [253]. In the US, colorectal cancer 

ranks third in males (8% of all new cancer cases), after prostate and lung cancer, and 

behind breast cancer and lung cancer in females (8% of all new cancer cases) [253].  

There is a large geographic difference in the global distribution of colorectal cancer 

and many studies have associated it to developed countries with a Western culture 

(obesity, sedentary behavior, and a high-meat, high-fat, low-fiber diet). Also, alcohol and 

tobacco increase risks for colorectal cancer [256,258,259]. 
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4.1.  Strategies for the treatment of CRC  

 Current treatments include surgery [260,261], chemotherapy [262], radiation 

therapy [263], immunotherapy [264], targeted therapies such as anti-angiogenic factors 

[108,265] or a combination of these treatments [266,267]. However, the type of tumor, the 

stage of the cancer and the conditions of the patient defines the strategy to follow. Surgery 

is the most common treatment option, and the type of surgery used depends on variables 

such as the location of the cancer and the existence and extent of metastasis. It 

encompasses from the removal of a polyp to the removal of the colon and other organs 

affected [268,269]. Systemic therapies include hormonal therapy, targeted therapy, and 

chemotherapy [270]. Chemotherapic drugs cause cell death by apoptosis, either by directly 

interfering with DNA, or by targeting the key proteins required for cell division [270]. 

They are used alone or in combination with surgery [261,271] and are given at repeated, 

regular intervals scheduled depending on the ability of normal tissues to recover [270]. 

Surgery is the main treatment in early stages, and adjuvant chemotherapy is typically used 

in more advanced stages (stages III-IV). In metastatic colorectal cancer chemotherapy is 

based mainly in three agents: 5-fluoroacil (5-FU), irinotecan and oxaliplatin [272].  

Although, chemotherapy agents have shown high efficiency, overall patients can 

experience local or regional recurrence or even metastasis in other organs [273]. Targeted 

therapy or immunotherapy is designed to target direct or indirectly the immune system to 

fight abnormal cells. The first biological targeted therapy to be used in metastatic CRC was 

the vascular endothelial growth factor-A (VEGF-A)-targeted agent, bevacizumab [272]. 

Bevacizumab has been used as an adjuvant in chemotherapy for its potential to inhibit 

angiogenesis [67,68]. Several studies have shown that bevacizumab in combination of 

chemotherapy improves progression-free survival (PFS) compared with chemotherapy 

alone, while the effects on objective response rate (ORR) and overall survival (OS) are less 
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consistent in the 1st- and 2nd-line mCRC settings [272]. Hormonal drugs, such as 

tamoxifen and aromatase inhibitors (exemestane or anastrozole), are considered to interfere 

with hormone dependent pathways that are related to development or growth of cells 

[274,275]. Although these drugs are usually administered in the treatment of breast and 

prostate cancers, they have demonstrated reduced the incidences of CRC and improved 

disease-specific and overall survival [276]. 

 

5.  Enhance permeability retention (EPR) 

 The main problem of conventional chemotherapy is that it distributes throughout 

the body to tumors or normal organs and tissues resulting in undesirable side-effects and 

limiting achievement of proper doses required [277]. One of the most effective strategies, 

in terms of drug delivery, is the use of the anatomical and pathophysiological 

abnormalities of tumor tissue, particularly the tumor vasculature, utilizing the enhanced 

permeability and retention (EPR) effect [278].  

In normal organs, circulating nanosized drugs are cleared from the circulation by 

the mononuclear phagocyte system (MPS) or by glomerular filtration in the kidney [279]. 

On the other hand, blood vessels in tumors are irregular in shape dilated, leaky or 

defective, and the endothelial cells are poorly aligned or disorganized with large 

fenestrations. The perivascular cells and the basement membrane, or the smooth-muscle 

layer, are frequently absent or abnormal in the vascular wall [278,280]. These anatomical 

defects are associated with a deregulated angiogenesis and/or increased expression and 

activation of vascular permeability factors that results in a discontinuous endothelial layer. 

The fenestrations between the endothelial cells, that may range from 300 nm to 4,700 nm 

in size, [281,282] along with an impaired lymphatic system, result in extensive leakage of 
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blood plasma components, such as macromolecules, nanoparticles and lipidic particles, 

into the tumor tissue [278,281]. In tumors, the EPR effect significantly determines 

selectivity of nanomedicine deposition [283]. When administered intravenously, nano-

sized agents tend to circulate for longer times if they are not too small to be excreted by the 

kidney, nor too large where they are rapidly recognized and trapped by the 

reticuloendothelial system (RES).  Therefore, nano-sized agents with long circulation 

times leak preferentially into tumor tissue through a leaky tumor vasculature and are, then, 

retained in the tumor bed due to reduced lymphatic drainage [280]. Nanoparticles (NPs) 

have been used for tumor-targeted delivery of chemotherapeutic drugs via passive 

targeting (enhanced permeability and retention effect) and/or active targeting (surface 

functionalization of NPs with targeting ligands) mechanisms [284]. Liposomes by 

themselves tend to be slightly sterically unstable and are cleared rapidly from the 

bloodstream. To solve this problem, the liposomes surface can by functionalized with 

poly(ethylene glycol) to increase steric stabilization, or they can be modified with ligands 

for active targeting [285]. Doxil®/Caelyx® is a pegylated liposomal formulation of 

doxorubicin approved for the treatment of cancer in AIDS-related Kaposi sarcoma and 

multiple myeloma. This formulation presents higher efficacy and lower cardiotoxicity 

compared to the free drug due to the passive targeting of the liposome [286,287]. 

Polymeric nanoparticles can also be surface functionalized with ligands, such as 

antibodies, aptamers, peptides or small molecules, to provide active targeting [288]. 

Antibodies are the most common targeting molecules against epithelial growth factor. 

Preclinical studies have shown that nab-paclitaxel (albumin-bound nanoparticles of 

paclitaxel) coated with the monoclonal antibody rituximab showed higher efficacy than the 

non-coated nanoparticles in the treatment of B-cell of a Non-Hodgkin’s lymphoma. This 

increment in the therapeutic effect with respect to the nab-paclitaxel was due to the 
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increased deposition of the chemotherapy into the tumor mediated by the CD20 ligand 

specific of the antibody [289]. Sahoo et al (2004) studied the efficacy of transferrin-

conjugate nanoparticles loaded with paclitaxel in a murine model of prostate cancer. The 

study showed that conjugated nanoparticles exhibited a cellular uptake three times higher 

than the nanoparticles without transferrin. Also, both nanoparticles, conjugated and 

unconjugated, displayed a higher reduction (by 70% and 35%, respectively) in cellular 

proliferation compared to the free drug (20%). The effectiveness of the conjugated 

nanoparticles could be due to their ability to be taken up by receptor-mediated endocytosis, 

which enhances the amount of drug delivered to tumor cells and limits the amount 

delivered to healthy cells [285,290].  

Abraxane®, an albumin-bound nanoparticle of paclitaxel, was developed to retain 

the therapeutic benefits of paclitaxel while avoiding the toxicity associated with the 

emulsifier Cremophor EL in the paclitaxel formulation (Taxol) and its generic equivalent 

[291]. In 2005, it was approved by the FDA as a second line treatment for breast cancer 

[292]. It concentrates in the tumor through passive enhanced permeability and retention 

effect and through the transendothelial transport mechanisms via the albumin-binding 

protein gp60 [292]. It has been found to increase the therapeutic response rate up to two 

times compared with the free drug, and also it increases the time to disease progression and 

overall survival in patients with breast cancer [293,294]. The pharmacokinetic parameters 

showed that paclitaxel clearance and volume of distribution were higher for Abraxane than 

for Taxol. These differences may be associated with the higher intratumoral concentrations 

of Abraxane compared with the equivalent dose of Taxol [295,296].  
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Objective 

The general aim of this project was to prepare and evaluate the capability of human 

serum albumin nanoparticles as carriers for the delivery of monoclonal antibodies, usimng 

bevacizumab as model. More particularly, and using bevacizumab as model, the effect of 

albumin nanoparticles in the efficacy of this biological was evaluated in in vivo models of 

corneal neovascularization and colorectal cancer. 

This general objective was divided in the following secondary objectives: 

1. Development and characterization of bevacizuma-loaded nanoparticles. 

2. Development and characterization of PEG-coated bevacizuma-loaded 

nanoparticles. 

3. Evaluation of the albumin-based nanoparticles for the ocular delivery of 

bevacizumab in an in vivo model of corneal neovascularization (CNV). 

4. Evaluation of the albumin-based nanoparticles for the ocular delivery of 

bevacizumab in an in vivo model of colorectal cancer (CRC). 
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Abstract 

Bevacizumab-loaded nanoparticles (B-NP) were prepared by a desolvation process 

followed by freeze-drying, without any chemical, physical or enzymatic cross-linkage.  

Compared with typical HSA nanoparticles cross-linked with glutaraldehyde (B-NP-GLU), 

B-NP displayed a significantly higher mean size (310 nm vs. 180 nm) and a lower negative 

zeta potential (-15 mV vs. -36 mV). On the contrary, B-NP displayed a high payload of 

approximately 13% when measured by a specific ELISA, whereas B-NP-GLU presented a 

very low bevacizumab loading (0.1 µg/mg). These results could be related to the 

inactivation of bevacizumab after reacting with glutaraldehyde. From B-NP, bevacizumab 

was released following an initial burst effect, proceeded by a continuous release of 

bevacizumab at a rate of 6 µg/h. Cytotoxicity studies in ARPE cells were carried out at a 

single dose up to 72 hours and with repeated doses over a 5-day period. Neither 

bevacizumab nor B-NP altered cell viability even when repeated doses were used. Finally, 

B-NP were labeled with 99mTc and administered as eye drops in rats. 99mTc-B-NP 

remained in the eye for at least 4 hours while 99mTc-HSA was rapidly drained from the 

administration point. In summary, HSA nanoparticles may be an appropriate candidate for 

ocular delivery of bevacizumab.  

 

Keywords: Human serum albumin, bevacizumab, nanoparticles, controlled release, 

ocular delivery, desolvation.  
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1. Introduction  

Human serum albumin (HSA) is the most abundant protein in human blood, and is 

a natural and adequate material for the fabrication of nanoparticles for drug-delivery 

purposes. In recent decades albumin nanoparticles have gained considerable attention 

owing to their high capability to load a number of drugs in a non-specific way [1], as well 

as their tolerability when administered in vivo [2]. For the preparation of these nanocarriers 

a great variety of physico-chemical processes have been proposed, including thermal 

gelation [3–5], emulsification [6–8] and desolvation (coacervation) [9–11]. In any case, 

desolvation-based procedures appear to be most suitable due to their simplicity and 

repeatability. However, the just obtained albumin nanoparticles are unstable and a 

supplementary step of stabilization or cross-linkage has to be performed in order to prolong 

their half-life in an aqueous environment and/or prevent the formation of macro-aggregates 

of the protein.  

In general, cross-linkage with glutaraldehyde (GLU) is one of the most frequently 

implemented strategies to stabilize albumin nanoparticles. While it is highly effective for 

this purpose, the use of GLU (and other derivatives) is questionable due mainly to its 

toxicity and reactivity against some functional groups (e.g. primary amine residues) 

[12,13]. Thus, for the delivery of biomacromolecules (e.g. antibodies, proteins, peptides), 

this dialdehyde may also react with the biologically-active compound, resulting in an 

important loss of their activity and efficacy [14]. In addition, the potential toxicity of GLU 

is a concern for in vivo delivery [12–14]. In order to overcome these drawbacks, different 

strategies have been proposed to harden the just formed albumin nanoparticles without the 

need of using toxic reagents. Amongst others, this stabilization of nanoparticles from 

proteins can be obtained through thermal treatment [8], high hydrodynamic pressure [15], 

enzymatic cross-linkage with genipin [16,17] or transglutaminase [18].  
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Bevacizumab is a G immunoglobulin (MW of 149 kDa) composed of two 214-

residue light chains and two 453-residue heavy chains that contain an N-linked 

oligosaccharide. This monoclonal antibody, commercially available as Avastin®, targets 

and blocks the binding of vascular endothelial growth factor (VEGF-A) to its receptor 

[19]. It was approved by the FDA in 2004 for first-line treatment of metastatic colorectal 

cancer, and later was approved for other cancers, such as non-small-cell lung cancer and 

metastatic breast cancer in combination with cytotoxic chemotherapy [20–22].  

On the other hand, bevacizumab is employed off-label in the treatment of 

proliferative (neovascular) eye diseases, including corneal [23] and retinal 

neovascularization [24], diabetic retinopathy [25], and age-related macular degeneration 

[26]. Regarding corneal neovascularization, bevacizumab is administered as eye drops, 

alone [27] or in combination with other drugs such as suramin [28]. However, topical 

administration of bevacizumab appears to be associated with an increased risk of corneal 

epithelial defects that are dependent on the dose and duration of treatment [29]. One 

possible strategy to minimize these drawbacks would be the design of nanoparticles with 

mucoadhesive properties, able to prolong their residence in close contact with the corneal 

epithelium, in order to decrease the frequency of administration and the amount of 

medication given. As a result, this strategy is expected to improve patient adherence as 

well as the safety profile and efficacy of the treatment.  

The aim of this work was to prepare and characterize human serum albumin 

nanoparticles as carriers for ocular delivery of bevacizumab. In addition, this work also 

includes the evaluation of the cytotoxicity on retinal pigment epithelium cells (ARPE-19) 

as well as the biodistribution of the resulting nanoparticles after ocular application as eye 

drops in laboratory animals. 
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2. Materials and Methods  

2.1. Materials 

Human serum albumin or HSA (fraction V, purity 96–99%) and glutaraldehyde 

(GLU) 25% aqueous solution were obtained from Sigma (Madrid, Spain). Bevacizumab 

(Avastin®) was purchased from Roche (Madrid, Spain). Avastin® is provided as a 

concentrate for solution for infusion in a single-use vial, which contains a nominal amount 

of either 100 mg of bevacizumab in 4 mL or 400 mg of bevacizumab in 16 mL 

(concentration of 25 mg/mL). The Micro BCA protein assay kit was purchased from Pierce 

(Thermo Fisher Scientific Inc., Illinois, USA). The Shikari® Q-beva Enzyme immunoassay 

used for the detection of bevacizumab was purchased from Matriks Biotech (Gölbaşı, 

Turkey). Absolute ethanol and dimethyl sulfoxide (DMSO) were purchased from Panreac 

Pharma (Barcelona, Spain). All other reagents and chemicals used were of analytical 

grade. The cacodylate buffer, osmium tetroxide and uranyl acetate were purchased from 

Sigma–Aldrich (St Louis, USA). Formvar® films were purchased from Agar Scientific 

(Stansted, UK). Dulbecco’s modified Eagle’s medium (DMEM; Sigma–Aldrich, St Louis, 

MO, USA), phosphate buffered saline (PBS), fetal bovine serum (FBS), Fungizone® and 

L-glutamine penicillin-streptomycin (Invitrogen) were purchased from Thermo Fisher 

Scientific Inc. (Illinois, USA). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium 

bromide) was provided by Sigma-Life Science (Mannheim, Germany). Acuolens® eye 

drops were purchase from Alconcusí (Barcelona, Spain). Tin-chloride dihydrate and 

chlorhydric acid were supplied by Panreac (Barcelona, Spain) 

2.2. Preparation of human serum albumin nanoparticles with GLU (NP-GLU) 

Human serum albumin (HSA) nanoparticles were prepared by a desolvation 

method as previously described [9] with some modifications. Briefly, 100 mg of HSA was 

dissolved in 7.5 mL purified water and the solution was titrated to pH 4.9 with HCl 1M. 

Then, nanoparticles were formed by the continuous addition of 16 mL ethanol under 
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magnetic stirring. After the desolvation process, nanoparticles were cross-linked with GLU 

(12.5 µg glutaraldehyde in 300 µL ethanol) by incubation under stirring for 5 minutes. The 

organic solvents were eliminated under reduced pressure (Büchi Rotavapor R-144; Büchi, 

Postfach, Switzerland) and the nanoparticle suspension was purified twice by 

centrifugation at 41,000 g for 20 min at 4°C (Sigma 3K30 Osterodeam Harz, Germany). 

Finally, the nanoparticles were freeze-dried (Genesis 12EL, Virtis, NewYork, USA) using 

a 5% sucrose solution as a cryoprotector. 

2.3. Preparation of bevacizumab-loaded nanoparticles  

For the preparation of bevacizumab-loaded nanoparticles, the monoclonal antibody 

was added to an aqueous solution containing 100 mg HSA, adjusted to a pH 4.9 with HCl 

1M, and incubated for 10 minutes. Then, nanoparticles were obtained by the continuous 

addition of 16 mL ethanol under magnetic stirring. The organic solvents were eliminated 

under reduced pressure (Büchi Rotavapor R-144; Büchi, Postfach, Switzerland) and the 

resulting suspensions were purified and freeze-dried as described above. This formulation 

was identified as B-NP. 

As control, bevacizumab-loaded nanoparticles cross-linked with glutaraldehyde (B-

NP-GLU) were also prepared. For this purpose, the just formed bevacizumab-loaded 

nanoparticles were incubated with 12.5 µg glutaraldehyde for 5 minutes at room 

temperature. Then, these nanoparticle suspensions were purified and freeze-dried as 

described above. 

2.4. Physico-chemical characterization of nanoparticles  

2.4.1. Size, zeta potential and morphology 

The particle size and zeta potential of loaded or empty HSA nanoparticles were 

determined by photon correlation spectroscopy (PCS) and electrophoretic laser Doppler 

anemometry, respectively, using a Zeta Plus analyzer system (Brookhaven Inst. Corp., NY, 

USA). The diameter of the nanoparticles was determined after dispersion in ultrapure 
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water (1/10) and measured at 25°C by dynamic light scattering angle of 90°C. The zeta 

potential was determined as follows: 200 µL of the samples were diluted in 2 mL of a 0.1 

mM KCl solution adjusted to pH 7.4. 

The morphological characteristics of the nanoparticles were studied by transmission 

electron microscopy (TEM) using copper grids covered with Formvar film for negative 

staining. Then, 5 µL of each sample were absorbed to the grid for 30 seconds, followed by 

washing with Milli-Q water (3 times). Samples were then exposed to 2% uranyl acetate 

solution in water for 5 minutes. After removing excess stain with filter paper, the samples 

were air-dried and examined at 80 kV on a Zeiss Libra 120 transmission electron 

microscope (Stuttgart, Germany). 

2.4.2. Yield 

The amount of protein transformed into nanoparticles was calculated by micro-

BCA analysis and microfluidic electrophoresis. Briefly, 10 mg of the nanoparticles were 

dispersed in 10 mL of ultra-pure water and centrifuged at 21,000 x g for 15 min at 4°C 

(Biofuge Heraeus, Hanau, Germany). Then, the pellet was digested with 1 mL of 0.02 N 

NaOH and the mixture centrifuged. Samples of these supernatants were analyzed with the 

Protein Assay Reagent Kit (Pierce, Rockford, USA), following the manufacturer’s 

instructions.  

In parallel, for bevacizumab-loaded nanoparticles, the amounts of albumin and 

monoclonal antibody were calculated by microfluidic electrophoresis in an Experion™ 

Automated Electrophoresis System (Bio Rad, Hercules, USA). Again, samples from 

supernatants in 0.02 N NaOH were treated in non-reducing conditions following the 

manufacture’s specification (Experion System Pro260 Analysis Kit; Bio-Rad Lab., 

Hercules, USA). Data were processed using the Experion™ software. A virtual gel with 

densitometric bands expressed in kilodaltons (kDa) and the percentage of total protein (% 

total) value for each detected peak were obtained.  
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2.4.3. Bevacizumab integrity studies  

The integrity of bevacizumab encapsulated in HSA nanoparticles was studied 

through microfluidic-based automated electrophoresis using an Experion™ Automated 

Electrophoresis System (Bio Rad, Hercules, USA). For this purpose, nanoparticles were 

broken with 1 mL NaOH 0.02 N and the samples diluted with purified water to obtain a 

protein concentration of around 400 ng protein/µL (linear dynamic range of the test is 5-

2,000 ng/µL). Samples of free protein (albumin and bevacizumab) were used as controls. 

The analysis was performed under non-reducing conditions as described above. 

2.4.4. Quantification of bevacizumab  

The amount of the antibody loaded in albumin nanoparticles was calculated by a 

specific enzyme immunoassay for bevacizumab (Shikari® Q-BEVA). For this purpose, 10 

mg of the nanoparticles were dispersed in 1 mL water and centrifuged for 10 min at 

21,000x g (Biofuge Heraeus, Hanau, Germany). The supernatant was removed and the 

pellet was broken with 1 mL NaOH 0.02N. Samples were diluted 1:1000 with assay buffer 

and 25 µL of the resulting solution was transferred to a 96-well microplate coated with 

human vascular endothelial growth factor (VEGF) and followed a specific ELISA for 

bevacizumab (Q-Beva test procedure, Shikari® Q-Beva, Matriks Biotek, Ankara, Turkey). 

Empty nanoparticles were treated in the same way to rule out any interference. 

All samples were assayed in triplicate and the calculations performed using 

standard curves in the range 0.1-100 µg/mL (r2> 0.993). The detection and quantification 

limits were lower than 30 ng/mL and 100 ng/mL, respectively. The results were expressed 

as the amount of bevacizumab (µg) per mg nanoparticles (payload) and as encapsulation 

efficiency (in percentage). 

2.4.5. FTIR determinations 

The molecular structure of nanoparticles was investigated by attenuated total 

reflectance infrared spectroscopy (FTIR-ATR), using a Nicolet Avatar 360 spectrometer 
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(Artisan Technology Group, Champaign, USA) equipped with a Golden-Gate temperature 

controlled. Samples were placed directly on the diamond and the spectra collected over 

600–4000 cm-1 at 2 cm-1 resolution and 100 scans per spectrum. For the analysis of 

glutaraldehyde, the reagent was previously lyophilized in a Genesis 12EL  lyophilizer. In 

all cases data were analyzed using the OMNICTM software (Thermo Fisher Scientific, 

Madison, USA). 

2.4.6. X-ray diffraction studies 

X-ray studies were performed in order to study the crystalline state of the polymeric 

matrix in the different samples of nanoparticles. For this purpose, the samples were placed 

in powder form on a plastic plate in a diffractometer (Bruker Axs D8 Advance, Frankfurt, 

Germany) using a Ni filter, CuKa radiation, a voltage of 40 kV and a current of 30 mA. 

The scanning rate was 1°/min and the time constant 3 s/step over a 2q interval of 2-40°. 

For the analysis of glutaraldehyde, the reagent was previously lyophilized in a Genesis 

12EL apparatus. In all cases the diffractograms were analyzed using the program 

Diffrac.SuiteTM software (Bruker Corp., Frankfurt, Germany). 

2.4.7. Thermal analysis  

The response of the different nanoparticles to heating was studied by differential 

thermal analysis (DTA) using a TGA/sDTA 851e Mettler Toledo thermal analyzer. 

(Mettler Toledo, Port Melbourne, Australia). The thermograms were obtained by heating 

about 5-10 mg of the sample in a pierced aluminum crucible at a scan rate of 10°C/min 

from 25 to 250°C. The thermal analyses were performed under static air atmosphere using 

20 mL  

min-1 nitrogen as purge gas. Measurements were made in triplicate. Again, glutaraldehyde 

was lyophilized before use. 
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2.4.8. Elemental analysis  

Elemental analysis (C, H, O and N) of the nanoparticles was performed in order to 

confirm the association of the different stabilizing agents in the HSA nanoparticles using 

an Elemental Analyzer from LECO (CHN-900, Michigan USA). Briefly, 1 mg of each 

sample was tested in triplicate and results were expressed as a percentage (% w/w) SD ± 

0.4.  

2.5. Stability of nanoparticles  

The stability of nanoparticles was evaluated in phosphate buffered saline medium 

(PBS, pH 7.4). Nanoparticles were dispersed in this solution and stored at room 

temperature for a period of 24 hours. At predetermined times, the stability was assessed by 

measuring the size, polydispersity and zeta potential of the nanoparticles. 

2.6. In vitro release study 

In vitro release profile of bevacizumab from albumin nanoparticles were carried out 

in PBS (pH 7.4). Due to the eventual aggregation of bevacizumab in PBS, we selected an 

appropriate dilution factor to prevent this phenomenon. For this purpose, aggregation of 

bevacizumab was evaluated after dissolving the monoclonal antibody in PBS by 

electrophoresis.  After this preliminary study, eppendorf tubes containing 10 mg of each 

formulation (B-NP-GLU and B-NP) were dispersed in 1 mL PBS and placed in a shaking 

bath at 37°C with a constant agitation of 60 strokes/min (Vortemp 56, Labnet 

International, Woodbridge, USA). At different times, samples were centrifuged for 10 min 

at 21,000 x g (Biofuge Heraeus, Hanau, Germany), and the supernatants were analysed for 

bevacizumab content with the specific ELISA test (Shikari® Q-Beva, Matriks Biotek, 

Ankara, Turkey). The analysis was performed three times for each sample. Release profiles 

were expressed in terms of cumulative release in percentage, and plotted versus time.  
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2.7. Cell culture 

ARPE19 were employed in this study as a model of ocular epithelial cells. Cells 

were grown to confluence in DMEM medium, containing 10 % FBS, 1 % Fungizone®, 1 % 

L-glutamine-penicillin–streptomycin. Cells were cultured in a humidified incubator 

containing 5 % CO2 at 37 °C. 

