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Abstract 

 

Glioblastoma multiforme (GBM) is one of the most aggressive 

tumors, derived from glial cells. The median survival of patients is around 

15 months after diagnostic, thus, considered a deadly brain tumor. GBM 

has a constant need of vascularization through release of angiogenic 

factors, being one of the most vascularized and invasive solid tumors. 

Therefore, anti-angiogenic strategies started to be thought as a 

therapeutic option to control tumor progression and vascularization. 

2009, bevacizumab, an anti-vascular endothelial growth factor (VEGF) 

monoclonal antibody, was approved by FDA to be used as a single agent 

for patients with GBM. Bevacizumab is a humanized immunoglobulin IgG1 

used in antiangiogenic therapies due to its capacity to inhibit interactions 

between VEGF and its receptor (VEGFR). Despite encouraged results in the 

clinical trials, the reduced ability of bevacizumab to cross the blood-brain 

barrier (BBB) limits its central nervous system (CNS) accessibility and does 

not allow an improvement in the overall patient survival. To overcome 

these failures in BBB crossing and decrease off-target organ toxicity, 

bevacizumab-loaded poly (lactic-co-glycolic acid) nanoparticles (PLGA NP) 

were considered.  

In this thesis, it was proposed an effective strategy of encapsulating 

bevacizumab to protect and deliver it, in a controlled manner, providing 

additional stability and maintenance of its bioactivity upon 

nanoencapsulation and release. Bevacizumab-loaded PLGA NP presented 

a mean particle size close to 200 nm, a polydispersity index of 0.160, 

zeta potential of -20 mV, 82% of bevacizumab association efficiency and 

1.6% of drug loading. Bevacizumab-loaded PLGA NP presented spherical 

shape and smooth surface observed by transmission and scanning 

electron microscopy, respectively. Although Fourier Transform Infrared 

spectroscopy (FTIR) has shown small changes in bevacizumab secondary 

structure within PLGA nanoparticles, circular dichroism (CD) and 

fluorescence spectroscopy (FS) confirmed the retention of its native-like 
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structure upon release. These results were confirmed by in vitro studies, 

where bevacizumab bioactivity in human umbilical vein endothelial cells 

(HUVEC) was maintained comparing free bevacizumab with bevacizumab-

loaded PLGA NP.  

Considering bevacizumab-loaded PLGA NP as a new strategy for 

GBM treatment, this nanosystem was further biologically studied using 

GBM cell lines. Bevacizumab-loaded PLGA NP were founded safe for U-87 

MG (GBM) and hTERT E6/E7 (astrocytes) cell lines for different 

concentrations of bevacizumab (from 10 to 200 µg/mL). No significant 

differences were also found by BrdU and ELISA assay for anti-proliferative 

and anti-angiogenic properties between free and encapsulated 

bevacizumab, demonstrating the success of encapsulation.  

In vivo efficacy of bevacizumab-loaded PLGA NP was evaluated 

using a glioma zebrafish model, previously validated to study the 

neoangiogenesis and tumor growth, through the injection of U-87 MG 

cancer cells. 48 hours post-injection of U-87 MG cancer cells in zebrafish 

model, in vivo results showed a significant decrease in tumor area for the 

bevacizumab-loaded PLGA NP group. On the other hand, no significant 

differences were found for free bevacizumab and control group, making 

bevacizumab-loaded PLGA NP a suitable alternative to improve the GBM 

treatment. Trying to understand the molecular mechanism behind the 

efficacy of nanoparticles, the cellular uptake of NP in both cell lines was 

tracked to study the internalization of bevacizumab and its effect on VEGF 

secretion. A significant increase in the number of bevacizumab positive 

cells and a decrease in the number of VEGF producing cells was obtained 

for the bevacizumab-loaded PLGA NP group. These last results 

demonstrated bevacizumab-loaded PLGA NP might cause a disorder in 

VEGF signaling pathway, being an efficient alternative to deliver 

intracellularly monoclonal antibodies (mAbs). Up to present, this is the 

first report addressing an efficient intracellular delivery of mAbs through 

non-invasive system, achieving a better therapeutic response.  

Lastly, bevacizumab-loaded PLGA NP were intranasally 

administrated in CD-1 mice to study its pharmacokinetic and 
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pharmacodynamic profile. Bevacizumab-loaded PLGA NP allowed a higher 

brain bioavailability of bevacizumab and provided the absence of 

bevacizumab in the blood and off-target organs. The efficacy of this 

nanosystem was next evaluated in an orthotopic GBM nude model, 

studying the tumor growth over time by bioluminescence and the anti-

angiogenic effect. Bevacizumab-loaded PLGA NP provided a reduction in 

the tumor growth accompanied by a higher anti-angiogenic effect 

compared to the free bevacizumab. 

Overall, bevacizumab-loaded PLGA NP showed to be a promising drug 

delivery system to enhance anti-angiogenic effect of bevacizumab itself 

in GBM, and, potentially, improving therapies of angiogenic diseases.  
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Resumo 

 

Glioblastoma multiforme (GBM) é um dos tumores mais agressivos, 

derivado de células gliais. A média da sobrevivência dos doentes é de 

cerca de 15 meses depois do diagnostico da doença, sendo considerado 

um tumor cerebral mortal. GBM tem uma constante necessidade de 

vascularização através da libertação de fatores angiogénicos, fazendo 

deste tumor um dos mais vascularizados e invasivos. Portanto, 

estratégias antiangiogénicas começaram a ser pensadas como uma opção 

terapêutica para controlar a progressão e a vascularização do tumor. 

Desde 2009, bevacizumab, um anticorpo monoclonal anti-fator de 

crescimento endotelial vascular (VEGF), foi aprovado pela FDA para ser 

usado no tratamento do GBM como agente único. Bevacizumab é uma 

imunoglobulina IgG1 usada em terapias anti-angiogénicas devido à sua 

capacidade de inibir as interações entre o VEGF e os seus recetores 

(VEGFR). Apesar dos resultados promissores nos ensaios clínicos, a baixa 

probabilidade do bevacizumab em atravessar a barreira hematoencefálica 

(BHE) limita o seu acesso ao sistema nervoso central e não permite uma 

melhoria na taxa de sobrevivência do paciente. Para ultrapassar estas 

limitações associadas à passagem da BHE e diminuir a toxicidade do 

bevacizumab em órgãos fora de alvo, nanopartículas de ácido poli-láctico 

e glicólico (PLGA NP) carregadas de bevacizumab foram formuladas com 

sucesso.  

Nesta tese, foi criada uma estratégia promissora de encapsular 

bevacizumab para o proteger e entregar, de uma maneira controlada, 

avaliando como a nanoencapsulação pode influenciar a libertação do 

bevacizumab, a sua estabilidade e bioatividade. As PLGA NP carregadas 

de bevacizumab apresentaram uma média de tamanho de partícula de 

200 nm, um índice de polidispersão de 0.160 e um potencial zeta de -20 

mV, com uma eficácia de encapsulação de 82% e um conteúdo de fármaco 

de 1.6%. A eficácia de associação foi calculada depois do desenvolvimento 

e validação de um método de cromatografia líquida de alta performance 
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de fase reversa, com um detetor de fluorescência. Estas nanopartículas 

apresentaram uma forma esférica e uma superfície lisa após a sua 

observação por microscopia eletrónica de transmissão e varredura. 

Embora a espectroscopia de infravermelho com transformada de Fourier 

ter mostrado pequenas mudanças na estrutura secundária do 

bevacizumab dentro das PLGA NP, o dicroísmo circular e a espetroscopia 

de fluorescência confirmaram a estrutura nativa do bevacizumab após a 

sua libertação das PLGA NP. Estes resultados foram confirmados através 

de estudos in vitro, onde bioatividade do bevacizumab em células 

endoteliais humanas da veia umbilical foi mantida comparando o 

bevacizumab livre e o bevacizumab encapsulado.  

Considerando as PLGA NP carregadas de bevacizumab como uma nova 

estratégia para o tratamento do GBM, este nanosistema foi 

posteriormente estudado biologicamente usado linhas celulares de GBM. 

PLGA NP carregadas de bevacizumab e as PLGA NP vazias foram 

consideradas seguras para a linha celular U-87 MG (linha celular de células 

de GBM) e hTERT E6/E7 (linha celular de astrócitos humanos) para 

diferentes concentrações de bevacizumab (para as concentrações de 10 

to 200 µg/mL). Não foram encontradas diferenças significativas relativas 

ás propriedades anti-proliferativas e anti-angiogénicas entre o 

bevacizumab livre e encapsuladas após avaliação pelo teste BrDU e ELISA, 

demonstrando o sucesso da encapsulação.  

A eficácia in vivo das PLGA NP carregadas de bevacizumab foi avaliada 

usando um modelo de glioma em zebrafish, que foi previamente 

desenvolvido e validado, para estudar a angiogénese e o crescimento 

tumoral através da injeção de células cancerígenas U-87 MG. 48 horas 

após a injeção das células cancerígenas U-87 MG no modelo zebrafish, os 

resultados in vivo mostraram uma diminuição significativa na área do 

tumor apenas para o grupo das PLGA NP carregadas de bevacizumab. Por 

outro lado, não foram encontradas diferenças significativas para o 

bevacizumab livre e o grupo controlo (apenas com as células GBM), 

fazendo das PLGA NP carregadas de bevacizumab uma alternativa 

adequada para a melhoria do tratamento de GBM. Tentando perceber o 
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mecanismo molecular por trás da eficácia das nanopartículas, a 

internalização celular das nanopartículas em ambas linhas celulares foi 

feita para estudar a internalização do bevacizumab e o seu efeito na 

secreção de VEGF. Um aumento significativo no número de células 

positivas para bevacizumab e uma diminuição no número de células 

produtoras de VEGF foi obtido para o grupo das PLGA NP carregadas de 

bevacizumab. Estes últimos resultados demonstraram que as PLGA NP 

carregadas de bevacizumab poderão causar uma desordem na via de 

sinalização intracelular do VEGF, sendo uma alternativa eficiente para 

entregar intracelularmente anticorpos monoclonais. Até ao presente, este 

é o primeiro relatório que aborda uma eficiente entrega intracelular de 

anticorpos monoclonais através de um sistema não-invasivo, atingindo 

uma melhor resposta terapêutica.  

Por último, PLGA NP carregadas de bevacizumab foram administradas por 

via intranasal em ratinhos CD-1 para estudar a farmacocinética e a 

farmacodinâmica do bevacizumab. PLGA NP carregadas de bevacizumab 

permitiram uma maior biodisponibilidade cerebral e proporcionaram a 

ausência de bevacizumab nos órgãos fora de alvo. A eficácia deste 

nanosistema foi depois avaliada num modelo ortotópico de GBM em 

ratinhos nude, estudando o crescimento tumoral ao longo do tempo por 

bioluminescência e o efeito anti-angiogénico. PLGA NP carregadas de 

bevacizumab providenciaram uma redução no crescimento tumoral 

acompanhado de um maior efeito anti-angiogénico comparado com o 

bevacizumab livre.  

Em resumo, PLGA NP carregadas de bevacizumab mostraram ser um 

sistema de entrega de fármacos promissor para melhorar o efeito anti-

angiogénico do bevacizumab por si só, melhorando as terapias para 

doenças angiogénicas.  
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1.1. Therapeutic Antibodies and their Limitations  

 
Antibodies or immunoglobulins (Igs) are Y-shaped glycoproteins 

considered as “antigen-binding proteins” that give humoral immune 

protection [1, 2]. Igs can be integrated into the B cell membrane serving as 

receptors for antigens giving antigenic specificity to B cell or can circulate in 

a soluble form [3]. When naïve B cells are activated by an antigen, the cell 

proliferates and differentiates into a plasma cell or memory B cell. The plasma 

cell is responsible for antibody production and secretion possessing a unique 

antigen-binding site (Figure 1.1.). An antibody molecule is a homodimer 

composed by two identical light chains (~ 25 kDa each) and two identical heavy 

chains (~ 50 kDa each). These chains are linked by disulphide bonds and non-

covalent interactions and consist of a variable and a constant region 

possessing different functions [4]. The variable region is responsible for 

antigen binding function. When an antigen binds to a variable region of an 

antibody, the constant region activates the immune effector function. The 

main effector functions of Igs are opsonisation, classical complement-

dependent cytotoxicity (CDC) and natural killer (NK) cell-mediated antibody-

dependent cellular cytotoxicity (ADCC) [1].  

For the first time, in 1975, Kӧhler et al. developed a procedure in the 

laboratory to manufacture monoclonal antibodies (mAbs) through hybridoma 

technology [5].  As the first mAbs produced were based on murine molecules, 

the immune system of patients recognizes them as foreign which led to 

problems associated with therapy including short half-life, limited activity, and 

immunogenicity [1]. Genetic and recombinant engineering techniques 

overcame this issue through the production of chimeric, humanized and fully 

human antibodies, with the differences lying in the original source of the 

variable regions [1, 6]. Chimeric mAbs are constituted by murine variable 

regions and human constant regions whereas humanized mAbs are mainly 

derived from human origin with the exception of complementarity-

determining regions (CDRs), which are murine. However, due to CDRs are 

derived from murine origin, some of humanized mAbs still bring 

immunological risk.  In some cases, this immunogenicity issues occur due to 
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the bind between mAb and neutralizing antibodies (NAbs), where NAbs 

neutralize and cancel the effector functions of mAbs [7]. Thus, to overcome 

this immunogenicity drawbacks, modification of certain amino acids in the 

CDRs can be made.  

 

 

Figure 1.1.  The figure represents the (A) antibody production by B cell 

activation and (B) the structural elements of IgG. Fab = fragment antigen 

binding, Fc = fragment crystallizable, CDRs = complementarity determining 

regions (CDRs). 

 

Recombinant techniques have allowed the creation of several therapeutic 

antibody formats (e.g. Fab, single chain variable fragment, PEGylated Fab, the 

fusion protein and antibody-drug conjugates) without loss of full antigen 

affinity [8]. These formats may present specific therapeutic, as well as 

manufacturing benefits. It is known that immunoglobulin G (IgG) derived 

fragments (e.g. Fab or single chain variable fragment) present an ability of 

tissue penetration higher than full IgG, and may be manufactured rapidly with 

lower cost and higher quantities [9]. However, these fragments present a short 

serum half-life due to their lack of Fc portion, such as Ranibizumab, Abciximab 

and Blinatumomab [10]. 
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Antibody-drug conjugates (ADC) are also a new generation of antibody 

types which brought advantages in antibody therapy, mainly in cancer 

treatment [11]. ADCs allow for more selective delivery of a drug because of 

covalent linkage to a targeting antibody leading to a highly effective therapy 

with less adverse effects [12]. Despite all recombinant techniques to enhance 

the antibody-based therapy, some limitations are related with antibody 

pharmacokinetics and pharmacodynamics that may create troubles on therapy 

adherence and therapy efficiency. For example, it is described an increase of 

immunogenicity for ADCs compared with the alone mAb [11]. This increase of 

immunogenicity can be due to the anti-therapeutic antibodies that recognize 

and act against ADCs, own cytotoxic drug, own mAb and the formation of 

neoepitopes resulting of conjugation [13]. On other hand, the hydrophobicity 

of the cytotoxic drug can cause the aggregation of ADC leading as well, an 

increase of immunogenicity.  Thus, several authors have considered ADCs as 

medium risk regarding the immunogenicity. 

Despite the numerous advantages of antibody-based therapy, there are 

also several limitations such as production costs, pharmacokinetics, tissue 

penetration and mode of action [14]. As mAbs are large in size, with a complex 

structure and are frequently used in the clinical in large amounts, 

sophisticated eukaryotic machinery is needed for production [15].  For this 

reason, the production of monoclonal antibodies involves large quantities of 

mammalian cells and several steps of purification, which makes the 

production process extremely expensive. 

The physical-chemical characteristics and pharmacokinetic profile may be 

considered another limitation of antibody-based therapy. For instance, IgG has 

a very long serum half-life (e.g. IgG1 has 21 days of biological half-life) [16]. 

This characteristic is due to the low rate of elimination (renal clearance 

threshold is ~ 70 kDa), the interaction of the Igs with several cell surfaces and 

the interaction with the neonatal Fc receptor (FcRn) [1, 17]. FcRn functions to 

protect IgG and albumin from catabolism and thus increases the half-life of 

these biomolecules [18]. IgG enters the cell by pinocytosis and binds to FcRn 

(one IgG molecule for two FcRn molecules) at the lower pH of the endosome 

(pH between 6-6.5). Subsequently, the complex escapes lysosomal 
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degradation and is transported to the cell surface where it is released back 

into circulation upon receptor dissociation where the neutral pH (Figure 1.2.) 

[1, 18]. Indeed, with these mechanisms the retention time of Igs in the 

circulation increases, but also lead to a lower retention in the targeted tissue. 

 

 

Figure 1.2. Protection mechanism of IgG to escape catabolism in endothelial 

cells. Reprinted with permission from [17]. 

 

On the other hand, the major limitation of antibody-based therapy is 

attributed to drug distribution, since it is known that only 20% of the 

administered dose of mAbs with large size can achieve the tumor [19]. Such a 

drawback is related with low tissue penetration in tumors due to mAb size, 

the pressure gradient in tumor and the “binding site barrier effect”. The 

“binding site barrier effect” occurs due to high affinity/avidity to tightly bind 

their antigen at the periphery of the tumor [20]. In fact, upon the first contact 

between antibody and their antigen at the tumor periphery, the antibody does 
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not penetrate inside the tumor. Thus, mAbs only can reach the inside of the 

tumor when they are all saturated on the periphery. However, this effect is 

decreased when small antibodies with a low affinity/avidity are used. 

Lastly, the route of administration and immunogenicity issues are other 

limitations for the antibody-based therapy [21]. Most mAbs are administrated 

by intravenous (IV) administration route with several hours of infusion. This 

route of administration usually is not well accepted by patient causing a 

decrease in patient adherence to the therapy. On the other hand, costs from 

hospital staff and equipment are increased since mAbs require specific 

storage conditions. 

 

1.2. Nanotechnology-based Drug Delivery Systems to Overcome 

Antibody-based Therapy  

 

Nanotechnology has been applied to the antibody delivery, creating 

nanosystems for antibody nanoencapsulation. Antibody nanoencapsulation 

may reduce unwanted systemic antibody exposure, avoiding toxicity in off-

target organs. Additionally, nanotechnology-based drug delivery systems 

(DDS) allow a sustained antibody release, increasing intervals between 

administrations, and offers antibody protection from enzymatic degradation 

[2], increasing overall treatment convenience. Abrishami et al. studied the use 

of bevacizumab into nanoliposomes for intravitreal administration and 

reported that after administration of nanoliposomes, the concentration of 

bevacizumab within the vitreous was above therapeutic concentration for at 

least 42 days [22]. Effectively, it proves that nanoliposomes are delivery 

systems able to extend the time interval between administrations. Antibody 

nanoencapsulation may also allow improvement in cellular uptake and 

protection against lysosomal degradation [23]. Thereby, antibodies can be 

released inside cells, more specifically within the cytoplasm, and remain 

functional. For instance, self-associated bevacizumab nanoparticles (NP) were 

internalized into A549 cells by micropinocytosis and endocytosis [24]. Data 

showed that internalization of bevacizumab NP were three times higher for 
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A594 cells than for MRC-5 normal lung fibroblast cells. These results were due 

to differences in membrane permeability of both cells, cancer cells are overall 

more permeable than normal healthy cells [25]. Srinivasan et al. confirmed 

that antibody nanoencapsulation allows an antibody intracellular delivery with 

lower toxicity for normal healthy cells [24]. 

Antibody-based therapy for intracellular delivery would be effective to act 

against intracellular proteins as for example oncogenic proteins [26]. The 

presence of an antibody into a cellular compartment is not completely 

unknown in molecular biology due to the existence of an intrabody. An 

intrabody is an antibody expressed intracellularly that acts against antigens 

or proteins [27]. Intrabodies may be divided in retained intrabody (retained 

inside the endoplasmic endothelium) or cytoplasmic intrabody. The cytoplasm 

redox conditions lead to the folding of antibodies in the absence of 

chaperones and other factors that benefit the formation of disulphide bridges 

[28]. In contrast, in the endoplasmic reticulum (ER) the presence of redox 

environment and chaperones makes formation of disulphide bridges favorable 

and consequently lead to stabilization of the antibody. Indeed, it is necessary 

that antibody must be inherently self-folding in order to maintain their activity 

in this environment [28].  

More recently, nanotechnology was applied to the intracellular delivery of 

proteins. Wang et al. developed bioreducible lipid NP with two proteins 

negatively supercharged (Cre recombinase and Cas9:single-guide RNA 

complexes) in order to improve the intracellular delivery of proteins [29]. 

These NP allow the endosomal escape of the protein cargo in response to the 

reductive intracellular environment. This strategy could be fitted to antibodies, 

since it showed advantageous in antibody intracellular delivery [30].  

The selection of nanoencapsulation method should take into account the 

physical-chemical characteristics of the mAb to be encapsulated (e.g. solubility 

in water and organic solvents, ideal pH without loss of activity, molecular 

weight), method conditions (e.g. thermal, pH and/or pressure stresses) and 

the physical-chemical characteristics of NP (e.g. size, charge, polydispersity, 

morphology, release profile). Although there are few studies about antibody 

nanoencapsulation, technical approaches will be discussed. Thus, up to now, 
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Table 1.1. summarizes the nanocarriers used to deliver therapeutic 

antibodies. 

 

Table 1.1. Summary of NP used for encapsulation of antibodies.  

Nanocarrier Antibody Encapsulation 

method 

Therapy Ref. 

Chitosan  Bevacizumab Emulsification 

evaporation 

method 

Diabetic 

retinopathy 

[31] 

Anti-human-

IgG antibody 

Two-step 

crosslinking 

method 

Antibody 

model for 

research 

[32] 

PLGA  Bevacizumab Modified solvent 

emulsification-

evaporation 

method based on a 

water-in-oil-in-

water double 

emulsion 

technique 

Age-related 

macular 

degenerati

on 

[33] 

Bevacizumab Solid-in-oil-in-

water 

encapsulation 

method 

Choroidal 

neovascula

rization 

[34] 

Bevacizumab Water-in-oil-in-

water emulsion 

method 

Retinal and 

choroidal 

neovascula

rization 

[35] 

Anti-Anx A2 

antibody 

Modified solvent 

emulsification-

evaporation 

method based on a 

Cancer [23] 
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water-in-oil-in-

water double 

emulsion 

technique 

3D8 scFV (anti-

DNA mAb) 

Double emulsion 

and evaporation-

extraction method 

Autoimmu

ne diseases 

[36] 

Amphiphilic 

polyanhydride 

Tetanus 

antitoxin/ anti-

TNF-α  

Equine 

tetanus/Crohn’s 

disease 

Anti-

solvent 

nanoencap

sulation 

[37] 

Liposomes Bevacizumab Dehydration-

rehydration 

method 

Ocular 

diseases 

[22] 

Polyclonal anti-

influenza A 

antibody 

Freeze drying 

method  

Influenza A 

infection 

[38] 

Solid Lipid NP Bevacizumab Coacervation 

method 

Glioblasto

ma cancer 

[39] 

Mesoporous 

silica NP 

Anti-CTLA4 IgG Chemical method Melanoma [40] 

Porous silicon 

NP 

Bevacizumab Electrochemical 

etching of single 

crystalline silicon 

Cancer [41] 

 

a. Polymeric nanoparticles 

 

Polymeric NP may be produced using either natural or synthetic polymers. 

Depending on the nanoparticle composition and on the encapsulation 

method, nanocapsules or nanospheres can be obtained [42]. Nanospheres 

have a matrix organization in which a drug is physically and evenly dispersed. 

On the other hand, nanocapsules are composed of a vesicular structure, and 
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a drug is dispersed within a polymer membrane. With regards to the drug, the 

antibody can be adsorbed to the nanoparticle surface, entrapped or 

dissolved/dispersed throughout the matrix (Figure 1.3.).  

Natural or synthetic polymers can be used to develop polymeric DDS. 

Starting for the natural polymers, the most common polymer explored as 

nanoparticle matrix to encapsulate therapeutic antibodies is chitosan.  It is 

known that chitosan exhibit antitumor activity by membrane disruption and 

induce apoptosis [43]. For this reason, using chitosan NP as carriers for 

cytotoxic antibodies might be a promising therapy due to synergetic effect. 

Moreover, chitosan present are well-known permeability enhancing and 

promote tissue repair [44]. The most common method used to prepare 

chitosan NP is ionic gelation [45]. Briefly, spontaneous chitosan NP formation 

occurs by mixing multivalent anions solution with a chitosan solution. 

Intermolecular ionic interactions are formed, due to differences in the charges 

between poly-anions (e.g. tripolyphosphate, pyrophosphate, sulphate) and 

chitosan (positively charged) [46]. The formulation process of chitosan NP is 

pH-dependent due to the charge density of the molecules used. Indeed, 

chitosan NP are stable in acid conditions and unstable in near neutral pH due 

to protonation of amine groups [47]. Pan et al. studied the effect of pH in the 

formulation of antibody-loaded chitosan NP and concluded that, by decreasing 

pH from 7.4 to 6.0, the release of anti-human-IgG antibody increased from 

5.6% to 50% [32].  

Among the available polymeric matrices used to develop polymeric NP, 

synthetic ones are the most used. Indeed, NP produced with synthetic 

polymers are the most used nanocarriers for antibodies delivery, being PLGA 

the most common used. PLGA is a copolymer of lactic and glycolic acid, whose 

forms are usually identified by the ratio between these two monomers [48]. It 

has good mechanical behavior, and it has also demonstrated low toxicity [49-

51]. The synthesis of PLGA copolymers may directly involve lactic and glycolic 

acid, or their cyclic diesters, lactide and glycolide, respectively. PLGA is a 

biocompatible and biodegradable polymer approved by the US Food and Drug 

Administration (FDA) and European Medical Agency (EMA) to be used in drug 

delivery systems. 
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Figure 1.3.  Antibody may be encapsulated in (a) nanocapsules or (b) 

nanopheres. The antibody molecules may be entrapped, dissolved/dispersed 

within nanoparticles or adsorbed onto nanoparticles. 

 

The modified solvent emulsification-evaporation method based on a water-

in-oil-in-water (w/o/w) double emulsion technique is the most commonly used 

method to encapsulate antibodies into PLGA NP [23, 33]. The double emulsion 

is achieved through the combination of a primary emulsion with a water-based 

solution, usually containing a surfactant. The primary emulsion is obtained by 

a homogenization/sonication of one solution containing the antibody and the 

polymer dissolved in a volatile organic solvent. Double emulsion technique 

offers, in most cases, high encapsulation/association efficiency and a 

controlled release [52]. However, this technique involves sonication that can 

lead to denaturation of the antibody and possible loss of bioactivity. 

Sonication leads to diffusion of the hydrophilic drug to the external aqueous 

phase, decreasing the encapsulation efficiency of the drug. Hence, the 
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sonication step must be performed at low temperature and with a slow and 

intermittent rhythm, in order to avoid the change of antibody structure [53].  

Regarding the drug release profile from PLGA NP, PLGA degradation varies 

concerning in vitro or in vivo conditions and consequently, drug release rates 

will change [54]. The most important factor to be considered regarding PLGA 

degradation is its composition [55]. Different ratios of lactic acid /glycolic acid 

(LA:GA) may change PLGA properties and, it is well known that it also 

influences the rate of PLGA degradation, due to different hydrophilicity 

characters of each monomer [56]. GA is more hydrophilic than LA (owing to 

the absence of methyl side groups), which turns PLGA with higher proportions 

of GA more hydrophilic and, consequently, the degradation in vivo faster [57]. 

Amann et al. studied the influence of different composition of PLGA in 

risperidone release, from PGLA implants (Figure 1.4.a), to treat schizophrenia 

[58]. The average time required to release 50% of risperidone from implants 

composed by PLGA with LA:GA ratios of 50:50, 65:35, 75:25, 85:15 were 31, 

41, 54.5 and 61.25 days, respectively, proving that the rate of PLGA 

degradation increases with the increase of GA percentage [58]. Among other 

works, this was also demonstrated by Wu et al., who reported higher 

degradation rates of PLGA-based scaffolds with a LA:GA ratio of 75:25, in 

comparison with a ratio of 85:15 [59]. 