Cell suspensions were seeded onto 96-well tissue culture plates, starting at an initial 

concentration of 5x103-1x104 cells/mL. After 24 h, culture medium was replaced by the 

different nanoparticle formulations diluted to the desired final concentration (0.0, 0.1, 0.5, 

1.0, 1.5 and 2.0 mg/mL) with culture medium and tested for up to 72 h. 

2.7.1. MTT toxicity assay  

To evaluate the effect of bevacizumab (free or encapsulated as B-NP) on ARPE19 

cells, cell proliferation was determined by using the MTT (3-(4,5-dimethylthiazol-2-yl)-2, 

5 diphenyltetrazoliumbromide) assay. ARPE19 cells (5x103-1x104 cells/mL) were plated 

into 96-well microtiter plates (Nunc, Thermo Fisher, Scientific Inc., Illinois, USA). After 

24 h, plates were washed with PBS and culture medium replaced with bevacizumab 

preparations dispersed in fresh medium. Cells were then incubated for 4, 24 or 48 h, 

culture media removed and 250 µL of 0.5 mg/mL MTT added to the cells during 4 h 

(37°C, 5 % CO2, 95 % humidified air). Then, 200 µL of dimethyl sulfoxide (DMSO) was 

added to extract the reduced formazan produced by living cells, and cellular viability 

measured by quantifying it by colorimetry analysis at 540 nm. 

On the other hand, the effect of repeated doses of bevacizumab on cellular viability was 

also evaluated. For this purpose, ARPE-19 cells were exposed to the following two 

bevacizumab regimens: (i) every other day (days 0, 2, and 4) and (ii) daily at days 0, 1, 2, 

3, and 4. In both cases, the MTT assay was performed at day 5 as described above. 
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2.8. Radiolabelling of nanoparticles and biodistribution study in animals 

Albumin nanoparticles (B-NP) were radiolabeled with 99mTc by reduction with tin 

chloride following a previously described method [30]. Briefly, 40 µL of a 0.02 mg/mL tin 

chloride dihydrate solution in water for injection at pH 4 (adjusted with HCl 0.1 N) were 

mixed with 0.5 mg of lyophilized nanoparticles. After this, 200 µL of 99mTcO4− eluate 

from a 99Mo/99mTc generator (UltratechneflowTM, Mallinkrodt, The Netherlands) were 

added to the mixture. For in vivo studies, 4 µL of the radiolabelled nanoparticle suspension 

(40 MBq) were mixed with 1.75 mg of unlabelled B-NP formulation. 

For 99mTc-labelled albumin controls, 5 µL of a 20 mg/mL albumin solution where labelled 

with 200 µL of 99mTcO4− eluate and 40 µL of 0.05 mg/mL tin chloride dihydrate solution. 

Just before use, 4 µL of radiolabelled albumin were mixed with 4 µL of a commercial 

collyrium (Acuolens®) containing 3 mg/mL hydroxypropyl methylcellulose. 

For the biodistribution study, experiments were performed in compliance with the 

regulation of the Ethics Committee of the University of Navarra in line with the European 

legislation on animal experiments (protocols 171-12 and 066/16). For this purpose, female 

Wistar rats (250 g) were anesthetized with isofluorane and received 4 µL of the 

radiolabelled formulation on the right eye. Animals were kept anesthetized for one hour to 

avoid active removal of the suspension from the eye.  

The following treatments were evaluated: (i) radiolabelled nanoparticles (5 MBq; 

99mTc-B-NP), (ii) radiolabelled albumin in the commercial collyrium (4 MBq; 99mTc-

HSA), and (iii) 99mTcO4− eluate in the collyrium (5 MBq; 99mTc-free). For imaging 

studies, animals where anesthetized just before each study and placed in prone position in a 

Symbia T2 Truepoint SPECT-CT system (Siemens). Images were acquired using a 

128x128 matrix, 7 images/s. CT was set to 110 mAs and 130 Kv, 130 images 3 mm thick. 

Image fusion was performed using Syngo MI Applications TrueD software. 
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2.9. Statistical analysis 

Data are expressed as the mean ± S.D of at least three experiments. The data 

obtained were statistically treated by variance analysis, while the means were compared by 

one-way ANOVA at a significance level of 0.05. All calculations were performed using 

GraphPad Prism 6.0 statistical software (GraphPad Software, CA, USA). 

 

3. Results 

3.1. Preparation and characterization of nanoparticles 

Albumin nanoparticles prepared by a desolvation process of the protein in water 

after addition of ethanol showed low stability in an aqueous environment and were 

stabilized by cross-linkage with glutaraldehyde. The resulting nanoparticles had a mean 

size of about 165 nm and a negative zeta potential of -36 mV (Table 1). 

For optimization of the bevacizumab-loaded nanoparticles, the influence of the 

antibody-to-albumin ratio on the payload was evaluated (Figure 1). When the 

bevacizumab-to-albumin ratio was low (e.g. 0.01), the resulting nanoparticles were not 

stable with time and needed to be cross-linked with glutaraldehyde. However, for ratios 

higher than 0.01, bevacizumab-loaded nanoparticles were stable with no need for a 

supplementary stabilization step. In addition, the payload of the resulting nanoparticles 

increased by augmenting the antibody-to-albumin ratio up to 0.15. Under these 

experimental conditions, the resulting nanoparticles (B-NP) displayed a mean size close to 

300 nm and a negative zeta potential of about -15 mV. Moreover, bevacizumab loading 

was calculated to be close to 13 %, with an encapsulation efficiency of about 90 % (Table 

1). The integrity of bevacizumab entrapped in albumin nanoparticles was evaluated by 

microfluidic-based automated electrophoresis (Figure 2).  

Interestingly, when these bevacizumab-loaded nanoparticles were cross-linked with 

glutaraldehyde (B-NP-GLU), the mean size was significantly lower than those non-
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stabilized with the dialdehyde (180 vs. 310 nm), and their negative zeta potential was also 

significantly lower (-36 mV vs -14 mV). In both cases, the polydispersity index (PDI) was 

found to be lower than 0.2, indicating homogeneous nanoparticle formulations. Regarding 

the payload for B-NP-GLU, the antibody loading was of only 0.1 µg/mg nanoparticle 

(Table 1). 

Figure 2 shows a microfluidic electrophoresis analysis of B-NP. By this technique, 

both HSA and bevacizumab appeared as strong bands at about 65 and 150 kDa, 

respectively. Likely, the formation of nanoparticles did not significantly alter the structural 

integrity of bevacizumab. 

Table 1. Physical-chemical characteristics of empty and bevacizumab-loaded nanoparticles 

Data are expressed as mean ± SD, n=3. NP: empty and non-hardened nanoparticles; B-NP: 

bevacizumab-loaded nanoparticle not treated with glutaraldehyde; NP-GLU: empty nanoparticles 

treated with glutaraldehyde; B-NP-GLU: bevacizumab-loaded nanoparticles cross-linked with 

glutaraldehyde. 

Formulation Size (nm) PDI Zeta 

potential 

(mV) 

Yield  

(%) 
EE 

(%) 

BEVA 

loading 

(µg/mg NP) 
NP NA NA NA NA - - 
B-NP 310 ± 3 0.14 ± 0.02 -14 ± 1 85 ± 3 89 ± 0 132 ± 5 
NP-GLU 163 ± 2 0.17 ± 0.01 -36 ± 0 66 ± 5 - - 
B-NP-GLU 180 ± 3 0.11 ± 0.01 -36 ± 1 75 ± 2 0.1 ±1.3 0.1 ± 1 
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Figure. 1. Influence of the bevacizumab-to-albumin ratio on the payload of the resulting 

nanoparticles. Data expressed as mean ± SD (n=3). 
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Figure. 2. Microfluidic-based automated electrophoresis of nanoparticles (L: Ladder; 1: 

HSA; 2: BEVA; 3: B-NP). 

The morphological evaluation of nanoparticles by transmission electron 

microscopy (TEM) revealed some differences when nanoparticles were cross-linked with 

glutaraldehyde (Figure 3). Thus, NP-GLU (Figure 3A) and B-NP-GLU (Figure 3B) were 

spherical and with a well-defined perimeter. On the contrary, B-NP (Figure 3C) presented 

an irregular contour.  

System	peak

HSA

Bevacizumab
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Figure. 3. TEM microphotographs of nanoparticles. A: empty nanoparticles cross-linked 

with glutaraldehyde (NP-GLU). B: bevacizumab-loaded nanoparticles cross-linked with 

glutaraldehyde (B-NP-GLU). C: bevacizumab-loaded nanoparticles not treated with glutaraldehyde 

(B-NP).  

 

Figure 4 shows the FTIR spectra of the different compounds employed in the 

preparation of nanoparticles as well as those of the resulting nanocarriers. In case of 

nanoparticles cross-linked with glutaraldehyde (NP-GLU), the typical band of the 

dialdehyde (1690 cm-1) was not observed. In a similar way, no displacement of the amide 

bands I and II (1644 cm-1 and 1533 cm-1, respectively) of albumin was detected in the 

spectra corresponding to NP-GLU, B-NP-GLU or B-NP. However, a change in the relative 
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intensity of those bands (corresponding to amides I and II) was evidenced when compared 

with the typical spectrum of HSA (Figure 4). Furthermore, a broadening of the amide I 

band in the spectra of nanoparticle formulations was also identified. 

 

Figure 4. FT-IR Spectrum of glutaraldehyde (GLU), bevacizumab (BEVA), human serum 

albumin (HSA), HSA+BEVA physical mixture, HSA+GLU physical mixture, BEVA-loaded 

albumin nanoparticles (B-NP), albumin nanoparticles cross-linked with glutaraldehyde (NP-GLU) 

and BEVA-loaded albumin nanoparticles cross-linked with glutaraldehyde (B-NP-GLU). 

 

The effect of bevacizumab encapsulation and glutaraldehyde treatment was also 

evaluated by X-ray diffraction. Figure 5 shows these results. In all cases, X-ray 

diffractograms displayed patterns corresponding to amorphous structures. It is worthy to 

note that for nanoparticles cross-linked with glutaraldehyde (NP-GLU and B-NP-GLU), 

the diffraction patterns presented a similar profile to that of the dialdehyde.   
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Figure 5. X-ray spectra of albumin, bevacizumab, glutaraldehyde and the different 

nanoparticles used in this study. 

 

Figure 6 shows the thermograms of albumin, glutaraldehyde, bevacizumab and the 

resulting nanoparticles. HSA showed an exothermic effect around 30 °C, corresponding to 

a reversible conformational change, and a second endothermic band (at 80 °C) due to 

protein unfolding processes that take place by heating. Glutaraldehyde presented a weak 

endothermic effect at around 180°C that could correspond to a fusion process (for this 

study glutaraldehyde employed in a solid form after freeze-drying). Bevacizumab showed 

a broad endothermic band that would be associated to its denaturation process. It is 

noteworthy that, for nanoparticle samples, no thermal signals corresponding to HSA were 

observed. This fact could be attributed to the interaction between albumin and the 

monoclonal antibody when the nanoparticles are formed. In addition, a certain drift of the 

thermal profile can be associated to changes in the thermal diffusivity of the nanoparticles 

with respect to the mixture of components. 
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Figure 6. DTA thermograms of (A) native albumin (HSA), bevacizumab (BEVA) and 

glutaraldehyde (GLU) and (B) albumin nanoparticles cross-linked with glutaraldehyde (NP-GLU), 

bevacizumab-loaded nanoparticles (B-NP) and bevacizumab-loaded nanoparticles coated with 

glutaraldehyde (B-NP-GLU).  

 

Table 2 shows the elemental analysis of the nanoparticles employed in this study as 

well as of the three individual components (human serum albumin, bevacizumab and 

glutaraldehyde). Comparing both proteins, bevacizumab displayed a significantly lower 

content of carbon and nitrogen than human serum albumin. On the contrary, the oxygen 

content in the monoclonal antibody was about 2-times higher than in albumin. For 

glutaraldehyde, the most important points were the lack of nitrogen and the presence of 
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significant oxygen content (about 50%). On the other hand, albumin nanoparticles 

containing bevacizumab (B-NP-GLU and B-NP) presented a lower percentage of nitrogen 

and higher oxygen content than native albumin. Also, empty nanoparticles cross-linked 

with GLU showed higher amounts of oxygen and lower amounts of nitrogen as compared 

with native albumin.  

Table 2. Elemental analysis of albumin (HSA), glutaraldehyde (GLU), bevacizumab 

(BEVA), albumin nanoparticles cross-linked with glutaraldehyde (NP-GLU), bevacizumab-loaded 

nanoparticles (B-NP) and bevacizumab-loaded nanoparticles cross-linked with glutaraldehyde (B-

NP-GLU). 

 % C % H % N % O 

HSA 48.34 6.96 17.80 26.91 

GLU 42.84 6.29 0.23 50.63 

BEVA 36.70 6.64 4.25 52.41 

NP-GLU 48.09 6.87 15.19 29.85 

B-NP 48.77 6.86 14.90 29.48 

B-NP-GLU 49.27 6.70 14.61 29.42 

 

3.2. Stability of nanoparticles 

Figure 7 shows the evolution of the mean size of nanoparticles when incubated in 

either PBS (figure 7A) or cell culture medium (figure 7B) for 24 hours. No significant 

changes in the mean size were observed for any of the nanoparticles (NP-GLU, B-NP-

GLU and B-NP) during the following 24 hours. On the other hand, for all the nanoparticles 

tested, no significant changes in the zeta potential or polydispersity values were evidenced 

during the experiment (data not shown). 
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Figure 7. Evolution of the mean size of empty nanoparticles cross-linked with 

glutaraldehyde (NP-GLU) and bevacizumab-loaded nanoparticles (B-NP and B-NP-GLU) after 

their dispersion in either PBS at pH 7.4 (A) or DMEM (B). Data expressed as mean ± SD, n=3. 

 

3.3. In vitro release studies  

Figure 8 shows the in vitro release profile of bevacizumab from albumin 

nanoparticles (B-NP) in PBS at pH 7.4. These nanoparticles presented a byphasic release 

pattern characterised by an initial release (burst effect) of about 400 µg/mL (35% of the 

loaded bevacizumab) in the first 5 minutes, followed by a slower, more sustained release 

rate during at least 24 h, up to 500 µg/mL. Therefore, the release profile obtained could not 

be adjusted to any mathematical model. B-NP-GLU was not evaluated due to the very low 

amount of active bevacizumab released to the dissolution medium (less than 1%). 
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Figure 8. Bevacizumab release profile from albumin nanoparticles (B-NP) after incubation 

in PBS (pH 7.4). Data expressed as mean ± SD, n=3. 

 

3.4. Cell culture experiments 

None of the cell proliferation assays carried out at for up to 72 h after one single 

dose of bevacizumab (either free or loaded in albumin nanoparticles showed important 

changes in the cell viability rate of ARPE cells (Figure 9). Only, at the lowest 

concentrations tested (0.1 and 0.5 mg bevacizumab per mL), an increase on cell 

proliferation was observed.     

ARPE cells treated with repeated doses of bevacizumab also showed a low 

influence on the viability of cells (Figure 10). Only treatment with free bevacizumab every 

other day over a 5-day period induced a slight decrease on cellular proliferation (Figure 

10A).  
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Figure 9. Single dose MTT assay following incubation of nanoparticles with ARPE cells 

for 4 h (A), 24 h (B), 48 h (C) or 72 h (D). The results are expressed as mean ± SD, n=6. 
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Figure 10. Repeated dose MTT assay following treatment either every over day (A) or 

every 24 h (B) over a 5-day period. The results are expressed as mean ± SD, n=3. 

 

3.5. Ophthalmic administration to Wistar rats for in vivo SPECT-CT imaging 

Figure 11 shows the biodistribution of B-NP after ocular administration as eye 

drops. Radioactivity associated with bevacizumab-loaded nanoparticles (99mTc-B-NP) 

remains in the eye for at least 4h, and progressively disappeared from the administration 

point into the GI tract. On the other hand, free 99mTcO4- and 99mTc-HSA incorporated in 

the commercial collyrium, showed a short residence time on the eye. This was particularly 

evident for 99mTc-HSA. Thus, 1 hour after its administration as eye drops, the majority of 

the radioactivity was visualized in the gut of animals (Figure 11 B).  

0

20

40

60

80

100

120

140

160

180

200

Ce
ll V

ia
bi

lit
y 

(%
)

Concentration (mg/mL)

 Control

 BEVA

 B-NP

0.1 0.5 1.0 1.5 2.0

0

20

40

60

80

100

120

140

160

180

200

Ce
ll 

Vi
ab

ili
ty

 (%
)

Concentration (mg/mL)

 Control

 BEVA

 B-NP

0.1 0.5 1.0 1.5 2.0

A

B



 

Chapter 3: Human serum albumin nanoparticles for ocular delivery of bevacizumab 

		 	 111	
	 	 	
	 	 	
	

 

Figure 11.	 (A) In vivo SPECT-CT images of 99mTc-free (upper row) compared with (B) 
99mTc-HSA (medium row) and (C) 99mTc-B-NP (bottom row). Images in each row correspond to the 

same animal studied at the time points indicated in the figure. The intensity of images has been 

rescaled to the highest intensity point in each individual image to follow the transit of the 

radioactivity in the body of the animal. a: eye and b: gastrointestinal tract (GI). 

 

4. Discussion 

Human serum albumin is a 66 kD protein abundantly present in plasma that is 

widely employed as pharmaceutical excipient for different applications. Its high stability in 

liquid media and amphiphilic properties makes it suitable in the formulation of many 

a

b
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therapeutic proteins, as additive to minimize irreversible adsorption to the container or 

aggregation phenomena [31,32]. HSA, due to its high glass transition temperature, can be 

employed as cryoprotectant in freeze-drying processes [33]. Moreover, HSA is also 

employed as material for the preparation of micro- and nanoparticles such as Albunex® 

[34] or Abraxane® [35].  

In addition to its safety and regulatory acceptation, HSA offers a supplementary 

advantage that is related with its remarkable capability to bind a high variety of drugs 

[36,37]. The preparation of HSA nanoparticles is relatively easy and, in general, can be 

performed under mild conditions [38,39]. However, the formed nanoparticles are not 

sufficiently stable and they dissolve after dispersion in water [10,40]. Therefore, a 

stabilization step is required. The most common strategy to stabilize HSA-based 

nanoparticles is cross-linkage with glutaraldehyde as its aldehyde groups easily react with 

albumin amino groups resulting in stable particles. However, its use is controversial due to 

the potential toxicity of glutaraldehyde and also because it could potentially react with the 

amino groups of the encapsulated drug [9,12,38]. In this context, our first approach was to 

look for “soft” cross-linking procedures, such as the combination of ultraviolet irradiation 

and glucose [40]. Nevertheless, the encapsulation of bevacizumab in HSA (B-NP) yielded 

stable nanoparticles without the need of any “hard” method. This fact may be explained by 

the development of protein-protein interactions between the monoclonal antibody and 

albumin [41–43]. Likely, in our case and under the experimental conditions described here, 

these interactions would result in nanoparticles as stable submicron assemblies (B-NP). 

This idea is supported by IR analysis, in which changes in the relative intensity of amide I 

(C=O stretch) and amide II (C–N stretch coupled with N–H bending mode) bands were 

observed. These modifications would be related with the formation of hydrogen bonds 

between C=O and N-H functional groups in bevacizumab and albumin [44]. In addition, 

changes in the typical fingerprint of bevacizumab (around 1000 cm-1) for loaded 
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nanoparticles were also detected. Another evidence of the interactions between albumin 

and bevacizumab in B-NP was obtained by DTA analysis (Figure 6). Contrary to the 

thermal signals observed for bevacizumab (endothermic band at 70°C) or native albumin 

(exothermic peak at 30°C and endothermic unfolding process at 80°C) no relevant peaks 

were observed when B-NP was evaluated. In a similar way, elemental analysis 

corroborated the different composition of bevacizumab-albumin assemblies when 

compared with the different compounds employed in their preparation (Table 2). Thus, 

compared with albumin, the incorporation of bevacizumab in nanoparticles produced an 

increase in the amount of oxygen and a decrease in the amount of nitrogen. 

These submicronic aggregates of bevacizumab and albumin (B-NP) showed a 

significantly higher mean size than glutaraldehyde cross-linked nanoparticles (310 nm vs. 

180 nm for B-NP-GLU) as well as a significantly lower negative zeta potential (-14 mV 

for B-NP vs. -36 mV for B-NP-GLU). From a morphological point of view, B-NP were 

also different to B-NP-GLU (Figure 3). In addition, our preparative process of B-NP 

resulted in high payloads (13.2%) of active bevacizumab (as determined by ELISA, see 

Table 1). These values are in line with those previously published for PLGA and PEG-

PLA nanoparticles [45,46] and are significantly higher than other obtained with solid lipid 

nanoparticles [47] or nanoliposomes [48]. When incubated in PBS, bevacizumab was 

released from albumin nanoparticles following a biphasic profile (Figure 8). In the first 

step, an important amount of the loaded bevacizumab (about 30%) was rapidly released 

following a burst effect, while in the second step a continuous amount of the monoclonal 

antibody was released over time (around 6 µg/h).  

Furthermore, B-NP did not produce alterations in cell viability even when repeated 

doses were used on ARPE-19 cells viability assays. These results are in alignment with 

those previously published by other research groups, who described that bevacizumab did 
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not affect the viability of different ocular cells (e.g., ARPE-19 and choroidal endothelial 

cells) either in normal or under oxidative stress conditions [49,50].   

Finally, the biodistribution of these nanoparticles when administered as eye drops 

was evaluated in rats. Interestingly, bevacizumab-loaded nanoparticles remained in the eye 

for more than 4 h post-administration, while the control (HSA diluted in a commercial 

collyrium containing hydroxypropyl methylcellulose) appeared to be eliminated from the 

surface of the eye in less than 1 hour. This finding of B-NP on the ocular surface agrees 

with other studies in which albumin nanoparticles show mucoadhesive properties when 

administered nasally [51]. The mucoadhesive behavior of these albumin nanoparticles 

would be a consequence of the establishment of links between nanoparticles and mucins 

through Van der Waals forces, electrostatic interactions and/or hydrogen bonds [52]. 

In summary, bevacizumab-loaded albumin nanoparticles were produced by a 

desolvation procedure and subsequent freeze-drying. The resulting nanoparticles are stable 

without any supplementary stabilization process (e.g., cross-linkage with glutraraldehyde). 

This stability would be due to the development of protein-protein interactions between the 

antibody and albumin. These nanoparticles are not cytotoxic when evaluated in ARPE-19 

cells. In addition, when administered as eye drops to laboratory animals they remain on the 

surface of the eyes for at least 4 hours. All of these results evidence that these albumin-

based nanoparticles may be good candidates for the ocular delivery of bevacizumab, 

opening the door to the evaluation of their efficacy in vivo.  
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Abstract 

The aim of this study was to prepare and evaluate the ability of pegylated albumin 

nanoparticles for ocular delivery of bevacizumab. In a first step, the coating of albumin 

nanocarriers with PEG 35000 was optimized. A PEG-to-albumin ratio of 0.5 was chosen to 

produce stable nanoparticles in an aqueous environment. These nanoparticles (NP-PEG) 

displayed a size of about 210 nm. The interaction between PEG and the surface of 

nanoparticles would be mediated by hydrophobic and H-bonding interactions. In a second 

step, the capability of these nanoparticles to encapsulate bevacizumab (B-NP-PEG) was 

evaluated. B-NP-PEG showed a mean size of 300 nm, a negative zeta potential of -17 mV 

and a payload of about 15%. ARPE cells were used to study the cytotoxicity of 

nanoparticles after incubation with either a single dose or repeated doses over a 5-day 

period. B-NP-PEG did not exhibit any cytotoxic effect, even when repeated doses were 

used. Finally, nanoparticles were labeled with technetium-99m and administered as eye 

drops. Pegylated nanoparticles exhibited a residence time on the surface of the eye higher 

than 4h. In summary, albumin nanoparticles coated with PEG 35000 were successfully 

obtained and may represent a promising delivery system for the ocular delivery of 

bevacizumab. 

 

Keywords: Human serum albumin; bevacizumab; Pegylation; nanoparticles; ocular 

delivery. 
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1.        Introduction 

Over the past years, a wide range of nanocarriers for drug delivery purposes has 

been investigated. Among these, polymeric nanoparticles have a special interest due to 

their potential to protect their cargo from premature degradation as well as to control its 

release pattern. These properties are mainly dependent on the nature of the substrate, the 

active and the preparation method employed. Besides, the appropriate decoration of their 

surface also permits to improve the biodistribution of nanocarriers within the body and to 

confer targeting abilities in order to reach the appropriate site for the absorption and/or 

action of the loaded drug [1,2].  

In this context, one of the most popular substrates to produce polymer nanoparticles 

is serum albumin. Thus, albumin nanoparticles have been proposed as carriers for the 

delivery of a number of biologically active compounds, including paclitaxel (Abraxane®). 

In this way, interesting and complete reviews about albumin nanoparticles capabilities are 

available [3–6]. Various preparation methods have been described, where the most 

commonly used procedures involve emulsification [7,8], thermal gelation [9,10] and 

coacervation or controlled desolvation [11–13] techniques.  

By contrast, there is little literature describing the functionalization of albumin 

nanoparticles. In principle, the modification of the surface properties of nanoparticles may 

be of interest for at least one of the following purposes: (i) to improve their in vivo 

stability, (ii) to modulate the release profile of the loaded compound, and (iii) to modify 

their fate in vivo, including their accumulation in particular areas of the body. In general, 

the coating/functionalization of albumin nanoparticles have been performed by the 

covalent binding of specific ligands to the surface of the just prepared nanoparticles via the 

formation of biotin-avidin complexes [14], glutaraldehyde linkers [1,15–17] or 

carbodiimide derivatives [18–20]. Nevertheless, these procedures are time-consuming and 
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may affect to the integrity of the nanocarriers and their payload. In order to solve these 

drawbacks, the covalent binding of the ligand to the protein before the formation of the 

nanoparticles may be an adequate strategy [21–23]. However, the functionalized protein 

may show different physico-chemical properties than the natural one and, then, negatively 

affect to the adequate formation of nanoparticles or to the capability to entrap the 

biologically active compound. Another possibility may be the use of the functional 

residues (i.e, hydroxyl, amino and carboxylic groups) of albumin to bind ligands or coating 

agents by electrostatic interactions or weak intermolecular forces such as London–van der 

Waals forces and hydrogen bonding.  

The surface decoration of nanoparticles with polyethylene glycol (PEG) or 

PEGylation is a popular method to confer interesting abilities to the resulting nanocarriers 

and to increase the efficiency of drug and gene delivery to target cells and tissues [24]. 

Thus, the presence of PEG coatings on the surface of nanoparticles may act as a shield 

against aggregation [25] and opsonization and phagocytosis by the cells of the 

mononuclear phagocyte system [25–27].  Orally administered, pegylated nanoparticles 

offer mucus-permeating properties, facilitating their arrival to the intestinal epithelium 

[28].  In a similar way, when administered as eye drops, pegylated nanoparticles would 

offer a better penetration into the cornea stroma than bare nanoparticles [29].  

The aim of this work was to prepare and characterize pegylated-coated human serum 

albumin nanoparticles for the ocular delivery of bevacizumab. In addition, this work also 

includes the evaluation of the cytotoxicity on retinal pigment epithelium cells (ARPE-19) 

as well as the biodistribution of the resulting nanoparticles after ocular application as eye 

drops in laboratory animals. 
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2.        Material and Methods 

2.1.     Reagents 

Human serum albumin or HSA (fraction V, purity 96–99%), polyethylene glycol 

35,000 (PEG) and glutaraldehyde (GLU) 25% aqueous solution were obtained from Sigma 

(Madrid, Spain). Bevacizumab (Avastin®) was purchased from Roche (Madrid, Spain). 

Micro BCA protein assay kit was purchased from Pierce (Thermo Fisher Scientific Inc., 

Illinois, USA). The Shikari® Q-beva Enzyme immunoassay used for the detection of 

bevacizumab was purchased from Matriks Biotech (Ankara, Turkey). All other reagents 

and chemicals used were of analytical grade and were purchased from Panreac Pharma 

(Barcelona, Spain). Dulbecco’s modified Eagle’s medium (DMEM; Sigma Aldrich, St 

Louis, MO, USA), phosphate buffered saline (PBS), fetal bovine serum (FBS), Fungizone® 

and L-glutamine penicillin-streptomycin (Invitrogen) were purchased from Thermo Fisher 

Scientific Inc. (Illinois, USA). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyltetrazolium 

bromide) was provided by Sigma-Life Science (Mannheim, Germany). Acuolens® eye 

drops were purchase from Alconcusí (Barcelona, Spain). Isofluorane was from Braun 

(IsoVet, Spain) and euthanasic T-69 Intervet from Schering-Plough Animal Health. 

Technetium-99m pertechnetate eluate was obtained from a Drytec® 99Mo-99mTc 

generator purchased from General Electric. Tin-chloride dihydrate and chlorhydric acid 

were supplied by Panreac (Barcelona, Spain). 

2.2.     Preparation of polymer-coated empty nanoparticles 

Human serum albumin (HSA) nanoparticles coated with polyethylene glycol were 

prepared following a three steps procedure: (i) synthesis of nanoparticles by a desolvation 

method [10]; (ii) coating of the just formed nanoparticles and (iii) purification and drying. 

Thus, 100 mg HSA were dissolved in 7.5 mL purified water and the solution was titrated 

to pH 4.9 with HCl 1M. Then, nanoparticles were formed by the continuous addition of 16 
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mL ethanol under magnetic stirring. After the desolvation process, nanoparticles were 

coated with polyethylene glycol 35,000 (PEG). For the optimization process of the coating 

process of nanoparticles, two main parameters were optimized: (i) the time of incubation 

between the just formed nanoparticles and the coating polymers (between 15 to 60 min), 

and (ii) the polymer-to-albumin ratio (from 0.1 to 0.5). Finally, the organic solvents were 

eliminated under reduced pressure (Büchi Rotavapor R-144; Büchi, Postfach, Switzerland) 

and the nanoparticle suspension was purified twice by centrifugation at 41,000 x g for 20 

min at 4°C (Sigma 3K30 Osterodeam Harz, Germany). Then, the nanoparticles were 

freeze-dried (Genesis 12EL, Virtis, NewYork, USA) using a 5% sucrose solution as a 

cryoprotectant.  

2.3.     Preparation of polymer-coated bevacizumab-loaded nanoparticles 

For the preparation of bevacizumab-loaded nanoparticles, 15 mg bevacizumab were 

added to an aqueous solution containing 100 mg HSA, adjusted to a pH 4.9 with HCl 1M, 

and incubated for 10 minutes. Then, nanoparticles were obtained by the continuous 

addition of 16 mL ethanol under magnetic stirring. To the suspensions containing the just 

formed nanoparticles, the coating polymer PEG was added. After incubation the organic 

solvents were eliminated under reduced pressure (Büchi Rotavapor R-144; Büchi, 

Postfach, Switzerland) and the resulting nanosuspensions were purified and freeze-dried as 

described above. These formulations were identified as B-NP-PEG.   

2.4.     Physico-chemical characterization of nanoparticles 

2.4.1.     Size, zeta potential and morphology 

The particle size and zeta potential of empty and loaded-albumin nanoparticles 

were determined by photon correlation spectroscopy (PCS) and electrophoretic laser 

Doppler anemometry, respectively, using a Zeta Plus analyser system (Brookhaven Inst. 

Corp., USA). The diameter of the nanoparticles was defined after the dispersion in 

ultrapure water (1/10) and measured at 25°C at a scattering angle of 90°C. The zeta 
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potential was determined in a Zeta Plus apparatus (Brookhaven Inst. Corp., USA), after 

dispersing 200 µL of the samples in 2mL of a 1mM KCl solution adjusted to pH 7.4. 

The morphology of the nanoparticles was studied by scanning electron microscopy 

(SEM) in a Zeiss DSM940 digital scanning electron microscope (Oberkochen, Germany). 

For this purpose, samples were dispersed in water and centrifuged at 15,000 × g for 20 min 

at 4°C in order to eliminate the cryoprotectant. Then, the pellets were mounted on glass 

plates adhered with a double-sided adhesive tape onto metal stubs and dried. They were 

coated with a palladium-platinum layer of 4 nm using a Pelco Model 3 sputter-coater. SEM 

was performed using a Zeiss DSM940 apparatus (Zeiss DSM940 Electron Microscopy Inc, 

Oberkochen, Germany) operating between 1 and 3 kV with a filament current of about 0.5 

mA. 

2.4.2.     Yield 

In order to quantify the amount of albumin transformed into nanoparticles, micro-

BCA analysis and microfluidic electrophoresis were used. Briefly, 10 mg of the 

nanoparticles were dispersed in ultra-pure water and centrifuged at 21,000 x g for 15 min 

at 4ºC (Rotor 3336, Biofuge Heraeus, Hanau, Germany). Then, the pellet was digested 

with 1 mL of 0.02 N NaOH and the amount of protein was quantified following the 

specific Micro-BCATM Protein Assay Reagent Kit (Pierce, USA) in a spectrophotometer at 

562 nm. The specificity and sensitivity of the test was not affected by the presence of the 

excipients employed for the coating of nanoparticles. 

In parallel, for bevacizumab-loaded nanoparticles, the amounts of albumin and 

monoclonal antibody were calculated by microfluidic electrophoresis in an Experion™ 

Automated Electrophoresis System (Bio Rad, USA). Again, samples from supernatants in 

NaOH 0.02 N were treated in non-reducing conditions following manufacture’s 

specification (Experion System Pro260 Analysis Kit; Bio-Rad Lab., USA). Data were 
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processed using the Experion software. A virtual gel with densitometric bands expressed in 

kilodaltons (kDa) and the percentage of total protein (% total) value for each detected peak 

were obtained.  

2.4.3.     Bevacizumab integrity studies 

The integrity of bevacizumab encapsulated in HSA nanoparticles was studied 

through microfluidic-based automated electrophoresis using an Experion™ Automated 

Electrophoresis System (Bio Rad, USA). For this purpose, nanoparticles were broken with 

1 mL NaOH 0.02 N and the samples were diluted with purified water to obtain a 

concentration of protein of around 400 ng protein/µL (linear dynamic range of the test is 5-

2,000 ng/µL). Samples of free protein (albumin and bevacizumab) were used as controls. 

The analysis was performed under non-reducing conditions as described above. 

2.4.4.     Quantification of bevacizumab 

The amount of the antibody loaded in albumin nanoparticles was calculated by a 

specific enzyme immunoassay for bevacizumab (Shikari® Q-BEVA). For this purpose, 10 

mg nanoparticles were dispersed in 1 mL water and centrifuged for 10 min at 21,000 x g 

(Biofuge Heraeus, Hanau, Germany). The supernatant was removed and the pellet was 

broken with 1 mL NaOH 0.02N. Samples were diluted 1:1000 with assay buffer and 25 µL 

of the resulting solution was transferred to a 96-well microplate coated with human 

vascular endothelial growth factor (VEGF) and followed a specific ELISA for 

bevacizumab (Q-Beva test procedure, Shikari® Q-Beva, Matriks Biotek, Ankara, Turkey). 

Empty nanoparticles were treated in the same way to rule out any interference. 

All samples were assayed in triplicate and the calculations performed using 

standard curves in the range 0.1-100 µg/mL (r2> 0.993). The detection and quantification 

limits were lower than 30 ng/mL and 100 ng/mL, respectively. The results were expressed 

as the amount of bevacizumab (µg) per mg nanoparticles (payload) and as encapsulation 

efficiency (in percentage). 
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2.4.5.     FT-IR determinations 

The molecular structure of nanoparticles was investigated by attenuated total 

reflectance infrared spectroscopy (FTIR-ATR), using a Nicolet Avatar 360 spectrometer 

(Artisan Technology Group, Champaign, USA), equipped with a Golden-Gate temperature 

controlled. The samples were placed directly on the diamond and the spectra were 

collected over 600–4000 cm-1 at 2 cm-1 of resolution and 100 scans per spectrum. In all 

cases data were analyzed using the OMNIC software (Thermo Fisher Scientific, USA). 

2.4.6.     X-ray studies 

X‐ray studies were performed in order to study the crystalline state of the 

polymeric matrix in the different samples of nanoparticles. For this purpose, the samples 

were placed in powder form on a plastic plate in a diffractometer (Bruker Axs D8 

Advance, Frankfurt, Germany) using a Ni filter, CuKα radiation, a voltage of 40kV and a 

current of 30 mA. The scanning rate was 1°/min and the time constant 3s/step over a 2θ 

interval of 2-40°. In all cases the diffractograms were analyzed using the program 

Diffrac.SuiteTM software (Bruker Corp., Frankfurt, Germany). 

2.4.7.     Thermal analysis 

The response of the different nanoparticles to heating was studied by differential 

thermal analysis (DTA) using a TGA/sDTA 851e Mettler Toledo thermal analyzer. 

(Mettler Toledo, Port Melbourne, Australia). The thermograms were obtained by heating 

about 5-10 mg of the sample in a pierced aluminium crucible at a scan rate of 10°C/min 

from 25 to 250°C. The thermal analyses were performed under static air atmosphere using 

20 mL min-1 nitrogen as purge gas. Measurements were made in triplicate.  

2.4.8.     Elemental analysis 

Elemental analysis (C, H, O and N) of the nanoparticles was performed in order to 

confirm the association of the different stabilizing agents in the nanoparticles (Elemental 
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Analyzer from LECO CHN‐900, Michigan USA). Briefly, 1 mg of each sample was tested 

in triplicate and results were expressed as a percentage (% w/w) SD ± 0.4.  

2.5.     Stability of nanoparticles 

The stability of nanoparticles was evaluated in phosphate buffered saline medium 

(PBS, pH 7.4). Nanoparticles were dispersed in this solution and stored at room 

temperature for a period of 120 hours. At predetermined times (0h, 24h, 48h, 72h, 96h, 

120h), the stability was assessed by measuring the size and polydispersity of the 

nanoparticles. 

2.6.     In vitro release study 

In vitro release profiles of bevacizumab from the different nanoparticles were 

performed at 37°C in PBS (pH 7.4). For this purpose, 10 mg of bevacizumab-loaded 

formulation (B-NP-PEG) were dispersed in 1 mL PBS, distributed in Eppendorf tubes, and 

placed in a shaking bath (37°C) with a constant agitation of 60 strokes/min (Vortemp 56, 

Labnet International, Woodbridge, USA). At predetermined time intervals, samples were 

centrifuged for 10 min at 41,000 x g (Rotor 3336, Biofuge Heraeus), and the supernatants 

were analysed for bevacizumab content with the specific ELISA test (Shikari® Q-Beva). 

The analysis was performed three times for each sample. Release profiles were expressed 

in terms of cumulative release in percentage, and plotted versus time. 

Data obtained in the release study were fitted to mathematical models employing Higuchi 

[30] and Korsmeyer-Peppas equations [31]. 

The Korsmeyer-Peppas model is a semi-empirical model, which exponentially relates drug 

release with the time:  

Mt/M∞= Ktn   [eq. 1]  

where Mt/M∞ is the drug release fraction at time t, k is the release rate constant 

incorporating the structural and geometric characteristics of the device under investigation 

and “n” is the exponent related to the mechanism of drug release from the dosage form. A 
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value of n around 0.5 (the exact value depends of the geometry) indicates that drug release 

is controlled by Fickian diffusion, whereas a value of n ≥ 0.89 suggests that drug release is 

dominated by an erosion mechanism. For values 0.5 < n < 0.89, the release is described as 

anomalous (non-Fickian) transport, implying that a combination of diffusion and 

swelling/erosion of polymer contributes to the control of drug release [32]. To the 

determination of the exponent n the portion of the release curve where Mt/M∞<0.6 should 

be employed. 

If the obtained release mechanism is mainly diffusion controlled, the Higuchi 

mathematical model can be applied:  

Mt/M∞=K t1/2    [eq. 2] 

where K is the Higuchi constant. 

2.7.     Cell culture 

ARPE19 cells were grown to confluence in DMEM medium, containing 10% FBS, 

1% Fungizone®, 1% L-glutamine-penicillin–streptomycin. Cells were cultured in a 

humidified incubator containing 5% CO2 at 37°C. 

Cell suspensions were seeded onto 96 well tissue culture plates, starting at an initial 

concentration of 5x103-1x104 cells/mL. After 24 h, the medium was replaced by the 

different nanoparticle formulations diluted to the desired final concentration (0.0, 0.1, 0.5, 

1.0, 1.5 and 2.0 mg/mL) with culture medium and tested for up to 72 h. 

2.7.1.    MTT toxicity assay  

To evaluate the effect of bevacizumab (free or encapsulated in nanoparticles) on 

ARPE19 cells, cell proliferation was determined by using the 3-(4,5-dimethylthiazol-2-yl)-

2, 5 diphenyltetrazoliumbromide (MTT) assay. ARPE19 cells (5x103-1x104 cells/mL) were 

plated into 96-well microtiter plates (Nunc, Thermo Fisher, Scientific Inc., Illinois, USA). 

After 24 h, plates were washed with PBS and culture medium was replaced by 
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bevacizumab preparations dispersed in fresh medium. The cells were then incubated for 4, 

24 or 48 h. The culture media were removed and 250 µL MTT (0.5 mg/mL) was added to 

the cells (4 h, 37°C, 5% CO2, 95% humidified air). Then, 200 µL DMSO was added to 

extract the reduced formazan produced by living cells. The viability of cells was then 

measured by quantifying the amount of formazan by colorimetry analysis at 540 nm. 

On the other hand, the effect of repeated doses of bevacizumab on the cells viability 

was also evaluated. For this purpose, ARPE-19 cells were exposed to the following two 

bevacizumab regimens: (i) every other day (days 0, 2, and 4) and (ii) daily at days 0, 1, 2, 

3, and 4. In both cases, the MTT assay was performed at day 5 as described above. 

2.8.    Radiolabelling of nanoparticles and biodistribution study in Wistar rats  

Nanoparticles were radiolabeled with 99mTc by reduction with tin chloride 

following a previously described method [33]. Briefly, 40 µL of a 0.02 mg/mL tin chloride 

dihydrate solution in water for injection at pH 4 (adjusted with HCl 0.1 N) were mixed 

with 0.5 mg of lyophilized nanoparticles. After this, 200 µL of 99mTcO4− eluate from a 

99Mo/99mTc generator (UltratechneflowTM, Mallinkrodt, The Netherlands) were added to 

the mixture. For in vivo studies, 4 µL of the radiolabelled nanoparticle suspension (40 

MBq) were mixed with 1.75 mg of unlabelled formulation. 

For 99mTc-labelled albumin controls, 5 µL of a 20 mg/mL albumin solution where 

labelled with 200 µL of 99mTcO4− eluate and 40 µL of 0.05 mg/mL tin chloride dihydrate 

solution. Just before use, 4 µL of radiolabelled albumin were mixed with 4 µL of a 

commercial collyrium (Acuolens®) containing 3 mg/mL hydroxypropyl methylcellulose. 

For the biodistribution study, experiments were performed in compliance with the 

regulation of the Ethics Committee of the University of Navarra in line with the European 

legislation on animal experiments (protocols 171-12 and 066/16). For this purpose, female 

Wistar rats (250 g) were anesthetized with isofluorane and received 4 µL of the 
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radiolabelled formulation on the right eye. Animals were kept anesthetized for one hour to 

avoid active removal of the suspension from the eye.  

The following treatments were evaluated: (i) PEG-coated bevacizumab-loaded 

nanoparticles (5 MBq; 99mTc-B-NP-PEG), (ii) PEG-coated nanoparticles (99mTc-NP-PEG), 

and (iii) 99mTcO4− eluate in the commercial collyrium (5 MBq; 99mTc-free). For imaging 

studies, animals where anesthetized just before each study and placed in prone position in a 

Symbia T2 Truepoint SPECT-CT system (Siemens). Images were acquired using a 

128x128 matrix, 7 images/s. CT was set to 110 mAs and 130 Kv, 130 images 3 mm thick. 

Image fusion was performed using Syngo MI Applications TrueD software. 

2.9.     Statistical analysis 

Data are expressed as the mean ± S.D of at least three experiments. The data 

obtained were statistically treated by variance analysis, while the means were compared by 

the one way ANOVA at a significance level of 0.05. All calculations were performed using 

GraphPad Prism 6.0 statistical software (GraphPad Software, CA, USA). 

 

3.        Results 

3.1.     Preparation and characterization of nanoparticles 

The coating process of albumin nanoparticles with PEG was firstly optimized. For 

this purpose, the influence of the PEG-to-HSA ratio on the mean diameter and zeta 

potential of the resulting nanoparticles was evaluated (Figure 1), using an incubation time 

of 30 minutes. For PEG-coated nanoparticles, the mean diameter of nanoparticles appeared 

to be independent on the PEG-to-albumin ratio; although, the stability in aqueous media of 

nanoparticles prepared with ratios lower than 0.5 was very low and they dissolved in few 

minutes. On the other hand, by increasing the PEG-to-albumin ratio, the zeta potential of 
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the resulting nanoparticles became more negative (-11 mV to -26 mV). In this context, the 

optimal PEG-to-albumin ratio was established in 0.5.  

          

Figure 1.	 Influence of the PEG-to-HSA ratio on the mean size (bars) and zeta potential 

(square and line) of the resulting nanoparticles. Data expressed as mean ± SD (n=3). The 

incubation time between the polymer and the just formed nanoparticles was 30 min. 

 

Under the experimental conditions employed in this study, the variation of the 

incubation time did not significantly affect the mean size of the resulting coated 

nanoparticles (Figure 2). However, a slight decrease of the negative zeta potential was 

observed by increasing the time of incubation during the coating process. Also, 30 minutes 

of incubation between the excipient and the nanoparticles were necessary to confer the 

adequate stability to resist the purification and drying step. Bevacizumab-loaded 

nanoparticles were prepared at an antibody-to-albumin ratio of 0.15. In this case the 

nanoencapsulation of bevacizumab produced an important increase in the mean size of the 

resulting nanoparticles. B-NP-PEG displayed a similar negative zeta potential that 

uncoated nanocarriers (about -15 mV). The payload of bevacizumab in the coated 

nanoparticles was found to be close to 140 µg/mg nanoparticle (Table 1), with an 
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encapsulation close to 90%. Table 1 summarizes the main physico-chemical characteristics 

the resulting nanocarriers. 

 

Figure 2.  Influence of the incubation time on the mean size (bars) and zeta potential 

(square and line) of the resulting nanoparticles. Data expressed as mean ± SD (n=3). PEG-to-

albumin ratio of 0.5. 

 

Table 1. Physico-chemical characteristics of polymer-coated albumin nanoparticles. Data 

expressed as mean±SD (N=6). PDI: polydispersity index. NP: uncoated nanoparticles (unstable 

nanoparticles). PEG-to-albumin ratio of 0.5 and 30 min of incubation time. 

 Size 

(nm) 

PDI Zeta 

potential 

(mV) 

Yield  

(%) 

BEVA 

loading 

(µg/mg NP) 

NP NA NA NA - - 

NP-PEG 207 ± 2 0.10 ± 0.01 -26 ± 1 63 ± 1 - 

B-NP-PEG 301 ± 2 0.13 ± 0.03 -17 ± 1 73 ± 7 145 ± 6 

Figure 3 shows the FTIR spectra of the polymer-coated nanoparticles. For HSA, 

two typical absorption bands at 1641 cm-1 (C=O bond) and 1524 cm-1 (C-N vibration 

coupled with N-H bond), that correspond to amide I and II stretching vibrations 

frequencies, respectively, were observed. These bands were also observed in the obtained 
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spectra when PEG-coated nanoparticles were analysed. However, a change in the relative 

intensity of those bands (corresponding to amides I and II) as well as a shift towards higher 

frequencies was evidenced when compared with the typical spectrum of HSA (Table 2). In 

addition, changes in the typical fingerprint of HSA (around 1000 cm-1) were also observed.  

 

Table 2. Typical absorption bands of albumin corresponding to amide I and II stretching 

vibrations frequencies. 

Sample Amide I (cm-1) Amide II (cm-1) 

HSA 1641 1524 

NP-PEG 1651 1538 

 

 

 

Figure 3. FTIR spectra of human serum albumin (HSA), polyethylenglycol 35,000 (PEG), 

physical mixture of HSA and PEG (HSA+PEG), and PEG-coated albumin nanoparticles (NP-

PEG). 
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The presence of PEG on the nanoparticles was also evaluated by X-ray diffraction 

(Figure 4). For HSA and nanoparticles, X-ray diffractograms displayed patterns 

corresponding to amorphous structures characterized by typical diffuse profiles (broad 

bands). For PEG, two high intensity reflections appear at 19.2 and 23.4° 2θ, confirming the 

coexistence of both crystalline and amorphous regions [34]. These peaks were not 

observed in NP-PEG, evidencing the interaction between both components.   

 

Figure 4. X-ray spectra of physical mixture of albumin and PEG (HSA + PEG), albumin 

(HSA), polyethylenglycol 35,000 (PEG), and the albumin nanoparticles coated with PEG (NP-

PEG). 