In vivo, the accumulation of cells or other biological compounds around 

PLGA systems may also lead to the production of free radicals or/and acid-

based products, which consequently increases the degradation rate of the 

polymer [60]. Despite the enrolment of enzymes in this process is still not 

clear, some authors believe that they are able to speed up PLGA degradation 

[61-63]. Some enzymes, such as trypsin, bacterial proteinase K, esterase and 

bromelain have been investigated and their participation in PLGA degradation 

has been proved [64-66]. However, other authors proved that there is no role 

of enzymatic activity in the degradation of PLGA-based DDS, arguing that 

enzymes only contribute to the degradation of PLGA in a secondary phase [67, 

68]. 

There is still a lack of information about in vivo studies, regarding PLGA 

degradation and the correlation between in vitro/in vivo release kinetics. 
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Nevertheless, phenomena based on proteins or lipids adsorption, as well as 

enhanced solubility of PLGA oligomers in some body fluids, can also 

contribute to a faster copolymer degradation [60]. The interference of 

biological components in this process can be the cause of the difference and, 

usually, higher values of polymer degradation rates in vivo compared to in 

vitro results, as stated by some authors [60, 69, 70]. The acidic products 

associated with PLGA biodegradation, in turn, are associated with a decrease 

in the vicinity pH, which can cause irritation and inflammation of the tissues 

around the polymer. This is also critical regarding PLGA application, whose 

stability and release are consequently conditioned [71]. The degradation of 

PLGA occurs by hydrolysis of its ester linkages, through heterogeneous or bulk 

erosion, in aqueous environments [72]. The cleavage of each ester linkage 

leads to the formation of one carboxyl and one hydroxyl end groups [71]. In 

the first phase of PLGA degradation, the penetration of water into the 

polymeric matrix, especially through the more amorphous regions, causes the 

disruption of van der Waals forces and hydrogen bonds, which leads to a 

decrease in glass transition temperature [60, 72, 73]. Glass transition 

temperature and crystallinity also affect PLGA degradation [55]. Few authors 

have been focused in the study of LA crystallinity but there is some evidence 

that shows the influence of LA crystallization in the rate of PLGA degradation 

[74, 75]. 

Then, in a second phase of PLGA degradation, a reduction of the polymer 

molecular weight and chain scission phenomena occur, mainly through the 

covalent bonds of the structure [60, 72, 73]. Since fragments resulting from 

this degradation are small enough to dissolve in the surrounding medium and 

diffuse out of the polymer matrix, PLGA starts losing mass and the rate of 

chain scission significantly increases [60, 72, 73]. As PLGA with low molecular 

weight is less hydrophobic, the processes such as water absorption, hydrolysis 

and erosion will increase [76]. It is estimated that a molecular weight of around 

15 kDa and 100 kDa correspond to a degradation period of several weeks and 

months, respectively [72]. Low molecular weights are thus associated with a 

faster degradation rate of PLGA, producing a higher initial burst release and a 

shorter sustained release (Figure 1.4.b) [77]. High surface areas, and even the 
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shape or porosity of PLGA systems, also contribute to the accessibility and 

penetration of water, hence affecting PLGA degradation [72]. 

 

Figure 1.4. Factors influencing the PLGA degradation.  a) In vivo release 

behavior for 50:50, 65:35, 75:25 and 85:15 PLGA implants. PLGA 75:25 means 

that PLGA is composed by 75% of lactic acid and 25% of glycolic acid. Adapted 

with permission [58] Copyright 2010, Springer Science+Business Media; b) 

Degradation profile of capped PLGA particles (PLGA-capped) and PLGA 

particles with free carboxylic end-groups (PLGA-COOH). Adapted with 

permission [78] Copyright 2013, Elsevier; c) Influence of PLGA molecular 

weight in its degradation and drug release. Adapted with permission [76] 

Copyright 2016, John Wiley and Sons d) Influence of pH conditions (0.1 M) in 

the PLGA degradation through LA release. Adapted with permission [79] 

Copyright 2008, John Wiley and Sons. 

 

During the degradation process, the number of carboxyl end groups 

increases in PLGA structure, and these are known to autocatalysis the 

degradation of the polymer [63, 80]. This was proved by Samadi et al. that 

showed a slower degradation of PLGA-capped particles than PLGA with free 

carboxylic end groups (PLGA-COOH) [78]. The presence of carboxylic end-

50:50
65:35
75:25
85:15

(a) (b)

(c)
(d)
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groups in PLGA increases the copolymer hydrophilicity, which results in a 

higher water-absorbing ability of the particles (Figure 1.4.c) [78].  

Lastly, in vitro degradation/hydrolysis of PLGA is highly dependent on pH, 

where strongly alkaline media stimulates and accelerates PLGA hydrolysis 

(Figure 1.4.d) [55, 79, 81]. Sousa et al. showed higher release of bevacizumab 

from bevacizumab-loaded PLGA nanoparticles at pH 10 compared with pH 6 

and 7.4. [82]. In fact, this outcome was derived from ester hydrolysis caused 

by acid-base catalysis [83].  

In what concerns PLGA-based DDS, drugs may be released by one or 

more of the following mechanisms: 1) diffusion; 2) polymer 

degradation/erosion; 3) solvent penetration/device swelling [84]. Among all 

of them, diffusion is the most common release mechanism [85] and it is 

dependent on the concentrations of dissolved and diffused drug. Some 

mathematical modelling has been studied to better understand the profile of 

drug release, estimating the release mechanisms [86, 87]. For instance, Fick’s 

second law is used to predict drug release by diffusion mechanism, which used 

a model non-zero-order and it is dependent on the drug solubility and drug 

diffusion from the system. On the other hand, PLGA degradation can be made 

by passive hydrolysis or autocatalysis, where the copolymer will be degraded 

into oligomers and, finally, into monomers [88]. Lastly, solvent 

penetration/device swelling caused by water penetration into the polymer 

matrix contributes also for drug release [89].  

In most cases, the drug release profile from PLGA-based DDS is a 

biphasic curve, with an initial burst followed by a sustained release [85].This 

burst release is considered as a major problem in DDS product development 

since DDS are characterized by having a controlled release profile. Thus, a 

burst release might be wasteful, or in a worst scenario, it may be fatal 

depending on nanoparticle and drug concentration. Therefore, researchers 

have made efforts to solve this problem, in order to minimize it as much as 

possible or even avoid it in total [85, 90]. For this purpose, several factors 

should be thought-out and investigated to achieve a controlled drug release. 
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b. Lipid nanocarriers 

 

Lipid nanocarriers may be divided into liposomes, solid lipid NP (SLN) and 

nanostructured lipid carriers (NLC). Beginning with the first, liposomes are 

composed of biodegradable material (e.g. phospholipids, cholesterol) and are 

in vivo metabolized.  Since liposomes present low antigenicity and low toxicity, 

they are good candidates as delivery systems for antibodies [91]. Liposomes 

are noncovalent aggregates and therefore, lipid composition, size, and the 

electric charge can be controlled. Dehydration-rehydration is one of the most 

commonly used method for antibody encapsulation [22, 38]. This method is 

performed by an initial dehydration of preformed vesicles followed by a 

controlled rehydration performed above the transition temperature. This 

process yields multilamellar vesicles with high association efficiency [92]. The 

advantages of this method are that the use of organic solvents and the 

sonication step may be avoided. However, the high cost of the method and 

the particle size instability are the main disadvantages of this method [93]. 

Antibody entrapment into liposomes is not a new method. Indeed, about 

two decades ago, Wong et al. studied liposomes as carriers for polyclonal anti-

influenza A antibody [38]. This liposomal formulation was developed in order 

to improve the protection against respiratory influenza A infection in mice. 

The survival rate of mice increased from 60% to 100% when antibody-loaded 

liposomes were administered 24h before infection. After 4, 8 and 12 hours of 

infection, IgG antibody was administrated to mice, and a survival rate of 100% 

was also observed. Since this formulation was administrated by intranasal 

route, the improved survival rate was attributed to better retention of IgG 

molecules into the lungs when liposomes were used. Indeed, authors proved 

that 24 h post-administration, more than 45% of IgG-loaded liposomes was 

retained in the lungs whereas only 10-15% of free IgG was retained. 

SLN are formulated with biocompatible and physiological lipids that are 

solid at room temperature as well as at body temperature [94]. Formulation 

methods of SLN present several advantages such as the possibility of organic 

solvents avoidance, improved physical stability, controlled release of the 
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antibody, the possibility of targeted delivery and an easy scale-up feasibility. 

On the other hand, SLN may suffer elimination mediated by mononuclear 

phagocytes and present low drug-loading capacity due to the formation of a 

perfect crystalline structure of solid lipids [95]. 

Fatty acid coacervation method presents some advantages concerning SLN 

formulation since it is not required the use of organic solvents or expensive 

machinery [39]. In fact, this advantageous technique is based in simple 

acidification of solid lipid micelles leading to their precipitation. It is possible 

that encapsulation of antibodies into SLN by coacervation method avoids 

antibody modification due hydrophobic ion pairing [96]. To prove it, Battaglia 

et al. produced bevacizumab-loaded SLN and investigated in vitro 

antiproliferative and antiangiogenic activity in glioblastoma treatment [39]. 

Bevacizumab activity (tested by proliferation assay, migration assay, wound-

healing assay, and tube-formation assay) increased 100-200 fold compared to 

free bevacizumab when delivered by SLNs. Indeed, SLNs provided 

enhancement of drug permeation through hCMEC/D3 cells monolayer. 

Nevertheless, in vivo studies were to performed to prove the effective potential 

of bevacizumab-loaded SLN in glioblastoma treatment.   

 

c. Metal and inorganic nanocarriers 

 

Metal and inorganic NP also present excellent characteristics to mAbs 

delivery allowing a sustained and controlled release.  There are several types 

of inorganic materials which may be used in inorganic NP production. Among 

metal and inorganic NP are gold NP, mesoporous silica NP, carbon nanotubes, 

magnetic NP, quantum dots, porous silicon and calcium phosphate [8]. In 

addition to the same advantages of nano-based systems, these types of 

nanocarriers still allow for high drug loadings (due to large pores), ease of 

functionalization and a large surface area [8].  Magnetic NP are especially 

interesting as magnetic resonance imaging (MRI) contrast agents and drug 

delivery [97]. Several authors have been dedicated to the study of 

superparamagnetic iron oxide nanoparticles (SPIONs) as a nano-based system 
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to monitor, treat and diagnose diverse types of cancer. SPIONs can be 

conjugated with antibodies in order to deliver to target organ.  

Mesoporous silica nanoparticles (MSN) have been used in antibody 

encapsulation by the use of biocompatible material and allow high drug 

loading [8]. A study has demonstrated that anti-CTLA4 IgG-loaded MSN 

showed a greater and controlled therapeutic response than the same amount 

of IgG alone [40]. The aim of this study was to use a mAb against 

immunoregulatory molecule CTLA4 that modify the host response to the 

tumor, presenting an antitumor activity. The authors showed by in vivo studies 

that antitumor activity of anti-CTL4A was more potent when encapsulated into 

MSN, presenting a tumor inhibition more accentuated. 

Antibodies might also be encapsulated into porous silicon (pSi) under the 

form of films, membranes, micro and nanoparticles [8]. Bevacizumab was 

encapsulated into nanostructured mesoporous silica films by electrochemical 

etching of single crystalline silicon [41]. Authors demonstrated a controlled 

release over more than 30 days with no burst release and proved by ELISA that 

functionality of bevacizumab was kept. It was possible to conclude that this 

system allows good drug loading since the maximum loading is 300 mg of 

mAb per gram of pSi. 

Gold nanoparticles (AuNP) are another type of inorganic NP that may also 

be carriers to mAbs. Antibody delivery by AuNP is advantageous since these 

NP present an excellent specificity to target cells, low toxicity, improve oral 

bioavailability and keep the antibody structure and functionality [98]. The 

excellent characteristics of AuNP are related with antiangiogenic effect, 

potential antioxidant, ability to inhibit the osteoclast necrosis and the ability 

to use hyperthermia to eradicate the target cells [99, 100]. Thereby with these 

attributes it is understood that AuNP are the best type of NP to treat 

rheumatoid arthritis.  
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1.3. The Challenges of Antibody Nanoencapsulation 

 

a. Antibody Stability and Structure 

 

During any antibody nanoencapsulation process, the antibody precipitation 

and aggregation should be monitored in order to avoid the antibody instability 

and consequently, loss of activity [35]. Indeed, most nanoencapsulation 

procedures involve either adverse pH conditions, heat or organic solvents, 

likely leading to loss of structural stability and bioactivity. Varshochian et al. 

studied the effects of double emulsion method on bevacizumab bioactivity 

and proved that the most destabilizing factor is the water/oil interface instead 

homogenization-induced stress [35]. In the primary emulsion formation step, 

there is a tendency for the mAb migrate to the interface, resulting in unfolding 

due to exposition of the hydrophobic amino acids. On the other hand, the 

authors concluded that using either ethyl acetate or dichloromethane as 

solvent organic and without stabilizer/surfactant in the formulation, the 

bevacizumab bioactivity only remained in the 3%.  

It is also described that for the IgG, the denaturation process is complex, 

and depend on the type of denaturing stress. For example, Fab fragment of 

an IgG is most affected by heat treatment and Fc fragment is mostly affected 

by pH treatment. Regarding temperature, Vermeer et al. showed that the 

concentration of unfolded IgG increased with the increase of the temperature, 

being the formation of aggregates highest when melting temperature was 

exceeded [101]. Other authors studied the effect of pH on the conformational 

stability of abatacept (therapeutic Fc fusion protein) and showed that the 

conformational stability of their domains were highly pH dependent [102]. 

In order to prevent destabilization of antibodies, stabilizers or protectants 

(albumin, mannitol, polysorbate, polyvinyl alcohol) may be added to the NP 

formulations, [24, 35]. For example, it was demonstrated that high β-sheet 

content (characteristic of bevacizumab) was maintained in self-associated 

bevacizumab NP when stabilizer (polysorbate 80, polysorbate 20 or Brij 97) 

was added to the formulation [24]. However, the same was not observed on 

stabilizer-free bevacizumab NP, since perturbations in the secondary structure 



 

 21 

were found. These results highlight the importance of the use of 

stabilizer/protectant in the encapsulation process.  

In another study, authors used bovine serum albumin (BSA) as a stabilizer 

in the production of PLGA NP as carriers for bevacizumab [35]. Effectively, it 

was understood that albumin occupied the interface between the hydrophobic 

and the hydrophilic phases, preventing the contact between the antibody and 

the hydrophobic phase, therefore preventing loss of activity and stability 

(Figure 1.5.). Biological and physical studies confirmed the preservation of 

secondary structure of the antibody up to 90%. Still, results of near-UV CD 

spectrum showed subtle alterations in the tertiary structure of bevacizumab. 

Indeed, changes in phenylalanine residues and tyrosine amino acids led to 

conformational alterations in the structure of bevacizumab. These changes 

probably resulted from the contact with the organic phase and/or sonication-

induced stress.  

 

 

Figure 1.5. Albumin protection mechanism. (A) represents the emulsion in 

absence of albumin and (B) represents the emulsion in presence of albumin 

for PLGA NP. Reprinted with permission from [35] 

 

Sugars and polyols can also be added in the NP formulation in order to 

improve the stability of NP [103]. For instance, mannitol kept the tertiary 

structure of 3D8 scFv antibody when it was added into an internal aqueous 

phase for encapsulation of 3D8 scFv into PLGA NP [36]. In the same study, the 

addition of trehalose to the internal aqueous phase was also beneficial, since 

the biological activity of 3D8 scFv antibody was maintained.  
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In sum, several studies showed that encapsulation protects antibody 

structure. However, more studies are necessary in order to understand which 

interactions occur between the antibody and the matrix of the carrier. It is 

known that interactions (e.g. electrostatic, hydrogen bonds, van der Walls 

forces and hydrophobic) between the antibody and the matrix of the 

nanoparticle are dependent on the type of carrier, nanoencapsulation method 

and the antibody itself  [104]. Thus, in order to understand if these 

interactions may affect the structure of an antibody, biophysical studies are 

required. 

 

b. Maintenance of the Bioactivity of the Antibodies 

 

To assess the activity, efficiency and toxicity of free and encapsulated 

antibodies, in vitro and in vivo studies are fundamental. Bevacizumab is used 

in the treatment of age-related macular degeneration (AMD), retinal 

neovascularization and several cancers, namely in metastatic colorectal 

cancer, advanced non squamous non-small cell lung cancer, platinum-

resistant ovarian cancer, advanced cervical cancer, metastatic renal cell 

carcinoma and recurrent glioblastoma [1]. Studies with bevacizumab in AMD, 

retinal neovascularization, and diabetic retinopathy raised particular interest 

since treatment implies repeated administrations with inherent health 

problems related to the therapy with the antibody [31, 33]. Thereby, in order 

to enhance bioavailability of bevacizumab and minimize repeated 

administrations, bevacizumab-chitosan NP were formulated [31]. Authors 

analyzed the bevacizumab activity through the inhibition of expression of 

vascular endothelial growth factor (VEGF) protein and the expression of VEGF 

mRNA in the retina of diabetic rats. After eight weeks, significant differences 

were observed between animals administered with free bevacizumab and with 

bevacizumab-loaded chitosan NP, indicating that encapsulation of the 

antibody promotes the inhibitory effect. Figure 1.6. shows that bevacizumab-

loaded chitosan NP allowed a longer duration of action as the inhibition of the 

VEGF mRNA expression in the retina was higher.  It can be concluded that the 

number of administration times for intravitreal injection might be reduced and 
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consequently, the incidence of complications related to the therapy with 

bevacizumab can reduce.  

 

 

Figure 1.6. Expression of VEGF mRNA in the retina of diabetic rats. Both 

eyes of diabetic rats were injected with the solutions represented in the figure. 

Adapted from [31] 

 

Bevacizumab was also encapsulated in SLN aiming brain delivery, for the 

treatment of glioblastoma (GBM). Bevacizumab bioactivity was verified 

through different in vitro assays, namely proliferation, migration, wound-

healing and tube-formation assays [39]. The major obstacle was to overcome 

the blood-brain barrier (BBB). Indeed, SLN are candidates as drug delivery 

systems to target the brain due to the capability of being phagocytosed by 

endothelial cells [105]. To prove the permeation of antibody-loaded SLN 

through the BBB, a permeation assay with hCMEC/D3 cell monolayer was 

performed. It was demonstrated that SLN are capable of crossing a hCMEC/D3 

cell monolayer in a dose-dependent manner. 

In order to treat AMD with less frequent administrations, formulations with 

bevacizumab within PLGA and poly (ethylene glycol)-b-poly (D,L-lactic acid) 

(PEG (1000)-b-PLA (5000)) NP were produced [33]. Results indicate that more 

than 90% of bevacizumab was effectively encapsulated for each used polymer. 

It was concluded that after 30 days of incubation, bevacizumab was released 

from the surface of the NP.  
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c. Toxicity Issues on Antibody-loaded Nanoparticles 

 

One of the goals of carrying therapeutic antibodies into nanocarriers is to 

avoid well-known toxicity issues. Nanocarriers are not totally devoid of toxicity 

issues that which must be thoroughly assessed to assure the safety of the 

treatment. Even though with unquestionable importance, in vitro models are 

not sufficient to completely foresee possible hazards to humans [106]. In vitro 

studies help us understanding the toxicity mechanisms of NP at the cellular 

level along with the pathways and entry routs of NP and global nanoparticle-

cell interactions [107].  

Nanoparticle-cell interaction mechanisms can be of chemical or physical 

nature. Main examples of chemical mechanisms are: lipid peroxidation, 

release of toxic ions, disturbance of the electronic/ionic transport in cell 

membrane and production of reactive oxygen species (ROS) [108]. ROS may 

cause damage to proteins, lipids and membranes leading to an inflammatory 

process. Furthermore, activation of some transcription factors (e.g. NF-κB, AP-

1) triggers pro-inflammatory response, thus leading to cell damage and even 

cell death [107, 108].   

Toxicity generated by NP may also be caused by physical mechanisms 

resulting in loss of protein conformation, protein aggregation, disruption of 

membranes and impairment of transport mechanisms [109]. Particle size and 

surface properties of NP represent a main role on the toxicity of nanocarriers 

[110]. Since most therapies using antibodies as drug molecules imply 

parenteral administration, toxicological concerns associated with the 

administration route should be considered. In order to avoid embolism, the 

size of antibody-loaded NP must be carefully controlled before administration 

and formulations with monodisperse particles must be prepared [107]. 

Furthermore, verification of the absence of pyrogens must also be guaranteed. 

It is known that interaction between pyrogens and colloidal carriers causes 

gelation of the suspension, thus dramatically increasing the risk of the 

occurrence of an embolism episode [92].  

It has been described that only 20% of the administered dose of mAbs can 

achieve the target, which means that the probability of toxicity off-organ may 
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be increased [19]. In fact, mAb-based therapy can cause several adverse 

effects namely, cancer, autoimmune diseases (e.g. lupus-like syndromes, 

thyroid disease, autoimmune colitis), immune reactions, infections (e.g. 

reactivation of tuberculosis, progressive multifocal leukoencephalopathy), 

platelet and thrombotic disorders, dermatitis and cardiotoxicity [111]. Thus, 

in order to avoid the toxicity off organ, nanotechnology can be used, since the 

toxicity of unloaded NP is well known [112]. Indeed, several toxicity troubles 

in antibody encapsulation are associated with the carrier composition, 

encapsulation method or even inherent antibody properties. Table 1.2. 

describes the problems associated with NP according to the method of 

encapsulation as well as some examples of antibodies were encapsulated in 

order to improve overall therapeutic characteristics. 

 

Table 1.2. Toxicological concerns regarding antibody encapsulation.  

Nanocarrier Encapsulation 

method 

Toxicity considerations Ref. 

PLGA NP w/o/w double 

emulsion method 

Low toxicity in Calu-3 and 

A549 cells. Possible toxicity 

from organic solvents in w/o/w 

double emulsion method yet a 

modified solvent 

emulsification-evaporation 

method based on w/o/w 

double emulsion may reduce 

toxicity issues associated with 

organic solvents.  

[113] 

Hydrophobic ion 

pairing 

Ionic surfactants [114] 

Chitosan 

NP 

Ionic gelation Cytotoxicity of chitosan NP is 

very low. However, it was 

demonstrated that size of NP 

may affect cytotoxicity 

[115] 
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(chitosan NP with small size are 

more cytotoxic than larger NP). 

On the other hand, cytotoxic 

effect is concentration-

dependent of chitosan.  

Liposomes Dehydration-

rehydration 

method 

Liposomes present toxicity 

limited because are constituted 

by natural phospholipids 

weakly immunogenic. 

However, it is known that 

liposomes may be accumulated 

in liver and splenic 

macrophages, leading to 

splenomegaly and 

hepatotoxicity.  

[116] 

Modified freeze-

drying method 

Freeze-drying method can 

provoke alterations in 

liposomes, leading to 

aggregation or denaturation of 

antibody. These changes may 

affect antibody stability and 

consequently, induce 

immunogenicity problems 

when antibody is 

administrated.  

[117] 

SLN w/o/w double 

emulsion method 

Toxicity may be associated of 

the non-ionic emulsifiers and 

preservatives that can be used 

in aqueous phase. In order to 

decrease potential toxicity, 

GRAS (Generally Recognized as 

Safe) surfactant (e.g. Tween 80, 

[24] 
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Poloxamer 188, and lecithin) 

must be used.  

NLC Hot HPH 

technique  

Since this method involves 

heating, antibody can be 

degraded and may originated 

toxic degradation products. 

[118] 

 

1.4. The Advantages of Antibody Nanoencapsulation for Glioblastoma 

Treatment 

 

a. Glioblastoma Pathophysiology 

 

GBM is the most prevalent and lethal type of primary brain tumors [119, 

120]. According to the American Brain Tumor Association, 14.9 % of all 

primary brain tumors and 55.4 % of all gliomas consist on GBM. The high 

incidence of this pathology leads to an estimation of 12,390 new clinical cases 

in the year of 2017.  

GBM is a glioma, which is a tumor raised from glial cells or their 

precursors, classified as grade IV in the current World Health Organization 

(WHO) system [119]. This denotes lesions with low proliferative capacity, 

surgically removable, as grade I (low grade glioma); infiltrating and possibly 

progressive lesions as grade II (low grade glioma); lesions with high mitotic 

activity and nuclear atypia or anaplasia, possibly progressive, as grade III (high 

grade or malignant glioma); and extremely hostile tumors, capable of 

infiltrating into neighboring tissues, with high mitotic activity, necrosis events, 

widespread microvascular proliferations and a fatal outcome as grade IV (high 

grade or malignant glioma) [121, 122]. Moreover, gliomas can be divided into 

astrocytomas (originated from astroglial cells), oligodendrogliomas 

(originated from oligodendroglial cells), oligoastrocytomas (originated from 

both astrocytes and oligodendrocytes), and ependymomas (originated from 

ependymal cells) [123]. According to this classification, GBM is considered an 

astrocytoma.  
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Most part of the GBM is located in the cerebral hemispheres, especially 

on the temporal, parietal and frontal lobes, where they proliferate from 

irregular-shaped lesions usually originated in the white matter [124]. GBM is 

characterized by a heterogeneous environment, simultaneously 

demonstrating different cystic and gelatinous areas, as well as hemorrhage 

and necrosis events [125]. In what concerns cellular development, these 

tumors are also characterized by the presence of cells in different 

differentiation stages and with variable tumoral activity. As usual in gliomas 

biology, the GBM-associated malignancy arises from the accumulation of 

genetic alterations and abnormal regulation of the signaling pathways related 

to growth factors, consequently leading to a tumoral environment enriched in 

pro-inflammatory cytokines and chemokines [126]. Invasion is the key cellular 

feature of GBM during the initial stage of the pathology. The malignant cells 

are capable of extensively migrating through the brain tissue, infiltrating and 

destroying physical barriers, which include basement membranes, cell 

junctions and extracellular matrix. This may be attributed to the 

overexpression of several elements of the metzincin family (zinc-based 

proteinases), as well as the action of different integrins (e.g., aphav–beta3 

integrin) and Transforming Growth Factor-β (TGF-β) [127]. Although GBMs can 

easily proliferate, they rarely metastasize to other organs [128]. 

GBM is classified as primary and/or secondary. Primary GBM is the most 

common and arise de novo without prior clinical antecedents (within 3-6 

months), whereas secondary ones slowly accrue from already existing lower-

grade astrocytomas (over 10-15 years) [125, 126]. Primary GBM generally 

manifests in older patients, while secondary GBM is most common on the 

younger ones [129]. Despite the similarities between the pathophysiology 

involved in primary and secondary GBMs, some molecular differences may be 

pointed out. In primary GBM, more severe mutations occur in the genes related 

to the epidermal-growth factor receptor (EGFR), consequently encoding a 

mutated type of EGFR, known as epidermal growth factor receptor variant III 

(EGFRvIII) [126]. This mutated type, EGFRvIII, not only promote the 

proliferation of EGFRvIII-positive cells, but also drives the proliferation of their 

neighboring cells which express the non-mutated type, EGFR [129]. In 
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secondary GBM, the key player is the amplification of the alpha-type of the 

gene associated with the platelet-derived growth factor receptor (PDGFR), 

hence resulting in the platelet-derived growth factor receptor alpha (PDGFRA) 

[126]. PDGFRA is involved in glial cell proliferation and oligodendrocyte 

differentiation [130]. Both primary and secondary GBMs-associated mutations 

culminate in a higher activity of the tyrosine kinase receptor (TKR), hence 

activating the rat sarcoma (RAS) and phosphotidylinositol 3-kinase (PI3K) 

signaling pathways [126]. Biologically, this ultimately results in an aggressive 

growth of the glioma mass and stimulation of the microenvironment 

tumorigenicity.  

A GBM classification by the Cancer Genome Atlas divided them into 

proneural, mesenchymal, classical and neural [131]. This gene expression-

based molecular classification involved more biological interveners, rather 

than just EGFR/EGFRvIII and PDGFR/PDGFRA. According to this classification, 

proneural GBMs are characterized to be highly mutated at the genes encoding 

the tumor protein p53, isocitrate dehydrogenase 1 and PDGFRA; the 

mesenchymal GBMs are more prone to mutations in the genes encoding the 

neurofibromatosis type 1, phosphatase and tensin homolog, and also tumor 

protein p53; in classical GBMs, the main mutations involve the EGFR, whereas 

no alterations occur in tumor suppressor genes; and neural GBMs are 

characterized by the expression of non-cancerous proteins associated with 

normal neuronal differentiation [131, 132]. Table 1.3. summarizes some of 

the most common gene mutations in GBM development. 
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Table 1.3. Some of the gene mutations frequently found in glioblastoma 

pathology.  

 

Gene 

symbol 

Gene identification Encoded protein function  Ref. 

EGFR Epidermal growth factor 

receptor 

Regulation of signaling 

networks, metabolic 

reprogramming and cell 

proliferation 

[133, 

134] 

PDGFR Platelet-derived growth 

factor receptor 

Glial cell proliferation and 

oligodendrocyte 

differentiation 

[130, 

131] 

IDH1 Isocitrate 

dehydrogenase 1 

NADPH production [132, 

135] 

NF1 Neurofibromin 1 Regulation of signaling 

networks (RAS pathway) 

[126, 

136] 

PTEN Phosphatase and tensin 

homolog 

Regulation of signaling 

networks (PI3K pathway) 

[126, 

137] 

TP53 Tumor protein p53 Induction of cellular 

apoptosis 

[138, 

139] 

RB1 Retinoblastoma 1 Regulation of cell cycle [140, 

141] 

p16INK4a Prototype member of the 

INK4 family of cyclin-

dependent kinase 

inhibitors 

Regulation of cell cycle [136, 

142] 

MGMT O6-methylguanine-DNA-

methyltransferase 

DNA repair [129, 

136] 

ERBB2 V-erb-b2 erythroblastic 

leukemia viral oncogene 

homolog 2 

Regulation of signaling 

networks and cell 

proliferation 

[140, 

141] 



 

 31 

PIK3CA Phosphoinositide-3-

kinase 

Regulation of signaling 

networks, cell growth, 

migration and survival 

[143, 

144] 

PIK3R1 Phosphoinositide-3-

kinase regulatory 

subunit 1 

Regulation of signaling 

networks, cell growth, 

migration and survival 

[131, 

141] 

PTPRD Protein tyrosine 

phosphatase receptor 

type D 

Regulation of signaling 

networks and cell 

development 

[145, 

146] 

 

 

The GBM stemness features are also an important issue in what 

concerns the development of the malignancy. The cancer stem cells (CSCs), 

also referred as tumor-initiating cells, were found to be able to stimuli and 

sustain GBM growth, demonstrating close similarities to the adult normal 

neural stem cells (NSCs), which include self-renewal and multilineage 

differentiation abilities [147, 148]. The emergence of CSCs from mutated NSCs 

was hypothesized as a process involving the deletion of the NF1 and TP53 

genes, among others, despite the lack of enough scientific evidences to 

corroborate this theory [149, 150]. CSCs intimately contact with aberrant 

blood vessel formation during GBM pathogenesis, which consists on one of 

the hallmarks of the disease, therefore contributing to fast tumor growth. In 

fact, it is known that the necrotic and hypoxic microenvironment of GBM 

strongly promotes angiogenesis through the action of the VEGF, vascular 

endothelial growth factor receptor 2 (VEGFR2) and angiopoietin 2 [151]. 

Figure 1.7. elucidates the main differences related to the 

neuromicroenvironment of NSCs and CSCs niche.  
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Figure 1.7. The normal and malignant neural stem cell niche. (a) Stylized view 

of the normal NSC niche. NSCs intimately interact with ependymal cells (E), 

blood vessels (BV) and various other cell types including progenitor and 

support cells (OC). NSC function may be regulated by various diffusible factors 

derived from the surrounding cells, as well as the cerebrospinal fluid (broken 

lines; e.g., growth factors, pigment epithelium-derived factor and bone 

morphogenetic proteins). Additional regulation might be provided by direct 

cell contacts (red solid lines; e.g., NOTCH receptor-ligand signals) and the 

extracellular matrix (ECM). (b) GBM cancer stem cells (CSCs) are found in 

intimate contact with the aberrant tumor vasculature (TBV). CSCs can secrete 

diffusible factors such as VEGF, which recruit TBV to the niche. In turn, TBV 

and other glioma cells (OGC) secrete factors that maintain aberrant CSC self-

renewal. Mutations in CSC might also enable aberrant, intrinsic self-renewal 

(solid line). Adapted with permission from [151] 
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b. Diagnosis of Glioblastoma 

 

The primary diagnosis of GBM is usually performed through tomographic 

imaging techniques, in which magnetic resonance imaging is considered the 

gold standard. Other techniques may be used to diagnose GBM, including 

perfusion-weighted imaging, diffusion-weighted imaging, diffusion-tensor 

imaging, dynamic contrast-enhanced T1 permeability imaging, and magnetic 

resonance spectroscopy [152, 153]. Moreover, an angiography may be useful 

to detect the highly atypical vasculature of the GBM, usually alongside early 

venous drainage and arteriovenous shunting [154].  

The final diagnosis is usually based on a histopathological analysis of the 

GBM or its sections [155]. Central necrosis and perilesional edema are key 

aspects in what concern the diagnosis of a GBM scenario [154]. Also, the 

immunohistochemical detection of the glial fibrillary acidic protein (GFAP), 

which is a protein involved in the maturation of astrocytes, is commonly used 

in this type of diagnostic, since less protein expression is correlated with high 

malignancy of GBM [155, 156]. The histopathological analysis involves the 

resection of the tumor mass, or a fine needle aspiration biopsy, when the 

previous is not possible [155].  

New non-invasive diagnostic methods have been also explored to diagnose 

GBM, since the histopathological examination may be challenging due to the 

tumor location and sensitivity of brain tissue [157]. These strategies involve 

the study of blood samples of GBM patients, in order to detect disease 

biomarkers. For example, the blood circulating GBM-derived microvesicles 

were pointed out as suitable to provide information about pathological 

alterations associated with the IDH1, EGFR, and EGFRvIII [158].  

Other aspects required to complement the evaluation the GBM stage 

include the assessment of the morphology, tumor grade (I–IV), degree of 

proliferation, genetic analysis, behaviour of the pathology after treatment, and 

survival time [155].  
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c. Treatment of glioblastoma 

 

The deadly profile of GBM leads to a median survival of the patients of 

only 15 months after diagnosis [155]. Most of the currently available 

treatments are not sufficiently effective against the disease and, undesirably, 

damage surrounding healthy tissues. Since the malignancy can resist 

treatments, recurrent tumors often emerge [159]. Therefore, novel and 

targeted treatment approaches are desperately needed to fight GBM 

pathology.  

The current standard treatment for GBM includes surgical resection of 

the tumor and, further, both radiotherapy and chemotherapy [157]. Complete 

tumor resection is a critical surgical issue since GBM highly infiltrates through 

neighboring tissues [155]. Thus, it is usually not possible to proceed with a 

total removal of the GBM mass. Besides this, the resection involves a careful 

study of the tumor shape and size, location of blood vessels, and neurological 

coordinates [157]. Radiotherapy against GBM after resection usually involves 

a time period of 6 weeks, 5 sessions per week [157]. This therapy is 

responsible for inducing DNA damages, ultimately leading to cellular 

apoptosis. However, resistance to radiotherapy is commonly verified in GBM 

scenarios and this may be attributed to the role of EGFRvIII, which upregulates 

the mechanisms involved in DNA repair [160].  

Chemotherapy for GBM treatment uses temozolomide as the standard 

[157]. The therapy involves the oral administration of this drug at doses of 

150–200 mg/m², from day 1 to day 5, every 4 weeks [154]. Temozolomide is 

an alkylating agent which is capable of methylate purines in DNA structure, 

thus causing cellular apoptosis. However, the presence of O6-methylguanine-

DNA-methyltransferase MGMT in the tumor microenvironment hinders this 

type of therapy and promotes malignant cells survival, since it is an enzyme 

capable of repairing DNA after genomic lesion though methylating agents, 

specifically restoring guanine from O-6-methylguanine [129]. 

Despite the aggressiveness of the treatments, the long-term survival of 

patients remains challenging, mainly due to the intrinsic resistance of the 

CSCs or the acquired resistance of other GBM cell populations, which are able 
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to repopulate the tumor later on [161]. The treatment of recurrent GBM is 

based on the same previously mentioned protocol, thus including re-resection, 

reirradiation, and rechallenge chemotherapy. Besides this, in recurrent 

situations, therapies against tumor angiogenesis are also introduced [154].  

As mentioned previously, glioblastoma induces the formation of new 

vasculature at its site, characterized by high expression of VEGF. Thus, one of 

the logic approaches when using mAbs was to employ mAbs in that target and 

block the VEGF receptors. Bevacizumab has been approved for a multitude of 

cancers, and is currently recognized as a second-line agent for the treatment 

of GBM [162]. It was given fast track approval by the FDA as a single agent 

treatment option for GBM. However, its European counterpart, the European 

Medicines Agency, did not grant the indication as it considered there was a 

lack of evidence regarding bevacizumab’s effectiveness. Readers are pointed 

to an eloquent review by Narita [162], where studies regarding bevacizumab 

as a single agent are presented.  

Most treatment regimens regarding bevacizumab employ it at dosages of 

10 mg/kg every 2 weeks, as a single agent, until tumor progression, or in 

combination with irinotecan 125mg/m2 (340mg/m2 if patients are on enzyme-

inducing antiepileptic drugs, similarly repeating the treatment every 2 weeks) 

[163, 164].  

Bevacizumab has also been reported to decrease edema in patients with 

glioblastoma, reducing the necessity of steroid-based treatments [165]. Most 

studies are concordant in the fact that bevacizumab improves the progression-

free survival and overall survival in most patients, however, there is still the 

necessity to optimize bevacizumab’s dosage and the treatment duration. 

Randomized studies are currently undergoing, that aim to answer these 

questions. Lastly, bevacizumab seems to lack any biomarker or genetic 

indication that a patient may benefit from its use, making it difficult to predict 

which patients will have a better than usual response to bevacizumab. Further 

research should be conducted to attempt to identify potential targets [166]. 

Although bevacizumab remains the only monoclonal antibody approved for 

therapy regarding glioblastoma, other antibodies with different targets than 

VEGF are being researched, mainly in pre-clinical and clinical trials. A likely 
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target could be antibodies that block the EGFR and its subsequent aggressive 

mutation, EGFRvIII, as mentioned previously, such as cetuximab, 

nimotuzumab or panitumumab. The use of cetuximab as a single agent was 

exploited, but was not found to be an improvement over existing therapies 

[167]. A case was reported where the dual therapy of a remission of a 

glioblastoma was achieved with the combination of cetuximab and 

bevacizumab, perhaps requiring that further research is conducted into why 

this particular case worked or how both antibodies potentiated each other’s 

action [168]. However, a phase II trial regarding a triple therapy regimen with 

cetuximab, bevacizumab and irinotecan, after first-line temozolomide therapy 

failed, showed that the results with and without cetuximab where not 

significantly different [169]. Studies with nimotuzumab showed that drug 

might be an effective agent regarding overall survival in glioblastoma patients, 

especially when coupled with radiotherapy. Furthermore, when nimotuzumab 

was applied in patient EGFR positive and with MGMT groups there was a 

significant increase in overall survival [170-172]. Thus, further research with 

EGFR antagonists should be considered as a potential salvage treatment when 

all else has failed. Thus far, bevacizumab is the only approved antibody for 

the treatment of glioblastoma, and nimotuzumab, which has an orphan status 

in both the USA and EU for the treatment of glioblastoma [173].  

 

d. Nanotechnology-based Drug Delivery Systems Carrying Antibodies 

to Overcome Current Therapy of Glioblastoma 

 

As presented before, antibody-based therapy has a role for the treatment 

of glioblastoma, to the point of being approved by the FDA there are obvious 

limitations that should be addressed. Not only the low rates of BBB crossing 

due to its extremely limiting rates when it comes to compounds penetrating 

it and the relatively large molecular size of antibodies, but also the binding of 

their Fc region to specialized FcγRIIb receptors on the surface of macrophage 

or lymphocytes can render the antibody’s therapeutic action useless seem to 

be the main disadvantages when considering glioblastoma therapy [174].  
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Thus, it is vital for researchers to research alternative ways to increase 

antibody’s effectiveness and therapeutic outcomes, as well as increasing their 

CNS penetration. As previously described, nanotechnology here emerges as a 

very promising strategy. The use of nanocarriers carrying the antibodies 

within them gives researchers the ability to functionalize the nanocarrier 

externally, through surface modifications to promote BBB targeting and 

subsequent crossing, through receptor-mediated transcytosis or adsorptive-

mediated transcytosis. These strategies usually give a higher rate of efficiency 

and effectiveness to therapy as BBB penetration values are usually higher 

[175]. Not only this, but nanocarriers have demonstrated clinical safety, and 

usually benefits the pharmacokinetics of the substance it is carrying. Lastly, 

nanocarriers benefit from a passive targeting effect, labelled the enhanced 

permeation and retention effect (EPR effect) (Figure 1.8.). This happens, due 

to the tumor in questions particularly leaky vasculature (critical in 

glioblastoma due to the angiogenic prowess of said tumor), which causes a 

passive accumulation of the nanocarriers in its vasculature, whilst preventing 

their return to circulation [176]. With all these advantages in mind, 

nanocarriers coupled with antibodies should undoubtedly be researched and 

perfected with the aim of employing these in human therapy. 
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Figure 1.8. Representative scheme of (a) passive and (b) active targeting. 

 

 



 

 39 

Organic nanocarriers include liposomes, dendrimers, micelles, NP 

synthesized from synthetic or natural polymers, and many more examples. 

These compounds are generally well tolerated, biodegradable and 

biocompatible, usually showing relatively low toxicity and moderate delivery 

efficiency. Organic nanocarriers also benefit from the EPR effect, and as 

mentioned previously, allow surface modification to promote an active 

targeted therapy towards the CNS (Figure 1.8.) [177]. 

The work carried out by Kito et al. demonstrated that monoclonal 

antibodies encapsulated within liposomes, targeting glioma-associated 

antigen, had selective toxicity against glioblastoma cells, and could in fact be 

an option regarding chemotherapy of glioblastomas [178]. Another study, by 

Mortensen et al. showed how liposomes conjugated with cetuximab enjoyed 

an increase in glioblastoma targeting and accumulation. The key point here is 

that cetuximab was not encapsulated within the liposome, but used to 

promote active targeting of glioblastoma cells, due to the high expression of 

EGFR. Thus, cetuximab could potentially have a dual role of active targeting 

glioblastoma cells, but also exert a therapeutic action on the liposome, as an 

EGFR antagonist [179]. Battaglia et al. demonstrated promising results when 

studying in vitro activity of SLN carrying bevacizumab. Although the results 

were promising, further research needed to be conducted regarding solid lipid 

NP carrying bevacizumab for glioblastoma therapy, such as BBB penetration 

values [180]. 

Using nanocarriers as antibody-carriers is a promising strategy. 

However, due to the antibody’s size and hydrophobicity, encapsulating an 

antibody within a nanocarrier is a great challenge, which explains why so little 

studies have been employed on nanocarriers carrying antibodies within them. 

Further research should be conducted in alternative ways to promote antibody 

encapsulation, as the potential therapeutic benefits of an antibody coupled 

with the improved delivery benefits of a nanocarrier is surely a very powerful 

and dynamic upcoming combination. 
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1.5. Summary highlights 

 

Entrapment of therapeutic antibodies into nanocarriers is a rising topic that 

will certainly catch the attention of many research groups and pharmaceutical 

companies worldwide. However, some authors still struggle with the fear that 

the size of the antibody molecules represents a major difficulty for successful 

nanoencapsulation. PLGA nanoparticles, SLNs, liposomes and chitosan 

nanoparticles are only a few examples of nanocarriers that have been used as 

antibody delivery systems. On the other hand, nanocarriers can be engineered 

for antibody delivery into/onto a target cell, tissue, organ or system with 

potential controlled release. For instance, it would be remarkable to develop 

nanostructures that carried and delivered therapeutic antibodies into specific 

cytoplasmic compartments in order to target numerous aberrant intracellular 

biomolecules for the treatment of many diseases (e.g. cancer, immune and 

infectious diseases).  

There are still some serious problems to overcome, especially concerning 

the occurrence of structural changes in antibodies due to the formulation 

procedures of nanoparticles. Indeed, the production of some nanocarriers 

involves aggressive processes such as heat, agitation, use of organic solvents 

or pH values too extreme for the maintenance of the conformation of carried 

antibodies. However, it was demonstrated by several authors that the antibody 

structure was not changed with the encapsulation. It is possible that antibody 

structure changes inside of nanoparticles, but when the antibody is released, 

the secondary structure may undergo an unfolding and their biological activity 

is maintained. Nevertheless, more studies about antibody characterization 

before and after nanoencapsulation are needed. 

Further research must be performed regarding toxicity studies, to carefully 

assess if entrapment of antibodies into nanocarriers is a safe approach. If no 

toxicity is found, the antibody nanoencapsulation could bring benefits to 

clinical research for antibody-based therapy. One of the biggest advantages 

related to antibody nanoencapsulation is the intracellular delivery of 

antibodies inside the cells. On the other hand, nanoencapsulation also allows 

an increased half-life of antibodies due to its controlled release. This strategy 
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brings benefits because antibody-based therapies are usually very painful for 

patients due to the painful IV administration route associated to long 

infusions. Indeed, other administration routes for antibody administration are 

needed to introduce. Thus, for clinical success, it will be necessary to continue 

the research in interdisciplinary areas such as molecular biology, cellular 

immunology, proteomics, nanotechnology, chemical engineering and 

pharmaceutical technology. 
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2.1. Overview 

 

GBM is the most common primary malignant brain tumor in adults with the 

worst prognosis among several carcinomas, where at around 10% of patients 

survives after 5-year of the diagnostics [1, 2]. This tumor is one of the most 

vascularized tumors due to its high vascularization rates. Thus, in 2009 FDA 

approved bevacizumab as second-line treatment (AvastinÒ) for GBM treatment 

[3]. Bevacizumab has the role to decrease the angiogenesis and tumorigenesis 

[4]. However, there is reported some failures concerning its GBM treatment 

due to its toxicity and the lack in the BBB crossing [2].   

Bevacizumab is a recombinant humanized monoclonal IgG1 that act 

against VEGF avoiding the binding between VEGF and its receptor [5]. VEGF 

has an important role in proliferation, vascular permeability and migration of 

endothelial cells. VEGF has also an important performance as mediator of 

tumorigenesis [6]. Indeed, it is described a high VEGF secretion by cancer cells, 

beyond stromal cells (e.g. macrophages, endothelial cells, fibroblasts) [7].  For 

that reason, cancer cells can control its proliferation, survival, migration and 

invasion by autocrine VEGF signaling, but also by others signaling pathways 

[6, 7].  

To overcome the poor BBB crossing of drugs as bevacizumab, 

nanotechnology might be used to allow an effective and controlled delivery, 

proposing a more efficient antiangiogenic therapy. Importantly, FDA has 

approved PLGA and PLA as drug delivery systems for certain medical 

applications due to their biocompatibility and biodegradability [8]. 

Particularly, PLGA nanoparticles are the most common type of polyester-based 

nanoparticles used for mAb delivery [9, 10]. PLGA NP are able to protect the 

3D structure of bevacizumab, prolonging its half-life, and deliver it in a 

controlled manner avoiding repeated administrations, being also proposed for 

intracellular delivery of antibodies [11]. Besides all the advantages provided 

by nanoparticles, physicochemical interactions between PLGA and 

bevacizumab must be considered to assure the bevacizumab bioactivity after 

its release. 
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2.2. Aims and specific objectives 

 

The main aim of this work is to develop polymeric nanoparticles carrying 

bevacizumab and study the influence of antibody-polymer interactions on 

antibody structure and bioactivity, with impact on final therapeutic effect. In 

order to accomplish this aim, several specific objectives are proposed, namely:  

• Optimize PLGA NP formulations to preserve bevacizumab structure and 

bioactivity, with good sustained release properties. PLGA NP are 

characterized regarding their size, surface charge, and morphology. 

• Develop and validate a HPLC method for the bevacizumab quantification 

from polymeric NP. 

• Study bevacizumab structure after encapsulation and after its release 

attenuated total reflectance-Fourier transform infrared spectroscopy 

(ATR-FTIR), circular dichroism (CD) and fluorescence spectroscopy.  

• Evaluate long-term stability of developed Bevacizumab-loaded PLGA 

nanoparticles following International Conference on Harmonisation of 

Technical Requirements for Registration of Pharmaceuticals for Human 

Use (ICH) guidelines, regarding NP properties and bevacizumab 

structure. 

• Demonstrate the in vitro anti-VEGF activity of bevacizumab-loaded 

nanoparticles after formulation and storage using human umbilical vein 

endothelial (HUVEC) cell line. 

• Study bevacizumab structure at different pH by ATR-FTIR, CD steady 

state fluorescence spectroscopy and time-resolved fluorescence 

spectroscopy, to understand the bevacizumab behavior in a in vivo 

model.  

• Evaluate the bevacizumab internalization from PLGA NP in a cancer cell 

line (U-87 MG) and a healthy cell line (hTERT E6/E7) in order to 

understand the effect of intracellular delivery in the GBM treatment.  

• Assess the pharmacokinetics, pharmacodynamics and toxicological 

profile of bevacizumab-loaded PLGA NP in CD-1 and nude mice model.  



 

 67 

In the present thesis, five main institutions had collaborated: the Institute 

for Research and Innovation in Health (I3S) at the University of Porto (Portugal), 

International Iberian Nanotechnology Laboratory (INL) in Braga (Portugal), 

Institute of Research and Advanced Training in Health Sciences and 

Technologies (IINFACTS) from Cooperative de Ensino Superior Politécnico e 

Universitário (CESPU, Gandra, Portugal), Department of Clinical Medicine from 

University of Aalborg (Denmark) and Department of Pharmaceutical Sciences 

from Northeastern University (Boston, USA). The group Nanomedicines and 

Translational Drug Delivery from I3s has a broad experience in the 

development of drug delivery systems, mainly, based on polymers for 

nanoparticles development. The group has an expertise in nanoparticles 

formulation, physical-chemical characterization of nanoparticles and in vitro 

assays concerning toxicity and bioactivity. The group Cell Mechanics from INL 

has a broad experience in cell biology, molecular biology and in vitro uptake 

studies. The group Drug Discovery, Delivery and Toxicology from IINFACTS 

has an expertise in the physical-chemical characterization of the nanosystems 

and their toxicity. On the other hand, the group from University of Aalborg is 

highly interested in the physical-chemical characterization of proteins and 

antibodies, studying the secondary and tertiary structure of 

proteins/antibodies as well as the physical interactions with proteins. Lastly, 

the group from Northeastern University has a broad experience in the 

evaluation of drug pharmacokinetics and pharmacodynamics in a in vivo 

model.  
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3.1 Abstract 

 

Monoclonal antibodies have deserved a remarkable interest for more than 

40 years as a vital tool for the treatment of various diseases. Still, there is a 

raising interest to develop advanced monoclonal antibody delivery systems 

able to tailor pharmacokinetics. Bevacizumab is a humanized immunoglobulin 

IgG1 used in antiangiogenic therapies due to its capacity to inhibit the 

interaction between vascular endothelial growth factor and its receptor. 

However, bevacizumab-based antiangiogenic therapy is not always effective 

due to poor treatment compliance associated to multiples administrations and 

drug resistance. In this work, we show a promising strategy of encapsulating 

bevacizumab to protect and deliver it, in a controlled manner, increasing the 

time between administrations and formulation shelf-life. Nanoencapsulation 

of bevacizumab represents a significant advance for selective antiangiogenic 

therapies since extracellular, cell surface and intracellular targets can be 

reached. The present study shows that bevacizumab-loaded PLGA 

nanoparticles does not impair its native-like structure after encapsulation and 

fully retain the bioactivity, making this nanosystem a new paradigm for the 

improvement of angiogenic therapy. 
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3.2. Introduction 

 

More than two centuries have passed since it began to be known the 

potential of mAbs as unique biological tools for the treatment of several 

diseases, such as cancer, asthma, immune and infectious diseases [1]. Soon 

after the first development of mAbs in 1975, mAb-based therapy is continuing 

at a remarkable pace, with approximately 50 monoclonal antibodies approved 

by FDA [2] up to date.  

Bevacizumab is a humanized IgG1 monoclonal antibody that binds to human 

VEGF-A and inhibits the interaction between VEGF-A and VEGF receptor 

tyrosine kinases. VEGF-A is a key regulator of tumor angiogenesis and has a 

noteworthy role in the promotion of growth vascular endothelial cells, 

regulation of vascular permeability and vasodilatation, and induction of 

endothelial migration [3]. Therefore, bevacizumab binds to VEGF-A and avoids 

the interaction between VEGF-A and their receptors, blocking of angiogenesis. 

Bevacizumab may be used in the treatment of AMD [4], retinal 

neovascularization [5], and several cancers [6, 7]. Although antiangiogenic 

therapy is producing an undeniable clinical benefit for a wide range of 

diseases, in some cases this therapy is not beneficial due to resistance to the 

treatment [8]. Occasionally, the tumors manifest adaptive resistance against 

angiogenesis inhibitors, including bevacizumab [9]. Revascularization caused 

by upregulation of pro-angiogenic signals, increased tumor cells proliferation 

and the protection of tumors vasculature are some of the mechanisms 

responsible for adaptive resistance. Additionally, some studies have reported 

the existence of an intracellular pool of VEGF in cancer cells [10].  

Other limitations of mAb-based therapy are due to its limiting 

pharmacokinetics and low tumor penetration based on mAb size, tumor 

pressure gradient and “binding site barrier effect” [11]. Other medical 

applications of bevacizumab include the treatment of inflammatory and 

angiogenic diseases of the eye [12]. This treatment implies multiples 

administrations by intraocular route since intravitreal half-time of 

bevacizumab is small (7-10 days) [13]. Thus, patient compliance to the 

treatment can be compromised due to the possible onset of complications 
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(e.g. retinal detachment, endophthalmitis, vitreous haemorrhage) [14]. 

Therefore, encapsulation of bevacizumab into nanocarriers holds the potential 

to overcome some of these drawbacks, increasing the half-time of 

bevacizumab, reducing the administration's number and improving patients 

convenience [5, 15-18]. Additionally, NP may be targeted to specific cells and 

deliver the mAb inside the cell, when intracellular components are the target 

[10]. This may be reached with the use of PLGA as polymer in the NP 

formulation. PLGA is a synthetic polymer approved by FDA and EMA to 

polymeric nanoparticles production due to their harmless properties [19]. 

Controlled release, biocompatibility, biodegradability properties of PLGA NP 

promotes an overall decrease in toxicity and a potency enhancement of the 

therapy with mAbs [19, 20]. Nanoencapsulation in polymeric NP also allows 

increased of shelf-life of formulations, improving the long-term storage 

conditions and bringing fewer costs for the manufacturer and the hospital. 

Lyophilization of PLGA nanoparticles is a common way to increase shelf-life of 

formulations and reduce instability of the bevacizumab-loaded NP upon 

storage [21]. This method may also avoid the aggregation of PLGA NP in 

solution consequent of the hydrolytically unstable structure of polymer [22]. 

However, methods to achieve NP formulation usually involve conditions 

such as the use of organic solvents, aggressive pH, high pressure and 

temperature, sonication, and ionic strength [23] that may lead to structural 

instability of the mAb, compromising the mAb bioactivity and increasing 

immunogenicity [24]. Therefore, it is critical to analyze how the 

nanoencapsulation influences the stability of mAbs during the development 

of mAb-loaded PLGA nanoparticles.  