 

Figure 5 shows the thermograms of native albumin, PEG, the physical mixture 

between HSA and PEG and PEG-coated nanoparticles (NP-PEG). For HSA two thermal 

effects were observed: (i) an exothermic transition at around 30°C, corresponding to a 
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reversible conformational change, and (ii) an endothermic band (at 80°C) due to protein 

unfolding processes [35,36]. PEG presented an endothermic peak around 60°C associated 

to oxidation processes during heating [34,37].  

For NP-PEG samples, no thermal signals corresponding to albumin or the coating 

agent were observed. Also, the melting peak completely disappeared; probably due to the 

interaction between the polymer and the albumin. It is worth to mention that the thermal 

profile of the nanoparticles presented a drift that may be associated to changes in the 

thermal diffusivity of the nanoparticles. 

 

Figure 5. DTA thermograms of native albumin (HSA), polyethylenglycol 35,000 (PEG), 

physical mixture of albumin and PEG (HSA+PEG), and PEG-coated albumin nanoparticles (NP-

PEG). 

 

Table 3 compiles the elemental analysis of the nanoparticles as well as of the 

individual components (human serum albumin and PEG). Comparing the polymer-coated 

nanoparticles with albumin, they displayed a significantly lower content in nitrogen than 

the native protein. In parallel, all the polymer-coated nanoparticles displayed a higher 

percentage of oxygen than the native protein. 
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Table 3. Elemental analysis of albumin (HSA), polyethylenglycol 35,000 (PEG) and the 

PEG-coated nanoparticles (NP-PEG). 

 % C % H % N % O 

HSA 48.34 6.96 17.80 26.91 

PEG 54.44 9.27 0 36.29 

NP-PEG 49.18 6.83 15.31 28.68 

 

Figure 6 shows the microfluidic electrophoresis analysis of the different polymer-

coated nanoparticles evaluated in this study. By this technique, both HSA and 

bevacizumab appeared as strong bands at about 65 and 150 kDa, respectively. Likely, the 

preparative process of coated nanoparticles (including the purification and drying step) had 

any significant influence on the stability and structural integrity of bevacizumab. 
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Figure 6. Microfluidic-based automated electrophoresis of nanoparticles (L: Ladder; 1: 

HSA; 2: BEVA; 3: B-NP-PEG; 4: NP-PEG). 

 

Figure 7 displays SEM microphotographs of PEG-coated bevacizumab-loaded 

nanoparticles. These nanoparticles appeared to be spherical and with a smooth surface.  

 

System	peak

HSA

Bevacizumab



 

Chapter 4: PEG-coated albumin nanoparticles for ocular delivery of bevacizumab 

 

	140	

 

Figure 7. Scanning electron microscopy (SEM) of PEG-coated bevacizumab-loaded 

nanoparticles (B-NP-PEG). 

 

Figure 8 shows the evolution of the mean size and polydispersity index of nanoparticles 

when incubated in PBS, pH 7.4 up to 5 days. For B-NP-PEG, no significant changes in the 

mean size or in the polydispersity index of nanoparticles were observed during the duration 

of the experiment (120 hours). On the other hand, for empty nanoparticles (NP-PEG), the 

size of nanoparticles decreased after 3 days of incubation in PBS, whereas the 

polydispersity of nanoparticle samples begin to increase after 2 days.  

 

Figure 8. Evolution of the mean size and polydispersity index of PEG-coated albumin 

nanoparticles (NP-PEG and B-NP-PEG) after their dispersion in PBS at pH 7.4. Data expressed as 

mean ± SD, n=3. 
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The in vitro release profile of bevacizumab from pegylated albumin nanoparticles 

(B-NP-PEG) was performed in PBS at pH 7.4 (Figure 9). These nanoparticles presented a 

biphasic release pattern characterized by an initial release (burst effect) of about 309 

µg/mL (about 25% of the loaded bevacizumab) in the first 5 min, followed by a slower and 

more sustained release rate during at least 24 h, up to 820 µg/mL, in which 56% of the total 

payload was released.  

 

Figure 9. Bevacizumab release profile from PEG-coated nanoparticles after incubation in 

PBS (pH 7.4). Data expressed as mean ±SD, n=3. 

 

The mechanism involved in the release of bevacizumab from B-NP-PEG was 

analyzed by the Korsmeyer-Peppas equation; although, the amount of bevacizumab 

released during the first 5 min (burst effect) were not taken into account for the analysis. 

The value of the diffusional “n” exponent was calculated to be 0.49 (K = 18.19 h-n; 

R2>0.99) indicating that bevacizumab was mainly released from these nanoparticles 

following a Fickian-diffusion process. In a similar way, the release data of bevacizumab 

from B-NP-PEG adjusted well with the Higuchi equation (R2>0.99), confirming that 

diffusion would be the main mechanism involved in the release of bevacizumab from 

pegylated nanoparticles.   
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3.2.     Cell culture experiments 

The cell viability assay with bevacizumab (either free or loaded in pegylated 

albumin nanoparticles) was carried out in ARPE-19 cells at different concentrations up to 

72 h of incubation (Figure 10). None of the treatments showed substantial changes in the 

viability of ARPE cells.  

ARPE cells were also treated with repeated doses of bevacizumab (Figure 11). 

Again, bevacizumab treatments showed a low influence on the viability of cells. Only, the 

treatment of cells with either free bevacizumab or loaded into albumin nanoparticles (B-

NP-PEG) over a 5-day period induced a slight decrease on the proliferation of cells (Figure 

11). 

 

Figure 10. Single dose MTT assay following incubation of nanoparticles (B-NP-PEG) with 

ARPE cells for 4 h (A), 24 h (B), 48 h (C) or 72 h (D). The results are expressed as mean ± SD, 

n=6. 
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Figure 11. Repeated dose MTT assay following treatment either every over day (A) or 

every 24 h (B) over a 5-day period. The results are expressed as mean ± SD, n=3. 

 

3.3.     Ophthalmic administration to Wistar rats for in vivo SPECT-CT imaging 
 

Figure 12 shows the biodistribution of PEG-coated nanoparticles (empty or loaded 

with bevacizumab) after ocular administration as eye drops. Radioactivity associated with 

bevacizumab-loaded nanoparticles (99mTc-B-NP-PEG) remained in the eye for at least 6 h, 

and progressively disappeared from the administration point into the GI tract. The 

radioactivity associated with empty nanoparticles (99mTc-NP-PEG) remained in the eye for 

around 4 h before being eliminated to the GI tract. On the other hand, free 99mTcO4- 

incorporated in the commercial collyrium, showed a short time of residence on the eye 

(around 1 hour).  
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Figure 12. (A) In vivo SPECT-CT images of 99mTc-free (upper row) compared with (B) 
99mTc-NP-PEG (medium row) and (C) 99mTc-B-NP-PEG (bottom row). Images in each row 

correspond to the same animal studied at the time points indicated in the figure. The intensity of 

images has been rescaled to the highest intensity point in each individual image to follow the 

transit of the radioactivity in the body of the animal. a:eye and b: gastrointestinal tract (GI). 

 

4.       Discussion 

The decoration of nanoparticles with PEG or “PEGylation” has been proposed for 

improving the efficiency of drug delivery systems [28]. Particularly, for systemic 

administration, PEG coatings on nanoparticles shield the surface from aggregation and 
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opsonisation, which prolongs their circulation time and offers passive targeting properties 

[40,41]. For ocular administration, PEGylation of nanoparticles has been proposed as a 

strategy to increase the residence time and/or penetration of drugs administered to the 

ocular surface. Thus, PEG would promote mucoadhesion by interpenetration and/or via 

hydrogen bonding with mucus [42,43]. This allows further penetration into the membrane-

bound mucus layer and/or prolongs the residence time of nanoparticles in the conjunctival 

cul-de-sac [31,44]. These may provide an efficient way to improve ocular bioavailability 

of a number of drugs [42,45]. 

In this context, the aim of this work was to develop and characterize PEG-coated 

albumin nanoparticles as carriers for bevacizumab. Albumin nanoparticles were prepared 

by the desolvation of a solution of HSA with ethanol. Afterwards, the resulting 

nanoparticles were coated with PEG 35,000. This coating process aimed to confer a 

protective shield to stabilize the resulting nanoparticles (avoiding their rapid dissolution in 

aqueous media), modify their surface and in vivo fate. The coating process of nanoparticles 

was optimized as a function of the PEG-to-albumin ratio and the incubation time between 

albumin nanoparticles and PEG (Figures 1 and 2). Thirty minutes of incubation and a 

PEG-to-albumin ratio of 0.5 were necessary to obtain stable nanocarriers. Interestingly, 

other PEGs with lower MW (i.e., PEG 2000, PEG 6000 or PEG 10000) were unable to 

confer the adequate stability to empty albumin nanoparticles and were discarded (data not 

shown).  

The intermolecular interactions between the surface of nanoparticles and the 

coating agent (PEG) were analyzed by FTIR, DRX and DTA. By FTIR analysis, the 

changes in the typical stretching vibration bands of albumin corresponding to amides I and 

II (C=O stretch and C–N stretch coupled with N–H bending mode, respectively; Figure 3 

and Table 2) would probably related to the presence of intra- or/and intermolecular bonds 

between the protein and PEG when the nanoparticles are formed. In addition, the observed 
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changes in the protein fingerprint region (around 1000 cm-1; Figure 3) as well as the results 

obtained with X-ray analysis (Figure 4) in which the PEG diffraction peaks were not 

present in the nanoparticle samples, would indicate an important interaction between both 

components (PEG and albumin).  All of these results would be in line with those 

previously reported by Bekale and coworkers (2015) who described that the interaction 

between albumin and PEGs is an spontaneous process in water at room temperature 

mediated by hydrophobic and H-bonding contacts [46]. By thermal analysis (Figure 5), the 

thermograms of PEG-coated nanoparticles did not show the characteristic peak of PEG 

(endothermic peak around 60°C), evidencing the interaction between PEG and albumin. 

Finally, elemental analysis corroborated the different composition of PEG-coated albumin 

nanoparticles when compared with the different compounds employed in their preparation 

(Table 3). Thus, compared with albumin, the coating of nanoparticles with PEG decreased 

the nitrogen percentage and increased the oxygen content of samples. 

When bevacizumab was nanoencapsulated, prior the coating step with PEG, the 

resulting nanoparticles showed a significantly higher mean size than empty ones (NP-PEG) 

(300 nm vs. 210 nm) as well as a lower negative zeta potential (−17 mV for B-NP-PEG vs. 

– 26 mV for NP-PEG) (Table 1). Interestingly, the bevacizumab payload was calculated to 

be close to 145µg/mg of NP (15%) (Table 1), similar to the value previously published for 

uncoated nanoparticles [Luis de Redín et al., 2018; Chapter 3]. It is worth noting that the 

encapsulation of bevacizumab improved the stability of pegylated nanoparticles when 

incubated in PBS (Figure 8). This finding would be directly related with the capacity of 

albumin to interact with bevacizumab [31; Chapter 3], protecting the monoclonal antibody 

for mechanical and physical stress conditions  [47]. 

When B-NP-PEG was incubated in PBS, the antibody was released following a 

biphasic profile (Figure 9), characterized by a burst effect (of about 25% of the loaded 
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antibody) followed by a step in which bevacizumab was slowly and sustainedly released 

(around 10 µg/h). During this second step, bevacizumab was mainly released following a 

Fickian- diffusion process (n=0.49). 

Notably, B-NP-PEG did not produce alterations in cell viability when single or 

repeated doses were used on ARPE-19 cells viability assays. These last results are in line 

with those reported by other researchers who described that bevacizumab did not affect the 

viability of different ocular cells (e.g., ARPE-19 and choroidal endothelial cells) either in 

normal or under oxidative stress conditions [48,49].   

The fate of pegylated nanoparticles in the eye was evaluated in rats after instillation of 

a suspension of nanoparticles in water (Figure 12). Likely, pegylated nanoparticles 

remained in the eye for longer periods of time than the control obtained by incorporating 

the radiolabelling agent (99mTcO4-) in a commercial collyrium containing 3 mg/mL 

hydroxypropyl methylcellulose (HPMC; Acuolens®). In fact, PEG-coated nanoparticles 

displayed residence times in the eye higher than 4 h after administration. This residence 

time is higher than those described for other mucoadhesive pharmaceutical preparations 

such as Carbopol solutions [50], liposomes [51,52], PLGA-PEG microparticles [45], in situ 

gelling systems [53] or nanoparticles [54]. In all of these cases, the residence times of these 

devices in the surface of the eye ranged from less than 10 min to 1 and a half hours. 

 

In summary, bevacizumab-loaded PEG-coated albumin nanoparticles were prepared 

by a desolvation procedure of a mixture of albumin and bevacizumab, followed by a 

coating step in which nanoparticles were incubated in an aqueous medium with PEG 

35,000. PEG would interact with the surface of protein nanoparticles by electrostatic 

interactions (hydrophobic and H-bonds) conferring a shell that would protect nanoparticles 

from their rapid dissolution in aqueous media. These nanoparticles were not cytotoxic 

when evaluated in ARPE-19 cells. When topically administered, nanoparticles offered a 
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prolonged retention time on the surface of the eye (at least 6 hours) may be due to the 

development of interactions between the polymer (PEG) and the mucins.  
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1.         Introduction 

The cornea, along with the sclera, forms the outer layer of the eyeball where its 

main purpose is to protect the internal structures of the eye. The cornea is a transparent 

avascular connective tissue that protects the eye against infection and structural damage to 

the deeper parts [1]. Along with the tear film, it provides the proper anterior refractive 

surface for the eye [2]. Corneal avascularity—the absence of blood vessels in the cornea—

is required for optical clarity and optimal vision [3]. However, many pathological 

conditions (e.g., infectious keratitis, immunological conditions, corneal trauma, alkali 

injury, and contact lens wear) may induce the genesis of vessels [4,5]. This fact, also 

known as corneal neovascularization (CNV), may produce edema, hemorrhage, lipid 

exudation, persisting inflammation and corneal scarring causing the opacification of the 

transparent cornea and leading to ocular impairment and even blindness [6].  

The formation of new vascular structures would be due to the up-regulation of 

angiogenic factors (i.e., VEGF or vascular endothelial growth factors) [7]. Thus, when the 

eye suffers a trauma or is exposed to particular microorganisms, fibroblasts and other 

corneal cells may secrete VEGF that binds and activates the endothelial cell receptors 

(VEGFR-1, VEGFR-2, VEGFR-3), resulting in vasodilation and recruitment of leukocytes 

and macrophages into the corneal stroma [6]. Macrophages also secrete cytokines that 

recruit more macrophages and can create an angiogenic state. Then, the vascular 

extracellular matrix is digested and the endothelial cells lose their adhesion to the 

extracellular matrix. These phenomena activate the proliferation and migration of 

endothelial cells to the area, leading to the formation of blood vessels [6,8]. 

CNV accompanies the most common causes of corneal infectious blindness in both 

the developed (herpetic keratitis) and developing world (trachoma and onchocerciasis), 

which cause millions to lose their sight [9]. Trachoma, produced by the ocular infection  
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with Chlamydia trachomatis, is a neglected disease responsible for the blindness or visual 

impairment of about 1.8 million people and remains a public health problem in 42 

countries, particularly Africa [10]. Onchocerciasis, caused by Onchocerca volvulus, is also 

present in a number of tropical countries (Africa, the Arabian peninsula and the Americas), 

affecting about 18 million people, of whom 300,000 are blind [11]. Finally, Herpes 

simplex virus (HSV) keratitis is the most common source of infectious blindness in the 

Western world. The global incidence of herpetic keratitis is roughly 1.5 million, including 

40,000 new cases of severe monocular visual impairment or blindness each year [12]. 

Corneal neovascularization may be surgically treated with photodynamic therapy 

[13], argon laser [14], and superficial keratectomy [15]. Moreover, pharmacological 

treatments based on the topical application of steroids (i.e., dexamethasone, prednisolone 

acetate) [16,17], non-steroid anti-inflammatory agents (e.g.  nepafenac) [18], and anti-

vascular endothelial growth factor agents (e.g., bevacizumab, aflibercept) [19,20] are also 

employed. Among these pharmaceutical treatments the antivascular endothelial growth 

factor agents have shown promising effects on corneal angiogenesis [21]. These treatments 

are usually administered topically in the form of eye drops. However, the main 

disadvantage of these conventional dosage forms is that factors such as tear turnover, 

limited corneal area and its poor permeability and rapid drainage through the nasolacrimal 

conduct limit drug absorption [22], resulting in poor ocular bioavailability (less than 5%). 

Therefore, these treatments require frequent dosing [23]. In order to increase the retention 

time of the delivery system on the surface of the eye and, then, to promote drug absorption 

or its effect in the corneal tissues, different formulation strategies have been proposed. 

These include the use of in situ gelling excipients [24,25] and the incorporation of 

penetration enhancers [26,27]. However, these approaches have only showed modest 

efficacy increases [28]. 
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Another possibility to improve the residence time of the drug formulation in 

intimate contact with the external surfaces of the eye may be the use of nanoparticles with 

mucoadhesive properties. In this context, mucoadhesive nanoparticles made up of 

chitosan-dextran sulphate have shown promising results in the treatment of ocular 

hypertension in rabbits [29]. In a similar way, poly(lactic/glycolic) acid-PEG nanoparticles 

incorporating melatonin showed a higher intraocular pressure lowering effect than the free 

drug, likely due to the better and longer interacion with the ocular surface that would 

prolong the contact of the drug with the ocular mucosa [30]. 

Taking this into account, the aim of the present work was to evaluate the efficacy of 

bevacizumab loaded into albumin mucoadhesive nanoparticles, in a rat model of corneal 

neovascularization.  

 

2.       Material and methods 

2.1.     Reagents 

Human serum albumin or HSA (fraction V, purity 96–99%) and polyethylenglycol 

(PEG) 35,000 were obtained from Sigma (Madrid, Spain). Bevacizumab (Avastin®) was 

purchased from Roche (Madrid, Spain). Dexamethasone (Colircusi dexametasona®) was 

purchased from Novartis (Spain) and Aflibercept (Eylea®) was obtained from Bayer 

(Barcelona, Spain). Micro BCA protein assay kit was purchased from Pierce (Thermo 

Fisher Scientific Inc., Illinois, USA). The Shikari® Q-beva Enzyme immunoassay used for 

the detection of bevacizumab was purchased from Matriks Biotech (Gölbaşı,Tukey). 

Quantikine® Rat VEGF Immunoassay was purchased from R&D Systems (Minneapolis, 

MN, USA). Absolute ethanol and rose Bengal were provided by Panreac (Barcelona, 

Spain). Acuolens® and Colircusi Tropicamida® were obtained from Alcon Cusi 

(Barcelona, Spain). Xylacine (Xilagesic® 2%) was purchased from Calier Laboratory  
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(Barcelona, Spain) and Ketamine (Imalgene® 100 mg/mL) was purchased from Merial 

(Barcelona, Spain). Sodium chloride (NaCl, 0.9% w/v) and silver nitrate sticks named 

Argenpal® were obtained from B. Braun Medical (Barcelona, Spain). The anesthetic 

isoflurane was from laboratories Braun (Barcelona, Spain). All other reagents and 

chemicals used were of analytical grade. 

2.2.      Preparation of human serum albumin nanoparticles 

Bevacizumab (BEVA) was encapsulated in both “naked” or PEG-coated human 

serum albumin nanoparticles, following a desolvation method and a subsequent freeze-

drying process of the resulting nanoparticles [31].  

2.2.      Preparation of bevacizumab-loaded human serum albumin nanoparticles  

(B-NP)  

Briefly, 15 mg bevacizumab were added to 7.5 mL of an aqueous solution 

containing 100 mg human serum albumin, adjusted to a pH 4.9 with HCl 1M, and 

incubated for 10 minutes. Nanoparticles were formed by the continuous addition of 16 mL 

ethanol under magnetic stirring. The desolvating agent was eliminated by evaporation 

under reduced pressure (Büchi Rotavapor R-144; Büchi, Postfach, Switzerland) and the 

nanoparticle suspension was purified and concentrated by ultrafiltration through a 

polysulfone membrane cartridge of 50 kDa pore size (Medica SPA, Italy). Finally, 

nanoparticles were freeze-dried in a Genesis 12EL apparatus (Virtis, NewYork, USA) 

using sucrose (5%; w/w) as a cryoprotectant.  

2.2.2.      Preparation of PEG-coated bevacizumab-loaded human serum albumin 

nanoparticles (B-NP-PEG) 

In brief, bevacizumab-loaded nanoparticles were obtained as described above. 

Then, 500 µL of a 10% solution of polyethylenglycol 35,000 in water were added to the 

suspension of nanoparticles and the mixture was incubated for 30 minutes under agitation.  
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The ethanol was eliminated by evaporation under reduced pressure (Büchi Rotavapor R-

144; Büchi, Postfach, Switzerland) and the nanoparticle suspension was purified and 

concentrated by ultrafiltration as aforementioned. Finally, the formulations were frozen 

and freeze-dried (Genesis 12EL, Virtis, NewYork, USA) using sucrose (5%) as a 

cryoprotectant. 

As control empty nanoparticles coated with polyethylenglycol 35,000 (NP-PEG) 

were prepared following the same procedure but in the absence of bevacizumab. 

2.3.      Characterization of albumin nanoparticles 

2.3.1.      Size, zeta potential, morphology and yield 

The particle size and zeta potential of the nanoparticles were determined by photon 

correlation spectroscopy (PCS) and electrophoretic laser Doppler anemometry, 

respectively, using a Zeta Plus analyser system (Brookhaven Inst. Corp., USA). The 

diameter of the nanoparticles was defined after the dispersion in ultrapure water (1:10) and 

measured at 25°C at a scattering angle of 90°C. The zeta potential was determined after 

dispersing dried nanoparticles in 1mM KCl solution adjusted to pH 7.4. 

The morphological characteristics of the nanoparticles were studied by transmission 

electron microscopy (TEM) on a bright-field cross-section. In summary, samples were 

washed and fixed in 2% osmium tetroxide in cacodylate 0.1M for 1h. Samples were 

stained and dehydrated to preserve them while increasing their resistance to electron beam 

damage. Then, 5 µL of each sample were absorbed to copper grids for 30 seconds, 

followed by washing with Milli-Q water (3 times). Samples were then contrasted with 2% 

uranyl acetate solution at 37ºC and Reynolds lead citrate for 10 min at room temperature. 

After removing excess stain with filter paper, the samples were air-dried and examined at 

80 kV on Zeiss Libra 120 transmission electron microscope (Stuttgart, Germany).  
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The amount of protein transformed into nanoparticles was calculated by micro-

BCA analysis and microfluidic electrophoresis. Briefly, 10 mg of empty nanoparticles 

were dispersed in water and centrifuged at 21,000 x g for 15 min Biofuge Heraeus, Hanau, 

Germany). Supernatants were discarded and the pellets were digested with NaOH 0.02 N. 

Then, the amount of protein was quantified with the Protein Assay Reagent Kit (Pierce, 

Rockford, USA), following the manufacturer’s instructions.  

In parallel, for bevacizumab-loaded nanoparticles (B-NP and B-NP-PEG), the 

amounts of albumin and monoclonal antibody were calculated by microfluidic 

electrophoresis in an Experion™ Automated Electrophoresis System (Bio Rad, Hercules, 

USA). Again, samples from supernatants in 0.02 N NaOH were treated in non-reducing 

conditions following manufacture’s specification (Experion System Pro260 Analysis Kit; 

Bio-Rad Lab., Hercules, USA). Data were processed using the ExperionTM software. A 

virtual gel with densitometric bands expressed in kilodaltons (kDa) and the percentage of 

total protein (% total) value for each detected peak were obtained. 

2.3.2.     Quantification of bevacizumab 

The amount of the antibody loaded in albumin nanoparticles was calculated by a 

specific enzyme immunoassay for bevacizumab (Shikari® Q-BEVA). For this purpose, 10 

mg nanoparticles were dispersed in 1 mL water and centrifuged for 10 min at 21,000x g 

(Biofuge Heraeus, Hanau, Germany). The supernatant was removed and the pellet was 

broken with 1 mL NaOH 0.02N. Samples were diluted 1:1000 with assay buffer and 25 µL 

of the resulting solution was transferred to a 96-well microplate coated with human 

vascular endothelial growth factor (VEGF) and followed a specific ELISA for 

bevacizumab. Empty nanoparticles were treated in the same way to rule out any 

interference. 
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All samples were assayed in triplicate and the calculations performed using 

standard curves in the range 0.1-100 µg/mL (r2> 0.993). The detection and quantification 

limits were lower than 30 ng/mL and 100 ng/mL, respectively. The results were expressed 

as the amount of bevacizumab (µg) per mg nanoparticles (payload) and as encapsulation 

efficiency (in percentage). 

2.3.3.     Surface hydrophobicity evaluation     

In order to evaluate the surface hydrophobicity of empty and loaded nanoparticles  

the Rose Bengal (RB) test was performed [32], with some modifications. Briefly, 500 µL 

of each nanoparticle suspension (with a range of increasing concentration from 0.03 to 3 

mg/mL) were mixed with 1 mL of a Rose Bengal (100 µg/mL). Samples were incubated 

under constant shaking at 30 rpm, for 30 min at 25 °C (Labnet VorTemp 56 EVC, Labnet 

International, Inc.). Then, the samples were centrifuged at 13,500 x g for 30 min 

(centrifuge MIKRO 220, Hettich, Germany) and the amount of Rose Bengal in the 

supernatants was quantified at 548 nm in a microplate reader (BioTek PowerWave XS, 

USA). Then, the hydrophobicity was calculated as the slope of the plot of partitioning 

quotient (PQ) vs. total surface area (TSA). Where PQ was calculated as: 

PQ#$%&'() = Rose	Bengal	Bound#$%&'()/Rose	Bengal	Unbound#$%&'()  [eq. 1] 

2.4.     Efficacy study  

Studies were approved by the Ethical Committee for Animal Experimentation of 

the University of Navarra (protocol number 172–14) in accordance with the European 

legislation on animal experiments. The study was performed on 45 male Wistar rats (6-8 

weeks old) weighing 200-250 g. Animals were housed under normal conditions for 10 

days before the experiments and were given unlimited access to food and water.  
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2.4.1.     Induction of corneal chemical burn 

The induction of corneal neovascularization was based on a method previously 

described by Mahoney & Waterbury [33] with some minor modifications. General 

anesthesia and analgesia were induced in all rats after intraperitoneal administration 2% 

xylacine solution (10 g/kg Xilagesic®) and ketamine solution (75 mg/kg Imalgene®). 

Then, the pupils of the animals were dilated by cycloplegic collyrium (Colircusi 

Tropicamida®, 10 mg/mL). After 5 minutes, under an operating microscope, the center of 

the corneas were burned by contact with a silver nitrate stick of 4 mm diameter 

(Argenpal®) for 6 seconds. All the burns were made by the same investigator in order to 

minimize the variability. Finally, the eyes were washed with a sterile solution of NaCl 

0.9% w/v to eliminate the excess of silver nitrate. Moreover, the animals received 

amoxicilin/clavulanate (350/44 mg/kg po twice a day) as antibiotic prophylaxis [34]. 

2.4.2.    Treatment with bevacizumab either free or loaded into albumin nanoparticles 

Twenty-four hours after the induction of the chemical burn, animals were 

anaesthetized with isofluorane (Isovet®) and randomly divided in different groups. The 

following treatments were applied as eye drops: (i) 10 µl aqueous solution of 4 mg/mL 

bevacizumab (Avastin®) every 12 hours during 7 days, (ii) 10 µl of an aqueous solution 4 

mg/mL of aflibercept (Eylea®) every 12 hours during 7 days, (iii) 10 µl of an aqueous 

solution 0.1% dexamethasone phosphate (Colircusí dexametasona®) every 12 hours during 

7 days, (iv) bevacizumab-loaded albumin nanoparticles (B-NP; 10 µL suspension 

containing 40 µg bevacizumab) every 12 hours during 7 days, and (v) PEG-coated 

bevacizumab-loaded nanoparticles (B-NP-PEG; 10 µL suspension containing 40 µg 

bevacizumab) every 12 hours during 7 days. As controls, a group of animals received 

physiological serum (PBS) and another group of animals received a solution of human 

serum albumin in PBS in similar amount to that administered with nanoparticles.  
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Pictures were taken with a Nikon D3200 Kit AF-S DX 18-105 VR. Sensor CMOS 

DX de 24,2MP and the images were analyzed with the program ImageJ 1.48V (Wayne 

Rasband, National Institutes of Health, USA). The following parameters were calculated 

by pixel counting: (i) total area of the cornea, (ii) area affected by the burn, (iii) area 

affected by the growth of new vessels (corneal neovascularization), (iv) invasive area (IA) 

and (v) CNV (corneal neovascularization normalized by the lesion surface).  

IA = <=><	<??>@A>B	CD	AE>	F>(>GHG	I?	(>J	K>GG>LG
AIA<L	@I=(><	<=><

x100           [eq. 2]  

CNV = IA surface	affected	by	the	eye                            [eq. 3] 

2.4.3.      Histology study  

After the treatment of the rats with bevacizumab the animals were sacrificed and 

the eyes enucleated. The ocular surface was washed with saline and the eyeballs were cut 

behind the limbus to separate both the anterior and posterior poles. Corneas were flat-

mounted, fixed with 4% paraformaldehyde for 24 h and then several washes were 

performed on each sample with PBS. The corneas were kept in methanol 70% for posterior 

cutting and analysis.  

For the analysis, the corneas were included in paraffin and sections of 4 

micrometers were sliced from both the center of the cornea and the areas with new vessels 

(area with neovascularization). Then, they were stained with haematoxylin-eosin and 

analyzed using light microscopy. The evaluation of the sections included the following 

parameters: intensity of vascularization, intensity of inflammation, fibrosis, corneal edema 

and average thickness of the cornea. The scaling system employed was based on the 

previously described corneal neovascularization study [35]. The study was performed on 

sections by two examiners, who were blinded to the study groups. Images were taken with 

a Nikon Eclipse Ci microscope equipped with a digital camera Nikon DS-Ri 1 (Nikon,  
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New York, USA). The images were analyzed using the calibrated analysis system for 

digital images Nikon’s NIS-elements. 

The intensity of neovascularization was classified as follows:  absence of 

neovascularization (0), minimal or close to negative vascularization (1), mild 

vascularization (2), limited or focal vascularization in the subepithelial and prestromal 

areas (moderate neovascularization, 3), and diffuse and intense vascularization (4). The 

intensity of inflammation was scored as follows: absence of inflammation (0), minimal or 

close to negative inflammation (1), focal and/or low count of mixed inflammatory cell 

types (i.e., lymphocytes, neutrophil leukocytes, and eosinophil leukocytes); 2), moderate 

inflammation (3), and intense, diffuse, mixed inflammatory cell types (4). Regarding the 

fibroblast activity, the scale was: absence of fibroblast activity (0), minimal or close to 

negative fibroblast activity (1), focal fibroblast activity (2), moderate fibroblast activity 

(3), and diffuse and intense fibroblast activity (4). Finally, the edema of corneas was 

quantified with the following score: absence of edema (0), minimal or close to negative 

edema (1), mild edema (2), moderate edema (3), and diffuse and intense edema (4). 

2.4.4.      Quantificaton of bevacizumab and VEGF 

To determine if topical bevacizumab access to the blood stream and modifies the 

VEGF levels, blood samples (approximately 0.5 mL) were collected at the beginning of the 

study (day 0, basal levels) and at the end (day 7) via tail vein. The volemia was recovered 

intraperitoneally with equal volume of sterile saline solution. Samples were centrifuged at 

5,000 rpm for 10 min and sera aliquots were conserved at -80 °C until analysis.  

2.4.4.1.      Quantificaton of Bevacizumab 

In order to determine the bevacizumab serum concentration a specific enzyme-

linked immunosorbent assay kit (Shikari® Q-Beva) was used.  Samples from day 7 were 

analyzed according to manufacturer’s instructions and the plate was read at 450/650 nm  
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using a PowerWave HT Microplate spectrophotometer (BioTek Instruments, Inc., 

Winooski, USA). 

2.4.4.2.      Quantificaton of of VEGF 

Serum samples were analyzed to evaluate VEGF levels as an angiogenesis marker. 

For this purpose, a commercial enzyme-linked immunoassay kit Quantikine® rat ELISA 

Immunoassay was used. Samples were processed as specified in the commercial kit and 

the plate was read at 450 and 540 nm using a PowerWave HT Microplate 

spectrophotometer (BioTek Instruments, Inc., Winooski, USA). 

2.5.      Statistical analysis 

Values are reported throughout as the mean ± standard deviation (SD). Statistical 

significance was determined applying an analysis of variance (one-way ANOVA) followed 

by a Tukey’s multiple comparisons test. Statistical significance was accepted at the 95% 

confidence level (p < 0.05), and analysis was performed by using GraphPad Prism version 

6.00 (GraphPad Software, La Jolla, California, USA). 

 

3.        Results 

3.1.     Physico-chemical characterization of nanoparticles 

Table 1 summarizes the main physico-chemical characteristics of bevacizumab-loaded 

nanoparticles employed in this study (B-NP and B-NP-PEG).  In principle, both types of 

formulations displayed similar mean sizes (about 300 nm) and negative zeta potential 

(close to -15 mV). In a similar way, the payload for both formulations was calculated to be 

about 14%. However, the hydrophobicity of “naked” nanoparticles was 1.5-times higher 

than for pegylated ones. 
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The morphological study of nanoparticles was performed by TEM (Figure 1). For the 

two bevacizumab formulations, B-NP and B-NP-PEG, nanoparticles appeared to show a 

spherical shape with an irregular surface. 

Table 1. Physico-chemical characterization of of empty and bevacizumab-loaded albumin 

nanoparticles. Data expressed as mean ± SD (n=6). NP: uncoated empty albumin nanoparticles; B-

NP: “naked” bevacizumab-loaded nanoparticles; NP-PEG: PEG 35,000 coated empty 

nanoparticles; B-NP-PEG: PEG-coated bevacizumab-loaded nanoparticles. 

Formulation Size (nm) PDI Zeta 

potential 

(mV) 

BEVA 

loading 

(µg/mg NP) 

Surface 

hydrophobicity 

NP NA NA NA - - 

B-NP 310± 3 0.14 ± 0.02 -14 ± 1 132 ± 5 5.0 ± 1.1 

NP-PEG 207 ± 2 0.10 ± 0.01 -26 ± 1 - 2.0 ± 0.7 

B-NP-PEG 301 ± 2 0.13 ± 0.03 -17 ± 1 145 ± 6 3.2 ± 0.9 

 

 
 

Figure 1. TEM pictures by bright-field cross-section of “naked” bevacizumab-loaded 

nanoparticles (B-NP) (A) and bevacizumab-loaded nanoparticles coated with PEG 35 (B-NP-PEG) 

(B). 

 

3.2.     Efficacy study 

Figure 2 shows some examples of eyes of animals employed in the study in which the 

burn and the new vessels, originated by the injury, can be distinguished.  The mean burn 

area in the centre of the cornea comprised approximately 16-18% of the total corneal area  

 



 

Chapter 5: In Vivo efficacy of bevacizumab-loaded albumin nanoparticles in the treatment of corneal 

neovascularization 

167	

 
(Figure 3).  In all cases, the abrasion induced was similar and no statistical differences 

were found on the lesion areas between the groups (p>0.05). 

Figure 4 shows the invasion area (IA) or the percentage of the corneal surface affected 

by the neovascularization process on day 7 after the beginning of the treatment (8th day 

after lesion induction). In the control group, the area of neovascularization was calculated 

to be about 31%. When animals were treated with bevacizumab, in all groups, the area of 

neovascularization was significantly lower than for animals included in the control group 

(p=0.0025 for bevacizumab; p<0.0001 for B-NP; p=0.0026 for B-NP-PEG). It should be 

noted that the treatment with bevacizumab-loaded in nanoparticles (B-NP) was 

significantly more effective than either the treatment with B-NP-PEG (p<0.01) or the 

aqueous solution of the monoclonal antibody (Avastin®; p<0.005). Another important 

observation was that, under our experimental conditions, neither dexamethasone (Colircusi 

dexametasona®) nor aflibercept (Eylea®) demonstrated any effect on the reduction of the 

neovascularization process (Figure 4). 

In order to compare the efficacy of the different treatments, the surface of the eye 

affected by the neovascularization process was normalized by the lesion area (Figure 5). In 

this case, B-NP induced a decrease of about 61% in the CNV (compared with the control 

group treatment), whereas this decrease was only of 38% for B-NP-PEG and of 11% for 

the aqueous solution of the monoclonal antibody (Avastin®). 
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Figure 2. Eyes of rats on the 8th day after corneal burning and the administration of the 

different treatments. A: normal eye (non-cauterized cornea); B: eye treated with Avastin (4 mg/mL 

of bevacizumab); C: eye treated with albumin nanoparticles loaded with bevacizuamb (B-NP); D: 

eye treated with albumin nanoparticles loaded with bevacizumab coated with PEG 35,000 (B-NP-

PEG); E: eye treated with physiological serum (Control); F: eye treated with albumin solution 

(HSA); G: eye treated with Eylea® (4 mg/mL of Aflibercept); H: eye treated with dexamethasone 

(dexamethasone phosphate 1mg/mL). 
 
 

. 
Figure 3. Lesion size expressed as the percentage of corneal area affected by the burn. No 

statistical significant differences were found amongst the lesions of the different groups. The data 

are shown as the mean ± SD (n=9). 
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Figure 4. Effect of the different treatments on the corneal size affected by the presence of 

new vessels in the eyes of animals, in day 8th after the burnt. Data are expressed as Invasion area, 

expressed in percentage (n=9).  
b p<0.01 ANOVA followed by Tukey test significantly different from Control 

c p<0.001 ANOVA followed by Tukey test significatly different from Control 

d p<0.0001 ANOVA followed by Tukey test significantly different from Control 

# p<0.01 ANOVA followed by Tukey test significantly different from Beva 

## p<0.005 ANOVA followed by Tukey test significantly different from Beva 
* p<0.01 ANOVA followed by Tukey test significantly different from B-NP-PEG 

 

 

Figure 5. Neovascularization area normalized by the lesion. The data are shown as the 

mean ± SD (n=9).  
b p<0.01 ANOVA followed by Tukey test significantly different from Control 

c p<0.0001 ANOVA followed by Tukey test significantly different from Control 

#p<0.001 ANOVA followed by Tukey test significantly different from Beva 
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At the end of the study, and before the sacrifice of animals, the serum levels of 

bevacizumab and VEGF were quantified. In all the animals treated with bevacizumab 

formulations, the serum levels were always lower than the quantitation limit. Table 2 

shows the serum levels of VEGF at the beginning (basal) and at the end of the experiment. 

Interestingly, no differences were found (p<0.05). Dexamethasone, aflibercept and 

albumin solution show the same lack of efficacy in reducing CNV as the control, therefore 

VEGF levels were not measured. 

 

Table 2. VEGF levels in the groups of animals treated with bevacizumab formulations. 

Data expressed as mean ± SD (n>3). BEVA: group of animals treated with Avastin®, 2 times per 

day, 10 µL aqueous solution of 4mg/mL. B-NP: animals treated with bevacizumab-loaded 

nanoparticles, once a day, 10 µL suspension containing 40 µg of bevacizumab. B-NP-PEG: group 

of animals treated with PEG coated bevacizumab-loaded nanoparticles, once a day, 10 µL 

suspension containing 40 µg of bevacizumab.   

 VEGF basal levels 

(pg/mL) 

VEGF at day 7 

(pg/mL) 

BEVA 10.1 ± 1.8 8.5 ± 3.7 

B-NP 9.1 ± 2.7 8.6 ± 3.3 

B-NP-PEG 8.5 ± 3.1 8.9 ± 3.7 

 

On the other hand, in order to gain insight about the efficacy of the developed 

nanoparticles, a histological analysis was conducted in the eyes of animals treated with the 

different bevacizumab formulations (Avastin®, B-NP and B-NP-PEG). Figure 6 shows 

some photomicrographs of corneal sections from animals included in this study. Control 

animals displayed corneal thickness of about 775 ± 185 µm, 1.4-times higher than those 

treated with Avastin® (571 ± 395 µm). In a similar way, the corneal of animals treated with 

B-NP and B-NP-PEG displayed a significantly lower thickness than for control eyes (288 

± 85.6 µm and 431 ± 38.6 µm, respectively).  
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Table 3 shows the mean scores of the syntomathology associated to the CNV from 

the histopathological evaluation. For control eyes, the result of corneal section examination 

revealed a significant and intense vascularization with an important presence of 

inflammatory cells (i.e., lymphocites, neutrophils and eosinophiles) and fibroblast activity 

(Table 3). In addition, these eyes displayed a moderate edema. The treatments with 

bevacizumab formulations decreased the symptom scores, particularly the fibroblast 

activity and the presence of edema. Interestingly, the eyes of animals treated with B-NP 

showed the best scores with an important reduction in the intensity of inflammation and 

vascularization (Table 3).  

Table 3. Histopathological analysis of the cornea of animals. Scoring of factors associated 

to the neovascularization process. Data expressed as the mean of at least three different samples. 

Sample Fibrosis Inflammation Vascularization Edema 

Control 4 4 4 3 

BEVA 1 4 2 1 

B-NP 1 2 1 0 

B-NP-PEG 1 2 3 1 
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Figure 6. Photomicrographs of histological sections of corneas of rats collected 7 days after 

the burn of the eyes with a silver stick. Scale bar, 200 µm, Hematoxylin-eosin staining (H.E.). (A) 

Control showing regular pattern structure of intact epithelium. H.E. x 100. (B) Rat cornea from 

group treated with physiological serum: serious alterations within the cornea, central erosion, 

intense fibrosis with large disorganized fibroblast, moderate inflammatory infiltration and 

neovascularization (v), formation of a cyst. (c) from epithelium cells that shows an attempt to 

abnormal repair. H.E. x 100. (C and D) Rat cornea from group treated with B-NP: thickness of the 

cornea within normal limits, intact epithelium and stroma slightly disorganized and lax with a very 

discreet infiltration (headarrow). H.E. x 100 and 200 respectively. (E and F) Rat cornea from group 

treated with B-NP-PEG: corneal thickness within normal values, normal epithelium, numerous 

stromal microvessels (v). H.E. x 100 and 200 respectively. (G and H) Rat cornea from group 

treated with Avastin®: epithelium preserved and hypertrophic that separates from the stroma, 

thickening of the stroma with diffuse and high fibroblast activity, intense infiltrate of inflammatory 

cells (headarrow) and edema (*). H.E. x 100. “e”: epithelial layer; “s”, stroma containing regular 

parallel collagen lamellae with flattened keratocytes in-between. 
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4.        Discussion 

Bevacizumab is a full-length, humanized monoclonal antibody (IgG1) that targets 

and binds all the active isoforms of vascular endothelial growth factor (VEGF-A). This 

prevents its interaction with the pertinent receptors on the surface of endothelial cells, 

which would activate the signaling pathway to result in endothelial cell proliferation and, 

therefore, preventing blood vessel formation [36].  

The antibody was initially designed and studied as an anti-angiogenic strategy to 

treat a variety of solid tumors [37–39]. After approval by the US Food and Drug 

Administration, bevacizumab gained access into ophthalmology to off-label treat various 

types of neovascular diseases, including age-macular degeneration [40], diabetic 

retinopathy [41], retinopathy of prematurity [42] and corneal neovascularization [43]. 

Regarding corneal neovascularization, topical bevacizumab was demonstrated to be 

effective as antiangiogenic agent after chemical injury in experimental animal models 

[35,44]. In humans, different studies have clearly showed that topical bevacizumab (2 to 4 

times a day) can induce significant reductions of neovascular activity [9,45,46].  

In the present work, our goal was to evaluate the capacity of albumin-based 

nanoparticles to improve the topical effect of bevacizumab in an animal model of CNV. 

The idea was to take advantage from the ability of albumin nanoparticles to increase the 

resident time on the eye surface after topical administration and their ability to sustain the 

release of bevacizumab [31; Chapter 3]. For this purpose, bevacizumab-loaded 

nanoparticles (“naked” and pegylated) were evaluated in a chemical burn injury-induced 

CNV in Wistar rats. In this model, the formation of new vessels appeared on the second-

third day post cauterization, which is aligned with previous studies [33,47]. Treatments 

started one day post-cauterization with the objective to improve wound healing and 

enhance the penetration of the drug through the damaged area. Bevacizumab (Avastin®)  
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and controls (aflibercept) were administered 2 times a day (40 µg per dose), whereas 

animals treated with nanoparticles received only one dose (equivalent to 40 µg 

bevacizumab) per day. Comparing the surface of the eyes affected by neovascularization 

(invasion area, Figure 4) after 7 days of treatments, animals receiving bevacizumab-loaded 

nanoparticles (B-NP) displayed the lower size of neovascular activity followed by PEG-

coated bevacizumab-loaded nanoparticles (B-NP-PEG). In both cases, the sizes of the 

lesions were significantly lower than those observed in animals treated with a solution of 

bevacizumab or Eylea®. Comparing the neovascularization area normalized by the size of 

the lesion (Figure 5), both types of nanoparticles showed the effect to induce an 

antiangiogenic effect. Although, this effect was slightly higher for "naked" than for 

pegylated nanoparticles no statistically differences were found between them. For “naked” 

nanoparticles (B-NP), their capability to reduce the formation of vessels was 2.4-times 

higher than for Avastin® (administered twice a day) and about 3-times higher than for the 

control (Eylea®).  This increased efficacy for bevacizumab-loaded nanoparticles would be 

in line with the potential of the synergic combination between bevacizumab and suramin 

(SuramabTM) that has shown an antiangiogenic effect higher and more prolonged than 

other conventional treatments [19]. In addition, the hystopathological analysis of eyes 

confirmed the findings observed for bevacizumab nanoparticle formulations. Particularly, 

eyes treated with bevacizumab-loaded nanoparticles displayed lower symptoms of fibrosis 

and inflammation than controls (Figure 6, Table 3).  

These higher anti-angiogenic effects of bevacizumab when incorporated into 

albumin nanoparticles would be related with the capacity of these nanoparticles to develop 

mucoadhesive interactions with the corneal surface of the eye. It is well established that 

nanoparticles may develop mucoadhesive interactions with mucus covering epithelial 

surfaces via electrostatic interactions, van der Waals forces, hydrophobic forces, hydrogen  



 

Chapter 5: In Vivo efficacy of bevacizumab-loaded albumin nanoparticles in the treatment of corneal 

neovascularization 

175	

 
bonding, and chain entanglement [48]. For particulates and microorganisms, multiple 

hydrophobic adhesive interactions with mucin fibers would represent the main mechanism 

by which mucus limits the transport of large entities such as nanoparticles [49] and some 

pathogenic bacteria [50]. In our case, "naked" nanoparticles appeared to show a superior 

ability than pegylated ones to promote the antiangiogenic effect of bevacizumab. This 

observation would be related to the higher hydrophobicity of “naked” nanoparticles, 

compared to nanoparticles coated with PEG35000, as quantified by the Rose Bengal test 

(Table 1). In addition, it is important to highlight that pegylation of nanoparticles is an 

adequate strategy to render hydrophilic the surface of nanoparticles and to develop mucus-

permeating nanoparticles [50,51]. 

On the other hand, it is worth to notice that neither dexamethasone (Colircusi 

dexametasona®) nor aflibercept (Eylea®) treatments were effective in reducing the 

neovascularization process in the eyes of rats (Figure 4). Dexamethasone possess a limited 

anti-angiogenic direct effect [17], although, it can be of interest to reduce the inflammation 

associated to corneal neovascularization [52]. In our study, the lack of efficacy observed 

for dexamethasone would probably be due to the small frequency of the dose administered 

which resulted in an intense inflammatory activity in the superficial stroma and therefore 

in a stromal ulceration [53]. In any case, the result observed with aflibercept (Eylea®) 

could be more controversial. In fact, in rats, aflibercept would show a higher capability to 

efficiently prevent corneal neovascularization than bevacizumab [20,54]. However, in our 

case, the low efficiency observed for aflibercept would probably be due to the low dose 

employed in this study, about 12.5-times lower than in other published works (40 µg vs. 

500 µg) [20,54].  

Another important point to highlight from this study was the absence of 

quantificable levels of bevacizumab in the general circulation as well as the maintenance  
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of VEGF basal levels in serum along the study. These results agree well with previous 

studies with patients in which the topical administration of bevacizumab via eye drops did 

not promote the systemic absorption of the monoclonal antibody [55]. 

To the best of our knowledge this is the first time that bevacizumab-loaded albumin 

nanoparticles have been studied in the treatment of corneal neovascularization after topical 

administration.  

These nanoparticles, topically administered once a day, effectively inhibit corneal 

neovascularization, inflammation, fibroblast activity and edema. Further studies are needed 

to complete the pharmacological profile of these nanoparticles on the eye. 
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1. Introduction 

Colorectal cancer (CRC) is the third leading cause of cancer death worldwide [1] 

accounting for almost 700,000 deaths and 1.4 million new cases in 2012 [2]. CRC is a 

malignant tumor that develops in the mucosa of the colon or rectum. Usually it starts with 

the growth of a non-cancerous polyp (adenomatous polyp or adenoma) from glandular 

cells and progress very slowly over a period of decades [3,4].  Once the cancer has 

appeared it can spread locally or to distant parts of the body (metastasis) [5].  

Bevacizumab (Avastin®) is a humanized recombinant monoclonal antibody, which 

targets and blocks all isoforms of vascular endothelial growth factor-A (VEGF-A) [6]. It 

was approved by the FDA in 2004 for first-line treatment of metastatic colorectal cancer 

and later for other cancers, like non-small-cell lung cancer or metastatic breast cancer in 

combination with cytotoxic chemotherapy [7–9].  