The main objective of the present study was to develop a formulation of 

bevacizumab-loaded PLGA NP and evaluate how nanoencapsulation may affect 

the bevacizumab release, structure and their bioactivity. Additionally, 

lyophilization of nanoparticles formulation was made to improve the stability 

of PLGA NP.  
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3.3. Materials and Methods  

 

For the NP production, poly(lactic-co-glycolic acid), PLGA 5004 A 

(50:50), was gently offered by Corbion-Purac Biomaterials (Holland, 

Netherlands). Ethyl acetate (EA) and poly (vinyl alcohol) (PVA) was purchased 

from Sigma-Aldrich (St. Louis, MO, U.S.A.). The monoclonal antibody used was 

Bevacizumab (Avastin), which was kindly provided by Genetech Inc., South San 

Francisco, CA. Bevacizumab was stored at 4ºC and was provided with 51 mM 

sodium phosphate pH 6.2, 60 mg/mL trehalose dihydrate and 0.04% 

polysorbate 20. For the HPLC analysis, Trifluoroacetic acid (TFA) from Acros 

Organics (Morris Plains, NJ, USA) and acetonitrile HPLC Gradient Grade from 

Fischer Scientific (Lough-borough, UK) were used. Ultrapure water was 

prepared in-house with a conductivity of 0.055 µS/cm and a resistivity of 18.2 

MW.cm, using Milli-Q station from Millipore Corp. (Madrid, Spain) 

For the in vitro release study, sodium phosphate dibasic dehydrate, 

sodium phosphate monobasic monohydrate, sodium carbonate, sodium 

bicarbonate, were purchased from Merck (Darmstad, Germany). Bradford 

Protein Assay Kit from Thermo Scientific (Wilmington, DE, U.S.A.) was used in 

bevacizumab quantification for in vitro release study. For the cell culture, 

HUVEC were purchased from ScienCell (Carlsbad, CA, U.S.A.). Several reagents 

to cell culture were acquired from Sigma, such as M199 medium, Fetal Bovine 

Serum (FBS), heparin sodium, gelatin solution 2%, endothelial cell growth 

supplement (ECGS), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) and dimethyl sulfoxide (DMSO). Recombinant human VEGF165 

was purchased from BioLegend (San Diego, U.S.A.). For the BrdU incorporation 

assay, it was acquired Cell Proliferation ELISA, BrdU (colorimetric) Kit (Roche 

Applied Science, Indianapolis, IN). 

 

a. Preparation of PLGA nanoparticles 

 

Bevacizumab-loaded PLGA NP were prepared through a modified solvent 

emulsification-evaporation method based on a w/o/w double emulsion 

technique [21, 25]. One hundred milligrams of PLGA 50:50 were dissolved in 
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1 mL of ethyl acetate. Then, 80 μL of a 25 mg/mL bevacizumab solution 

(Avastin) were added, and the polymeric solution was homogenized for 30 s 

using a Vibra-Cell™ ultrasonic processor with 70% of amplitude. After this 

homogenization, 4 mL of the surfactant solution, 2% of PVA in deionized 

water, were added into the primary emulsion formed (w/o) and mixed using 

the same sonication conditions. Finally, the second emulsion (w/o/w) was 

added into 7.5 mL of the same surfactant solution. This emulsion was left in 

a fume hood under magnetic stirring at 300 rpm during 3 h for EA evaporation. 

The obtained NP formulation were washed three times with ultrapure water by 

centrifugation. The centrifugation was performed at 40000g for 30 min, using 

Beckman Avanti J26 XPI ultracentrifuge from Beckman Coulter (Brea, CA, 

U.S.A.). In the third centrifugation, the NP formulation was redispersed in 

water before storage at desired concentration. The same procedure was made 

to produce unloaded NP. 

 

b. Bevacizumab association efficiency (AE) and drug loading (DL) 

 

The AE and DL were calculated by direct and indirect method. 

Bevacizumab quantification by direct method was made by addition of ethyl 

acetate to disintegrate PLGA nanoparticles. Then, a liquid-liquid extraction 

was performed in order to quantify bevacizumab in the aqueous phase. The 

AE was determined indirectly, where the amount of bevacizumab encapsulated 

into PLGA NP was calculated by the difference between the total amount of 

bevacizumab used in the NP formulation and the free bevacizumab in the 

supernatant isolated by ultracentrifugation in a Beckman Avanti J26 XPI 

ultracentrifuge at 40000g during 30 min at 4ºC. The DL was calculated taking 

into account the total dry weight of PLGA NP. Briefly, AE and DL were 

determined using the following equations: 

	

AE	(%) = 	
Total	amount	of	bevacizumab − Free	bevacizumab	in	supernatant

Total	amount	of	mAb × 100			 

DL	(%) =
Total	amount	of	bevacizumab − Free	bevacizumab	in	supernatant

Total	dry	weight	of	nanoparticles × 100	 
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For the quantification of free bevacizumab in the supernatant, a high-

performance liquid chromatography (HPLC) method was used. Measurements 

were performed using a Shimadzu UFLC Prominence System equipped with 

two pumps LC-20AD, an autosampler SIL-20AC, an oven CTO-20AC, a 

degasser DGU-20A5, a system controller CBM-20A and a LC solution version 

1.24 SP1. The fluorescence detector was a Shimadzu RF-10AXL, and the column 

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

diameter x 260 mm length from Agilent Technologies (Santa Clara, CA, U.S.A.). 

Chromatographic analysis was performed in a gradient mode consisted of 

0.1% TFA in ultrapure water (eluent A) and 0.1% TFA in acetonitrile (eluent B). 

The eluent flow rate was 1.0 ml/min and the gradient started at 35% of eluent 

B, held for 1 min. The gradient was increased to 45% in 0.1 min and kept 

constant from 1.1 to 6 min. Then, eluent B was decreased to origin value (35%) 

in 0.1min and kept constant from 6.1 to 14 min. The temperature of the 

column was maintained at 75 ºC, and the injection volume was 2 μL. Detection 

was realized by fluorescence, with excitation at 280 nm and emission at 360 

nm. All samples were run in triplicate, and the total area of the peak was used 

to quantify bevacizumab. 

 

c. Freeze-drying of nanoparticles 

 

NP were washed three times with ultrapure water, and after the last 

ultracentrifugation, NP were redispersed in ultrapure water before 

lyophilization. A set of three replicates of unloaded NP and bevacizumab-

loaded NP were poured into semi-stoppered glass vials with slotted rubber 

closures at a maximal formulation volume of 2 mL. The samples were frozen 

at -80 ºC for 6 h followed by lyophilization using a Modulyo 4 K freeze-dryer 

from Edwards (Crawley, West Sussex, U.K.) at 0.09 mbar for 72 h. The 

condenser surface temperature was maintained at -60 ± 5 ºC. The lyophilized 

samples were used in ATR-FTIR spectroscopy. 
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d. Freeze-dried samples reconstitution  

 

In order to characterize the freeze-dried NP, the samples were 

reconstituted with ultrapure water at desired concentration. After 10 min of 

NP in contact with ultrapure water, samples were lightly shaken in a Vortex 

Mixer ZX Classic (Velp Scientifica) during 3 min to complete the 

homogenization of samples.  

 

e. Particle size and potential zeta analysis 

 
After production and lyophilization, both formulations, in suspension and 

after reconstitution, were characterized for their average particle size, 

polydispersity index (PDI) and average zeta potential, by dynamic light 

scattering, using a Malvern Zetasizer Nano ZS instrument (Malvern 

Instruments Ltd). For the measurement, a set of three replicates were diluted 

with ultrapure water to an appropriate concentration. 

 

f. Characterization of nanoparticle morphology 

 
The morphology of NP in suspension and after reconstitution (either 

unloaded or loaded) was observed by transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM). Both formulations were washed by 

ultracentrifugation (using the same conditions described above) to eliminate 

the surfactant (PVA). The samples, for TEM measurements, were fixed in a 

grid, treated with uranyl acetate and then, were observed in a JEOL JEM-1400 

electron microscope (JEOL Ltd, Tokyo, Japan). For SEM measurements, samples 

were seen in a FEI Quanta 400 FEG SEM microscope (FEI, Hillsboro, OR, USA). 

Before the observation, samples were mounted onto metal stubs and vacuum-

coated with a layer of gold/palladium. 
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g. Bevacizumab in vitro release study 

 
Bevacizumab in vitro study was performed using the bevacizumab-loaded 

NP in suspension. In a first step, NP were washed by ultracentrifugation (using 

the same conditions described above) to eliminate the non-encapsulated 

bevacizumab into PLGA NP. Bevacizumab-loaded NP were dispersed in 15.0 

mL of buffers with different pHs, incubated at 37ºC under magnetic stirring at 

100 rpm. It was made a triplicate procedure for each pH. Aliquots (0.5 mL) 

were taken at predetermined time points (1, 2, 4, 8, 24, 48, 72 and 168 h) and 

the samples were replaced with a fresh medium maintained the same 

temperature. With the purpose to calculate the released bevacizumab, each 

aliquot was ultracentrifuged, and the released amount of bevacizumab in the 

supernatant was calculated by Bradford protein kit assay kit. The chosen pHs 

were pH 6, 7.4 and 10. 

 

h. ATR-FTIR analysis 

 
The secondary structure of entrapped bevacizumab into PLGA NP was 

evaluated by ATR-FTIR.  The spectra analyses were realized in ABB MB3000 

FTIR spectrometer from ABB (Zurich, Switzerland) equipped with a MIRacle 

single reflection attenuated total reflectance accessory from PIKE 

Technologies (Madison, WI, U.S.A.). 

Spectra of freeze-dried unloaded NP, freeze-dried bevacizumab-loaded NP, 

native bevacizumab, and thermally denatured bevacizumab were obtained. 

The spectrum of native bevacizumab was accessed by 25 mg/mL bevacizumab 

solution (Avastin) provided gently from Genentech. The spectrum of thermally 

denatured bevacizumab was obtained when a 25 mg/mL bevacizumab 

solution was submitted to 100 ºC, to induce the denaturation of mAb. The 

spectra collection of all samples were made with 256 scans and a 4 cm-1 

resolution in the region of 600-4000 cm-1, and a set of three replicates of each 

formulation was analyzed. To obtain a bevacizumab spectrum a double 

subtraction procedure (buffer or unloaded NP and water vapor) [26] was made, 

followed by a 13 points Savitsky-Golay second derivative, and a baseline 
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correction using 3-4 point adjustment at the amide I region (1600-1700cm-1). 

This spectral treatment was executed using the HorizonMB FTIR software from 

ABB (Zurich, Switzerland). Lastly, all spectra were area-normalized for 

comparison using Origin 8 software (OriginLab Corporation, Northampton, 

MA, USA).  

 

i. Spectral Similarity analysis 

 
Area overlap (AO) and spectral correlation coefficient (SCC) were the 

algorithms chosen to quantitatively compare the similarity of the FTIR spectra 

between bevacizumab-loaded NP and native bevacizumab and thermally 

denatured bevacizumab [25]. Both algorithms were used taking into account 

the area normalized second-derivative amide I spectra of native bevacizumab. 

All the results are displayed in percentage, and the percentage is correlated 

with the similarity of spectra.  The reference chosen was the bevacizumab 

solution because it is known that the stability of a solid protein formulation 

increases with the rise of similarity to the FTIR spectra in solution [27]. 

 

j. CD analysis 

 
With the purpose of evaluating the secondary structural content of the 

native bevacizumab, released bevacizumab and the thermally denatured 

bevacizumab, CD analysis was performed. The measurements were carried 

out performed using a Jasco J815 CD Spectrophotometer (Jasco Incorporated, 

Easton, U.S.A.) and the lamp housing was purged with nitrogen. The spectra 

were obtained from 200 to 260 nm using a 0.1 cm cell, a bandwidth of 1 mm, 

a data pitch of 0.5 nm, a data integration time of 2 sec, and a scanning speed 

of 50 nm/min. The sample volume required was 0.4 mL. All spectra were the 

average of 8 scans. CD spectrum of the buffer was subtracted from the sample 

spectrum and smoothed using 9 Savitzky-Golay points before conversion to 

absolute CD values. Native bevacizumab, released bevacizumab from PLGA NP 

and thermally denatured bevacizumab were analyzed in triplicate. Native 

bevacizumab at 0.150 mg/mL was used as a reference. To obtain the spectrum 
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of thermally denatured bevacizumab, a bevacizumab solution at 0.150 mg/mL 

was submitted to 90 ºC, in order to induce the denaturation of mAb. 

 

k. Fluorescence spectroscopy 

 
Fluorescence excitation and emission spectra of released bevacizumab and 

native bevacizumab were compared with a view to observing structural 

conformational changes of tertiary structure. The measurements were carried 

out using a Felix fluorescence RTC 2000 spectrometer (Photon Technology 

International, Canada, Inc. 347 Consortium Court London, Ontario N6E 2S8), 

using a 75-W Zenon arc lamp coupled to a monochromator. The fluorescence 

excitation spectra were obtained from 200 to 300 nm, fixing the emission 

excitation wavelength at 337 nm. The fluorescence emission spectra were 

obtained from 300 to 530 nm with an integration time of 0.1 s and 1 nm of 

step size, fixing the excitation wavelength at 280 nm. All spectra were 

collected with using an excitation slit width of 0.25 mm and an emission slit 

width of 6 mm. The buffer spectrum was subtracted from the sample spectrum 

and normalized based on bevacizumab concentration. Native bevacizumab at 

0.075 mg/mL at pH 10 was used as a reference. The spectrum of thermally 

denatured bevacizumab was assessed when a bevacizumab solution at 0.075 

mg/mL at pH 10 was warmed up from 25ºC to 90 ºC, using a heating rate of 

1ºC/min, to induce the denaturation of mAb. 

 

l. Cell cultures 

 
HUVEC cells were cultured in M199 medium, supplemented with 20% of 

FBS, 0.1 mg/mL of heparin and 0.03 mg/mL of endothelial cell growth 

supplement. HUVECs were harvested on 1% w/v gelatin-coated tissue culture. 

The medium was renewed every 2 to 3 days until cells reached confluency. 

HUVEC monocultures were seeded at a density of 3x103 cells/cm2 for all 

conditions tested. 
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In some experiments, HUVEC cells were treated with 50ng/ml of VEGF. 

Different concentrations of Bevacizumab, Bevacizumab-loaded NP or unloaded 

NP were tested. 

 

m. MTT cell toxicity assay 

 
HUVEC monocultures were seeded at a density of 3x103 cells/cm2 without 

heparin and ECGS and incubated during 24 hours. Then, HUVEC monocultures 

were incubated for 24, 48 or 72 hours, with 50 ng/mL of VEGF and 0,1; 1; 10 

and 100 µg/mL of Bevacizumab (Avastin), Bevacizumab-loaded NP, or 

unloaded NP. After the incubation period, the media was removed, and 150µL 

of 0.5 mg/mL MTT solution was added at each well, followed by incubation of 

the plates at 37ºC during 4h. The reaction was terminated by removal of the 

media and addition of 150 µL of dimethyl sulfoxide. The levels of reduced 

MTT were determined by measuring the absorbance at 590 nm and 630 nm 

using a microtiter plate reader (Biotek-Synergy H1 Hibrid reader, using the 

Gen5 2.01 program). The % of MTT reduction was calculated as follows: 

%	MTT	reduction

= 	
absorbance	of	treated	cells

absorbance	of	untreated	control	(cells	culture	without	VEGF) × 100	 

The final results of MTT reduction, are expressed as the percentage of the 

absorbance of control cells (cells culture without VEGF). 

 

n. Bromodeoxyuridine (BrdU) proliferation assay 

 
The BrdU cell proliferation assay is an immunoassay for the quantification 

of BrdU, which is incorporated into newly synthesized DNA during the 

proliferative period of the cells. HUVEC cells were cultured in 96-well plates at 

a density of 3x103 cells/cm2 and treated with 50 ng/mL of VEGF and 10µg/mL 

of Bevacizumab, Bevacizumab-loaded NP, or Unloaded NP. BrdU labeling 

reagent (final concentration, 10 mM) was added after 48 h of culture. At 72 h, 

the culture media was removed, the cells were fixed, and the DNA was 

denatured in one step by adding FixDenat. Next, the cells were incubated with 

the anti-BrdU-POD antibody for 90 minutes at room temperature. After the 
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removal of the antibody conjugate, the cells were washed, and the substrate 

solution was added. The reaction product was quantified 15 min after, by 

measuring the absorbance using a microtiter plate reader (Biotek-Synergy H1 

Hibrid reader, using the Gen5 2.01 program) at 370nm with a reference 

wavelength of 492nm. The % of BrdU incorporation was calculated as follows: 

 

%	BrdU	incorporation = 	
absorbance	of	treated	cells

absorbance	of	untreated	control	(cells	culture	without	VEGF) × 100 

 

o. Statistical Analysis 

 
For the performed statistical analysis, the GraphPad Prism Software vs. 

6.0 (GraphPad Software Inc.) was used. Differences between groups were 

compared using one-way analysis of variance (ANOVA) Tukey post hoc test. 

Results are expressed as a mean ± standard deviation from a minimum of 

three independent experiments. Differences were considered significant at * 

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

 

3.4. Results and discussion 

 

a. Nanoparticles characterization 

 

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

double emulsion technique was the optimized method used to produce 

successfully, unloaded NP and bevacizumab-loaded NP [21, 25, 28]. Both 

formulations were characterized regarding mean particle size, PdI and zeta 

potential. After unloaded NP production, PLGA NP showed a small mean 

particle size (168.4 ± 5.4 nm), a little PDI (0.104 ± 0.003) and a negative 

charge of – 23.1 ± 1.5 mV (Table 3.1). The negative charge of PLGA NP is due 

to its deprotonated carboxylic end groups of lactic and glycolic acid, and its 

value is a good indicator that NP are stable [29]. Bevacizumab AE  and DL were 

determined by fluorescence spectroscopy associated with HPLC (Table 3.1). 

There was no siginificant differences in the determination of bevacizumab AE 
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and DL by direct and indirect method (data not shown). The mean particle size 

increased up to 198.6 ± 5.4 nm and PDI increased up to 0.160 ± 0.033 when 

bevacizumab was encapsulated into PLGA NP. These results may be explained 

by the high size of bevacizumab (149 kDa and 21.4 nm of radius minimum) 

and a high adsorption of bevacizumab on the particle surface [30]. 

Additionally, upon encapsulation, the negative charge of loaded nanoparticles 

decreased up 0.89 times. This reduction is due to the positive charge that 

bevacizumab displays at pH 7.4, since its isoelectric point is 8.3 [31]. Despite 

the decrease, the formulation is stable because it is described that a minimum 

zeta potential of  ± 20 mV is desirable [32].  

To avoid the aggregation of NP, fusion of NP and the hydrolysis of the 

PLGA, both formulations were freeze-dried without any cryoprotectant. Thus, 

in Table 3.1. is also described the physicochemical properties of unloaded NP 

and bevacizumab-loaded NP after lyophilization with no cryoprotectant added. 

The increase in particle size and PdI and the decrease of potential zeta 

obtained from both freeze-dried NP are indicative of some aggregation and 

fusion of nanoparticles [33]. Indeed, it was demonstrated that during the 

freeze-drying process in the freezing step, it is possible to occur aggregation 

and occasionally irreversible fusion of NP, if any cryoprotectant is added to 

the formulation [25]. Thus, it is important to add cryoprotectant to 

nanoparticles formulation before the freeze-drying process.  
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Table 3.1. Physicochemical properties of unloaded NP and bevacizumab-

loaded NP before and after freeze-drying.  

 Unloaded NP Bevacizumab-loaded NP 

Before 

freeze-

drying 

After freeze-

drying 

Before 

freeze-

drying 

After freeze-

drying 

Particle size 

(nm) 

168.4 ± 5.4 259.4 ± 7.0 198.6 ± 5.4 299.8 ± 2.2 

Polydispersity 

index (PDI) 

0.104 ± 0.003 0.262 ± 

0.031 

0.160 ± 

0.033 

0.412 ± 

0.028 

Zeta Potential 

(mV) 

-23.1 ± 1.5 -20.6 ± 0.4 -20.8 ± 1.4 -16.6 ± 1.1 

Association 

efficiency (%) 

ND ND 82.47 ± 0.56 ND 

Drug Loading 

(%) 

ND ND 1.62 ± 0.01 ND 

Values are expressed as a mean ± standard deviation. ND: not determined 

 

 

The visualization of the morphology of unloaded NP and bevacizumab-

loaded NP has been assessed through TEM and SEM. SEM provides information 

about the surface of nanoparticles, whereas TEM gives information about the 

shape of nanoparticles. The removal of PVA from NP formulations is 

mandatory, to obtain the best microscopic appearance of nanoparticles. 

Unloaded NP and bevacizumab-loaded NP were observed after formulation and 

after their lyophilization with no cryoprotectant added by SEM (Figure 3.1.) 

and by TEM (Figure 3.2.). The results obtained either TEM or SEM showed that 

all formulations had similar characteristics with a spherical shape and smooth 

surface. Additionally, it is also observed some nanoparticle aggregation and a 

bigger size for the resuspended freeze-dried samples comparatively to fresh 

NP. 
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Figure 3.1. SEM microphotographs of unloaded NP (A), bevacizumab-loaded 

NP after production (B), freeze-dried unloaded NP (C) and freeze-dried 

bevacizumab-loaded NP (D). Scale bar: 2 μm  

 

 

Figure 3.2. TEM microphotographs of unloaded NP (A), bevacizumab-loaded 

NP after production (B), freeze-dried unloaded NP (C) and freeze-dried 

bevacizumab-loaded NP (D). Scale bar: 200 nm 
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To explain the kinetics of bevacizumab release from PLGA NP, the pH-

dependent release profile of bevacizumab-loaded NP was tested at 3 differents 

pHs (6, 7.4 and 10). In Figure 3.3, it is shown the in vitro pH-dependent 

bevacizumab release profile from PLGA NP during 168 hours after formulation.  

Results also revealed that release profile for bevacizumab from PLGA NP 

is pH-dependent, where the amount of bevacizumab released increased with 

increasing pH. However, the release rate of bevacizumab-loaded from PLGA 

NP is lower than expected. This tendency of the low release profile of mAbs is 

due to several factors, such as the degradation of the polymer, diffusion of 

the mAb from the PLGA NP, size of mAb, isoelectric point of mAb and 

nanoparticle porosity [34]. Bevacizumab has an isoelectric point of 8.3, 

meaning that above this value, bevacizumab is negatively charged. As  PLGA 

NP have a negative charge, at pH lower than 8.3, there is a strong electrostatic 

attraction between bevacizumab and NP, decreasing the release rate. 

Furthermore, as bevacizumab has a large size, its diffusion transport from NP 

is limited, being the release rate widely associated with the polymer 

degradation. It is known that polymer degradation is influenced by several 

factors, involving mechanisms of hydrolysis, enzymatic cleavage, 

physicochemical characteristics of the polymer and physicochemical 

parameters [35]. For instance, PLGA is degraded strongly at the alkaline and 

acidic conditions due to the ester hydrolysis caused by acid-base catalysis. In 

fact, our results show that at pH 10, the amount of bevacizumab released was 

greater. However, the low amount of bevacizumab released at pH 6 and 7.4 

may also be explained knowing that this in vitro study does not account for 

the cellular complexity involved in the degradation process. The selection of 

the pH range was based on the normal physiology and disease condition of 

the human body as well as to prove the AE of bevacizumab-loaded NP. Thus, 

pH 6 was chosen once the cellular uptake of nanoparticles is intended. Indeed, 

the internalization of NP by endocytosis often use the endosomal-lysosomal 

pathway [36]. Thus, this pH was selected since the pH of 

endosomes/lysosomes is around 5.5-6.5 [37]. Conversely, taking into account 

the biological relevance of this study, the physiological pH 7.4 was selected. 

Despite pH 10 has not biological significance, it was chosen to prove the real 
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AE of bevacizumab-loaded PLGA NP, showing the influence interactions 

between bevacizumab and PLGA NP. In addition to the well-described non-

covalent interactions between mAb and polymeric nanoparticles (e.g. ionic and 

hydrophobic interactions), some covalent interactions may occur [38]. For 

instance, Chiu et al. demonstrated the effect of multivalent liposomal 

therapeutic antibody constructs in the modulation of malignant cell survival 

pathways due to the extensive cross-linking of target/antibody complex [39]. 

Indeed, some authors have proved the reduction in drug release from PLGA 

microparticles due to the surface crosslinking of PLGA microparticles [40]. On 

the other hand, Mordenti et al. also demonstrated a slow release of a 

recombinant human mAb from PLGA microspheres in order to treat ocular 

disease by intravitreal route [41]. Summarily, bevacizumab release from PLGA 

NP showed a slow and pH-dependent release profile, which means that the 

present formulation allows for a reduction of the frequency of administrations, 

reducing the cost of therapy. However, in vivo studies should be made to prove 

that PLGA NP allow a slow release of bevacizumab. 

 

 

Figure 3.3. In vitro pH-dependent bevacizumab release profile from PLGA NP 

at pH 6 (circle), pH 7.4 (square), pH 10 (triangle) (n=3, bars represent SD). 
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b. Bevacizumab structure after encapsulation 

 

For the determination of putative structural changes of bevacizumab inside 

PLGA NP, ATR-FTIR spectroscopy was performed. Thus, to see the changes of 

bevacizumab structure, spectrum of bevacizumab-loaded NP was compared 

with native and thermally denatured bevacizumab. Qualitative (Figure 3.4) and 

quantitative (Figure 3.5) changes were obtained by area normalized second 

derivative and area overlap (AO) and spectral correlation coefficient (SCC), 

respectively. To get the spectra of bevacizumab-loaded NP, only freeze-dried 

NP was used. Actually, to assess the protein secondary structure in an aqueous 

medium, it is it is desirable that protein concentrations be higher than 3 

mg/mL [42]. For that reason, solid samples were taking into account for this 

technique. 

 

Figure 3.4. Second derivative amide I FTIR spectra of native bevacizumab, 

freeze-dried bevacizumab, freeze-dried bevacizumab-loaded NP and thermally 

denatured bevacizumab.  
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ATR-FTIR spectroscopy is one of the most powerful non-invasive 

techniques to assess the secondary structure of proteins inside NP [26]. The 

secondary structure of mAb can be determined by analysis of the amide I 

region (1700-1600 cm-1) of the spectrum, corresponding to the C=O stretching 

vibrations of the amide group, bending of the N-H bond and stretching of the 

C-N bonds. The C=O stretching vibrations of the ester group of PLGA arise at 

around 1750 cm-1 and therefore, the interpretation of secondary structure is 

made without any interference. Structural modifications can be monitored 

through a comparison of the area normalized second-derivative amide I 

spectrum of native bevacizumab and the intended sample.  

The second derivative spectrum of native bevacizumab showed that 

bevacizumab secondary structure is composed by 80.7% of β-sheet (1614 cm-

1, 1635 cm-1, 1691 cm-1) and 19.7% of β-turns (1662 cm-1,1677 cm-1). Changes 

in bevacizumab secondary structure reveal when these bands suffer 

modifications, either in a shift or decrease/increase in intensity. Figure 3.4 

shows that, when native bevacizumab was freeze-dried, the main band 

characteristic of the β-sheet content (1935 cm-1) increased and occurred a right 

shift of 2 or 3 cm-1, for the wavenumber 1635, 1662 and 1677 cm-1. It is well-

known that lyophilization process allows the formation of intermolecular β-

sheets due to water removal, causing an increase in β-sheet content and a 

decrease of a α-helix [43].  