Angiogenesis does not take part in the carcinogenesis but it does play a major role 

in tumor growth and metastatic spread [10]. The VEGF-A is one of the main factors 

involve in the promotion of the angiogenesis, regulation of vascular permeability and 

vasodilatation, and induction of endothelial migration[11]. Therefore, one of the main 

strategies to prevent and reduce angiogenesis is the use of an anti-vascular endothelial 

growth factor (anti-VEGF) such as bevacizumab [12]. Bevacizumab binds vascular 

endothelial growth factor A (VEGF-A) and prevents its interaction with the VEGF 

receptor tyrosine kinases, blocking VEGF signaling. This fact triggers a signaling cascade 

that results in the inhibition of the growth vessels, regression of pre-existing new 

vasculature and alteration of the vascular function [10,11]. Several studies have shown that 

bevacizumab administered in combination with chemotherapy improves the response and 

survival rates [12]. However, when is used as a monotherapy has not provided any benefits 

[13]. Bevacizumab has been used as an adjuvant in chemotherapy [14,15] for its potential 

to inhibit angiogenesis. It also has the ability to change the tumor vasculature, leading to a 
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reduction of the interstitial pressure and easing the delivery of chemotherapy to the tumor 

site [16,17]. Several randomized clinical trials in patients with CRC have demonstrated 

that the combination of bevacizumab with chemotherapy improves significantly the overall 

survival (OS), progression-free survival (PFS) and the response rate (RR) in patients with 

metastatic colorectal cancer [18–21].   

The first randomized trial of the combination of bevacizumab and 5-FU/LV in the 

treatment of metastasic CRC was evaluated in a randomized Phase II study with 3 arms: i) 

5-FU/LV (control arm), ii) 5-FU/LV + 5 mg/kg bevacizumab, and iii) 5-FU/LV + 10 

mg/kg bevacizumab. The results showed that patients who received the combination of 

bevacizumab with 5-FU/LV experience greater RRs and longer OS than those who only 

received chemotherapy [22]. In a posterior pivotal phase III trial the combination of 

bevacizumab with an infusion of iridotecan/5-FU/ leucovorin showed a higher survival in 

patients with metastatic colorectal cancer [18]. Due to these results, in 2004 the FDA 

approved the used of bevacizumab for first-line treatment of metastatic colorectal cancer 

[23]. Another study showed that the combination of bevacizumab with FOLFOX4 for the 

second-line treatment of advance colorectal cancer demonstrated significant improvement 

in PFS and OS compared with the chemotherapy alone [24]. Those results led to the 

approval of bevacizumab to be used for second-line treatment in metastatic colorectal 

cancer.  

Bevacizumab is well tolerated when used in combination with chemotherapy for 

first and second- line of treatment. Also, bevacizumab does not increase considerably the 

chemotherapy toxicity. The study of the incidences of side effects in different trials of 

bevacizumab in combination with chemotherapy reveled that the common adverse effect in 

all of them were the slight increment in hypertension, proteinuria, bleeding and wound 

healing complications in those patients who underwent surgery during the treatment with 

bevacizumab. Severe adverse effect (thromboembolism, pulmonary embolism or 
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gastrointestinal performation) presented a low incidence [25].  Despite of few cases of 

patients that presented thromboembolism during the study performed by Hurwitz et al. 

(2013) the most common adverse effect observed was hypertension, which was brought 

under control with standard oral antihypertensive medications. Also, other minor side 

effects, such as epistaxis, headache, rash, fever, and chills, were observed [26]. 

Additionally, tumors can develop resistance to antiangiogenic therapy resulting in 

revascularization and increment of tumor growth and therefore, frequent dosing. This fact 

along with the low penetration in tumors, non-specificity of cells targeting and limited 

pharmacokinetic profile has aroused the interest for new antibody delivery systems to 

avoid these drawbacks. In this context, Sousa et al. (2017) prepared bevacizumab-loaded 

poly (lactic-co-glycolic acid) (PLGA) nanoparticles by a double emulsion technique. The 

resulting nanoparticles displayed a high drug loading 1.62% and an in vitro pH-dependent 

controlled release. FTIR studies showed that the monoclonal antibody kept its native 

structure, and therefore its activity, that was confirmed by proliferation studies in HUVEC 

cells [11]. 

In this context, the aim of this work was to evaluate the efficacy of nanoparticles 

based on human serum albumin (HSA) loaded with bevacizumab compared to 

bevacizumab solution on a xenograft model of human colorectal cancer. 

 

2. Material and Methods 

2.1. Chemicals 

Human serum albumin or HSA (fraction V, purity 96–99%) and poly(ethylen 

glycol) (PEG) 35,000 were provided by Sigma (Madrid, Spain). Bevacizumab (Avastin®) 

was purchased from Roche (Spain). The Shikari® Q-beva Enzyme immunoassay used for 

the detection of bevacizumab was purchased from Matriks Biotech (Gölbaşı, 
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Turkey). Mouse VEGF Quantikine ELISA Kit  (R&D Systems, Minneapolis, Minnesota, 

USA). Micro BCA protein assay kit was purchased from Pierce (Thermo Fisher Scientific 

Inc., Illinois, USA). All other reagents and chemicals used were of analytical grade. 

Formvar® films were purchased from Agar Scientific (Stansted, UK). 2-deoxy-2-

[18F]fluoro-D-glucose [18F-FDG] was obtained from the daily productions for clinical use 

at Department of Nuclear Medicine & PET, Universidad de Navarra, Spain. Dulbecco’s 

modified Eagle’s medium (DMEM; Sigma–Aldrich, St Louis, MO, USA), fetal bovine 

serum (FBS) and L-glutamine penicillin-streptomycin (Lonza) were purchased from 

Thermo Fisher Scientific Inc. (Illinois, USA). MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 

diphenyltetrazolium bromide) was provided by Sigma-Life Science (Manheim, Germany). 

The rat antibody anti-mouse CD31 (DIA310), the rabbit anti-rat secondary antibody 

(E0468), the goat anti-rabbit antibody (K4011) and the 3, 3'-Diaminobenzidina (DAB+) 

were purchased from Danko (Glostrup, Denmark). Trizma® (TRIS base), tris-buffered 

saline (TBS), polyethylene glycol sorbitan monolaurate (Tween® 20), EDTA, sodium 

deoxycholate and sodium dodecyl sulfate were obtained from Sigma–Aldrich (St Louis, 

MO, USA). Xylene was purchased from Panreac (Barcelona, Spain). DPX mounting 

medium (Merck,Darmstadt, Germany). 

Isofluorane was from Braun (IsoVet, Spain) and euthanasic T-69 Intervet from 

Schering-Plough Animal Health. Technetium-99m pertechnetate eluate was obtained from 

a Drytec® 99Mo-99mTc generator purchased from General Electric. Tin-chloride 

dihydrate and chlorhydric acid were supplied by Panreac (Barcelona, Spain). 

2.2. Preparation of human serum albumin nanoparticles 

Bevacizumab (BEVA) was encapsulated in either bare or PEG-coated human 

serum albumin nanoparticles, following a desolvation protocol and a subsequent freeze-

drying process of the resulting nanoparticles [27].   
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2.2.1. Preparation of bevacizumab-loaded human serum albumin nanoparticles (B-

NP)  

Briefly,	 15 mg bevacizumab were added to 7.5 mL of an aqueous solution 

containing 100 mg human serum albumin, adjusted to a pH 4.9 with HCl 1M, and 

incubated for 10 minutes. Nanoparticles were formed by the continuous addition of 16 mL 

ethanol under magnetic stirring. The desolvating agent was eliminated by evaporation 

under reduced pressure (Büchi Rotavapor R-144; Büchi, Postfach, Switzerland) and the 

nanoparticle suspension was purified and concentrated by ultrafiltration through a 

polysulfone membrane cartridge of 50 kDa pore size (Medica SPA, Italy). Finally, 

nanoparticles were freeze-dried in a Genesis 12EL apparatus (Virtis, NewYork, USA) 

using sucrose (5%; w/w) as a cryoprotectant. 

2.2.2. Preparation of PEG-coated bevacizumab-loaded human serum albumin 

nanoparticles (B-NP-PEG)  

In brief, bevacizumab-loaded nanoparticles were firstly prepared by the addition of 

ethanol to a solution of albumin and the monoclonal antibody in water (pH 4.9), as 

described above. Then, 500 µL of a 10% solution of PEG 35,000 in water were added to 

the suspension of nanoparticles and the mixture was incubated for 30 minutes under 

agitation. The ethanol was eliminated by evaporation under reduced pressure (Büchi 

Rotavapor R-144; Büchi, Postfach, Switzerland) and the nanoparticle suspension was 

purified and concentrated by ultrafiltration as aforementioned. Finally, the formulations 

were frozen and freeze-dried (Genesis 12EL, Virtis, NewYork, USA) using sucrose (5%) 

as a cryoprotectant. 

As control empty nanoparticles coated with PEG 35,000 (NP-PEG) were prepared 

following the same procedure but in the absence of bevacizumab. 
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2.3. Characterization of albumin nanoparticles 

2.3.1. Particle size, zeta potential and yield  

The particle size and zeta potential of the nanoparticles were determined by photon 

correlation spectroscopy (PCS) and electrophoretic laser Doppler anemometry, 

respectively, using a Zeta Plus analyser system (Brookhaven Inst. Corp., USA). The 

diameter of the nanoparticles was determined after the dispersion in ultrapure water (1/10) 

and measured at 25°C at a scattering angle of 90°C. The zeta potential was determined 

after dispersing dried nanoparticles in 1mM KCl solution adjusted to pH 7.4. 

The amount of protein transformed into nanoparticles was calculated by micro-

BCA analysis and microfluidic electrophoresis. Briefly, 10 mg of the nanoparticle 

formulation was dispersed in water and centrifuged at 21,000 x g for 15 min Biofuge 

Heraeus, Hanau, Germany). Supernatants were discarded and the pellets were digested 

with NaOH 0.02 N. Then, the amount of protein was quantified were analyzed with the 

Protein Assay Reagent Kit (Pierce, Rockford, USA), following the manufacturer’s 

instructions.  

In parallel, for bevacizumab-loaded nanoparticles (B-NP and B-NP-PEG), the 

amounts of albumin and monoclonal antibody were calculated by microfluidic 

electrophoresis in an Experion™ Automated Electrophoresis System (Bio Rad, California, 

USA). Again, samples from supernatants in 0.02 N NaOH were treated in non-reducing 

conditions following manufacture’s specification (Experion System Pro260 Analysis Kit; 

Bio-Rad Lab., Hercules, USA). Data were processed using the ExperionTM software. A 

virtual gel with densitometric bands expressed in kilodaltons (kDa) and the percentage of 

total protein (% total) value for each detected peak were obtained. 



 
Chapter 6: In vivo efficacy of bevacizumab-loaded nanoparticles in the treatment of colorectal cancer 

	189	

2.3.2. Quantification of bevacizumab 

The amount of bevacizumab loaded into the nanoparticles was quantified by a 

specific enzyme immunoassay (Shikari® Q‐BEVA), following manufacturer’s instructions. 

For analysis, 10 mg of nanoparticles were dispersed in 1 mL of water and centrifuged for 

10 min at 21,000x g (Biofuge Heraeus, Hanau, Germany). Supernatants were discharged 

and the pellets were digested with 1 mL of NaOH 0.02 N. Samples were diluted 1:1000 

with assay buffer and 25 µL of the resulting solution was transferred to a 96-well 

microplate coated with human vascular endothelial growth factor (VEGF) and followed a 

specific ELISA for bevacizumab (Shikari® Q-Beva). Empty nanoparticles were treated in 

the same way to rule out any interference. 

Each sample was assayed by triplicate and the calculations were performed using 

standard curves in the range between 0.1-100 µg/mL (R2> 0.993). The detection and 

quantification limits were 30 ng/mL and 100 µg/mL, respectively. The results were 

expressed as the amount of bevacizumab (µg) per mg nanoparticles (payload) and as 

encapsulation efficiency (in percentage). 

2.4. Cell culture  

HT-29 were maintained in Dulbecco's modified Eagle's medium (DMEM) 

supplemented with 10% fetal bovine serum (FBS) and 1% L-glutamine penicillin G-

streptomycin, and grown to confluence in a standard incubator at 37 °C under humidified 

5% CO2 conditions at 37°C. Cell suspensions (2×103 cells/ml) were seeded onto 96 well 

tissue culture plates. After 24 h, culture medium was replaced by the different nanoparticle 

formulations diluted to the desired final concentration (0.0, 0.05, 0.15, 0.25 and 0.3 

mg/mL) with culture medium and tested for up to 72 h. 
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2.4.1. MTT toxicity assay  

To evaluate the possible cytotoxicity of bevacizumab (free or encapsulated into 

nanoparticles) on HT-29 cells, cell proliferation was assessed by using the 3-(4,5-

dimethylthiazol-2-yl)-2, 5-diphenyltetrazoliumbromide (MTT) assay. 

Cells HT-29 (2x103 cells/mL) were seeded onto 96-well tissue culture plates (Nunc, 

Thermo Fisher, Scientific Inc., Illinois, USA). After 24 hours, plates were washed with 

PBS and fresh culture medium with bevacizumab preparations was added (bevacizumab, 

B-NP or B-NP-PEG). Cells were incubated for 4h, 24 h, 48 h or 72 h, the culture medium 

were removed and 250 µL MTT (0.5 mg/ml) was added to the cells for 4 h (37 °C, 5% 

CO2, 95% humidified air). Then, 200 µL of DMSO was added to extract the reduced 

formazan produced by living cells.  To determine the viability of the cells the amount of 

formazan was quantified colorimetrically at 540 nm. 

2.5. Pharmacokinetic studies  

Pharmacokinetic studies were performed in male Wistar rats (200-250g) obtained 

from Janvier Labs (Le Genest-Saint-Isle, France). Studies were approved by the Ethical 

Committee for Animal Experimentation of the University of Navarra (protocol number 

107/16) in accordance with European legislation on animal experiments.   

For the pharmacokinetic study, rats were randomly divided in 6 groups of 6-7 

animals each. The experimental groups were as follows. (i) bevacizumab in water for 

injection (Avastin®; BEVA), (ii) bevacizumab-loaded nanoparticles (B-NP) and (iii) PEG-

coated bevacizumab nanoparticles-loaded were employed nanoparticles (B-NP-PEG). As 

controls, we employed the following groups: (i) human serum albumin in water for 

injection (HSA), (ii) empty PEG-coated nanoparticles (NP-PEG), and (iii) physiological 

serum (control -). 
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All the formulations were administered via the caudal vein. The bevacizumab 

formulations were employed at a dose of 5 mg/kg body weight. 

Blood samples (500 µL) were collected pre-dose and at different set-point times in 

Microvette® 500 serum-gel tubes (Sarstedt, Nümbrecht, Germany). In all cases, the 

volemia was recovered intraperitoneally with an equal volume of sterile saline solution 

pre-heated at body temperature. Samples were centrifuged at 10.000 rpm for 10 min and 

serum aliquots were stored s at -80 °C until analysis. 

2.5.1. Determination of bevacizumab serum concentration  

In order to determine the bevacizumab serum concentration a specific enzyme-

linked immunosorbent assay kit (Shikari® Q-Beva) was used.  For analysis, an aliquot of 5 

µL of serum was mixed with 495 µL of Assay Buffer and analyzed according to 

manufacturer’s instructions. The plate was read at 450/650 nm using a PowerWave HT 

Microplate spectrophotometer (BioTek Instruments, Inc., Winooski, USA).  

For the quantification of bevacizumab a standard curve was in the range 0.1-100 

µg/mL (R2 ≥ 0.95). The detection and quantification limits were lower than 30 ng/mL and 

100 ng/mL. 

2.5.2. Pharmacokinetics data analysis  

Pharmacokinetic analysis was carried out using a two-compartment model for free 

bevacizumab and a single compartment model for nanoparticles with WinNonlin 5.2 

software (Pharsight Corparation, Mountain View, USA). The results were plotted as 

bevacizumab serum concentrations versus time. The following parameters were calculated: 

maximal serum concentration (Cmax), time in which Cmax is reached (Tmax), area under the 

concentration-time curve from time 0 to last sampling time (AUC), clearance (Cl), volume 

of distribution (V) and half-life in the initial and terminal phase (t1/2 α and t1/2 β 
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respectively). Also, the relative bioavailability (Fr %) was calculated by the following 

equation:  

YZ	(%) = ^_`abacdbefghijk
^_`ljmbhgnopbl

	q100       [eq. 1] 

where AUCnanoparticle and AUCbevacizumab. are the areas under the curve for the 

intravenous administration of bevacizumab-loaded nanoparticles and the intravenous 

administration of free bevacizumab (BEVA) respectively. 

2.6. In vivo biodistribution study of albumin nanoparticles 

Albumin nanoparticles (B-NP and B-NP-PEG) were radiolabeled with 99mTc by 

reduction tin chloride following a previously described method [28]. Briefly, 40 µL of a 

0.05 mg/mL tin chloride dihydrate solution in deionized water at pH 4 (adjusted with HCl 

0.1 N) was mixed with 0.5 mg of each lyophilized nanoparticles. After this, 1 ml of 

99mTcO4− eluate from a 99Mo/99mTc generator (UltratechneflowTM, Mallinkrodt, The 

Netherlands) were added to the each mixture. For in vivo studies, the radiolabelled 

nanoparticle suspension (40 MBq for every formulation) was mixed with 86 mg of 

corresponding unlabelled formulation. For the in vivo biodistribution study, experiments 

were performed in compliance with the regulation of the Ethics Committee of the 

University of Navarra in line with the European legislation on animal experiments 

(protocols 171/12 and 066/16). For this purpose, male Wistar rats (250 g) were randomly 

divided into 2 groups, 99mTc-labelled B-NP and 99mTc-labelled B-NP-PEG  (n=3). Animal 

received a single dose of an aqueous suspension of nanoparticles containing 5mg of 

bevacizumab/kg of body weight intravenously. For imaging studies, animals where 

anesthetized just before each study and placed in prone position in a Symbia T2 Truepoint 

SPECT-CT system (Siemens). Images were acquired using a 128x128 matrix, 7 images/s. 

CT was set to 110 mAs and 130 Kv, 130 images 3 mm thick. Image fusion was performed 

using Syngo MI Applications TrueD software.  
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2.7. In vivo efficacy study 

2.7.1. Animal model  

The in vivo antitumor efficacy was studied in athymic nude mice of 3 weeks old 

(20-25g) from Harlan Sprague Dawley, Inc.  (Barcelona, Spain) These studies were 

approved by the Ethical Committee for Animal Experimentation of the Institution 

(protocol number 107–16) in accordance with the European legislation on animal 

experiments.  

Human colorectal adenocarcinoma HT-29 cells were grown and cultured in 1% 

DMEM (Sigma) supplemented with 10% HyCloneTM serum (Thermo Scientific) and 1% 

penicilin-streptomycin (Lonza) under standard conditions of CO2 and temperature. Cells 

were harvested one week after plating and suspended in PBS. For tumor inoculation, mice 

were anesthetized with isoflurane by inhalation and 100 µL containing 2-3 x 106 of HT-29 

tumor cells (bevacizumab-sensitive human colon cancer cell line) were injected 

subcutaneously in the right lateral flank of each animal. Tumor growth was followed until 

they reached approximately 0.4-0.6 cm3 and then treatment was started. Mice were 

randomized into five groups: (i) bevacizumab in water for injection (Avastin®), (ii) 

bevacizumab-loaded albumin nanoparticles coated with PEG 35,000 (B-NP-PEG), (iii) 

empty nanoparticles coated with PEG 35,000 (NP-PEG) in a similar amount to that 

administered with B-NP-PEG,  (v) an aqueous solution of HSA containing similar amount 

of albumin than the group treated with B-NP-PEG, and (v) control group. Bevacizumab 

groups received a dose of 5 mg / kg of body weight intravenously twice/week. The control 

group received an intravenous injection with 0.9% saline at the same time points. 
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Throughout the study, tumor size (V) was measured in two dimensions, width (W) 

and length (L) with a caliper. The final volume (V) was calculated using the following 

equation (eq. 2): 

r(sst) = 	uvwxyℎ	q	({|yℎ)}q	0.5      [eq. 2] 

2.7.2. Serum concentration of bevacizumab and VEGF 

Blood samples were collected at the beginning of the study (day 0, basal levels) at 

day 15 and at day 26. Blood was centrifuged at 5,000 rpm for 10 min and sera aliquots 

were conserved at -80 °C until analysis.  

For bevacizumab analysis in the serum of animals, a specific enzyme-linked 

immunosorbent assay kit (Shikari® Q-Beva, Matrix Biotek , Ankara, Turkey) was used.  

Samples were analyzed according to manufacturer’s instructions and the plate was read at 

450/650 nm using a PowerWave HT Microplate spectrophotometer (BioTek Instruments, 

Inc., Winooski, USA). 

In a similar way, VEGF in serum of animals was quantified with a commercial 

enzyme-linked immunoassay kit (Mouse VEGF Immunoassay Quantikine® ELISA kit; 

R&D Systems, MN, USA) was used. Samples were processed as specified in the 

commercial kit and the plate was read at 450 and 540 nm using a PowerWave HT 

Microplate spectrophotometer (BioTek Instruments, Inc., Winooski, USA). 

2.7.3. PET imaging  

At the end of the experiment, 3 mice of each bevacizumab treatment group and 3 

control mice (administered with 0.9% saline) were selected to undergo a 2-deoxy-2-

[18F]fluoro-D-glucose-positron emission tomography [18F-FDG-PET] imaging. To this 

aim, mice were fasted overnight but allowed to drink water ad libitum. For PET study, 

mice mice were anesthetized with 2% isoflurane in 100% O2 gas and 18F-FDG (11.2 MBq 
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± 1.4 in 80-100 µL) injected via the tail vein. To avoid radiotracer uptake in the hindlimb 

muscle, 18F-FDG uptake was performed under continuous anaesthesia for 50 min. Then, 

PET imaging was performed in a dedicated small animal Philips Mosaic tomograph 

(Cleveland, OH), with 2 mm resolution, 11.9 cm axial field of view (FOV) and 12.8 cm 

transaxial FOV. Anesthetized mice were placed prone on the PET scanner bed to perform a 

static acquisition (sinogram) of 15 min. Images were reconstructed using the 3D Ramla 

algorithm (a true 3D reconstruction) with 2 iterations and a relaxation parameter of 0.024 

into a 128×128 matrix with a 1 mm voxel size applying deadtime, decay, random and 

scattering corrections. For the assessment of tumor 18F-FDG uptake, all studies were 

exported and analyzed using the PMOD software (PMOD Technologies Ltd., Adliswil, 

Switzerland). Images were expressed in standardized uptake value (SUV) units. SUV is a 

dimensionless ratio to distinguish between "normal" and "abnormal" levels of uptake. It is 

define as the ratio of activity per unit of whole body volume and weight, by determined 

with the following equation [29]: 

ÄÅr = 	 ÇÉÑÑÖÜ	áàÇÉâÉÇä	àãåàÜåÇçáÇÉãå	(éè/àê
ë)

ÉåíÜàÇÜì	ìãÑÜ	(éè)
q	îïñó	{v|xℎy	(x)		[eq. 3] 

The volumes of interest (VOI), including the entire tumor, were drawn manually 

and a definitive VOI was generated semi-automatically by selecting the voxels with more 

than the 50% of the maximum uptake. From these VOI values and in order to assess the 

tumor state, these different parameters were calculated [29]: the value of the voxel with the 

highest activity within the tumor (SUVmax), the metabolic tumor volume (MTV, equation 

4), and the total lesion glycolysis (TLG, equation 5) in which VOI tumor is the volume of 

the tumor that shows FDG uptake in cm3. 

òôr = 	röõ	yúsïZ									[eq.	4]	

ôùû = rïu	q	ÄÅráâÜçáüÜ		[eq.	5] 
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2.8. Bevacizumab levels in tumor 

Tumor tissues were mechanically disrupted using a precooled grinder (Biospec, 

Bartlesville, USA). Then, the pulverized tissues were dispersed in RIPA buffer (Tris 1M, 

H2Od pH 7.4, 150mM NaCl, Triton-X-100, sodium deoxycholate and SDS lauryl-sulphate)  

for protein extraction.  The lysate was incubated on ice for 30 minutes and centrifuged for 

30 min at 4°C at 13.200 rpms (16,100 x g) in an Eppendorf Fixed -angle rotor F45-24-11 

radius 8.2 cm (Hauppauge, New York, United States). The supernatants, containing the 

proteins, were recovered and the amount of total protein was quantified by the BCA 

protein assay kit. 

In parallel, bevacizumab was quantified by Elisa (Shikari® Q-Beva) on the same 

supernatants obtained from the lysate of tumors. 

2.9. Immunohistochemistry and CD31 staining quantification  

Tumors were excised, fixed, paraffin-embedded and cut in 3 µm thick sections, 

which were placed on slides. Samples were deparaffinised and rehydrated. Antigen 

retrieval (AR) was applied for 30 min at 95 °C in 0.01 M Tris-1 mM EDTA buffer (pH=9). 