Additionally, the spectrum of bevacizumab-loaded NP showed some 

modifications in comparison with native and lyophilized bevacizumab. In fact, 

there was the onset of a wavenumber at around 1625 cm-1, the disappearance 

of the band at 1614 cm-1, decrease of the band at 1641cm-1, and increase the 

bands 1666 and 1677 cm-1(Figure 3.4.). The appearance of the band at 1625 

cm-1 is attributed to the formation of intermolecular β-sheet caused by 

aggregation phenomena [44]. In fact, thermally denatured bevacizumab 

spectrum have two additional bands at 1622 and 1645 cm-1 related with 

intermolecular β-sheet and unordered structure, respectively [45]. However, 

significantly differences between the spectrum of thermally denatured 
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bevacizumab and bevacizumab-loaded NP were found, meaning that 

bevacizumab was not completely denatured (Figure 3.5).  

AO indicates the quantitative modifications of bevacizumab secondary 

structure, whereas SCC represents the changes in the band positions [25]. 

After NP production, bevacizumab structure was preserved in about 73.0 ± 

2.0, meaning that suffered a structural change of about 27.0% (Figure 3.5). 

Additionally, results also demonstrated that the own lyophilization process 

caused changes structural of about 14.7% and only 61.8 ± 2.0% of 

bevacizumab structure was maintained in denatured bevacizumab. 

 

Figure 3.5. Area overlap and spectral correlation coefficient percentages 

of freeze-dried bevacizumab, bevacizumab-loaded NP and thermally 

denatured bevacizumab. Results are significantly different (**p < 0.01, **** p 

< 0.0001) from native bevacizumab.  

 

c. Bevacizumab structure after release 

 

Although there were bevacizumab conformational changes while encapsulated 

into PLGA NP, a refolding of bevacizumab structure can occur after its release. 

Thus, to evaluate the conformational modifications of bevacizumab secondary 

structure and tertiary structure, CD and Fluorescence spectroscopy were used. 

As mAbs are optically active macromolecules absorbing circular polarized 

light, CD spectroscopy can be used to determine its secondary structural 

content [46]. Thus, the absorption of peptide bond varies according to the 

types of secondary structure of protein. However, this technique does not 
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allow the determination of bevacizumab-loaded NP due to the light scattering 

caused by PLGA nanoparticles. Thus, CD spectroscopy was used to determined 

the secondary structural content of native, thermally denatured and released 

bevacizumab (Figure 3.6).  

 

Figure 3.6. Far-UV spectra of native bevacizumab, released bevacizumab 

and thermally denatured bevacizumab.  

 

CD spectra of native, thermally denatured and released bevacizumab 

were obtained and compared. The CD spectrum of 0.1 mg/mL bevacizumab 

solution at pH 10 was used as a reference to native bevacizumab structure. 

Figure 3.6 shows that secondary structure of native bevacizumab is 

dominated by β-sheet structure because the spectrum showed a minimum at 

about 218 nm and a maximum at 202 nm. The spectrum of released 

bevacizumab did not show relevant shifts of the characteristic spectrum of 

native bevacizumab, indicating the prevalent β-sheet structure of 

bevacizumab. The decrease of the ellipticity signal may be attributed to a small 

variability in the rearrangement of bevacizumab structure. The spectrum of 
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thermally denatured bevacizumab shows that bevacizumab structure is 

dominated by random coil structure with a minimum at about 202 nm. Several 

authors associate the appearance of random coil structures in a protein with 

protein denaturation [47, 48]. Actually, Vermeer et al. showed that with the 

increase of temperature, structural modifications of an IgG occur being 

translated by a decrease of β-sheets and β-turns structures and an increment 

of α-helix and random coil structures [49].  

Monitoring of conformational changes of bevacizumab tertiary structure 

by fluorescence spectroscopy is crucial since the secondary structure can be 

intact even when the tertiary structure is modified or lost [50]. The 

fluorescence spectra of native, released and thermally denatured bevacizumab 

are shown in Figure 3.7. The spectrum of native bevacizumab at pH 10 shows 

a maximum of excitation and emission fluorescence intensities at around 285 

and 336 nm, respectively, which is in agreement with others results previously 

reported [51].Released bevacizumab spectrum was practically similar to the 

native bevacizumab spectrum, concluding that the solvent accessibility of 

tryptophan residues is maintained after its release. Structural changes can be 

analyzed by a decrease in the maximum fluorescence emission intensity 

and/or by a shift of maximum wavelength [50]. Red-shift from 336 to 349 nm 

of maximum fluorescence emission was observed to thermally denatured 

bevacizumab. This shift indicates that the tryptophan moiety is more solvent 

exposed, due to temperature-induced conformational changes [50]. Briefly, 

our results showed that the secondary and tertiary structure of bevacizumab 

was maintained after its release from NP. 
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Figure 3.7. Fluorescence excitation (A) and emission spectra (B) of native, 

released and thermally denatured bevacizumab. Fluorescence excitation was 

fixed at 280 nm and fluorescence emission at 337 nm. 

 

d. Bevacizumab bioactivity 

 

Several authors studied the inhibitory effects of bevacizumab on 

angiogenesis using in vitro cultured HUVEC [52, 53]. Thus, in our experience, 

the biological activity of bevacizumab was determined by its capacity to inhibit 

the HUVEC proliferation induced by VEGF165. VEGF165 was chosen because is the 

main isoform of VEGF-A that presents the most physiological relevant activity 

[53, 54]. Bioactivity in HUVEC was tested using two different proliferation 

assays, MTT and BrdU. The proliferation rate of HUVEC cells was evaluated by 

MTT assay at 24, 48 and 72 hours. For all time-points, native bevacizumab, 

bevacizumab-loaded NP, and unloaded NP were added to HUVEC cells. Cell 

were treated with 50 ng/mL of VEGF and four different concentrations were 
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tested taking into account the concentration of native bevacizumab [55]. 

Typically, the formulations represented as bevacizumab and bevacizumab-

loaded NP showed time and concentration-dependent viability in HUVEC cells 

(Figure 3.8). After 24 hours, no significant differences were found in all 

samples (Figure 3.8A). After 48 hours, for lower concentrations (0.1 and 1 

μg/mL), there were not found significant differences between unloaded NP and 

bevacizumab-loaded NP (Figure 3.8B). However, for the higher concentrations 

(10 and 100 μg/mL), significant differences between unloaded NP and native 

bevacizumab and bevacizumab-loaded NP were discovered. In fact, there were 

no significant differences detected between native bevacizumab and 

bevacizumab-loaded NP. When we performed the assay after 72 hours assay, 

we observed a significant increase in the differences between unloaded NP 

and native bevacizumab and bevacizumab-loaded NP. Interestingly, we 

observed that the 1 μg/mL concentration the bevacizumab-loaded NP start to 

have an effect. (Figure 3.8C). These results demonstrated that bioactivity of 

bevacizumab was maintened even when it was encapsulated into NP. MTT 

results also showed that PLGA NP do not present cytotoxicity for HUVEC cells, 

which is in agreement of the literature [28]. 

Additionally, we also quantify the the percentage of BrdU incorporation 

(Figure 3.8D) in HUVEC cells. Based on the MTT results, we selected the 10 

μg/mL concentration. The addition of VEGF 50 ng/mL alone caused an 

increase of 54% of BrDU incorporation compared to the control group (without 

VEGF). Results showed that HUVEC proliferation had been significantly 

decreased for the native bevacizumab and bevacizumab-loaded NP groups. As 

expected the cell proliferation was not affected by unloaded NP. However, the 

HUVEC proliferation was significantly different for the bevacizumab and 

bevacizumab-loaded NP. This difference may be attributed to the slow release 

of bevacizumab from PLGA NP since BrdU assay was performed only during 

72 hours. To overcome this problem, a higher concentration of bevacizumab-

loaded NP and a higher incubation time could be the solution.  
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Figure 3.8. Effect of native bevacizumab (Avastin), bevacizumab-loaded NP 

and unloaded NP on cell viability and proliferation of HUVEC cells. (A-C) MTT 

assay of HUVEC cells treated with 50 ng/mL of VEGF and different 

concentrations (0,1; 1; 10 and 100 µg/ml) of Bevacizumab, Bevacizumab-

loaded NP, or Unloaded NP at different time points (24h (A); 48h (B) and 72h 

(C)). (D) BrdU incorporation assay of HUVEC cells treated with 50 ng/mL VEGF 

and 10 µg/ml of Bevacizumab, Bevacizumab-loaded NP, or Unloaded NP for 

72 h. In all graphs, bars represent mean values ± SD (n = 5-6 values per 

condition). One representative experiment out of three is shown. *, P < 0.05; 

**, P < 0.01; and ***, P < 0.001, determined as described in materials and 

methods.  

 

3.5. Conclusions 

 

PLGA nanoparticles were produced aiming at a controlled release of 

bevacizumab, aiming the increase of shelf-life, half-life and structural stability 

of the encapsulated mAb. Shortly, our experimental results showed that 

bevacizumab bioactivity was not changed with the nanoencapsulation 

process. Although the secondary structure of bevacizumab was changed when 
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encapsulated into PLGA NP, our results by CD and fluorescence spectroscopy 

showed bevacizumab refolding upon release from PLGA NP. This refolding 

process was confirmed by bioactivity in vitro studies, where the bioactivity of  

bevacizumab was kept, demonstrating the success of bevacizumab 

encapsulation. Despite the slow release of bevacizumab-loaded NP observed 

with in vitro release study, biological in vitro study showed that bevacizumab 

can be released and acts in the same way than bevacizumab. Our study 

represents a new paradigm for antiangiogenic therapy since bevacizumab is 

protected and released in a controlled manner, increasing the time between 

administrations. However, in order to envision the clinical application of 

bevacizumab-loaded NP, in vitro and in vivo studies about nanoparticles 

cellular uptake, the mechanisms underlying bevacizumab delivery at the sub-

cellular level are certainly needed. Nevertheless, these results are promising 

as a novel strategy to improve antiangiogenic-based therapies. 
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4.1 Abstract 

 

Bevacizumab is a powerful human monoclonal antibody approved 

worldwide for treatment of several types of cancer and ocular diseases due to 

its potential as antiangiogenic drug.  Nowadays, in order to improve the 

monoclonal antibody-based therapy, attempts have been focused in the 

formulation of these biomacromolecules into nanoparticles. Thus, the aim of 

this work was to develop and validate a reversed-phase high-performance 

liquid chromatography with fluorescence detection method for the 

determination of bevacizumab from nanoparticulate systems, according to the 

International Conference on Harmonization guidelines. Chromatographic 

analysis was performed on a RP-C8 column with a mobile phase composed by 

water-0.1% (v/v) TFA and acetonitrile-0.1% (v/v) TFA in gradient mode at a flow 

rate of 1 mL min-1. Results showed that the proposed method is specific, linear 

in the range of 10-100 µg/mL (r2=0.9997), accurate (recovery rate 100.50 ± 

0.85%), precise at the intraday and inter-day (relative standard deviation less 

than 1.79%) and robust. The detection and quantification limits were 

calculated by specific linear calibration curve with less concentrated standard 

(range of 1-20 µg/mL). The detection limit (LOD) was 2.16 µg mL-1 and 

quantification limit (LOQ) was 6.55 µg mL-1. This method was also successfully 

used, for the first time, to quantify and compare the content of bevacizumab 

encapsulated into PLGA-based nanoparticles before and after lyophilization.  
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4.2 Introduction 

 

Bevacizumab is a humanized mAb approved by Food and Drug 

Administration for the first time in 2004 as a first-line treatment for metastatic 

colorectal cancer [1]. However, due to their noteworthy anti-angiogenic role, 

bevacizumab was latter approved by FDA for the treatment of several cancers 

(e.g. advanced non-squamous non-small lung cancer cells, advanced cervical 

cancer, metastatic renal cell carcinoma, etc.) and more recently, bevacizumab 

has been studied for the treatment of ocular neovascular diseases [2, 3]. 

Bevacizumab is an immunoglobulin G1 that act against VEGF-A, avoiding the 

interaction between VEGF-A and its receptor [4]. For that reason, this 

biopharmaceutical macromolecule presents an important role in 

angiogenesis, vascular permeability, vasodilatation and migration of 

endothelial cells [5].   

Currently, new approaches have associated nanotechnology with mAb, 

attempting mAb delivery through nanocarriers.  Among the various types of 

nanocarriers, polymeric nanoparticles comped by synthetic polymers have 

generated interest due to their biocompatibility, biodegradability and low 

toxicity [6]. Particularly, the use of PLGA nanoparticles as nanosystems to 

bevacizumab delivery has arisen to overcome some limitations of antibody-

based therapy [7]. Bevacizumab-loaded PLGA nanoparticles allow modulating 

the bevacizumab release (increasing the time between administrations), 

reduce unwanted systemic exposition to bevacizumab, increase the shelf-life 

and potentiate intracellular bevacizumab delivery [8, 9].  

Thus, in order to characterize bevacizumab-loaded PLGA nanoparticles, 

parameters as bevacizumab content, stability and release are mandatory. In 

order to control these parameters, characterization and quantification 

methods are needed. Usually, the quantification of therapeutic mAbs is 

performed through immunoassays, such as ELISA [10]. However, some cross-

reactivity may occur with precursors of the target protein, resulting in a 

nonspecific method [11]. On the other hand, some false positive or negative 

results can appear due to the interferences of samples [12, 13].  
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Nowadays, the utilization of high quality analytical methods to 

characterize proteins is extremely important in order to collect the maximum 

characterization as possible in a short period of time [14]. Among the different 

alternatives, liquid chromatography is the most common method for the 

characterization therapeutic proteins. Reversed-phase high performance 

liquid chromatographic is one of the most routine method to characterize 

intact proteins (including mAbs), allowing a faster and high resolution analysis 

[15, 16]. A few RP-HPLC and ultra performance liquid chromatography (UPLC) 

methods for mAb characterization have been described [17, 18]. However, no 

RP-HPLC method is optimized and validated for the characterization and 

quantification of the intact mAb bevacizumab from PLGA nanoparticles.  

The complex and hydrophobic nature of mAb may cause low recovery 

on silica-based stationary phase, making the use of RP-HPLC limited for mAb 

characterization and quantification [19]. Therefore, for the development of a 

promising RP-HPLC method for mAb characterization, some criteria must be 

considered. First, to work with these large biomolecules, it is mandatory a 

gradient mode because small modifications in solvent strength interferes in 

the mAb retention [16]. Second, due to the high molecular weight of mAb, it 

is essential to use columns with a wide-pore (300-1000 A˚) and longer 

stationary phase (C8 or C18). Third, to inhibit peak tailing and broadening, 

the use of ion pairing agents in the mobile phase is required to reduce the 

secondary ionic and hydrophobic interactions between the mAb and the 

silanols of the stationary phase [16, 20]. For the analysis of mAb, the ion 

pairing agent most commonly used is TFA at a concentration of 0.05-0.1% 

(v/v). Lastly, elevated column temperatures (70-80 ºC) allow improving peak 

symmetry and resolution and, reduce mAb adsorption [20].  

Considering the analytical validation of RP-HPLC method for the 

bevacizumab quantification, ICH guidelines should be considered. The criteria 

of ICH Q2 (R1) and ICH Q6B guidelines should be achieved in compliance to 

validate the analytical procedures when it is intended to characterize 

biotechnological products (such as mAbs) [21, 22]. Thus, the objective of this 

work was to develop and validate a rapid and simple RP-HPLC with 

fluorescence detection method for the characterization and quantification of 
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intact bevacizumab incorporated into PLGA-based nanoparticles in 

suspension.  

 

4.3 Materials and Methods 

 

a. Materials 

 

Bevacizumab (Avastin®) was kindly provided by Genentech Inc. (South San 

Francisco, CA, USA) and used as a reference material. Bevacizumab (25 mg mL-

1) was stored at 4ºC with 51 mM sodium phosphate pH 6.2, 60 mg mL-1 

trehalose dihydrate and 0.04% (w/v) polysorbate 20. All the standard solutions 

of bevacizumab were prepared from this stock solution by appropriate dilution 

with 51 mM sodium phosphate pH 6.2.  

For the preparation of mobile phase, TFA from Acros Organics (Morris 

Plains, NJ, USA) and acetonitrile HPLC Gradient Grade from Fischer Scientific 

(Lough-borough, UK) were used. Ultrapure water was supplier by a SG Water 

System (Ultra Clear UV model) with a conductivity of 0.05 µS cm-1. Hydrochloric 

acid, sodium chloride and sodium hydroxide, hydrogen peroxide (30%), 

sodium phosphate dibasic and sodium phosphate monobasic were acquired 

from Sigma (St. Louis, USA).  

For the bevacizumab-loaded PLGA nanoparticles, PLGA 5004A (50:50), was 

gently offered by Corbion-Purac Biomaterials (Amsterdam, Netherlands). Ethyl 

acetate and PVA was supplied from Sigma-Aldrich (St. Louis, MO, U.S.A.). 

 

b. Bevacizumab standard and samples solutions 

 

All standard solutions of bevacizumab were prepared from the medicine 

Avastin® formulation (25 mg/mL). A stock standard solution of 500 μg/mL of 

bevacizumab was produced from Avastin® by appropriate dilution with 51 mM 

sodium phosphate pH 6.2 aqueous solution. Seven standard solutions (10, 20, 

30, 40, 50, 75 and 100 μg/mL) were obtained by dilution of the stock solution 

with the same buffer.  
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c. Chromatographic system and conditions 

 

Chromatographic analysis was performed using a Shimadzu UFLC 

(Shimadzu Corporation, Japan) prominence system equipped with two pumps 

LC-20AD, an autosampler SIL-20AC, a column oven CTO-20AC, a degasser 

DGU-20A5, a system controller CBM-20A and a LC Solution, Version 1.24 SP1 

(Shimadzu). A Shimadzu RF-10AXL Fluorescence Detector was coupled to the 

LC System, with the excitation and emission wavelengths set at 280 and 360 

nm, respectively. For the HPLC analysis, it was used a Zorbax 300SB-C8 

Narrow-bore column with 5μm particle size, 300 A˚ wide-pore, 2.1 mm 

internal diameter and 150 mm length from Agilent Technologies (Santa Clara, 

CA, U.S.A.). Chromatographic analysis was performed with at a flow rate of 

1.0 mL min-1 in a gradient mode (0.1% TFA in ultra-pure water (eluent A) and 

0.1% TFA in acetonitrile (eluent B)). The gradient started at 30% of eluent B, 

increasing to 40% of B in 4 min, and kept constant at 40% of B for 3 min. From 

7 to 7.1 min, eluent B decreased to 30%, and kept constant until 15 min. The 

injection volume was 2 μL and the column oven was kept at 75 ºC.  

 

d. Method validation  

 

According to the ICH guidelines, there are some criteria that should be 

considered for HPLC method validation as linearity, limit of detection, limit of 

quantification, precision, accuracy, specificity, robustness and system 

suitability testing. Specificity was evaluated by performing stress conditions 

during 24 hours such as, high temperature, light exposition, addition of 

acidic, base or an oxidant and ionic strength. The specificity was evaluated by 

average of percentage recoveries and relative standard deviation (RSD), and 

by comparison of chromatograms of stressed samples with freshly prepared 

bevacizumab standard solution that do not suffered any type of degradation. 

Two levels of stress intensity were used for the samples treated with an acid 

(1M HCl), base (1M NaOH), oxidant (1M H2O2) and ionic strength (1.5M NaCl). 

Low intensity level consisted in the addition of 3.3% (v/v) stressed agent 
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solution, whereas for the strong intensity level, the concentration of stressed 

agent used was 25% (v/v). The samples exposed to high temperature were 

placed in an oven at the temperature of 50 ºC, whereas the samples exposed 

to light were subjected to UV light at 254 nm. Linearity was determined by 

calculation of linear regression between peak area and concentration of seven 

bevacizumab standard solutions (10, 20, 30, 40, 50, 75 and 100 μg/mL). For 

the determination of LOD and LOQ was performed a new calibration curve 

obtained from seven less concentrated standard solutions (1, 2.5, 5, 7.5, 10, 

15 and 20 μg/mL). The LOD and LOQ were estimated based on the slope (S) 

and the standard deviation of the response (σ) of the calibration curve, using 

the following equations [21]: 

𝐿𝑂𝐷 =
3.3	𝜎
𝑆  

𝐿𝑂𝑄 =
10	𝜎
𝑆  

For the evaluation of the accuracy, the percentage of agreement 

between the calculated concentration and the nominal concentration of 

bevacizumab were estimated. Three concentrations (14, 42 and 84 μg/mL) 

were chosen randomly in order to cover the linear range. According FDS 

guidelines, the method was considered accurate, if the average of recovery 

were 100 ± 2% [23]. The precision was tested by evaluating the system 

repeatability, analysis repeatability and intermediate precision given as the SD 

and RSD. System repeatability consisted of testing three different 

concentrations, 10 times each, in the same day, whereas analysis repeatability 

was performed testing three different replicas for three different 

concentrations, in the same day. On the other hand, intermediate precision 

was estimated from the analysis of three different concentrations in three 

different days. The acceptance criteria was based in FDA guidelines, where the 

value of RSD should be less than 2% [23, 24]. Robustness was assessed by 

modifications in the mobile phase composition (0.05 and 1.50% of TFA in 

mobile phase A) and column temperature (tested at 74 and 76ºC). Three 

standard solutions (14, 48 and 84 µg/mL) of bevacizumab were analyzed at 

each modified condition to evaluate the robustness of this method. For all 
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modified conditions were evaluated the average of recovery percentage as 

such as RSD.  

 

e. Method applicability  

 

Preparation of bevacizumab-loaded PLGA nanoparticles 

Bevacizumab-loaded PLGA nanoparticles were prepared by a modified 

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

technique [25, 26]. Briefly, 100 mg of PLGA and 80 μL of a 25 mg/mL 

bevacizumab solution (Avastin®) were dissolved in 1 mL of ethyl acetate. The 

polymeric solution was sonicated for 30 s using a Vibra-Cell™ ultrasonic 

processor with 70% of amplitude. The second emulsion (w/o/w) was created 

adding 11.5 mL of 2% PVA to the primary emulsion formed (w/o) and mixed 

using the same sonication conditions. This emulsion was left under magnetic 

stirring at 300 rpm during 3 h for organic solvent evaporation. The obtained 

NP formulation were washed three times with ultrapure water by 

ultracentrifugation. The ultracentrifugation was achieved at 40000g during 30 

min, using Beckman Avanti J26 XPI ultracentrifuge from Beckman Coulter 

(Brea, CA, U.S.A.).  

 

Freeze-drying of nanoparticles 

PLGA nanoparticles were washed three times with ultrapure water, and 

after the last ultracentrifugation, nanoparticles were redispersed in ultrapure 

water before lyophilization. A set of three replicates bevacizumab-loaded 

nanoparticles were poured into semi-stoppered glass vials, with slotted rubber 

closures at a maximal formulation volume of 2 mL. The samples were frozen 

by ramped cooling at -40ºC for 4h followed by lyophilization using a VirTis 

Advantage Plus Benchtop lyophilizer from SP Scientific (Warminster, PA, USA). 

The condenser surface temperature was maintained at -60 ± 5 ºC. The primary 

drying was given at -32ºC and 150 mtorr during 24h. After that, the secondary 

drying occurred at 20 ºC and 50 mtorr during 6h.  
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Bevacizumab content of PLGA nanoparticles  

AE and DL are two important parameters to know what was the 

percentage of bevacizumab that was encapsulated into PLGA NP Therefore, 

bevacizumab content from fresh PLGA NP was evaluated indirectly from free 

bevacizumab in the supernatant isolated by ultracentrifugation, after 

production. Thus, the AE and DL were determined using the following 

equations: 

	

AE	(%) = 	
Total	amount	of	bevacizumab − Free	bevacizumab	in	supernatant

Total	amount	of	bevacizumab × 100 

DL	(%) =
Total	amount	of	bevacizumab − Free	bevacizumab	in	supernatant

Total	dry	weight	of	nanoparticles × 100	 

After lyophilization, the freeze-dried nanoparticles were reconstituted 

by addition of ethyl acetate to disintegrate PLGA nanoparticles. Then, distilled 

water was added to the organic solution and left overnight. The aqueous phase 

was then separated by liquid-liquid extraction and bevacizumab was 

quantified in the aqueous phase. The determination of AE and DL by direct 

method were determined using the following equations: 

	

AE	(%) = 	
Total	amount	of	bevacizumab	in	aqueous	phase

Total	amount	of	bevacizumab × 100	 

DL	(%) =
Total	amount	of	bevacizumab	in	aqueous	phase

Total	dry	weight	of	nanoparticles × 100	 

Total dry weight of nanoparticles was weighted from the weight of 

nanoparticles after lyophilization. 

 

f. Statistical Analysis 

 

For the performed statistical analysis was used the GraphPad Prism 

Software vs. 6.0 (GraphPad Software Inc.). Normally was evaluated using 

Shapiro-Wilk test. Differences between groups were compared using t-student 

test for paired samples. Results are expressed as a mean ± standard deviation 

from a minimum of three independent experiments. Differences were 

considered significant at * p < 0.05. 
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4.4 Results and Discussion  

 

a. Method development and optimization 

 

The proposed method was developed for the quantification of monoclonal 

antibodies by RP-HPLC with fluorescence detection in order to provide a rapid 

and simple procedure, with shortened time and cost analysis. For the 

development of this analytical method several chromatographic parameters 

were investigated, namely bevacizumab and solvent retention time, retention 

factor (k’), tailing factor (T) and number of theoretical plates (N) (Table 4.1.). 

Zorbax 300 SB C8 analytical column was chosen due to its excellent stability 

at low pH and its properties (e.g. pore size, length) [18]. Considering the 

reduction of hydrophobic interactions between the bevacizumab and column, 

the mobile phase was composed by a strong eleutropic solvent system with 

TFA as ion pairing agent [19].  The gradient elution between 30 and 40% 

mobile phase B allowed the elution of the intact bevacizumab with a retention 

time at around 6.87 ± 0.01 (Figure 4.1.). This rapid elution confers a rapid 

method for bevacizumab quantification, which is a crucial parameter for 

routine analysis. The post-time of 8 min with 30% of mobile phase B is 

important to re-equilibrate the column avoiding modifications in the retention 

time of bevacizumab [27]. The effect of high column temperature for a rapid 

elution of bevacizumab was previously studied [17, 20]. Indeed, it is described 

that high column temperature (between 70-80ºC) is a critical step to increase 

the retention time of large molecules, such as bevacizumab [17, 28]. Higher 

temperatures allow the reduction of secondary interactions between the mAb 

and the residual silanols of the column, limiting peak tailing and broadening 

and, increasing the recovery and efficiency of bevacizumab. For that reason, 

the column temperature chosen for bevacizumab elution was 75 ºC.  
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Table 4.1. Performance of chromatographic parameters. 

Chromatographic 

parameters 

Resulta Acceptance 

criteria [23] 

Bevacizumab retention time 

(min) 

6.88 ± 0.01   

Solvent retention time (min) 2.16 ± 0.02  

Retention factor, k’ 2.17 ± 0.01 2 < k’ < 10 

Tailing factor, T 1.71 ± 0.05  T < 2 

Number of theoretical 

plates, N 

5883 ± 7 N > 2000 

a Represented as mean value ± SD. 

 

 

 

 

Figure 4.1. Chromatograms of 100 µg/mL bevacizumab standard solution 

(blue line) and supernatant from the production of empty nanoparticles (black 

line) analyzed by RP-HPLC with fluorescence detection.  
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b. Method validation 

 

Specificity 

Specificity of the method is the ability to detect and quantify the 

bevacizumab even in presence of other components, such as formulation 

components, impurities and degradation products. Regarding the formulation 

components, a solution of 51 mM sodium phosphate pH 6.2 (blank) and the 

supernatant from the centrifugation of empty PLGA nanoparticles (PLGA 

nanoparticles without bevacizumab encapsulated) were also analyzed by the 

proposed RP-HPLC method. No peaks at the retention time of bevacizumab 

were found. On the other hand, forced degradation studies were also 

performed evaluating six different stress conditions (temperature, UV light, 

acidic media, basic media, oxidation and ionic strength) in order to detect and 

quantify bevacizumab even if degradation or modification products are 

detected. Table 4.2 shows the results of the stress study to evaluate the 

specificity of the proposed method.  

 

Table 4.2. Assay results for 50 μg/mL bevacizumab solution under different 

stress conditions. The stressed agent solution was added in 3.3% (v/v) (low 

level) and 25% (v/v) (high level).  

Stress 

conditions 

Sample 

treatment 

Degradation 

peaks 

Bevacizumab 

peak 

deformation 

Recovery 

percentage 

(±RSD) 

Reference None - - 99.69 ± 1.53 

Temperature 50ºC for 

24h 

Yes (6.36, 

6.85) 

No 78.17 ± 0.68 

Light stress UV light for 

24h 

No No 103.19 ± 1.40 

Acidic stress Low level No No 99.30 ± 1.63 

 High level No No 99.64 ± 0.43 

Basic stress Low level No No 101.22 ± 1.32 

 High level No Yes 81.60 ± 0.04 
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Ionic stress Low level No No 101.68 ± 0.32 

 High level No No 100.91 ± 1.43 

Oxidative 

stress 

Low level Yes No 101.77 ± 1.76 

 High level Yes No 92.57 ± 0.53 

 

 

Figure 4.2 shows the chromatograms of the bevacizumab standard 

solution at different stress conditions. New peaks on the chromatograms were 

observed when samples are subjected to high temperature, strong basic stress 

and strong oxidative stress. This stress conditions led to the formation of 

degradation products with different retention times of the bevacizumab. It is 

known that higher temperatures are responsible for the formation of 

aggregates and for the total or partial unfolding of mAb, leading to the onset 

of new peaks observed in Figure 4.2A [29]. On the other hand, the new peak 

with low resolution of bevacizumab observed when sample was exposed to 

higher concentration of NaOH is due to the effect of NaOH in the destruction 

of the dissulfide bonds of proteins (Figure 4.2D) [30]. Lastly, the bevacizumab 

oxidation by H2O2 allowed the oxidation of methionine and aromatic amino 

acids in the mAb, producing a new peak in the chromatogram (Figure 4.2E) 

[31]. Besides the onset of a new peak in the chromatograms caused by stress 

agent, it was observed also a decrease in the recovery percentage for the same 

stress agents. Briefly, from the point of view of method specificity, the results 

showed that it is possible to separate the degraded and modified fraction of 

bevacizumab from the intact bevacizumab.  
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Figure 4.2. Stress conditions of 50μg/ml bevacizumab standard solution 

under different stress conditions: (A) Temperature, 50 ºC; (B) UV light stress; 

(C) strong acidic stress; (D) strong basic stress; (E) strong ionic stress; and (F) 

strong oxidative stress during 24 hours.  

 

Linearity, LOD and LOQ 

The linearity of the method was studied in the concentration range of 

10-100 µg mL-1 (10, 20, 30, 40, 50, 75 and 100 µg/mL). The calibration curve 

was obtained by the method of least squares where the regression equation 

and the correlation coefficient (r2) was calculated: 

 

𝑦 = 32168	(±840) 	× 	𝑥 − 177989	(±21079)																				𝑟^ = 0.9997 

 

where y is the peak area and x is the standard solution concentration (µg/mL). 

The standard deviation of the intercept and slope are indicated in brackets. 

Each sample was analyzed three times. As the r2 is higher than the acceptance 
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criteria (0.999), the linearity of the method was successfully demonstrated 

[32].  

LOQ and LOQ, as described in previous sections, were estimated 

according to a new linear calibration curve with less concentrated standard 

and these limits were found as 2.16 and 6.55 µg/mL respectively.  

 

Accuracy 

Accuracy results are presented in Table 4.3. The overall recovery and 

RSD was found to be 100.50 ± 0.85 %, which shows a strong agreement 

between theoretical and experimental values. These results showed that the 

proposed method is accurate, following the acceptance criteria. 

 

Table 4.3. Accuracy results of three different concentrations of bevacizumab 

in standard solutions. 

Standard 

solutions 

(μg/mL) 

Accuracy (%) RSD (%) 

14  100.86 0.57 

42 98.96 1.40 

84 101.74 0.62 

 

Precision 

Precision represents the closeness of agreement between a series of 

experimental values from multiple analysis of the same sample. Indeed, the 

precision should be expressed at three different levels: system repeatability, 

analysis repeatability and intermediate precision. Results are expressed in 

Table 4.4. 
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Table 4.4. Precision results of three different concentrations of bevacizumab 

in standard solutions 

Day Standard solutions 

(μg/mL) 

Mean measured 

concentration (μg/mL) 

SD RSD 

(%) 

System repeatability (n =10) 

1 10 10.83 0.15 1.39 

50 51.98 0.24 0.46 

100 100.93 0.27 0.27 

Analysis repeatability (n=3) 

1 10 9.84 0.12 1.27 

11.26 0.08 0.72 

10.94 0.07 0.62 

50 50.85 0.34 0.67 

51.21 0.19 0.37 

52.03 0.16 0.31 

100 100.95 0.61 0.60 

102.35 0.73 0.71 

100.58 0.34 0.33 

Intermediate precision (n=3) 

1 10 10.72 0.12 1.15 

50 50.02 0.59 1.18 

100 100.19 1.79 1.79 

2 10 10.90 0.03 0.23 

50 51.24 0.15 0.30 

100 100.95 0.14 0.14 

3 10 10.80 0.12 1.11 

50 51.09 0.21 0.42 

100 100.65 0.35 0.34 
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The overall values of RSD were found to be 0.71, 0.74 and 0.62% for 

system repeatability, analysis repeatability and intermediate precision, 

respectively. These results show a strong agreement between the 

experimental values of the same sample obtained from the multiple analysis. 

The good precision was achieved, following FDA acceptance criteria [24]. 

 

Robustness 

A method is called as being robust when no significant changes are 

identified when small, but deliberate variations are introduced in the method. 

Results are expressed in Table 4.5., where it was determined the mean of 

recovery percentage and RSD for three different concentrations. 

 

Table 4.5. Robustness results for different column temperatures and different 

concentrations of TFA in the mobile phase A 

Changes to 

original method 

Recovery percentage (± RSD) 

 

14 μg/mL 42 μg/mL 82 μg/mL Mean  

None 100.86 ± 

0.57 

98.95 ± 

1.39 

101.74 ± 

0.62 

100.52 ± 

0.86 

Column 

temperature at 

74 ºC 

97.71 ± 

0.74 

100.50 ± 

1.23 

100.37 ± 

0.43 

99.53 ± 

0.80 

Column 

temperature at 

76 ºC 

97.48 ± 

1.76 

103.95 ± 

0.54 

104.71 ± 

0.21 

102.05 ± 

0.84 

0.05% (v/v) TFA 

solution in 

mobile phase A 

99.13 ± 

1.27 

103.28 ± 

0.86 

103.94 ± 

1.40 

102.12 ± 

1.18 

0.15% (v/v) TFA 

solution in 

mobile phase A 

103.03 ± 

0.75 

104.93 ± 

0.38 

102.76 ± 

1.14 

103.57 ± 

1.21 
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For the method to be considered as robust, it is described that the mean 

of recovery percentage and RSD should be 100 ± 5 and < 2 %, respectively [21, 

24]. Indeed, Table 4.5 showed that the values of recovery percentage were 

acquired within acceptance criteria, proving the robustness of the method 

proposed. Besides that, no differences were found for other chromatographic 

descriptors, such as bevacizumab retention time, symmetry factor, number of 

theoretical plates and capacity factor.  

Despite the robustness of the method to be guaranteed with these small 

variations, it is observed an increase of recovery percentage of bevacizumab 

at higher column temperature and higher TFA concentrations. As described 

above, the increase of TFA concentration and column temperature leads to a 

decrease in the bevacizumab adsorption onto the column [28]. These results 

reinforce the evidence that bevacizumab interacts strongly with silanols 

groups of column.  

 

Method applicability  

The proposed method was used to analyze the differences of the 

bevacizumab content in PLGA nanoparticles before and after lyophilization 

process. Bevacizumab-loaded PLGA nanoparticles presented a diameter of 

around 210.83 ± 4.56 nm with a PDI of 0,09 ± 0.00 and a zeta potential of –

1.76 ± 0.35 mV. To study the bevacizumab content in PLGA nanoparticles, AE 

and DL were evaluated. These parameters are important to understand in 

which way the lyophization process changed the amount of bevacizumab 

encapsulated. The AE and DL determination before and after lyophilization 

was made by indirect and direct method, respectively (Figure 4.3). No 

significant differences were found between both groups, indicating that 

lyophilization of nanoparticles was successful. These results are important 

since that lyophilization of PLGA nanoparticles may provide a rational strategy 

to stabilize the nanoparticles and increase the shelf-life of one new future 

formulation. On the other hand, these results reinforce the claim that the 

content of bevacizumab in PLGA nanoparticles can be measured with the same 

efficiency by indirect and direct method. Regarding the HPLC analysis, no 
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variations in the chromatograms or unexpected peaks were found, being this 

analytical method considered useful for the quantification of bevacizumab in 

polymeric nanosystems.   

 

 

Figure 4.3. Bevacizumab AE and DL before and after lyophilization. In all 

graphs, bars represent mean values ± SD (n = 3). *, p < 0.05 determined as 

described in materials and methods.  

 

4.5 Conclusions 

 

The market of therapeutic biopharmaceutics has been increased in the last 

years. For that reason, the characterization of mAbs has been considered very 

important for the development of new formulations, particularly the 

quantification parameter. The developed method was linear, accurate, precise, 

and robust in the range of 10-100 µg/mL, being a rapid and excellent 

alternative quantification method for bevacizumab. On the other hand, this 

method was specific allowing to quantify intact bevacizumab and detect its 

modification/degradation products even under specific stress conditions. The 

method also proved to be suitable for the quantification of intact mAb in 

bevacizumab-loaded nanoparticles during preparation and characterization of 
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nanoparticles, such as the determination of bevacizumab association 

efficiency and drug loading before and after lyophilization process.  
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5.1 Abstract 

 

The evaluation of the structural stability and bioactivity of mAb is a crucial 

step in the development of mAb therapeutic based products, since 

immunogenicity needs to be avoided. In the present work, a study was carried 

out to understand the changes on the structure and bioactivity of mAbs 

induced by different pH and temperature values. Structural changes of 

bevacizumab were monitored using fluorescence spectroscopy, CD and ATR-

FTIR. The secondary and tertiary structural content was monitored at six 

different pH values and at room temperature, upon heating up to 85ºC and 

upon cooling down to 20ºC. Furthermore, the temperature induced 

conformational changes were continuously monitored from 20ºC to 85ºC 

using fluorescence spectroscopy and circular dichroism, allowing to monitor 

the melting temperature of the protein at different pH values. The results 

showed that the thermal denaturation of bevacizumab was irreversible at all 

pH value. The conformational changes induced by pH were higher at extreme 

pH values (5, 9 and 10) than neutral pH. Thermal stability studies showed that 

pH 6 was the pH that confer bevacizumab the highest structural stability. 

These studies were confirmed by in vitro studies, where bevacizumab’s 

bioactivity was measured by cell viability/proliferation at all pH values at room 

temperature, and it was found a higher bioactivity for pH 6. Biophysical and 

biological studies were correlated in order to understand the importance of 

the modifications in bevacizumab structural content on its bioactivity. 

However, a decrease in bevacizumab’s bioactivity was observed for pH 8, 9 

and 10. Overall, this work demonstrated the usefulness of the spectroscopy 

techniques for estimating the stability of therapeutic mAb during formulation 

development.  
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5.2 Introduction 

 

Soon after the first FDA-approved therapeutic monoclonal antibody 

(muromonab) in 1986, antibody-based therapy has received a remarkable 

interest in the treatment of various diseases, with approximately 50 mAbs 

being used as therapeutics molecules [1]. Their ability to bind with specificity 

and affinity to antigenic epitopes made them relevant, not only in the 

therapeutic, but also in diagnosis. For this reason, persistent investigators 

continue to explore the characteristics and potential of mAbs. Among all of 

the approved therapeutic mAb, the most common immunoglobulin used in 

therapeutics is IgG1 [2]. Bevacizumab is a humanized IgG1 anti-angiogenic 

mAb used in the treatment of age-related macular degeneration [3], retinal 

neovascularization [4], and several cancers [5, 6]. Bevacizumab acts against 

VEGF, avoiding the interaction with their receptor. For that reason, this mAb 

is considered as anti-angiogenic drug, preventing the tumour angiogenesis 

and growth vascular endothelial cells [7].  

Despite the high quality of current mAbs formulations, difficulties can 

emerge during their formulation, storage, and administration. These 

difficulties are usually related with physical and chemical instabilities, which 

can lead to denaturation and/or aggregation [8]. The aggregation of mAbs 

may potentially induce immunogenicity in patients, leading, in extreme cases, 

to anaphylactic reactions when mAbs are administrated [9]. Indeed, the 

presence of aggregates in mAbs formulation is considered a critical quality 

attribute (CQA) for the FDA approval [10]. Therefore, an understanding of how 

pH and temperature may affect the structural stability of mAb is essential for 

practical applications. A new challenge in antibody-based therapy is the 

encapsulation and conjugation of mAbs into nanocarriers [11]. During the 

formulation process of new biopharmaceuticals products, it is common the 

use of aggressive conditions such as heat, extreme pH, sonication and the use 

of organic solvents. Therefore, it is an important to understand in which range 

of pH and temperature it is possible to manipulate the mAb, to avoid their 

aggregation and denaturation. It is known that these phenomena can lead to 

stability issues, an increase of immunogenicity and bioactivity loss of the mAb.   
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Exclusion-high performance liquid chromatography (SEC), dynamic light 

scattering (DLS), field flow fractionation (FFF), and mass spectrometry were 

some of the analytical techniques used to identify and quantify insoluble 

aggregates in any mAb formulation [12, 13]. However, aggregates can also be 

detected through monitoring structural changes assessing the state of 

folding/unfolding of mAbs. The aggregation of mAb is associated with 

significant changes in their secondary and tertiary structure[14, 15].  

Structural modifications can be monitored by spectroscopic techniques, such 

as, ATR-FTIR, CD and fluorescence spectroscopy [16].  

ATR-FTIR spectroscopy is a rapid and non-invasive technique used to 

evaluate and quantify changes in the secondary structure of proteins and to 

investigate protein folding and unfolding [17]. Algorithms such second-

derivative, AO and SCC are used to quantify the changes in the mAb secondary 

structure and to detect the onset of aggregates. Additionally, ATR-FTIR is still 

sensitive to intermolecular β-sheet aggregation, being an excellent tool to 

monitor the aggregation processes [18]. 

CD spectroscopy is based on the difference in the absorption of left-

handed and right-handed polarized light by chiral groups, which are present 

in mAbs [19]. This technique allows to evaluate the secondary structure 

composition through Far-UV CD spectra (190-260 nm), tertiary structure 

fingerprint through Near-UV CD spectra (260-320 nm) and mAb 

folding/unfolding [20]. Secondary structural changes occurring during protein 

unfolding can be monitored with CD spectroscopy [19].  

The fluorescence of aromatic amino acid residues (tryptophan, tyrosine, 

and phenylalanine) in proteins can be monitored by fluorescence 

spectroscopy, being tryptophan the most relevant fluorescent probe used to 

investigate conformational changes in proteins due to its higher extinction 

coefficient and quantum yield [21] and due to the fact that tryptophan (Trp) 

emission is modulated by the accessibility and polarity of the solvent. 

Fluorescence spectroscopy allows to detect protein conformational changes, 

solvent accessibility changes and to determine the melting temperature of 

proteins. Protein conformational changes detected by alterations in 

fluorescent emission are modulated by solvent polarity [22]. When buried in 
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an apolar environment, Trp displays an emission maximum (λmax) around 320 

nm. However, when exposed to polar solvents such as water, its emission 

maximum (λmax) is around 350 nm. According to the solvent polarity, blue 

(lower wavelengths) and red shifts (higher wavelengths) on λmax will be 

observed. Therefore, Trp is an intrinsic protein probe that allows to monitor 

protein conformational changes.  

The aim of this study was to retrieve information about the thermal and 

pH structural stability of bevacizumab using ATR-FTIR, CD, and fluorescence 

spectroscopy, and to understand in which way the pH and temperature 

influence the denaturation phenomena and the bioactivity of the mAb. 

Thermal scanning using CD and fluorescence spectroscopy was carried out in 

order to monitor bevacizumab’s thermal stability as a function of pH. On the 

other hand, in order to understand the bevacizumab bioactivity at room 

temperature and different pH values, proliferation studies with HUVEC cell 

lines were made.  

 

5.3 Materials and Methods 

 

a. Materials 

 

The mAb used was Bevacizumab (Avastin®), which was kindly provided 

by Genentech Inc., South San Francisco, CA. Bevacizumab was stored at 4ºC 

and was provided with 51 mM sodium phosphate pH 6.2, 60 mg/mL trehalose 

dihydrate and 0.04% polysorbate 20 at pH 6.2. For the buffers preparation, 

sodium phosphate dibasic dehydrate, sodium phosphate monobasic 

monohydrate, sodium carbonate, and sodium bicarbonate were purchased 

from Merck (Darmstad, Germany). All buffers were filtered through 0.22 μm 

nylon membrane filter and degassed. Ludox® HS-40 colloidal silica was 

acquired from Sigma-Aldrich (St. Louis, MO, U.S.A.) for time-resolved 

fluorescence studies. For the cell culture, HUVEC were purchased from 

ScienCell (Carlsbad, CA, U.S.A.). The reagents for cell culture were acquired 
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from Sigma, such as M199 medium, FBS, gelatin solution 1%, heparin sodium, 

ECGS, DMSO and MTT. 

 

b. Sample preparation 

 

A stock solution of bevacizumab was prepared at pH 5, pH 6, pH 7.4, pH 

8, pH 9 and pH 10 from a commercial solution 25 mg/mL AvastinÒ pH 6.2. The 

pH values were chosen taking into account the possible pH used in a 

formulation process. Buffer solutions were made at concentrations used for 

real-time storage and drug delivery, considering the composition of Avastin®.  

The pH 7.4 was used to simulate the pH of blood in order to understand the 

behavior of bevacizumab structure in the blood. Different concentrations were 

made according to the assay in the study. A 75 μg/mL, 100 μg/mL, 1.5 mg/mL 

and 3 mg/mL stock solutions of bevacizumab were prepared for steady-state 

fluorescence spectroscopy, CD spectroscopy, time-resolved fluorescence 

spectroscopy and FTIR spectroscopy, respectively. Different concentrations 

were used considering the sensitivity and resolution of these techniques.  

 

c. CD spectroscopy 

 
The secondary structural content of bevacizumab at different pH values 

and different temperatures was evaluated by CD spectroscopy. The 

measurements were performed using a Jasco J815 CD Spectrophotometer 

(Jasco Incorporated, Easton, USA) and the lamp housing was purged with 

nitrogen. The spectra were monitored from 200 to 260 nm using a bandwidth 

of 1 mm, a data integration time of 2 sec, a data pitch of 0.5 nm, and a 

scanning speed of 50 nm/min. The sample volume required was 0.4 mL 

because a 0.1 cm cell was used. All spectra were the average of 8 scans, 

leading to 9.6 min of acquisition time for each sample. The CD spectrum of 

the buffer was subtracted from the sample spectrum and smoothed using 10 

points Savitzky-Golay function before conversion to absolute CD values. The 

mean residual ellipticity (MRE) was determined using a mean residual weight 

(MRW) of 112 for the bevacizumab according to the following equation: 
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[∅]bcd,f = 𝜃f ×
𝑀𝑅𝑊

10 × 𝑑 × 𝑐						 

 

𝜃 is the observed ellipticity (in degrees) at wavelength λ, d is the path length 

(cm), and c is the concentration (g/mL) [23]. The bevacizumab concentration 

was calculated by UV absorption at 280 nm in a NanoDrop ND-1000 UV-vis 

spectrophotometer (Thermo Scientific, Willmington, DE, U.S.A.), using a molar 

extinction coefficient of 243340 M-1 cm-1, at 280 nm for 1 mg/mL. The spectra 

of bevacizumab at room temperature (20ºC), after heating (85ºC) and after 

cooling (20ºC) were obtained and compared, at each pH value.  

 

Thermal unfolding studies and melting point of bevacizumab 

The thermal stability of bevacizumab was determined for all pH values, 

at a concentration of 75 μg/mL, by recording with circular dichroism the 

intensity of ellipticity at 218nm, from 55ºC to 85ºC (this temperature range 

was chosen because no transition was observed prior to 55ºC). This 

wavelength was chosen because bevacizumab is predominantly rich in β-sheet 

structures. The conditions and parameters used for this assay were the same 

as described in the preceding section. The heating rate was 1 ºC/min. This 

method allowed us to determinate the melting point of bevacizumab for each 

pH and compare these results with the results given by fluorescence 

spectroscopy After heating until 85ºC, bevacizumab samples were cooled 

from 85ºC to 20ºC at a cooling rate of 1ºC/min, monitoring the ellipticity 

intensity at 218 nm. 

 

d. FTIR spectroscopy 

 
The secondary structure of bevacizumab was also determined by ATR-FTIR 

at room temperature and at six different pH values. The spectra analyses were 

made using an ABB MB3000 FTIR spectrometer from ABB (Zurich, Switzerland) 

equipped with a MIRacle single reflection ATR accessory from PIKE 

Technologies (Madison, WI, U.S.A.). The spectra collection of all samples were 

made with 256 scans and a 4 cm-1 resolution in the region of 600-4000 cm-1, 
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and a set of three replicates of each formulation was analyzed at a 

concentration of 3 mg/mL. To obtain a final bevacizumab spectrum, the buffer 

spectrum was subtracted to the sample spectrum using the HorizonMB FTIR 

software from ABB (Zurich, Switzerland). Then, a second derivative with 13 

points Savitsky-Golay was made. The baseline was corrected using 3-4 point 

adjustment at the amide I region (1600-1700cm-1). Finally, all spectra were 

area-normalized for comparison using Origin 8 software (OriginLab 

Corporation, Northampton, MA, USA).  

 

Spectral Similarity Analysis 

The spectral similarity between bevacizumab commercialized as 

AvastinÒ and bevacizumab at each pH were determined by the algorithms area 

AO and SCC. These algorithms allow quantitatively to determine the similarity 

of sample and control ATR-FTIR spectra [24]. The spectral similarity was 

determined using the area normalized second-derivative amide I spectra of 

native bevacizumab (AvastinÒ). All the results are shown in percentage, and 

the percentage is correlated with the spectral similarity.    

 

e. Steady-state fluorescence spectroscopy studies 

 
Steady-state fluorescence excitation spectra were collected with a fixed 

wavelength at 337 nm. For the steady-state fluorescence emission spectra, a 

wavelength at 280 nm was selected for excitation of the aromatic pool of 

bevacizumab. All spectra were obtained from 200 to 530 nm with an 

integration time of 0.1 s and 1 nm step size. The fluorescence measurements 

were performed using a Felix fluorescence RTC 2000 spectrometer (Photon 

Technology International, Canada, Inc. 347 Consortium Court London, Ontario 

N6E 2S8), with a 75-W Zenon arc lamp coupled to a monochromator. All 

spectra were collected using an excitation slit width of 0.25 mm and an 

emission slit width of 6 mm. Fluorescence excitation (em. fixed at 337 nm) 

and emission (exc. fixed at 280 nm) spectra of 75 µg/mL bevacizumab were 

acquired at 20ºC before heating the sample, after heating the sample till 85ºC 
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and after cooling it to 20ºC, at each pH value. To obtain Raman corrected 

spectra, the buffer spectrum was subtracted from the sample spectrum using 

the Origin 8 software (OriginLab Corporation, Northampton, MA, USA). 

 

Thermal unfolding studies and melting point of bevacizumab 

The time-based fluorescence measurements were performed using the 

same equipment above described. All spectra were collected with using an 

excitation slit width of 0.25 mm and an emission slit width of 6 mm. The 

thermal stability of bevacizumab was determined at all pH values, at a 

concentration of 75 μg/mL by recording fluorescence intensity of emission 

fixed at 337 nm, from 55ºC to 85ºC. This temperature range was chosen 

because no transition was observed prior to 55ºC. All samples were placed in 

a 1mm path length cuvette and the temperature was increased using a rate of 

1ºC/min was used. The signal from the buffer spectrum was subtracted from 

the sample spectrum, smoothed using a 10 point Savitsky-Golay and 

normalized using the Origin 8 software (OriginLab Corporation, Northampton, 

MA, USA). This method allowed us to determinate the melting point of 

bevacizumab at each pH value. After heating, bevacizumab samples were 

cooled from 85ºC to 20ºC at a cooling rate of 1ºC/min, monitoring the 

fluorescence mission intensity at 337 nm. 

 

f. Time-resolved fluorescence spectroscopy 

 
The fluorescence lifetimes of 1.5 mg/mL bevacizumab at pH 5, 7.4 and 10 

were obtained with a fluorescence TCSPC lifetime spectrometer (DeltaPro, 

Horiba Scientific, Kyoto, Japan). A 280 nm light emitting diode, 200 

nanoseconds FWHM with PPD and laser diode Horiba Scientific was used to 

excite the samples. GaAs detector (Hamamatsu H8533P-40) was used to 

detect the fluorescence emission intensity at 337 nm at the magic angle 

(54.7º). The fluorescence lifetimes were determined, at each pH, at room 

temperature (20ºC), after heating (85ºC) and after cooling (20ºC). The 

temperature was controlled using a Peltier element at the cuvette holder 
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location. A solution of colloidal silica (Ludox®) was inserted into the buffer in 

order to acquire the instrument response function (IRF). Such IRF has been 

used to deconvolve the protein fluorescence time-resolved decay. This 

technique allowed the determination of decay times (τ) and pre-exponential 

factors (α) recovered from the time-resolved intensity decays for bevacizumab 

at the pH values above mentioned in Section 2.2. 

 

Fitting Procedure 

For the determination of the fluorescence decay values, a Marquardt 

least-squares minimization was used. The time-resolved intensity decays were 

calculated considering the equation depicted as a sum of discrete 

exponentials: 

𝐹(𝑡) =o𝛼q
q

. exp	(−𝑡/𝜏q)														 

F(t) is the experimental intensity decay, αi is the pre-exponential factor and τi 

is the fluorescence lifetime of the i-th discrete component both recovered 

upon fitting. 

Each fractional intensity (fi) of each lifetime and the mean lifetimes are 

given by the next equations, respectively. 

 

𝑓q =
𝛼q𝜏q
∑ 𝛼q𝜏qq

																					 

< 𝜏 >=o𝑓q𝜏q																	
q

 

g. Cell culture 

 
HUVEC cells were cultured in M199 medium, supplemented with 20% of 

FBS, 0.03 mg/mL of endothelial cell growth supplement, and 0.1 mg/mL of 

heparin. HUVECs were cultured on 1% w/v gelatin-coated tissue culture. The 

medium was renewed every 2 to 3 days until cells achieved confluency. HUVEC 

monocultures were seeded at a density of 3x103 cells/cm2 for all conditions 

tested.  
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h. Cell viability and proliferation assay 

 
The cell viability and proliferation were tested by MTT test, since this assay 

is responsible to measure the cell survival and/or growth rates of live cells 

with functional mitochondria. Briefly, HUVEC monocultures were seeded in a 

96-well plate at a density of 1x104 cells/well, and incubated for 72h, with 100 

µg/mL of bevacizumab at different pH values (5, 6, 7.4, 8, 9 and 10). The 

preparation of bevacizumab solutions at different pH values was made 24h 

before the addition on the cells, to understand the effect of pH in bioactivity 

under time. After the incubation period and the media remotion, 150µl of 0.5 

mg/mL MTT solution was added at each well. The reaction was terminated 4h 

after incubation by removal of the MTT solution and addition of 150µl of 

DMSO. The percentage of MTT reduction were analysed by measuring the 

absorbance at 590 nm and 630 nm using a microtiter plate reader (Biotek-

Synergy H1 Hibrid reader, using the Gen5 2.01 program). The % of MTT 

reduction was determinated as follows: 

 

%	MTT	reduction = 	
absorbance	of	treated	cells

absorbance	of	untreated	control	 × 100	 

 

The final results of MTT reduction are expressed as a percentage of the 

absorbance of control cells (cell culture at each pH value). 