Endogenous peroxidase was blocked with 3% H2O2 in deionized water for 10 min. Then, 

Tris-buffered saline (TBS-T) buffer (0.05M TBS, 0.15M NaCl, pH 7.4, H2Od; TBS 0.05% 

+ Tween 20) was used to wash the sections. Incubations with the primary antibody were 

performed overnight at 4°C: CD31 (rat anti-mouse, 1:50; Dianova, DIA310). After rinsing 

in TBS-T, the sections were incubated with rabbit anti-rat secondary antibody (1:200; 

Dako, E0468) for 30 min and then with goat anti-rabbit (K4011, Dako) labelled polymer 

for 30 min at room temperature. Peroxidase activity was revealed using DAB+ and 

sections were lightly counterstained with Harris haematoxylin. Finally, slides were 

dehydrated in graded series of ethanol, cleared in xylene and mounted in DPX medium.  
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For CD31 quantification, slides were scanned with Leica Biosystems Aperio CS2 

and images viewed using the Aperio ImageScope digital slide viewer v12.3.2.8019 (Leica 

Biosystems). From each tumor slide five randomly selected regions at 5X magnification 

were captured using the ImageScope software. Then, CD31 staining of each defined ROI 

was analysed using the free software ImageJ (1) and the in-house developed Fiji plugin 

“CD31-detection area” designed to distinguish between non-stained and stained tissue. The 

average of CD31 positive areas was calculated for each slide and each treatment group for 

subsequent statistical analysis (Rasband WS, ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997–2016).  

2.10. Statistical analysis 

All values are expressed as mean ± standard deviation (SD) of at least three 

experiments. Statistical significance between means of groups was examined using the 2 

way ANOVA followed by Tukey test. In all the cases, p<0.01 was considered to be 

statistically significant. All data were processed using GraphPad Prism 6.0 (La Jolla, CA). 

 

3.     Results 

3.1. Physico-chemical characterization of nanoparticles  

Table 1 summarizes the main physico-chemical characteristics of nanoparticles 

employed in this study (B-NP and B-NP-PEG). Generally, both B-NP and B-NP-PEG 

displayed a similar mean size (around 300 nm) and negative zeta potential (about -15 mV). 

However, empty nanoparticles displayed a smaller mean size about 207 nm. Also, both 

nanoparticles showed a bevacizumab payload of about 14%. 
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Table 1. Physico-chemical characterization of of empty and bevacizumab-loaded albumin 

nanoparticles. Bevacizumab-loaded nanoparticles (B-NP); nanoparticles coated with PEG 35,000 

(NP-PEG); PEG-coated bevacizumab nanoparticles  (B-NP-PEG). Data expressed as mean ± SD 

(n=6).  

Formulation Size (nm) PDI Z potential 

(mV) 

Yield (%) EE (%) BEVA 

loading 

(µg/mg NP) 

NP NA NA NA NA - - 

B-NP 310 ± 3 0.14 ± 0.02 -14 ± 1 85 ± 3 89 ± 0 132 ± 5 

NP-PEG 207 ± 2 0.10 ± 0.01 -26 ± 1 63 ± 1 - - 

B-NP-PEG 301 ± 2 0.13 ± 0.03 -17 ± 1 63 ± 7 92 ± 4 145 ± 6 

NP: Albumin nanoparticles, B-NP: bevacizumab-loaded albumin nanoparticles, NP-PEG: albumin 

nanoparticles coated with poly(ethylen glycol) 35,000, B-NP-PEG: bevacizumab-loaded albumin 

nanoparticles coated with poly(ethylen glycol) 35,000. 

 

3.2. Cytotoxicity study 

Figure 1 shows the cell proliferation assays carried out at concentrations up to 0.3 

mg/mL on HT-29 cells for up to 72 h. Neither bevacizumab nor encapsulated in 

nanoparticles induced any effective effect on the viability of cells, when incubated at a 

dose up to 300 µg/mL and for times of incubation ranging from 4h to 72 h. 
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Figure 1. Single dose MTT assay following A) 4h, B) 24h, C) 48h and D) 72-hours 

treatment incubation. The results are expressed as mean and SD (n=4). 

 

3.3. In vivo pharmacokinetic studies 

For the pharmacokinetic study in healthy rats, bevacizumab formulations were 

intravenously administered at a single dose of 5 mg/kg. The serum levels were analyzed 

with a two-compartment model (Figure 2). For bevacizumab as aqueous solution 

(Avastin®), the serum levels of the monoclonal antibody decreased rapidly during the first 

24h. Then, a slower decline of bevacizumab levels were observed for at least the following 

29 days. Form this profile, the initial half-life was calculated to be about 20h and the 

terminal half-life was estimated on about 15 days (Table 2). The AUC was 616 µg.day/mL, 

the clearance of 2 mL/day/kg and the distribution volume of 13 mL (Table 2). For 

bevacizumab-loaded nanoparticles, the profile of the curve was completely different. In 
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these cases, for B-NP and B-NP-PEG, the levels of monoclonal antibody increased during 

the first 2-3 days after iv administration. Then, the levels slowly decreased till the end of 

the experiment. For B-NP-PEG, the serum levels of monoclonal antibody were higher that 

for B-NP (Figure 2). In addition, the Cmax was found to be between 10 and 14-times lower 

than for the aqueous solution of bevacizumab (Table 2). For nanoparticles, the terminal 

half-life (t1/2β) were about 7 days, 2 times lower than for bevacizumab solution. On the 

contrary, both the clearance and the distribution volume of bevacizumab when 

administered after encapsulation on albumin nanoparticles were higher than for the 

traditional formulation (Table 2). 

 

Figure 2. Bevacizumab concentration vs time after a single intravenous administration of 

different formulations at dose 5 mg/kg. i) bevacizumab solution  (BEVA, ■), ii) bevacizumab-

loaded albumin nanoparticles (B-NP, ●) and bevacizumab-loaded albumin nanoparticles coated 

with PEG (B-NP-PEG,▲). Data expressed as mean± SD, (n= 6). 
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Table 2: Pharmacokinetic parameters of bevacizumab estimated after the i.v. administration of a solution and a suspension of nanoparticles 

encapsulating bevacizumab at a single dose of 5 mg/kg body weight to Wistar rats.  

 Cmax 

(µg/mL) 
Tmax 

(day) 

t1/2 α 

(h) 

t1/2 β 

(day) 
AUC  

(µg. day/mL) 

Cl  

(mL/day/kg) 

V 

(mL) 

 

BEVA 

 

 

97.7 ± 7.1 
 

- 
 

19.6 ± 4.08 
 

14.9 ±2.3 
 

615.7 ± 43.9 
 

2.0 ± 0.1 
 

12.8 ± 0.9 

 

B-NP-PEG35  
 

10.4 ± 1.0* 
 

1.6 ± 0.3 
 

- 
 

6.9 ± 1.9* 
 

121.2 ± 22.2* 
 

10.3 ± 1.9* 
 

103.1 ± 13.8* 

 

B-NP 
 

7.1 ± 0.6* 
 

1.6 ± 0.3 
 

- 
 

6.9 ± 1.8* 
 

83.3 ± 14.4* 
 

15.0 ± 2.6* 
 

150.0 ± 19.3* 

Data expressed as Cmax: peak serum concentration; Tmax: time to reach serum concentration; AUC: Area under the curve; t ½ α: half life of the initial phase; t ½ β: 

half life of the terminal phase; Cl: Clearance; Fr: relative intravenous bioavailability.  

*Significance differences vs BEVA i.v. (p<0.01) (Two-way ANOVA followed by Tukey test). 
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3.4. In vivo biodistribution study of albumin nanoparticles  

The biodistribution of nanoparticle formulations, during the first 10 h after 

administration, was evaluated after their radiolabelling with technetium-99m. Figure 3 

summarizes these results. Both types of formulations displayed a quite similar profile with 

an important tendency to concentrate in the liver and kidneys of animals. However, the 

radioactivity associated to these organs was higher for B-NP than for B-NP-PEG. In 

addition, and for B-NP, some degree of radioactivity was also observed in the gut of 

animals. 

 

Figure 3. In vivo SPECT-CT images of 99mTc-labelled B-NP (upper row) compared with 
99mTc-labelled B-NP-PEG (bottom row) after intravenous administration to Wistar rats. Images in 

each row correspond to the same animal studied at the time points indicated in the figure. Letters 

indicate: (a) kidneys, (b) liver, (c) bladder and (d) small intestine. 

a
b

c
d

d



 
Chapter 6: In vivo efficacy of bevacizumab-loaded nanoparticles in the treatment of colorectal cancer 

	203	

3.5. In vivo efficacy study 

3.5.1. Tumor volume 

The effect of bevacizumab, either free or loaded in PEG-coated nanoparticles (B-

NP-PEG), on tumor growth was evaluated in a mice model of colorectal cancer. Figure 4 

represents the evolution of tumor volumes (in mm3) throughout the days of treatment. 

Bevacizumab treatments produced a progressive and similar reduction in the rate of tumor 

growth. Therein, 28 days after beginning the treatments, both bevacizumab and B-NP-PEG 

caused a ~50% reduction (p>0.01) in tumor growth as compared to controls. The tumor 

volume animals treated with either, NP-PEG or albumin were similar to that observed in 

animals receiving saline solution (control). 

 

Figure 4. Comparative tumor growth inhibition, by either free or nanoparticle loaded (B-

NP-PEG) bevacizumab at a dose of 5 mg/kg i.v. twice a week, in HT-29 tumor-bearing athymic 

nude mice. Control: saline; HSA: human serum albumin; NP-PEG: PEG-coated empty 

nanoparticles. Arrows indicate the dose at which injections were administered. Data expressed as 

mean ± SD, (n ≥ 5). **p<0.01 ANOVA followed by Tukey test, bevacizumab or B-NP-PEG vs 

saline (Control) group. 
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Figure 5. Vascular endothelial growth factor (VEGF) concentrations in serum for the 

different treatment groups intravenously administered: (i) control, (ii) human serum albumin 

(HSA), (iii) PEG-coated empty nanoparticles (NP-PEG), (iv) bevacizumab solution, and (v) PEG-

coated bevacizumab-loaded nanoparticles (B-NP-PEG). Data expressed as mean ± SD, (n ≥ 3). 

 

3.6. PET Imaging 

At the end of the experiment, before the sacrifice of animals (day 28), the tumors 

were evaluated by PET imaging. Representative images are presented in Figure 6. From 

these images, the maximum standarized uptake values (SUVmax), the metabolic tumor 

volume (MTV) and the total glycolisis (TLG) were calculated. 

Animals were treated with bevacizumab formulations displayed lower SUVmax 

than control animals; although, no statistical differences between groups were found 
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the control group (p=0.0026 for bevacizumab and p=0.0003 for B-NP-PEG for MTV; 

p=0.04 for bevacizumab and p=0.0136 for B-NP-PEG for TLG). (Figure 7 B and C). 

 
Figure 6. PET imaging shows the tumor uptake (arrow) for the different treatment groups: 

A) control, B) bevacizumab solution, C) PEG-coated bevacizumab-loaded nanoparticles (B-NP-

PEG). b=urinary bladder. 

bb b

A CB

3 SUV

0
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Figure 7. Expression of SUVmax (A), MTV, (B) and TLG (C) for the different treatment 

groups: i) control, ii) bevacizumab solution and iii) PEG-coated bevacizumab-loaded nanoparticles 

(B-NP-PEG). Data are expressed as mean ± SD, (n > 3).  

Notes: The differences of SUVmax (A), MTV (B), and TLG (C) for the different groups. 

*p<0.05; **p<0.01; ***p<0.001 ANOVA followed by Tukey test. 
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(p<0.05) in tumors from mice administered with B-NP-PEG in comparison with controls. 

Beva-treated mice showed less angiogenesis (on average) than control. Although, no 

statistical differences were found for the bevacizumab solution group, B-NP-PEG showed 

significantly lower angiogenesis compared to the control group (p<0.05). 

Immunohistochemistry analysis also showed a significant decrease in the numbers and 

intensity of cell proliferation marker CD31 of treated tumors compared to untreated group, 

with a decrease of B-NP-PEG compared to bevacizumab group. 

On the other hand, after sacrifice, the tumors of animals were collected and 

analyzed in order to quantify the presence of bevacizumab. Likely, the amount of 

bevacizumab in the tumors were 4-times higher in those tumors of animals treated with B-

NP-PEG than in those treated with the conventional formulation (0.32 ± 0.01 µg/mg 

protein vs 0.08 ± 0.09 µg/mg protein) (Figure 8). 

 

Figure 8. Bevacizumab levels in serum and in tumor at day 26, for the different treatment 

groups intravenously administrated: (i) bevacizumab solution and (ii) PEG-coated bevacizumab-

loaded nanoparticles (B-NP-PEG). Data expressed as mean ± SD, (n ≥ 3). 
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Figure 9. A) Percentage of CD31 expression in xenograft tumors for the different treatment 

groups intravenously administrated: i) control, ii) bevacizumab solution (BEVA), iii) bevacizumab-

loaded nanopartcicles coated with poly(ethylen glycol) 35,000 (B-NP-PEG). Data are expressed as 

the mean ± the standard deviation, (n = 5). B) Immunohistochemical staining of tumor tissue 

sections for the different treatment groups: i) control, ii) bevacizumab solution (BEVA), iii) 

bevacizumab-loaded nanopartcicles coated with poly(ethylen glycol) 35,000 (B-NP-PEG). Top 

row: IHC staining with infiltrated of CD31+ cells in tumor. Bottom row: hematoxylin and eosin 

(H&E) staining. Data are expressed as mean ± SD, (n ≥ 3).  

* p<0.05 ANOVA followed by Tukey test significantly different from physiological serum 
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4. Discussion 

Colorectal cancer (CRC) is the third most widely diagnosed cancer worldwide. It 

represents the second most common cancer in women and the third in men [30]. Based on 

the progression of the disease the American Joint Committee on Cancer (AJCC), CRC was 

classified into five different stages, ranging from stage 0, which is considered cured 100% 

after surgical resection, to stage IV what is characterised for a high risk of metastasis and 

low survival rate (< 10%) [31,32]. In advanced stages (III-IV) the treatment protocol is 

surgical resection, followed by adjuvant chemotherapy; however, there is a high risk of 

metastasis and recurrence [33]. Also, neovascularization has been found to play a key 

factor in tumor progression and metastasis [34,35]. Thus, more effective and better-

tolerated therapies have been explored, such as different regimens of chemotherapeutic 

agents combinations along with targeted therapies, such as EGFR-targeted antibodies 

(Cetuximab, Panitumumab), anti-angiogenic antibodies (bevacizumab), recombinant 

fusion proteins (Ziv-aflibercept), or small-molecules (Regorafenib) [18,36,37]. However, 

one the main concerns is the non-specific distribution of the drug resulting in low levels at 

the tumor site and undesirable side effects [38,39]. In addition, the limited 

pharmacokinetics and low tumor penetration of mAbs could contribute to the side effects 

and resistance to the treatment [11]. One possible strategy to overcome these drawbacks 

would be the development of nanoparticles capable of targeting and localizing the delivery 

of drugs, thus leading to higher drug levels in the cancerous region [40,41]. 

In the present work, our aim was to target the monoclonal antibody, bevacizumab, 

to a tumor of colorectal adenocarcinoma HT29 cells in an experimental model. For this 

purpose, two types of albumin nanoparticles containing bevacizumab, conventional or 

"bared", and pegylated with PEG 35,000, were prepared and the in vivo pharmacokinetic 

profile were characterized. Then, the antiangiogenic activity of nanoparticles was 
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evaluated in subcutaneous human colon adenocarcinoma HT-29 xenograft in 

immunodeficient nude mice. 

For the pharmacokinetic study in rats, a single dose of 5 mg of bevacizumab per kg 

of body weight was selected. Bevacizumab (Avastin®), intravenously administered, 

presents a characteristic two-compartment model pharmacokinetic profile (Figure 2), also 

reported by other authors [42,43]. When free bevacizumab was administered the serum 

levels of the antibody decreased rapidly, being halved within 8 hours post-administration. 

Subsequently, the bevacizumab concentration in serum decreased slowly and gradually for 

30 days. From this profile, the terminal phase (t ½ β) was calculated to be approximately 15 

days (Table 2). This value is comparable to that published by Yvonne, who reported a t ½ β 

over 10 days after the administration of bevacizumab at a dose of 10 mg/kg in rats [43–45]. 

However, when bevacizumab was administered after encapsulation in both 'bared' 

and pegylated nanoparticles, the serum levels of the antibody were smaller but also 

sustained over time like the free drug. For nanoparticles, there was a delay in the initial 

serum levels due to the encapsulation and subsequently release of the drug from the 

nanocarriers. Serum levels were characterized by an initial first phase of 24h in which 

bevacizumab levels increased to reach the Cmax (Figure 2). This value was found to be 

approximately 11 and 7 µg/mL for pegylated and 'bared' nanoparticles, respectively. These 

levels remained stable for another 48h (3 days post-administration) for B-NP-PEG and 24h 

(2 days post-administration) for B-NP. Then, the levels started to decrease gradually for 

another 27 days (Figure 2). The half-life was calculated to be similar for both systems, 

around 7 days. We found that nanoparticles increased the drug clearance by up to 10 times 

compared to the free antibody. 

A biodistribution study (Figure 3) was performed to determine whether these 

results were the consequence of the accumulation of the particles in any particular organ. 



 
Chapter 6: In vivo efficacy of bevacizumab-loaded nanoparticles in the treatment of colorectal cancer 

	211	

For that, the particles were radiolabelled with Technicium 99 (99mTc) and administered to 

rats as a single dose of 5 mg bevacizumab/kg of body weight. After 10 hours post 

administration the radioactivity associated to the particles were observed only in the liver 

and spleen, and not in other organs or the bloodstream. Clearance of nanoparticles depends 

on several factors, such as size, molecular weight or surface charge [46].  Our results 

suggested that when nanoparticles are administered in healthy rats, they are captured by 

the mononuclear phagocyte system and eliminated via the liver and spleen. These results 

are comparable with previous studies of intravenous administration of albumin 

nanoparticles, in which 15 min after administration the vast majority of the given dose was 

found in the liver [47]. Also, previous studies have shown the importance of particle size in 

nanoparticles clearance. Particles with a size over 200 nm have been found to present a 

faster clearance and higher concentration in the liver and spleen than nanoparticles with a 

size smaller than 200 nm, irrespective of whether they were pegylated or not [48,49]. 

Furthermore, for pegylated nanoparticles an incomplete coverage of the particle surface by 

PEG chains allows the interaction between plasma proteins and the nanoparticles surface 

not protected by PEG chains [50]. Another fact that may contribute to the elimination of 

albumin nanoparticles is that rat FcRn cannot bind to HSA [51]. The neonatal Fc receptor 

(FcRn) is a molecule found in endothelial, epithelial, dendritic cells and monocytes [52], 

and whose function is protect IgG and albumin. It regulates albumin and IgG concentration 

by binding them and consequently recycling them [53,54]. However, some studies have 

shown that rodent FcRn cannot bind human serum albumin [51], leading to a decrease in 

the half-life of human albumin in rats (15 h in rats versus 19 days in humans) [55,56]. 

Both nanoparticles presented similar biodistribution and pharmacokinetic profiles, 

however, B-NP-PEG showed slightly higher levels of monoclonal antibody in serum, and a 

more sustained release than B-NP. In addition, pegylation has shown several benefits such 
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as the accumulation in the tumors through the leaky vessels and deficient lymphatic 

drainage [57,58]. Due to these factors, B-NP-PEG was selected to perform the in vivo 

study. 

For the in vivo study we used a xenograft model of colorectal cancer, whereby a 

single cell suspension of HT-29 cells were subcutaneously inoculated into an 

immunodeficient nude mouse (BALB/c nu/nu) [59]. Thus, we studied the efficacy of 

bevacizumab in solution and loaded in pegylated albumin nanoparticles. When tumors 

reached a volume of 0.4-0.6 cm3 treatments started to be administer twice a week (dose of 

5 mg beva/kg body weight) and tumor volume was measured once a week. Comparing the 

tumor volumes, animals receiving bevacizumab either, free or into nanoparticles (B-NP-

PEG), displayed lower tumor volumes and lower VEGF serum levels (Figure 4). In both 

cases, the volumes were significantly lower that the ones observed in animals treated with 

saline, NP-PEG and albumin. Bevacizumab serum levels along the study were found to be 

about 6-times lower for B-NP-PEG, about 10 µg/mL than for free bevacizumab. However, 

that concentration showed to be enough to produce an inhibitory effect in the tumors. 

Those results would be in line with the minimum concentration of bevacizumab to start 

neutralizing and to reach a complete blockage of VEGF in HUVEC cells (22 ng/mL and 

500 ng/mL, respectively) [60]. 

The metabolic tumor volume (MTV), that represents the tumor tissues showing 

active 18F-FDG uptake, (Figure 7 B) showed significantly differences among the control 

group and the groups treated with bevacizumab. Animals treated with B-NP-PEG and 

bevacizumab showed MTV values up to 2.7-times and 2-times lower than for the control 

group (p=0.0003 and p=0.0026) respectively, than the control group. Total lesion 

glyclolisis (TLG) parameter (Figure 7 C), which represents the overall metabolism of the 

malignant lesion combining information about de volume and the metabolic activity of the 
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tumor, showed again significantly differences among the bevacizumab groups and the 

control group. The smallest value was found to be for the group treated with B-NP-PEG, 

that displayed a value up to 3.5 times lower than the group (p=0.0136). The bevacizumab 

group showed a value 2-times lower than the control group (p=0.0436). 

Finally, the serum levels of antibody, both bevacizumab solution and B-NP-PEG 

showed similar profiles as those observed in the pharmacokinetic profiles. Although the 

serum levels obtained were 6 times higher for the group treated with bevacizumab 

solution, the antibody levels in the tumor we found to be 1.5 higher for the group that 

received B-NP-PEG (Figure 8). These results were confirmed by the PET imaging studies 

that showed an inhibition of tumor growth and tumor uptake for B-NP-PEG compared to 

the rest of the groups.  

It has been shown that anti-VEGF therapies such as bevacizumab contribute to the 

“normalization” of tumor vasculature and, therefore, to the tumor’s microenvironment. 

They create a more even distribution of the blood within the tumor, and a subsequent 

reduction in areas of hypoxia and acidosis. All this would control tumor progression and 

improve its response to other therapies [17]. Our results suggest that the bevacizumab-

pegylated nanoparticles are able to target the tumor more specifically than the antibody 

solution, while avoiding high blood levels.  

Although bevacizumab is well-tolerated and has not shown dose-limiting toxicities, 

rare side effects have been reported, i.e., thrombosis, arterial hypertension, proteinuria, 

perforation of the gastrointestinal tract or nasal septum, wound healing abnormalities, 

irreversible leuco-encephalopathy syndrome, allergic skin rash and hypersensitivity 

reactions. Due to the aforementioned side effects, clinicians should carefully monitor 

patients receiving bevacizumab [61,62]. Thus, the administration of bevacizumab into 

nanoparticles would not only improve the targeting but also reduce the blood levels and 
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therefore the side effects associated to its administration. In conclusion, despite the rare 

chances of side effects, the administration of bevacizumab into nanoparticles would not 

only improve the targeting but also reduce the blood levels, and therefore minimize the 

side effects associated with its administration. 

 

In summary, albumin nanoparticles appear to be ideal carriers for the delivery of 

monoclonal antibodies. The presence of PEG in the nanoparticles showed more sustained 

serum levels over 'naked' nanoparticles. Also, when bevacizumab-loaded pegylated 

albumin nanoparticles were found to reach the tumor site to inhibit tumor growth and 

avoid high antibody levels in the blood (which could lead to undesirable effects). 
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1. Is it of interest to incorporate monoclonal antibodies into polymeric 

nanoparticles? 

Monoclonal antibodies, like other proteins, are liable to suffer from chemical and 

physical degradation routes and in many cases multiple degradation pathways can occur at 

the same time [1,2]. Chemical degradation includes oxidation, deamidation, isomerization, 

non-reducible cross-linking, fragmentation and formation of acidic or basic species, and 

may result in loss of activity depending on the site of changes. On the other hand, physical 

degradation routes include protein denaturation and protein aggregation. Physical 

degradation routes are the most common and they can lead to a reduction or total lost in 

activity, altered pharmacokinetics and increased immunogenicity [3]. Also, due to the large 

size of mAbs, pressure gradient inside tumor masses and the “binding site barrier effect,” 

these biomolecules have shown low ability to penetrate tumors or to access inflammation 

sites leading to multiple intravenous administrations and reducing patient compliance [2].  