 

i. Statistical Analysis 

 
One-way analysis of variance (ANOVA) Tukey post hoc test was used to 

compare the difference between sample groups and controls. Results are 

observed as a mean ± standard deviation from three independent 

experiments, where p < 0.05 was considered as significant different. The 

software used for the performed statistical analysis was GraphPad Prism 

Software vs 6.0 (GraphPad Software Inc.). 
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5.4 Results and Discussion 

 

a. Conformational analysis using circular dichroism spectroscopy 

 

Conformational changes in secondary structure of bevacizumab at 

different temperatures and different pH values were detected with CD. Figure 

5.1. displays the Far-UV CD spectra of bevacizumab for the different samples. 

At room temperature, at all pH values, the Far-UV spectrum of bevacizumab 

presents a minimum between 217 and 218 nm, characteristic of β-sheet 

structural content [16]. After heating the samples until 85ºC, the spectrum of 

bevacizumab at pH between 5 and 8 maintained the characteristic minimum 

of β-sheet content but a red-shift has occurred from 217 to 220 nm. An 

increase of the ellipticity intensity was found for pH 5 and 8 (32 and 41%, 

respectively), and a decrease was observed for pH 6 and 7.4 (50 and 45%, 

respectively), when bevacizumab was heated. At pH 9 and 10, the spectrum 

of bevacizumab presented a more negative value in the ellipticity intensity and 

the negative ellipticity peak was centered around 203-206 nm, characteristic 

of random coil structural content. It is described in the literature that the 

presence of random coil structure in proteins is characteristic of aggregated 

and denatured states [25, 26]. 

To investigate the ability of bevacizumab to refold and regain secondary 

structure, from the sample was cooled from 85 ºC until 20 ºC. Figure 5.1C 

shows a loss of ellipticity in CD spectra for all pH, but the CD spectra shape 

did not change, compared with the spectra of bevacizumab at 85ºC. Indeed, 

for the pH 5, 6, 7.4 and 8 a loss of secondary structural content rich in β-sheet 

has occurred, confirmed by a loss of ellipticity, but for pH 9 and 10 the random 

coils were maintained. These results show that the thermal denaturation of 

bevacizumab was irreversible. In Figure 5.1D it is possible to see the 

difference of wavelength minimum at different temperatures and pH values 

and to infer changes induced by temperature in the bevacizumab secondary 

structure. Indeed, this type of methodology was also applied by Joshi et al., 

where the authors studied the stability of therapeutic proteins through CD 
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spectroscopy [23]. These authors demonstrated also changes in b-sheet 

conformation when IgG1 was exposed to different pH and temperatures. 

Modifications in secondary structure of IgG1 was also exhibited due to an 

increase in the ellipticity, approaching zero value.  

 

 

Figure 5.1. Far-UV CD spectra of bevacizumab as a function of pH at 20ºC (A), 

upon heating at 85ºC (B) and upon cooling at 20ºC (C). (D) Wavelength 

corresponding to maximum ellipticity intensity of bevacizumab spectra at 

room temperature, upon heating and upon cooling. 

 

b. Conformational analysis using ATR-FTIR spectroscopy 

 

To analyze bevacizumab secondary structure at different pH values and 

at room temperature, ATR-FTIR spectroscopy was used. The area-normalized 

second-derivative ATR-FTIR in amide I region (1700-1600 cm-1) allows us to 

assess the protein secondary structure, detecting small conformational 

changes of protein secondary structural content [24].  Figure 5.2 displays the 

area-normalized second-derivative of the ATR-FTIR spectra for bevacizumab 
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buffered at six different pH values at room temperature. The spectra of 

bevacizumab at each pH presents the same band at the same wavenumbers 

apart from pH 8 and 9. For all pH values, the wavenumber associated with the 

antiparallel β-sheet structure is represented by 1635 cm-1 and 1697 cm-1 [27]. 

On the other hand, intermolecular β-sheet are represented by the band at 1617 

cm-1 [28]. The features at 1668 cm-1 and 1682 cm-1 is assigned to the β-turn 

structure [27]. At pH 8 and 9 (near to isoelectric point), a band at 1650 cm-1 

appeared, being reported in the literature as random coil segments. At the 

isoelectric point of bevacizumab (pH 8.3), the sum of all its electrical charges 

is zero. Therefore, as molecules are practically neutral at pH 8.0, the solubility 

of bevacizumab decreases leading to the onset of monodisperse and quasi-

amorphous nanoscale particles [29]. These particles are composed in their 

overall by random coil and a limited β-sheet content [30]. On the other hand, 

when spectral similarity was calculated, it was found a lowest spectral 

similarity for the bevacizumab solutions at pH above of the isoelectric point 

(Figure 5.3). These results demonstrated a loss of the content of bevacizumab 

secondary structure for the pH 8, 9 and 10.  

 

 

Figure 5.2. Second derivative amide I ATR-FTIR spectra of bevacizumab at pH 

5, 6, 7.4, 8, 9 and 10 at room temperature and bevacizumab commercialized 

as AvastinÒ. The arrows represent wavenumber of the band representative of 

each type of secondary structure. 
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Figure 5.3. Area overlap and spectral correlation coefficient percentages of 

freeze-dried bevacizumab, bevacizumab-loaded NP and denatured 

bevacizumab. Results are significantly different (* p < 0.5, **p < 0.1, *** p < 

0.01, **** p < 0.001) from native bevacizumab (AvastinÒ).  

 

Figure 5.3 shows the spectral similarity (AO and SCC) between native 

bevacizumab (AvastinÒ) and bevacizumab at different pH values. For pH 5 to 

7.4, the AO was found between 80.1 and 81.7%, whereas for pH 8 to 10, the 

AO was between 69.5 and 77.1%. The lowest spectral similarity was discovered 

for pH 8 and 10, with 71.1 and 69,5% of AO, respectively. Indeed, it were 

observed significant differences between the pH 5-7.4 and the pH 8 and 10.  

 

c. Conformational analysis using fluorescence spectroscopy 

 

In order to detect the conformational changes in the tertiary structure of 

bevacizumab at different temperatures and different pH values, steady-state 

and time-resolved fluorescence spectroscopy studies were carried out. 

Conformational changes can be monitored upon following the shifts in the 

wavelength corresponding to the maximum of fluorescence emission intensity 

(λmax). For all pH values, the fluorescence excitation and emission spectra were 

acquired at room temperature at 20ºC (Figure 5.4A), upon heating up to 85ºC 
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(Figure 5.4B) and upon cooling down to 20ºC (Figure 5.4C). Figure 5.5 shows 

the changes in fluorescence emission intensity and wavelength corresponding 

to the fluorescence emission maximum (λmax) at different pH values and 

different temperatures. At room temperature, for all pH values, λmax varied 

between 335 and 337 nm. Heating until 85ºC induced red shifts between 3 

and 10 nm in the λmáx, indicating that temperature has induced conformational 

changes in bevacizumab leaving the Trp residues more solvent exposed. After 

cooling until 20ºC, the red shifts remained compared to heated bevacizumab 

(λmax observed between 338-447 nm for all pH values), indicating that 

bevacizumab structure did not refold back to its native structure upon cooling. 

Cooling experiments allow to infer if the thermal denaturation is reversible or 

irreversible. It is known that protein aggregation caused by thermal unfolding 

prevents protein refolding to its native structure [31]. Protein aggregation is 

likely to occur upon thermal unfolding.  

 

 

 

Figure 5.4. Fluorescence excitation and emission spectra of bevacizumab at 

room temperature at 20ºC (A), upon heating at 85ºC (B) and upon cooling at 

20ºC (C). Normalized fluorescence excitation and emission spectra of 

bevacizumab at room temperature at 20ºC (A), upon heating at 85ºC (B) and 
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upon cooling at 20ºC (C). The values within parentheses are representative of 

the wavelengths corresponding to the fluorescence emission intensity 

maximum. 

 

The fluorescence emission spectra of bevacizumab have suffered a red 

shift upon a temperature increase from 20ºC to 85ºC. The higher the pH, the 

larger the red shift (Figure 5.5.). Regarding the fluorescence emission 

intensity maximum, except for pH 6, the intensity decreased after heating 

bevacizumab until 85ºC and increased after cooling.  

 

 

Figure 5.5. Fluorescence emission maximum of the graphs A, B, and C 

displayed in Figure 5.4. 

 

Furthermore, the distribution of fluorescence lifetimes of bevacizumab 

at pH 5, 7.4 and 10 and at 20ºC was analyzed and compared with the 

distribution of fluorescence lifetimes at 20ºC upon cooling. Table 5.1 exhibits 

the fluorescence lifetimes (τi) distribution and the associated pre-exponential 

factor (fi) recovered from fitting the time-resolved intensity decays of 

bevacizumab at three different pH values (5, 7.4 and 10) at room temperature 

and upon cooling, respectively.  

The distribution of lifetimes reflects the physical-chemical environment 

neighboring the aromatic residues. Protein conformational changes will 
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induce changes in the fluorescence lifetimes [32]. The analysis of the 

fluorescence lifetimes of bevacizumab at room temperature reveals that a 

sample decays with two lifetimes: one in the picosecond timescale and another 

in the nanosecond timescale. The percentage of bevacizumab molecules that 

decays with a picosecond lifetime (τ1, see Table 1) is 5%, 30% and 12% at pH 5, 

7.4 and 10, respectively. This picosecond component is more dominant at pH 

7.4. The nanosecond component is larger at pH 5 (Table 5.1). The average 

fluorescence lifetimes were 1.29 ns, 1.66 ns and 1.35 ns at pH 5, 7.4 and 10, 

respectively. However, upon heating and when being cooled down to 20 ºC, 

the bevacizumab molecules only decay with lifetimes in the nanosecond 

range, leading an increase of fluorescence lifetime. The average fluorescence 

lifetimes were 3.92 ns, 3.02 ns and 2.68 ns at pH 5, 7.4 and 10, respectively. 

Therefore, the average fluorescence lifetime has triplicated at pH 5 and 

duplicated at pH 7.4 and 10 due to temperature induced conformational 

changed in the protein. The model that best fitted each fluorescence decay 

kinetic trace was a 2-exponential decay model. The 3-exponential decay model 

could not be chosen because, for some samples, the preexponential factor 

was negative, and for the others samples no improvements in Durbin-Watson 

and pre-exponential factor were observed. When changing from a 2-lifetime 

decay model to a 1-lifetime decay model, the statistics worsened considerably. 

The Durbin-Watson parameter for all the samples was less than 1, being away 

to 2 ideal value [33]. On the other hand, the chi-square that was found between 

2 and 8, it was far from 1 ideal value.  
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Table 5.1. Recovered fluorescence lifetimes (τi), pre-exponential factors (αi), 

intensity fraction (fi) and average lifetime (<τ>) for bevacizumab at room 

temperature and upon cooling, at different pH obtained by a nonlinear fit 

using the PTI software. Excitation has been carried out using a 280 nm diode.  

Lifetime (ns) Intensity fraction Pre-exponential factor 

20ºC, fresh sample 

pH 5 

τ1 0.33 ± 0.02 f1 0.05 α1 1.18 ± 0.05 

τ2 1.34 ± 0.29 f2 0.95 α2 0.28 ± 0.19 

<τ> 1.29 ± 0.03     

pH 7.4 

τ1 0.68 ± 0.11 f1 0.30 α1 0.78 ± 0.05 

τ2 2.08 ± 0.09 f2 0.70 α2 0.58 ± 0.06 

<τ> 1.66 ± 0.10     

pH 10 

τ1 0.37 ± 0.19 f1 0.12 α1 0.55 ± 0.18 

τ2 1.48 ± 0.04 f2 0.88 α2 1.00 ± 0.05 

<τ> 1.35 ± 0.06     

20ºC, cooled sample after being heated to 85ºC 

pH 5 

τ1 1.40 ± 0.08 f1 0.06 α1 1.08 ± 0.03 

τ2 4.08 ± 0.10 f2 0.94 α2 5.59 ± 0.04 

<τ> 3.92 ± 0.10     

pH 7.4 

τ1 1.41 ± 0.06 f1 0.50 α1 0.88 ± 0.02 

τ2 4.63 ± 0.16 f2 0.50 α2 0.26 ± 0.02 

<τ> 3.02 ± 0.11     

pH 10 

τ1 1.29  ± 0.08 f1 0.47 α1 0.90 ± 0.03 

τ2 3.92 ± 0.15 f2 0.53 α2 0.34 ± 0.03 

<τ> 2.68 ± 0.12     
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The average fluorescence lifetime for a sample of bevacizumab at room 

temperature at pH 5.0, 7.4 and 10.0 was 1.29, 1.66 and 1.35 ns, respectively. 

These differences are related to the presence and proximity of the aromatic 

pool of the protein to intrinsic fluorescence quenchers of proteins. The 

protonated forms of hydroxyl, amine, and carboxylic groups are good 

fluorescence quenchers of proteins [34]. Hence, for the extreme pH (5 and 

10), the presence of protonated forms of amine (pH 5 and 10) and carboxylic 

groups (pH 5) leads to a decrease in the average fluorescence lifetime. The 

closer the distance to such quencher groups, the larger the quenching effect. 

The most effective fluorescence quenchers are disulfide bridges and thiol 

groups. The proximity to all the quencher groups mentioned is likely to 

change due to conformational changes induced by pH and temperature. It is 

observed that after heating and cooling the protein sample, an increase of the 

average fluorescence lifetime occurs at all pH values (Figure 5.6), because of 

thermally induced conformational changes. The loss of spatial proximity 

between the aromatic residues and the quencher groups will lead to an 

increase in the average fluorescence lifetime. Upon heating until 85ºC, as 

described above, the denaturation of bevacizumab has occurred. It is known 

that aggregates increase the viscosity of a solution [35]. The different lifetimes 

recovered at each pH value upon cooling confirm that bevacizumab achieved 

another conformation different from the native protein.  

 

Figure 5.6. Comparison of the mean fluorescence lifetime (ns) of bevacizumab 

at pH 5, 7.4 and 10 at 20 ºC, prior to the heating run, and upon cooling, at 20 

ºC, after the heating run.  
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d. Correlation of thermal scanning between fluorescence and circular 

dichroism spectroscopy 

 

For the determination of the melting temperature of the protein as a 

function of pH, the fluorescence emission intensity at 337 nm (exc: 280 nm) 

of bevacizumab at six different pH was monitored from 55 to 85ºC (no 

transition observed below 55ºC). The ellipticity intensity at 218 nm of fresh 

bevacizumab solutions at six different pH values was continuously monitored 

from 55ºC to 85ºC. At pH 6, the ellipticity intensity at 218 nm decreased with 

temperature. On the other hand, at all other pH values, the ellipticity intensity 

increased with temperature.  

Data were fitted with a Boltzmann function and an example of the fitting 

are described in Figure 5.7A. The results of the fitting for all pH values are 

represented in Figure 5.7B. Figure 5.7B shows that for all pH values, the 

fluorescence emission intensity increased upon heating until 85ºC. For all pH 

values, the mid-point of transition was found between 63.3 and 75.5ºC, being 

the highest at the pH 6. Fluorescence emission intensity were also monitored 

from 85 to 55ºC in order to understand the effect of cooling. However, no 

mid-point of transition was found (data not shown). Figure 5.7B shows the 

data fitted by a Boltzmann function and the recovered melting temperatures 

can be observed in Figure 5.7C. The values of Tm recovered from CD 

spectroscopy had been found higher than the values acquired from 

fluorescence spectroscopy, at each respective pH value, being in a range 

between 63.7 and 80.6 ºC (Figure 5.7D). This occurs because the fluorescence 

spectroscopy only takes into account the aromatic amino acids of proteins, 

whereas CD spectroscopy involves all amino acids present in a protein. Thus, 

in Figure 5.7C it is possible to see that pH 6.0 is the pH more stable for the 

bevacizumab since a higher temperature is necessary to induce thermal 

unfolding of bevacizumab.  
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Figure 5.7. (A) Example of the fitting process for the pH 6. (B) Raw data and 

fitted values of fluorescence emission thermal unfolding curves of 

bevacizumab at pH 5, 6, 7.4, 8, 9 and 10 obtained upon heating from 55 to 

85ºC (heating rate: 1ºC/min). The fluorescence emission intensity was 

monitored at 337 nm (upon excitation at 280 nm). (C) Raw and fitted values 

of circular dichroism thermal unfolding curves of bevacizumab at the same pH 

obtained upon heating from 55 to 85ºC (heating rate: 1ºC/min). The ellipticity 

signal was followed at 218 nm. (D) The Tm determined for each pH by CD and 

fluorescence spectroscopy. 

 

e. Bevacizumab bioactivity by cell viability and proliferation assay  

 

The bevacizumab bioactivity was studied considering the capacity of 

bevacizumab to reduce cell viability and proliferation. HUVEC cells were used 

in this experience since endothelial cells need VEGF as a growth factor to 

promote their proliferation. Therefore, when bevacizumab is present in the 

medium, there is an interaction between VEGF and bevacizumab, leading to 
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decrease of cell viability. This function might be determined by MTT assay, 

where can be observed the cell viability in contact with samples. Bevacizumab 

solutions were prepared at the same six pH with the same buffers. For the pH 

5, 6 and 7.4, Figure 5.8 shows an inhibitory effect in the HUVEC growth, 

demonstrating the biological effect of bevacizumab. The lowest values of cell 

viability were observed for the pH 6, indicating that bevacizumab is more 

stable at this pH. These results are agreeing with the results given by 

spectroscopy methods, where it was demonstrated that the bevacizumab 

structure is more stable at pH 6 (average of 70,17% of cell viability). On the 

other hand, at pH 8, 9 and 10, no significant different were found between the 

sample and control, demonstrating some loss of mAb bioactivity. Indeed, 

results given by ATR-FTIR also demonstrated a loss in the content of 

bevacizumab secondary structure for that pH, which may be related with their 

loss of bioactivity. On the other hand, to understand the long-term effect of 

pH in bevacizumab, the samples were prepared 24h before the incubation. 

That could have triggered the loss of bevacizumab bioactivity over time.   

 

Figure 5.8. Effect of bevacizumab on cell viability of HUVEC cells. MTT assay 

of HUVEC cells treated with bevacizumab at different pH values (5, 6, 7.4, 8, 

9 and 10).  

In all graphs, bars represent mean values ± SD (n = 5 values per condition). 

One representative experiment out of three total is shown. *, P < 0.05; **, P < 

0.1; ***, P < 0.01, and ****, P < 0.001 determined as described in materials 

and methods.  
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5.5 Conclusions 

 

The aim of this study was to study the stability and bioactivity of mAbs 

induced under stress conditions (pH and temperature). To achieve this, the 

following spectroscopy techniques were used: CD, ATR-FTIR and fluorescence 

spectroscopy. Bevacizumab was the mAb used as a model protein for this 

study and the goal was to demonstrate the structural stability of mAb under 

the same stress conditions. However, the aim of this study is to extrapolate 

the application of these biophysical methods for other mAb. Bevacizumab is 

an important mAb in the pharmaceutical world due to its capacity of inhibiting 

angiogenesis, being highly used in cancer treatment. 

Our study demonstrated the potential of spectroscopy techniques as a 

sensitive and rapid technique for evaluating denaturation of mAbs. ATR-FTIR, 

CD and fluorescence spectroscopy allowed to detect conformational changes 

in the secondary and tertiary structure of bevacizumab at different pH and 

temperature, gaining this way insight into the mechanism of denaturation. 

With this study, it has been shown that temperature’s increase induced 

irreversible conformational changes in the bevacizumab’s structure, leading 

to an unfolded state of bevacizumab. In addition, thermal stability study of 

bevacizumab evidenced that its structure is most stable at pH 6. In vitro 

studies were performed to supplement the information given by spectroscopy 

technologies. Both methods are concordant, where it was found that 

bevacizumab is more stable at pH 6. On the other hand, results showed that 

the bevacizumab bioactivity decreased over time for the pH above 8. Indeed, 

the study of ideal pH and temperature of an antibody formulation used for 

real-time storage and drug delivery is an important step to develop the final 

market product. With this information, the choice of excipients and buffer 

solutions will be made easier, improving the stability of the pharmaceutical 

formulation. This biophysical research is highly important and can be used for 

biomedical application since immunogenicity problems can arise from 

instability of mAb.  
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6.1 Abstract 

 

Bevacizumab is one of the most common monoclonal antibodies used 

to treat cancer due to its antiangiogenic role.  However, the frequent 

parenteral administrations are not attractive for the patient adhesion to the 

therapy. Nanoencapsulation of bevacizumab might be a useful alternative to 

increase administration intervals, due to controlled release properties. To 

achieve a long-term bevacizumab stability into PLGA nanoparticles, we 

developed an optimized and validated lyophilization protocol. The co-

encapsulation of trehalose and bevacizumab into PLGA nanoparticles, 

associated to their lyophilization with external 10% (w/v) of trehalose, allowed 

maintenance of the physical-chemical characteristics of nanoparticles and 

bevacizumab secondary and tertiary structure. More relevant, the 

antiangiogenic activity of bevacizumab was kept over 6 months of storage 

while formulated with this protocol. No significant differences were found 

upon 6 months of storage at 4 ºC and 25 ºC/60% HR, and minor differences 

were observed for storage at 40ºC/75% HR, bringing to our knowledge, the 

first successfully report for monoclonal antibody storage at room 

temperature, without losing its structural and functional features. Our results 

served as starting point to understand the monoclonal antibody-based 

nanoparticle behavior over time, creating an innovative approach for a long-

term monoclonal antibody stability.  

 

 

 

 

 

 

 

 

 



 

 160 

6.2 Introduction 

 

Over the past three decades, therapeutic antibodies have been used to 

treat several diseases since their high specificity and affinity might allow a 

targeted therapy, avoiding side effects [1]. Bevacizumab is one of the most 

common monoclonal antibodies used in the cancer therapy as an 

antiangiogenic drug, being responsible for the vascularization regulation [2]. 

Bevacizumab binds to VEGF-A, inhibiting the angiogenesis process. It is well 

known the important role of VEGF-A in the vascular endothelial cells growth, 

vasodilation, vascular permeability and endothelial migration [3]. VEGF is 

highly expressed in a variety of solid malignant tumors, being correlated with 

the disease progression due to an increased angiogenesis, proliferation and 

metastasis [4-6]. For that reason, when bevacizumab is administered, the 

angiogenesis is inhibited due to its interaction with VEGF, decreasing 

indirectly tumor growth. Bevacizumab is usually administrated every 2 or 3 

weeks by intravenous route, bringing low patient compliance to the therapy. 

Therefore, the encapsulation of bevacizumab into nanocarriers has begun to 

be investigated as an alternative to the current therapy [7-9]. Indeed, this 

strategy might allow a controlled release of bevacizumab from PLGA 

nanoparticles, increasing administration intervals, thus enhancing the patient 

adhesion to the therapy [10]. We previously showed that only 14% of 

bevacizumab was released from polymeric nanoparticles after one week, 

demonstrating the control in the sustained release of bevacizumab over time 

[7]. On the other hand, intracellular delivery might be still addressed, targeting 

bevacizumab against intracellular VEGF-A [11]. So far, some authors have 

demonstrated the success of bevacizumab encapsulation into PLGA 

nanoparticles, bringing a new approach in mAb-based therapy [7, 8, 12].  

Although preliminary studies on structural and biological stability of 

mAb were provided, to the best of our knowledge no studies related with long-

term stability of mAb-loaded PLGA nanoparticles have been done [7, 8, 13]. 

Long-term stability studies are important to understand the structural and 

functional modifications of mAb while encapsulated into nanoparticles and 

after its release, over the storage time. These studies are mainly crucial for 
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the pharmaceutical industries concerning the product introduction on the 

market since an excellent stable pharmaceutical drug over time is required 

[14, 15].  

PLGA has been extensively used on nanoparticle production due to its 

biocompatibility, biodegradability and nontoxic properties.[16] PLGA potential 

has allowed a suitable controlled release, making these nanocarriers an 

advantageous system for drug delivery and biomaterial applications [17]. 

However, the instability of PLGA nanoparticles in an aqueous environment 

makes its long-term storage an issue due to the loss of native nanocarrier 

characteristics [18]. That instability is given by hydrolytic degradation of PLGA 

in the aqueous environment, as well as the aggregation phenomena arising 

from its storage [19]. Hydrolytic degradation might also be hasty upon 

autoclaving of PLGA nanoparticles to obtain a sterilized formulation for further 

parenteral administration [18]. Therefore, a noteworthy strategy used by 

pharmaceutical industries to avoid the nanoparticle instability has been the 

lyophilization of PLGA nanoparticles, which allows the complete water removal 

from the suspension by sublimation and desorption using vacuum, thus 

extending the shelf-life stability [20]. 

Despite the advantages of lyophilization for dehydrated pharmaceutical 

products, a deep study correlating nanoparticle properties and mAb stability 

should be done for mAb-loaded PLGA nanoparticles. It has been reported that 

lyoprotectants addition to the PLGA nanoparticles suspension prior 

lyophilization is highly crucial to attenuate nanoparticle instability caused by 

mechanical stress of ice crystals and possible aggregation [21].  

Lyoprotectants avoid nanoparticle aggregation due to the formation of an 

immobilizing glassy matrix [21, 22]. On the other hand, lyoprotectants also 

allow complete solidification of PLGA nanoparticles by affecting the glass 

transition temperature of glycolic and lactic acid [20, 23]. This critical control 

guarantees an effective lyophilization procedure due to the formation of a 

proper lyophilizate. Suitable re-dispersion properties and low residual 

moisture content of a stable amorphous cake, as well as an excellent protein 

stabilization upon storage, are some of required parameters to obtain a good 

lyophilizate [20, 24]. Among the most used lyoprotectants, it has been 
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demonstrated the advantages of trehalose in nanoparticles and protein 

stability [25-27]. The absence of internal hydrogen bonds in trehalose 

molecules provides a high flexibility for hydrogen bonds formation with PLGA 

nanoparticles, resulting in a low chemical reactivity [28]. However, to the best 

of our knowledge no long-term studies were done after the co-encapsulation 

of trehalose into PLGA nanoparticles, as well as, the therapeutic effect of the 

monoclonal antibody encapsulated, over time.  

The aim of this study was to develop a formulation for long-term 

stability of bevacizumab through lyophilization of bevacizumab-loaded PLGA 

nanoparticles to overcome the previous described limitations. Accordingly, we 

addressed four different approaches to discover the best formulation which 

allows the maintenance of long-term bevacizumab secondary and tertiary 

structure, as well as its biological activity. Bevacizumab-loaded PLGA NP 

without any lyoprotectant, bevacizumab-loaded PLGA nanoparticles with co-

encapsulated trehalose (NP in), bevacizumab-loaded PLGA nanoparticles with 

externally added trehalose (NP out) and bevacizumab-loaded PLGA 

nanoparticles with both co-encapsulated and externally added trehalose (NP 

in + out) were chosen as strategies. Long-term stability study was done over 6 

months at three different storage conditions, according ICH guidelines, 

evaluating the physical-chemical properties of bevacizumab and 

nanoparticles, as well as therapeutic action of bevacizumab. In addition, it was 

also assessed the influence of lyophilization process on the feasibility and 

PLGA nanoparticle characterization.   

 

6.3 Materials and Methods 

 
a. Materials 

 
PLGA (PLGA5004A, 50:50 lactic acid:glycolic acid, 44,000 Da), was kindly 

offered by Corbion-Purac Biomaterials (Holland, Netherlands). Bevacizumab, 

commercially known as Avastin, was also gently provided by Genentech Inc. 

(South San Francisco, CA, USA). EA and PVA, trehalose dehydrate, M199 cell 

culture medium, fetal bovine serum, gelatin solution 2%, heparin sodium, 
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endothelial cell growth supplement, MTT and DMSO were acquired from 

Sigma-Aldrich (Steinheim, Germany). Trifluoroacetic acid (TFA) from Acros 

Organics (Morris Plains, NJ, USA) was used for the HPLC analysis, as well as, 

acetonitrile HPLC Gradient Grade from Fischer Scientific (Lough-borough, UK). 