Nanoencapsulation of mAbs is an interesting strategy to protect them from 

degradation, increase their stability and reduce their immunogenicity. Additionally, 

nanocarriers may reduce unwanted systemic antibody exposure, thus avoiding toxicity on 

off-target organs [2,4,5]. Another advantage of mAb nanoencapsulation is the possibility 

for controlled release of the mAb achieving therapeutic levels for longer periods of time. In 

this regard, nanoliposomes containing bevacizumab have been reported to offer therapeutic 

levels in plasma for at least one month [6]. Moreover, nanoencapsulation of mAbs can 

enhance the treatment of several diseases because it may allow for dosage reduction 

leading to decreased toxicity and enhanced potency [2,7]. Functionalization of 

nanoparticles can result in a synergistic effect on the therapy. Interesting in vivo and in 

vitro studies have shown that functionalization of doxorubicin -loaded liposomes resulted 

in higher intracellular concentrations of the drug after cytoplasm internalization [8].
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2. Why choose bevacizumab 

Bevacizumab is a monoclonal antibody that neutralizes all the active isoforms of 

VEGF-A down-regulating angiogenesis. It was the first drug developed solely as an 

angiogenesis inhibitor [9]. However, certain non-endothelial cells (haematopoietic-derived 

cells that colonize tumor stroma and some cancer cells) can also express receptors for 

vascular endothelial growth factor (VEGF; also known as VEGF-A), raising the possibility 

that this drug might also have direct anti-tumor effects [10].  

The election of bevacizumab as a model of monoclonal antibody was supported in the 

basis of the following aspects: 

A. Bevacizumab is a biologically active compound capable of being evaluated by two 

different routes of administration, intravenously and ocular. Several studies have proved 

the significant role of bevacizumab in the treatment of metastatic CRC due to its effect in 

the inhibition of VEGF, regression of tumor vasculature, prevention of the formation of 

new vessels and thereby, inhibiting tumor growth [11]. After approval of bevacizumab for 

cancer therapy and given the suspected role of VEGF in neovascularization in age-macular 

degeneration (AMD), systemic intravenous bevacizumab (Avastin®) began to be 

administered to treat AMD, as an off-label use. Soon after, bevacizumab started to be 

injected directly into the vitreous cavity as an off-label use resulting to be effective in the 

treatment of neovascularization associated to AMD, with minimal systemic adverse effects 

[12,13]. Although FDA approved ranibizumab, an antibody fragment based on 

bevacizumab, several studies have been published demonstrating the effectiveness of 

intravitreal bevacizumab in preventing visual acuity loss and reduction of retinal thickness 

as well as improvement in visual acuity [13]. Lastly, anti-VEGF therapy (bevacizumab, 

ranibizumab, aflibercept) has been used for corneal NV treatment showing the potential
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usefulness of topical anti-VEGF therapy for controlling NV in both animal models and 

humans [14]. 

B. Price. Despite the concerns associated with off‐labelled use of bevacizumab, this 

has been used over ranibizumab because of similar efficacy results in chorioretinal 

diseases mediated by vascular endothelial growth factor, and large cost discrepancy 

between both anti‐VEGF therapies [15]. Bevacizumab injections unit dose is estimated to 

cost 40 times less than ranibizumab [12]. The similar efficacy proved in both retinal and 

corneal neovascularization along with the difference of price compared to ranibizumab 

made us opting for bevacizumab. 

C. Bevacizumab can be easily analyzed and quantified by a specific ELISA test. 

 

3. Why choose albumin nanoparticles? 

Human serum albumin (HSA) has been shown to be biodegradable, biocompatible, 

and non-immunogenic, and it has been widely used as a protein carrier [16,17]. In addition, 

albumin is also widely used as an excipient, especially for biotechnology products. The 

surface-active character of the protein makes it suitable to use it as a surfactant to prevent 

protein aggregation[18]. Albumin is also being used as a carrier for microparticles and 

nanoparticles  (Abraxane) for sustained-release injectable drugs [19].  

HSA nanoparticles may protect drug molecules from degradation, increase water 

solubility, increase drug absorption by facilitating diffusion through epithelium, change the 

drug tissue distribution profile and pharmacokinetic, and/or improve intracellular 

penetration and distribution [16]. It also presents a great ligand binding capacity for both 

endogenous and exogenous compounds to target specific organs, tissues or cells and 

modifying the pharmacokinetics of drugs bound to it [17]. These characteristics, along 

with the fact that preparation of HSA nanoparticles is relatively easy and, in general, can 
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be performed under mild conditions [20,21] make them ideal for the encapsulation of 

bevacizumab. 

The target specificity of HSA for the glycoprotein60 (gp60) receptor present on the 

surface of cancer cells, allows the delivery of various anti-cancer drugs, such as docetaxel, 

and paclitaxel, without inducing an immune response [22]. In this context albumin has 

been successfully applied as a nanocarrier for paclitaxel in clinical nanomedicine 

(Abraxane®) displaying improving tumor targeting by enhancement of the enhanced 

permeability and retention (EPR) effect as opposed to administration of free drugs [22], 

and resulting in a significantly longer time prior to tumor progression among patients of 

metastatic breast cancer [19].  

 

4. Where is the novelty of the preparative process of bevacizumab-loaded 

nanoparticles? 

The desolvation method is a very efficient technique to encapsulate protein into 

polymeric nanoparticles. In this method, the polymer (HSA) and the bevacizumab are 

dissolved in water and after incubation ethanol was added to obtained the nanoparticles. 

Subsequently, these nanoparticles need to be cross-linked to improve their stability. The 

most popular strategy is the use of glutaraldehyde. However, when bevacizumab was 

encapsulated into albumin nanoparticles glutaraldehyde reacted with some functional 

groups of the antibody resulting in a completely loss of activity (Table 1; Chapter 3) 

[23,24]. These results added to the toxicity associated to glutaraldehyde, led to the 

development of two types of stable albumin-based nanoparticles avoiding the use of 

glutaraldehyde or other chemical reagent.  

In the first one, albumin nanoparticles (B-NP) were prepared by a desolvation 

method and subsequent purification and freeze-drying (Chapter 3). In this case the 
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nanoparticles obtained did not need a stabilization step.  It can be hypothesised that 

albumin and bevacizumab developed protein-protein interactions that may stabilized the 

nanoparticles after the desolvation step [25–27]. This theory was supported by IR and 

DTA analysis (Figures 4 and 6; Chapter 3). The changes in the relative intensity of amide I 

(C=O stretch) and amide II (C–N stretch coupled with N–H bending mode) bands would 

be related with the development of hydrogen bonds between C=O and N-H functional 

groups in both proteins [28], along with the disappearance of typical fingerprint of 

bevacizumab (around 1000 cm-1) in the FTIR analysis and the thermal signals observed for 

bevacizumab would evidence these protein-protein interactions.  

 

 

 

 

 

 

 

Figure 1. Schematic representation of the different types of albumin nanoparticles. 

 

As a second approach, PEG-coated albumin nanoparticles were obtained by simple 

incubation of the just formed nanoparticles with an aqueous solution of PEG (Chapter 4). 

The strategy of functionalizing nanoparticles with poly(ethylene glycol) (PEG), is known 

for its effective improvement in blood circulation kinetics of nanomedicines [29] and for 

imparting mucoadhesiveness to particles [30,31]. PEGylation involves the grafting of PEG 

to the surface of nanoparticles, wherein ethylene glycol units form tight associations with 

water molecules, resulting in the formation of a hydrating layer [32,33]. PEG can be 

directly grafted chemically, via covalent linkage, adsorbed physically on to the 
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nanoparticles via hydrophobic and coordinate bond formation with the polymer, or directly 

used during preparation of nanoparticles [34]. Chemistry of grafting PEG onto 

biodegradable polymers, drugs, and other carriers apart from proteins is diverse and 

dependent upon reactive functional groups and preparation techniques and usually implies 

the use of additional stresses like temperature, pH, solvents, etc., during synthesis of 

protein–PEG conjugates [34,35]. Although non-covalent PEGylation exhibits weaker 

interactions it overcomes the disadvantages of PEGylated conjugate [34,36]. In our case, 

the polymer developed hydrogen bonds and hydrophobic interactions with the 

nanoparticles surface conferring them stability (Figure 3, Chapter 4) and avoiding those 

drawbacks. 

 

5. What were the effects of nanoencapsulated bevacizumab in the corneal 

neovascularization model? 

Topical administration of B-NP and B-NP-PEG started a day after the lesion was 

applied. The treatment with "naked" nanoparticles (B-NP) and B-NP-PEG showed 

significantly higher ability to inhibit CNV than the free antibody (Figure 2 and Figure 5, 

Chapter 5). These results could be related with the capability of these nanoparticles to 

establish mucoadhesive interactions with the corneal surface of the eye via electrostatic 

interactions, van der Waals forces, hydrophobic forces, hydrogen bonding, and chain 

entanglement [37]. Also, comparing both types of nanoparticles, B-NP exhibited greater 

reduction in NVC than animals treated with B-NP-PEG. These results could be related to 

the higher hydrophilicity of B-NP-PEG (Figure 3). For B-NP-PEG a higher hydrophilicity 

degree appeared to be related to a faster drainage from the ocular surface than B-NP [38].  
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Figure 2. Schematic representation of the interaction of albumin-based nanoparticles with 

the ocular mucus layer. 

 

 

Figure 3. Hydrophobicity of nanoparticles. Partition Quotient (PQ) versus total surface area 

(TSA) of nanoparticles. The slope of each line is the parameter that identifies the hydrophobicity of 

the nanoparticles; i.e. The steeper the slope is the higher the hydrophobicity.  For B-NP, NP-PEG 

and B-NP-PEG the slopes were calculated to be 5.0 ± 1.1 and 3.2 ± 0.9, respectively. Values 

expressed as the mean ± SD (n=3). 

 

Bevacizumab

Albumin-based
nanoparticles

Mucin

Epithelium

0.7

0.6

0.5

0.4

0.3

0.080.060.040.02

PQ

TSA (m2/mL)

 B-NP
 B-NP-PEG

0.0



 
Chapter 7: General discussion 

	 230	

6. What was the effect of nanoencapsulated bevacizumab in the colorectal 

cancer model? 

In the first place, we studied the pharmacokinetic profiles after intravenous 

administration (single dose of 5 mg/kg body weight) bevacizumab in both, free as an 

aqueous solution and encapsulated into nanoparticles. Both nanoparticles presented a 

similar pharmacokinetic profile but completely different from the free drug. The serum 

levels of bevacizumab remained stable for around a month and were found to be around for 

the aqueous solution and about for nanoparticles (Figure 2 and Table 2, Chaprter 6).  

Then, the in vivo efficacy of B-NP-PEG compared to bevacizumab was studied in a 

xenograft model of CRC in mice. A dose of 5 mg/kg body weight was administered 

twice/week. Comparing tumor volumes, animals receiving bevacizumab either, free or into 

nanoparticles (B-NP-PEG), displayed significantly lower volumes than the ones observed 

in animals treated with saline, NP-PEG and albumin (Figure 4, Chapter 6). Although no 

difference were observed between tumor volumes of the groups treated with bevacizumab 

and B-NP-PEG.  

Finally, before the sacrifice of the animales PET studies were performed to study 

the metabolic tumor volume (MTV), the SUC max and the total lesion glyclolisis (TLG). 

Although initially the tumor volume of animals treated with bevacizumab displayed a 

similar size than the animals receiving B-NP-PEG, PET studies revealed that the metabolic 

tumor volume (Figure 8B, Chapter 6) and the overall metabolism of the tumor (Figure 8C, 

Chapter 6) were found to be smaller for the group treated with B-NP-PEG. These results 

were supported by the measure of the amount of bevacizumab in the tumors that was found 

to be 4-times higher in those tumors of animals treated with B-NP-PEG than in those 

treated with the conventional formulation (Avastin®).  
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Future perspectives 

In this work we have evaluated and compared two formulations containing 

bevacizumab in two different animal models. 

 

1. Regarding the ocular route of administration these nanoparticles have shown to be 

an attractive approach to treat corneal neovascularization. However, we could not 

achieve a total regression of the vessels. Thus, it would be interesting to optimize 

both dose and frequency of administration.  Also, another aspect to evaluate could 

be the development of these  nanoparticles with other monoclonal antibodies or 

fusion proteins that have shown to be effective in the treatment of CNV. 

2. For the CRC model, bevacizumab is used in combination with cytotoxic 

chemotherapy. In this context it would be interesting to test other posology to stress 

the potential of our nanoparticles and to study the efficacy of the combination of 

bevacizumab nanoparticles with chemotherapy agents. Moreover, in the last years 

it has been studied the combination of these  regimens (bevacizumab plus 

chemotherapy agents) with immunotherapy  obtaining promising results [35]. 

Another strategy could be the encapsulation of these antibodies into albumin 

nanoparticles to administer along with regimens already established.  
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1. Se desarrollaron nanopartículas de albúmina sérica humana para el transporte de 

bevacizumab. Las nanopartículas fueron obtenidas por el método de desolvatación y 

presentadas en forma de polvo liofilizado. El desarrollo de la metodología dió lugar a 

nanopartículas estables sin la necesidad de ningún otro agente químico o paso de 

estabilización adicional. 

a. Las nanopartículas de albúmina sérica humana encapsularon satisfactoriamente 

bevacizumab mostrando altas cargas de anticuerpo activo (132 µg/mg NP). 

b. Las nanopartículas de albúmina sérica humana cargadas con bevacizumab (B-NP) 

mostraron controlar la liberación in vitro del anticuerpo, caracterizada por una 

liberación inicial de 400 µg/mL (35% del bevacizumab encapsulado), seguido de 

una fase más lenta y sostenida durante al menos 24 horas, con una liberación de 

hasta 500 µg/ mL. Estos datos de liberación no pudieron ser ajustados a ningún 

modelo matemático. 

c. Tras la aplicación tópica en el ojo de las nanopartículas cargadas con 

bevacizumab fueron capaces de permanecer en el ojo al menos 4h, y 

desaparecieron progresivamente del ojo a través del tracto gastrointestinal. 

2.  Se desarrollaron nanopartículas de albúmina sérica humana recubiertas con PEG para 

la liberación de bevacizumab (B-NP-PEG). Las nanopartículas fueron obtenidas por el 

método de desolvatación, seguido de una simple incubación con polietilenglicol 

35,000. Finalmente, las nanopartículas pegyladas fueron purificadas y liofilizadas. El 

desarrollo de la metodología dió lugar a nanopartículas estables. 

a. Las nanopartículas de albúmina sérica humana recubiertas con polietilenglicol 

35,000 encapsularon satisfactoriamente bevacizumab obteniéndose altas cargas de 

anticuerpo activo (145 µg/mg NP). 
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b. Los estudios de liberación in vitro mostraron que el bevacizumab se liberó 

siguiendo un patrón bifásico, caracterizado por una liberación inicial de alrededor 

de 309 µg/mL (25% del bevacizumab encapsulado) en los primeros 5 minutos, 

seguido de una liberación más lenta y sostenida por lo menos durante 24 horas, 

hasta los 820 µg/mL. El análisis de los datos de liberación mediante la ecuación 

de Korsmeyer-Peppas indicó que el principal mecanismo de liberación del 

anticuerpo desde estas nanopartículas es la difusión. 

c. La administración tópica ocular de B-NP-PEG en forma de gotas oculares mostró 

que estas nanopartículas permanecen en el ojo por lo menos 6 horas, y 

desaparecieron progresivamente del ojo a través del tracto gastrointestinal. 

3. Los dos tipos de nanopartículas, 'desnudas' y pegiladas, se probaron en un modelo 

in vivo de neovascularización corneal (NVC) tras aplicación tópica. Ambos 

nanovehículos mostraron ser efectivos en la inhbición de neovascularización 

corneal, inflamación, actividad de fibroblastos y edema. Ambos nanovehículos 

mostraron ser efectivos en la inhibición de neovascularización corneal, 

inflamación, actividad de fibroblastos y edema. 

a. Ambos tipos de nanopartículas administradas una vez al día (10 µL suspensión 

conteniendo 40 µg bevacizumab) mostraron mayor inhibición de la 

neovascularización (NVC) que bevacizumab tópico administrado 2 veces al día 

(10 µl solución acuosa de 4 mg/mL bevacizumab). B-NP and B-NP-PEG 

mostraron un descenso de la NVC de alrededor del 61% y 38%, respectivamente, 

comparado con el grupo control, mientras que la solución acuosa de bevacizumab 

resultó en un 11% de inhibición comparado con el grupo control.  



 
Chapter 8: Conclusiones/Conclusions 

239	

b. Las nanopartículas 'desnudas' (B-NP) mostraron mayor capacidad de inhibir la 

neovascularización corneal (alrededor de un 23% más) que las nanopartículas 

pegiladas (B-NP-PEG).  

c. El análisis histopatológico reveló que los animales tratados con ambos tipos de 

nanopartículas, 'desnudas' y pegiladas, presentaban importantes reducciones en 

inflamación y vascularización comparado con el grupo tratado con la solución 

acuosa de bevacizumab y el grupo control. 

d. Ni dexametasona (Colircusi dexametasona®) ni aflibercept (Eylea®) demostraron 

ser efectivos en la reducción de la neovascularización corneal tras quemadura 

química. Estos resultados se atribuyeron a la dosis empleada en este estudio (10 µl 

solución acuosa de 1 mg dexametasona/mL y 4 mg aflibercept/mL) y al bajo 

tiempo de retención de estos en la superficie del ojo. 

4. Las nanopartículas conteniendo bevacizumab fueron probadas también en un modelo 

in vivo de cancer colorectal (CRC) tras administración intravenosa 

a. El perfil farmacocinético de bevacizumab intravenoso tras administración de una 

sola dosis de 5 mg/kg peso corporal, se ajustó a un modelo de bi-compartimental. 

Tras la administración intravenosa los niveles séricos de anticuerpo disminuyeron 

rápidamente durante las primeras 24 horas, seguido de una disminución más lenta 

durante al menos los siguientes 29 días. La semivida inicial calculada fue 

aproximadamente a las 20 horas y la semivida terminal alrededor de los 15 días. 

El volumen de distribución (V) se estimó sobre los 13 mL y el aclaramiento (Cl) 

de 2 mL/día/kg. 

b. El perfil farmacocinético de B-NP and B-NP-PEG tras una sola administración 

intravenosa de 5 mg bevacizumab/kg peso corporal, se ajustó también a un 

modelo bi-compartimental. Ambas nanopartículas presentaron perfiles similares 
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caracterizados por un incremento de los niveles séricos de bevacizumab durante 

los primeros 2-3 días, seguido de una disminución de los mismos durante los 

siguientes 29 días. B-NP-PEG mostró niveles séricos de bevacizumab mayores 

que los de B-NP, aproximadamente 11 µg/mL y 7 µg/mL respectivamente. Para 

ambas nanopartículas la semivida terminal estimada fue de 7 días. 

c. En el estudio de eficacia in vivo eficacia en un modelo xenograft de cancer 

colorectal (CRC), las nanopartículas de albúmina recubiertas con PEG y cargadas 

con bevacizumab (B-NP-PEG) mostraron una tasa de crecimiento tumoral similar 

al de bevacizumab libre (volumen tumoral alrededor de 500 mm3). Sin embargo, 

los niveles en suero de bevacizumab fueron 6 veces menores cuando el anticuerpo 

fue administrado en nanopartículas recubiertas con PEG (aproximadamente 10 

µg/mL) que cuando fueron administradas en forma de solución acuosa 

(aproximadamente 60 µg/mL). De la misma forma, la concentración de 

bevacizumab en el tumor fue 4-veces mayor para B-NP-PEG (aproximadamente 

0.32 µg/mg proteína) que para la solución acuosa de anticuerpo 

(aproximadamente 0.08 µg/mg proteína). 
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1. Human serum albumin nanoparticles were developed as delivery system of 

bevacizumab. Nanoparticles were obtained through a desolvation method and 

presented in the form of freeze-dried powder. The developed methodology produced 

stable nanoparticles without the need of any additional crossliking or stabilization 

step. 

a. Human serum albumin nanoparticles successfully encapsulated bevacizumab, 

showing high payloads of active antibody (132 µg/mg NP). 

b. Bevacizumab-loaded human serum albumin nanoparticles (B-NP) showed to 

control the in vitro release of the antibody, characterized by an initial release of 

about 400 µg/mL (35% of the bevacizumab loaded) in the first 5 minutes, 

followed by a slower and more sustained release over at least 24 hours, up to 500 

µg/mL. These release data could not be adjusted to any mathematical model. 

c. After topical administration into the eye, nanoparticles the bevacizumab-loaded 

nanoparticles were able to remain in the eye for at least 4h, and progressively 

disappeared from the eye into the gastrointestinal tract.  

2. PEG-coated human serum albumin nanoparticles were developed for the delivery of 

bevacizumab (B-NP-PEG). Nanoparticles were obtained through a desolvation 

method, followed by a simple incubation step with polyethylenglycol 35,000. Finally, 

the pegylated nanoparticles were purified and freeze-dried. The developed 

methodology produced stable nanoparticles.  

a. Human serum albumin nanoparticles coated with polyethylenglycol 35,000 

successfully encapsulated bevacizumab, providing high payloads of active 

antibody (145 µg/mg NP). 

b. The in vitro release studies showed that bevacizumab was released following a 

biphasic profile characterized by an initial release of about 309 µg/mL (25% of 
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the bevacizumab loaded) in the first 5 minutes, followed by a slower and more 

sustained release over at least 24 hours, up to 820 µg/mL. The analysis of the 

release data by the Korsmeyer-Peppas equation indicated that the main release 

process of the antibody from these nanoparticles was diffusion. 

c. The topical administration of B-NP-PEG into the eye as eye drops showed that 

these nanoparticles remained in the eye for at least 6 hours and progressively 

disappeared from the eye into the gastrointestinal tract. 

3. The two types of nanoparticles, 'naked' and pegylated, were tested in an in vivo 

model of corneal neovascularization (CNV) after topical application. Both 

nanocarriers showed to be effective in the inhibition of corneal neovascularization, 

inflammation, fibroblast activity and edema.   

a. Both nanoparticles administered once a day (10 µL suspension containing 40 µg 

bevacizumab) showed higher inhibition of neovascularization (CNV) than topical 

bevacizumab administered 2-times per day (10 µl aqueous solution of 4 mg/mL 

bevacizumab). B-NP and B-NP-PEG showed a decrease in the CNV of about 61% 

and 38%, respectively, compared with the control group, whereas the aqueous 

solution of bevacizumab resulted in 11% reduction of CNV compared to the control 

group.inhibition of neovascularization (CNV) than topical bevacizumab 

administered 2-times per day. 

b. 'Naked' nanoparticles ((B-NP) showed a greater capacity to inhibit corneal 

neovascularization (around 23% higher) over the pegylated nanoparticles (B-NP-

PEG). 

c. The histopathological analysis showed that animals treated with both, 'naked' and 

pegylated, nanoparticles presented an important reduction in inflammation and 
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vascularization compared to the group treated with an aqueous solution of 

bevacizumab and the control group. 

d. Neither dexamethasone (Colircusi dexametasona®) nor aflibercept (Eylea®) 

demonstrated to be effective on the reduction of the corneal neovascularization 

after a chemical burn. These results were attributed to the dose employed in this 

study (10 µl aqueous solution of 1 mg dexamethasone/mL and 4 mg 

aflibercept/mL) and the low retention time of them on the surface of the eye. 

4. Nanoparticles containing bevacizumab were tested in an in vivo model of colorectal 

cancer (CRC) after intravenous administration. 

c. The pharmacokinetic profile of intravenous bevacizumab at a single dose of 

5 mg/kg body weight, was adjusted to a two-compartment model. After i.v 

administration the serum levels decreased fast for the first 24h, followed by 

a slower decline of bevacizumab serum levels for at least the next 29 days. 

The initial half-life was calculated to be about 20 hours and the terminal 

half-life around 15 days. The volume of distribution (V) was estimated at 

about 13 mL and the clearance (Cl) of 2 mL/day/kg.  

b. The pharmacokinetic profile of intravenous B-NP and B-NP-PEG at a single 

dose of 5 mg bevacizumab/kg body weight was also adjusted to a two-

compartment model. Both nanoparticles displayed similar profiles 

characterized by an increment of the bevacizumab serum levels during the 

first 2-3 days, followed by a slow decrease during the next 29 days. B-NP-

PEG showed higher serum levels of bevacizumab than B-NP, approximately 

11 µg/mL and 7 µg/mL respectively. For both nanoparticles, the terminal 

half-life was calculated to be about 7 days. 
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c. In the in vivo efficacy study on a xenograft model of colorectal cancer 

(CRC), bevacizumab loaded in PEG-coated albumin nanoparticles (B-NP-

PEG) showed a similar rate of tumor growth as free bevacizumab (tumor 

volume around 500 mm3). However, bevacizumab serum levels were found 

to be 6-times lower when the antibody was administered into PEG-coated 

nanoparticles (about 10 µg/mL) than when administered as an aqueous 

solution (about 60 µg/mL). Likewise, the concentration of bevacizumab in 

the tumors were 4-times higher for B-NP-PEG (around 0.32 µg/mg protein) 

than for the antibody aqueous solution (around 0.08 µg/mg protein). 
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