For the cell culture, the cell line Human umbilical vein endothelial cells 

(HUVEC) from ScienCell (Carlsbad, CA, USA) was used. Recombinant human 

VEGF165 was purchased from BioLegend (San Diego, CA, USA). Trehalose kit 

assay from Megazyme (Wicklow, Ireland) was used for trehalose quantification. 

Ultrapure water characterized by 0.055 µS cm-1 of conductivity and 18.2 

MW.cm of resistivity was prepared in-house using Milli-Q station from Millipore 

Corp. (Madrid, Spain).  

 

b. Preparation of PLGA nanoparticles 

 
Bevacizumab-loaded PLGA NP were developed using a modified solvent 

emulsification-evaporation method based on a w/o/w double emulsion, 

previously developed by our group [7]. Co-encapsulation with trehalose and 

bevacizumab was achieved by the same method, being described in the 

Appendices. Bevacizumab AE and DL after encapsulation was calculated by 

indirect method (no differences with direct method were found), considering 

free bevacizumab amount in the supernatant after centrifugation of PLGA 

nanoparticles (Appendices). Bevacizumab in the supernatant was quantified by 

a validated RP-HPLC with fluorescence detection  method, previously 

developed by our group [29]. The AE and DL of trehalose was indirectly 

determined by trehalose quantification kit, considering also the free trehalose 

in the supernatant.  

 

c. Lyophilization of PLGA nanoparticles 

 
All the different bevacizumab-loaded PLGA nanoparticles were lyophilized 

in the same conditions (Appendices) using a VirTis Advantage Plus Benchtop 

lyophilizer from SP Scientific (Warminster, PA, USA). The freezing was made in 

the lyophilizer chamber at -40 ºC during 4h at a condenser surface 



 

 164 

temperature of -60 ºC. The first drying step occurred at -32 ºC and pressure 

of 150 mtorr during 24, followed by a secondary drying step at 20 ºC and 

pressure of 50 mtorr during 6h. 

 

d. Long-term storage study 

 
A 6-month long-term stability study for the freeze-dried nanoparticles was 

performed, following the ICH guidelines [30]. All the samples were placed at 

three different storage conditions: 4 ± 2 ºC, 25 ± 2 ºC/60 ± 5% RH, and 40 ± 2 

ºC/75 ± 5% RH in a Climacell chamber from MMM Medcenter Einrichtungen 

GmbH (Planegg, Germany). Four different time-points were chosen for the 

experiments, for each storage condition: after the lyophilization at time 0 (t0), 

after 1 (t1), 3 (t3) and 6 months (t6) of storage (n=3).  

 

e. Characterization of PLGA nanoparticles 

 
Particle size and zeta potential values were determined for all formulations 

after nanoparticle production and for the freeze-dried nanoparticles at t0, t1, 

t3 and t6. The samples after production, at t0 and t6 were also 

morphologically characterized by TEM and SEM. Lastly, the residual moisture 

content of freeze-dried nanoparticles was calculated after lyophilization using 

an A&D MX-50 moisture analyzer from A&D Company Ltd. (Tokyo, Japan) 

(Appendices). 

 

f. Characterization of bevacizumab secondary structure  

 
The bevacizumab secondary structure after encapsulation into PLGA 

nanoparticles and after the nanoparticle lyophilization was determined by 

ATR-FTIR using an ABB MB3000 FTIR spectrometer from ABB (Zurich, 

Switzerland) equipped with a MIRacle triple reflection ATR accessory from PIKE 

Technologies (Madison, WI, USA). The bevacizumab spectra and the spectral 

similarity spectra were obtained following a protocol previously described by 

our group [7]. For the spectral similarity spectra, the AO and SCC were 

calculated.  
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g. Characterization of bevacizumab tertiary structure 

 
The fluorescence excitation and emission spectra of native and extracted 

bevacizumab at different time-points were carried using Horiba Fluoromax-4 

spectrofluorometer from Horiba (Kyoto, Japan) (Appendices). The analysis 

spectra were made following a protocol previously described by our group 

[31]. 

 

h. Bevacizumab in vitro bioactivity 

 
Bevacizumab bioactivity was calculated indirectly by MTT assay due to its 

biological function as inhibitor of proliferation. HUVEC cells were used for this 

assay, cultured in M199 medium, supplemented with 20% of FBS, 0.1 mg/mL 

of heparin and 0.03 mg/mL of ECGS (Appendices).   

 

i. Statistical analysis 

 
GraphPad Prism Software vs. 6.0 (GraphPad Software Inc.) was used to 

perform the statistical analysis. Concerning the experience type, differences 

between groups were compared using one-way or two-way analysis of variance 

(ANOVA) Tukey post hoc test. Results are expressed as a mean ± standard 

deviation (n=5). Differences were considered significant at * p < 0.05, ** p < 

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

 

6.4 Results and Discussion 

 

Aiming the best formulation to storage mAbs at long-term, 6-month 

stability study was addressed using four different formulations that are 

dependent on lyoprotectant approach of nanoparticles. Bevacizumab-loaded 

PLGA nanoparticles without lyoprotectant (NP), bevacizumab and trehalose co-

encapsulated into PLGA nanoparticles (NP in), bevacizumab-loaded PLGA 

nanoparticles with externally added trehalose (NP out) and bevacizumab and 
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trehalose co-encapsulated into PLGA nanoparticles with externally added 

trehalose (NP in + out) were formulated. Trehalose was chosen as the ideal 

lyoprotectant based on previous findings [24]. A concentration of 10% (w/v) 

of trehalose was chosen to be co-encapsulated and externally added to 

bevacizumab-loaded PLGA nanoparticles, achieving the highest lyoprotectant 

effect concerning protein stability [27]. The best formulation was chosen 

considering (1) maintenance of the physical-chemical properties of PLGA 

nanoparticles after production and after lyophilization, (2) the preservation of 

the physical-chemical properties of the freeze-dried PLGA nanoparticles, (3) 

the absence of structural modifications in the bevacizumab secondary and 

tertiary structure and (4) the maintenance of biological activity of bevacizumab 

while encapsulated into PLGA nanoparticles, over the 6 months. 

 

a. Effect of lyophilization process on bevacizumab-loaded poly (lactic-

co-glycolic acid) nanoparticles 

 
Nanoparticle characterization 

 

All nanoparticle formulations were characterized after production and 

after lyophilization regarding particle size (Figure 6.1A), polydispersity index 

(PdI) (Figure 6.1B) and surface charge (Figure 1C), understanding the 

potential impact of lyophilization on formulations. After production, the 

particle size and PdI for all nanoparticle formulations ranged between 208 to 

238 nm and 0.09 to 0.14, respectively (Figure 6.1A, 6.1B). PdI was used to 

characterize the nanoparticle size distribution, where small values of PdI (near 

to zero) are considered important to confirm the uniform size distribution. In 

fact, it has been described that higher PdI values of nanoparticles are 

associated to a polydisperse formulation [32]. For that reason, to achieve a 

monodisperse nanoparticle formulation, the PdI values should be as low as 

possible. After lyophilization, results showed significant differences in particle 

size and PdI only for the formulation NP (without any lyoprotectant), agreeing 

with a previous work [7]. As expected, these parameters increased due to the 

absence of lyoprotectant inside or outside in PLGA nanoparticles. Regarding 
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zeta potential analysis (Figure 6.1C), all nanoparticle formulations presented 

negative surface charge, characteristic attributed to the acidic properties of 

PLGA .[17] Although no significant differences were observed between the 

different formulations, zeta potential values were very low, which could result 

in a weak nanoparticle stability. However, the measurements of zeta potential 

in a sodium chloride solution have been associated with a decrease of values 

for zeta potential comparatively with measured values in ultrapure water [33].  

All the formulations were further characterized considering 

bevacizumab and trehalose AE and DL (Figure 6.1D). No significant 

differences were found for the formulation NP and NP in, meaning that co-

encapsulation with trehalose did not interfere with bevacizumab 

encapsulation. Furthermore, a very good achievement regarding AE for 

bevacizumab and trehalose was reached, since both were encapsulated higher 

than 77.9%. Bevacizumab was effectively encapsulated into NP and NP in at 

around 84.7 ± 0.3% and 88 ± 5%, respectively. In turn, the AE for trehalose was 

79 ± 2% and 78 ± 2% for the NP and NP in formulations. Both bevacizumab NP 

formulations, with or without co-loading of trehalose, presented residual 

trehalose content, because it is one of the Avastinâ components. This 

preliminary characterization is highly crucial since high values of trehalose AE 

may prevent the mAb instability over time. The same results were observed 

for the DL, where the co-encapsulation process did not affect the DL values of 

bevacizumab into PLGA nanoparticles. Indeed, our production protocol of 

PLGA nanoparticles demonstrated to be robust and can potentially be 

translated to other type of mAb. Regarding bevacizumab release from PLGA 

nanoparticles, it was previously showed that only 14% of bevacizumab is 

released from polymeric nanoparticles after one week [7]. As bevacizumab-

loaded PLGA nanoparticles were produced through PLGA 50:50, it was well 

known slow release profile of those type of nanoparticles achieving a complete 

degradation profile after two months. Regarding the co-encapsulation of 

trehalose into PLGA nanoparticles, recent studies have reported no differences 

in the release behavior after the trehalose addition (as lyoprotectant) on the 

nanoparticle suspension [34]. Trehalose has been found as the best 

cryoprotectant for proteins since it might protect protein/antibodies from 
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degradation, not interfering in the release profile of proteins from 

nanosystems [24, 34]. These previous findings were the basis of our choice of 

trehalose as cryoprotectant to protect bevacizumab from degradation.    

To obtain noteworthy and stable lyophilizate it is fundamental focusing 

also in the lyophilization cycle. The choice of the freezing method is crucial, 

determining the success of lyophilization process [35]. In a ramped cooling 

method, the freezing step occurs inside the lyophilizer, and it has been 

described as the best freezing method to preserve the protein structure inside 

PLGA nanoparticles. For that reason, that method was chosen to lyophilize 

bevacizumab-loaded PLGA nanoparticles [27]. All the lyophilizates were 

visually inspected after lyophilization, presenting a white appearance with 

cotton-like texture and non-collapsed cake without shrinkage (Figure 10.1). It 

is known that these features are representative of a proper and successful 

lyophilization process. After the visual inspection of lyophilizates, the mean 

lyophilization ratio was also determined to confirm the effect of lyophilization 

ratio in the particle size.  The lyophilization ratio ranged from 0.91 and 1.29, 

with the lowest value for NP out and highest value for NP (Figure 6.1E).  
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Figure 6.1. Nanoparticle characterization after production and after 

lyophilization for NP, NP in, NP out and NP in + out regarding (A) nanoparticle 

size, (B) polydispersity index and (C) zeta potential. (D) Bevacizumab and 

trehalose association efficiency (AE) and drug loading (DL) after production of 

bevacizumab-loaded PLGA nanoparticles (NP and NP out) and 

bevacizumab/trehalose-loaded PLGA nanoparticles (NP in and NP in + out). (E) 

Lyophilization ratio for all formulations. (F) Residual moisture content of the 

lyophilizates at t0. Results are significantly different (**p < 0.01, ***p< 0.001, 

****p<0.0001) from the corresponding formulation after production. 

 

The absence of the stabilizing effect of trehalose on the PLGA 

nanoparticles causes some aggregation of nanoparticles in NP formulation 

after the lyophilization process, which can be given by the high value of 

lyophilization ratio, as previously described [34]. Lastly, in Figure 1F are 

represented the values of residual moisture content, and the overall results 

were lower than 1% (maximum limit accepted for pharmaceutical products) 

[36]. This parameter is important because high residual moisture content 

might be responsible to destabilize nanoparticles after storage by PLGA 

hydrolysis. These results demonstrated, once again, that the lyophilization 
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process was outstanding, more precisely due to the efficiency of secondary 

drying step in the water removal step [24]. 

 

Structural and biological modifications of bevacizumab 

 
In addition to nanoparticles characterization, the effect of lyophilization on 

bevacizumab structural integrity and biological activity was also analyzed. 

Bevacizumab secondary structure, while encapsulated into PLGA 

nanoparticles, was determined through attenuated total reflectance fourier 

transform infrared (ATR-FTIR) spectroscopy, since this technique is commonly 

used to predict the secondary structure of proteins inside nanoparticles [37]. 

The second derivative spectra are represented in Figure 6.2A (qualitative 

analysis) and the percentage of similarity between the spectra are described 

in Figure 6.2B (quantitative analysis). The similarity between the spectra of 

native bevacizumab and the bevacizumab-loaded PLGA nanoparticles is 

characterized as area overlap (AO), while spectral correlation coefficient (SCC) 

quantifies the modifications in the band positions. The higher is that 

similarity, lower is the loss of bevacizumab secondary structure. Native 

bevacizumab is mainly composed by b-sheet secondary structure (at around 

80%), being shown by the bands at 1614 cm−1, 1635 cm−1, 1691 cm−1 

(Figure 10.2). The addition of 10% (w/v) of trehalose to native bevacizumab 

caused a decrease in b-sheet structures, an increase in b-turn structures and 

the presence of intermolecular b-sheets at 1616 cm-1 (secondary structure loss 

at around 30 ± 2%) (Figure 6.2B).  

Figure 6.2A provides information about the qualitative modifications of 

bevacizumab secondary structure upon its encapsulation, being observable 

changes for all the formulations of nanoparticles. However, the changes are 

more pronounced for the formulations NP out and NP in + out due to excessive 

addition of trehalose as lyoprotectant. The high amount of added 

lyoprotectant to the formulation associated to the low drug loading of 

bevacizumab created an obstacle to viewing the correct bevacizumab 

secondary structure inside PLGA nanoparticles. As expected, the co-

encapsulation of trehalose into PLGA nanoparticles, given by NP in 
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formulation, allowed a greater bevacizumab stability (p < 0.05), in comparison 

with other formulations (69 ± 3% of secondary structure was maintained).  

Evaluate the tertiary structure is highly critical since the tertiary 

structure of mAb might be lost even if secondary structure could be kept [38]. 

The physical-chemical technique most used to predict the conformational 

changes in tertiary structure of proteins is the fluorescence spectroscopy, 

which evaluates the solvent accessibility of tryptophan residues conferred to 

mAbs [39]. A shift in the wavelength of maximum fluorescence emission 

intensity (lmáx) indicates that the tryptophan residue was more solvent exposed 

and consequently, conformational changes in tertiary structure occurred. 

Maximum fluorescence emission intensity of native bevacizumab was 

observed in a range of 339-401 nm. No significant differences were found 

upon the comparison of lmáx for native bevacizumab and extracted 

bevacizumab for all the nanoparticle formulations (Figure 6.2C). For that 

reason, we demonstrated that the bevacizumab tertiary structure was 

preserved for all the formulations after lyophization, indicating success of 

lyophilization process.  

After the bevacizumab structural behavior study, biological effect of 

bevacizumab-loaded PLGA nanoparticles should be accessed. Since it is well 

known the anti-proliferative function of bevacizumab, its biological activity 

can be indirectly measured through MTT assay, where it is quantified the 

inhibition of HUVEC proliferation. Bevacizumab is able to decrease HUVEC 

proliferation due to its binding to VEGF-A, avoiding consequently the 

interaction between VEGF-A and its receptors, which is fundamental for the 

proliferation process. Thus, in vitro bioactivity of bevacizumab was studied 

for each type of formulation using MTT assay after the addition of 10 ng mL-1 

of VEGF-A (Figure 6.2D).  

Regarding bevacizumab-loaded PLGA nanoparticles, no significant 

differences were found for the formulations NP, NP in and NP in + out when 

compared with the native bevacizumab, indicating that bevacizumab 

bioactivity was kept upon lyophilization. However, the results described an 

impaired biological activity of bevacizumab for NP out formulation. As a 

control, it was tested the role of trehalose, at the same concentration, in cell 
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proliferation, being proved a considerable increase in proliferation after the 

exposure of trehalose to the cells (an average growth of 40%). For that reason, 

we believe that HUVEC proliferation is manipulated when trehalose is 

externally added to the formulations, being the bevacizumab activity hidden. 

Lastly, empty nanoparticles showed the absence of any type of biological 

activity and cytotoxicity, as expected. 

Overall, bevacizumab bioactivity given by in vitro studies did not 

changed after lyophilization even upon its encapsulation. Despite 

bevacizumab secondary structure is slightly changed while encapsulated into 

PLGA nanoparticles, bevacizumab tertiary structure after release and 

bioactivity were kept after lyophilization. Probably, secondary structure was 

altered due to the bevacizumab-bevacizumab interactions and PLGA-

bevacizumab interactions through the formation of intermolecular b-sheets 

[40]. Nonetheless, after bevacizumab release from PLGA nanoparticles, 

fluorescence spectroscopy and in vitro bioactivity studies showed a refolding 

process on bevacizumab structure. Considering the absence of any negative 

impact of lyophilization in the preservation of bevacizumab structure and its 

biological function, there was the necessity of finding the best formulation for 

the bevacizumab delivery. 
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Figure 6.2. (A) Area-normalized second-derivative amide I ATR-FTIR of native 

bevacizumab, loaded bevacizumab from NP, NP in, NP out and NP in + out 

formulations. (B) Area overlap (AO) and spectral correlation coefficient (SCC) 

percentages of bevacizumab + 10% trehalose (as a control), loaded 

bevacizumab from NP, NP in, NP out and NP in + out formulations. Results are 

significantly different (**p < 0.01, ***p< 0.001, ****p<0.0001) from native 

bevacizumab (C) Fluorescence excitation and emission spectra of native 

bevacizumab and extracted bevacizumab from NP, NP in, NP out and NP in + 

out formulations. (D) MTT assay of HUVEC cells treated with 10 ng mL-1 of 

VEGF, native bevacizumab, empty nanoparticles, loaded nanoparticles and 

free trehalose. In all graphs, bars represent mean values ± SD (n=5 values per 

condition). Results are significantly different (****p<0.0001) from native 

bevacizumab.  
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b. Long-term stability of bevacizumab-loaded poly (lactic-co-glycolic 

acid) nanoparticles 

 
Nanoparticle characterization 

 

All formulations were stored at three different storage conditions for 6 

months (4 ºC, 25 ºC/60% HR and 40 ºC/75% HR), and the nanoparticles were 

physical-chemical characterized at time points 0, 1, 3 and 6 months. So far, 

mAb therapy is based on parenteral route, whereby a small particle size and 

PdI are required to prevent embolism phenomena after nanocarrier 

administration. For that reason, Figure 6.3A shows the best formulation 

regarding nanoparticle size and PdI characterization (NP in + out), where no 

significant differences were found for these parameters, over time at the three 

conditions. As expected, the external addition of trehalose allowed the 

preservation of PLGA nanoparticles over time, avoiding the nanoparticle 

aggregation. The physico-chemical characterization for other formulations are 

represented in Figure 10.3.  

Zeta potential was also measured for all formulations and the overall 

values were ranged from -6.37 to 3.39 mV. The positive zeta potential values 

appeared only for the groups of NP and NP in, without trehalose externally 

added, at 40 ºC/75%HR (Figure 10.3). At high temperature, the PLGA 

degradation is higher, turning the surface positively charged due to the 

transfer of protons from the solution to the nanoparticles surface [41]. This 

transfer allows the protonation of hydroxyl groups present into PLGA, 

becoming acidic the pH of the formulation. For the other groups and 

conditions, the surface charge was characterized as negative. In an overall 

view, despite the zeta potential decreased over time for each condition, 

particles demonstrated a good stability after 6 months of storage, mainly for 

the formulations entitled NP out and NP in + out (Figure 10.3 and 6.3A). 
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Figure 6.3. (A) Average of particle size, polydispersity index, and zeta 

potential for NP in + out formulation placed at 4 ºC, 25 ºC/60% HR and 40 

ºC/75% HR after 0,1,3 and 6 months storage. Results are significantly different 

(**p < 0.01, ***p< 0.001, ****p<0.0001) from the corresponding formulation 

at time 0, (B) TEM microphotograph of NP in + out formulation after 

production, (C) TEM microphotograph of NP in + out formulation after 

lyophilization at time 0, (D) TEM microphotograph of NP in + out formulation 

after lyophilization at time 6 at 4 ºC, (E) TEM microphotograph of NP in + out 

formulation after lyophilization at time 6 at 25 ºC, (F) TEM microphotograph 

of NP in + out formulation after lyophilization at time 6 at 40 ºC.  

 

All the formulations were morphologically characterized after 

production, after lyophilization at time 0 and at time 6 by SEM and TEM to 

visualize the modifications of nanoparticle shape and surface over time. The 

morphology of PLGA nanoparticles is an important criterion to follow since 

modifications on nanoparticle shape or surface might be correlated with 

nanoparticle and mAb stability. No significant differences were found between 

all the formulations after production and lyophilization considering the 

nanoparticle shape given by TEM (Figure 10.4). An example of TEM 

microphotograph for the group NP in + out after production and after 

lyophilization is given in Figure 6.3B and 6.3.C, respectively. Figure 3D, E and 

F shows the TEM microphotograph of NP in + out formulation after 6 months 
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storage at 4 ºC, 25 ºC/60% HR and 40 ºC/75% HR, respectively. SEM 

microphotographs for the samples after production and after lyophilization 

can be visualized in Figure 10.5. Despite the amorphous matrix embedding 

the nanoparticles, the results showed a smooth surface for all formulations. 

Lyoprotectants might protect nanoparticles from lyophilization through the 

formation of hydrogen bonds between the lyoprotectant and the polar groups 

of nanoparticle surface, while replaces water as it freezes [36]. This 

mechanism creates a protective amorphous matrix embedding the 

nanoparticles, interfering in the correct SEM measurements. This phenomenon 

occurs mainly due to the addition of PVA as surfactant in the nanoparticle 

production. In fact, even after the washing step of PLGA nanoparticles, PVA 

remains associated to the nanoparticle surface, acting as a lyoprotectant [42]. 

For that reason, it is possible to observe in SEM images the protective 

amorphous matrix surrounding the nanoparticles for all the samples. There 

was a high nanoparticle aggregation for the groups of NP and NP in, after 6 

months of storage, agreeing also with the previously DLS results (Figure 10.6). 

On the other hand, degradation of PLGA nanoparticles is observed for NP and 

NP in groups when were stored at 40 ºC/75% HR during 6 months (Figure 

10.7), due to decrease of observable PLGA nanoparticles. NP degradation may 

also be favored due to the lactic acid/glycolic acid ratio of PLGA (50:50) 

compared to higher lactic acid/glycolic acid ratios as 75:25 or 85:15, which is 

well known their degradation profile after 2 months at body temperature.  

NP characterization for each different time-point demonstrated to be 

highly enlightening as it was found significant differences between the 

comparable groups. NP in + out proved to be the best formulation regarding 

NP characterization at long-term storage.  

 

Structural and biological modifications of bevacizumab 

 

Using the same physical-chemical techniques to characterize the 

bevacizumab secondary and tertiary structure, the preservation of 

bevacizumab structure was investigated during 6 months of storage, at 

different storage conditions. Figure 6.4 shows the obtained AO and SCC 
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percentage values for all nanoparticle formulations and all the tested 

conditions, while Figure 10.8 displays the area-normalized second-derivative 

amide I spectra. ATR-FTIR results revealed a global loss of bevacizumab 

secondary structure over the storage time, for all the storage conditions, but 

more pronounced when nanoparticles were stored at 40 ºC/75% HR. However, 

as previously described, drug loading of nanoparticles was approximately 2%, 

meaning that the amount of the bevacizumab was nearby of the detection limit 

of ATR-FTIR. This detriment associated to the strong interaction of 

bevacizumab and trehalose, made the spectra reading difficult.  

A significant decrease on spectral similarity for the formulations NP and 

NP in was verified over the 6 months. For both formulations, after 6 months 

storage at 40 ºC/75% HR, the average of AO values was 16 ± 7%, demonstrating 

a loss in the bevacizumab secondary structure at around 84% (Figure 6.4). 

Indeed, bevacizumab denaturation can also be observed in Figure 10.8 

through the appearance of a new bands at around 1622 and 1645 cm-1, 

characteristic of denatured bevacizumab [7]. As referred above, this might be 

attributed to the absence of any external lyoprotectant added to the 

formulation. Polymer degradation was previously observed after 6 months 

storage for these formulations, interfering obviously in bevacizumab stability. 

NP in + out formulation exhibited again the best results, over time for all 

storage condition, regarding the preservation of bevacizumab secondary 

structure, where 60% of the bevacizumab secondary structure was maintained. 

Naturally, this might bring a new approach concerning the mAb transport and 

stability, demonstrating to be an excellent alternative for the pharmaceutical 

industries to transport and storage mAbs without cooling.   
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Figure 6.4. Area overlap (AO) and spectral correlation coefficient (SCC) 

percentages of loaded bevacizumab from NP, NP in, NP out and NP in + out 

formulations after 6 months of storage at three different storage conditions 

(4 ºC, 25 ºC/60% HR and 40 ºC/75% HR). Results are significantly different (**p 

< 0.01, ***p< 0.001, ****p<0.0001) from the corresponding formulation at 

time 0.  

 

Conformational changes in the tertiary structure of bevacizumab after 

bevacizumab extraction from PLGA nanoparticles were detected by steady-

state fluorescence spectroscopy. Figure 6.5 shows the excitation and 

emission fluorescence spectra of native and extracted bevacizumab from the 

different nanoparticle formulations, at the different storage conditions over 

time. The greater is the fluorescence spectra overlap between native 

bevacizumab and extracted bevacizumab, better is the maintenance of 

bevacizumab tertiary structure. Figure 6.5 reveals a high overlap of 

fluorescence spectra for almost all groups. That overlapping should be 

observed considering the absence of lmáx shifts, indicating no conformational 

changes occurred [43]. Figure 6.6 shows exactly the shifts in the lmáx, where 

red dotted line refers to the allowed intervals without any significant 

conformational changes of bevacizumab tertiary structure. It is described in 

the literature the occurrence of few shifts (absolute error of fluorescence 

maximum detection of 2 nm) in fluorescence spectroscopy attributed to the 

own technique [44].  Results showed a red shift only for the formulations NP 

and NP in. For both groups, an average of red shift ranged from 12-15 nm, 

indicating the strong conformational changes in bevacizumab structure due 

to solvent exposition of tryptophan residues [45]. A slight red shift was also 
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observed for NP in formulation when nanoparticles were stored at 25 ºC/60% 

HR, indicating that bevacizumab tertiary structure was not preserved. No 

significant differences on the conformational tertiary structure of 

bevacizumab were found for the groups NP out and NP in + out for all storage 

conditions and all time-points. NP in + out formulation allowed a constant 

structural stability over time for all the storage conditions, being considered 

our best formulation.  

 

 

Figure 6.5. Normalized fluorescence excitation and emission spectra of 

extracted bevacizumab from NP, NP in, NP out and NP in + out formulation 

stored over 6 months at three different storage conditions (4 ºC, 25 ºC/60% 

HR and 40 ºC/75% HR) (n=3).  
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Figure 6.6. Wavenumber of fluorescence emission maximum intensity of the 

graphs displayed in Figure 6.5 (n=3). Results are significantly different (**p < 

0.01, ***p< 0.001, ****p<0.0001) from the corresponding formulation at time 

0.  

 

In vitro cell-based antiangiogenic activity was evaluated to confirm 

bevacizumab bioactivity over time, correlating with biophysical studies. The 

antiproliferative ability of bevacizumab on HUVEC cells was studied after 1, 3 

and 6 months storage to understand the possible therapeutic variations over 

time (Figure 6.7A, 6.7B, 6.7C).  Antiproliferative bioactivity of bevacizumab-

loaded PLGA nanoparticles is given by two different pathways. Firstly, 

bevacizumab is released from PLGA nanoparticles, binding to extracellular 

VEGF and avoiding its interactions with VEGF receptors present in HUVEC cells. 

On the other hand, there is some nanoparticle uptake by HUVEC cells, 

resulting in an intracellular delivery of bevacizumab and avoiding VEGF 

release. After 6 months storage, it was observed a reduction of the 

bevacizumab bioactivity for the formulation NP in at 25 ºC/60% HR and 40 
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ºC/75% HR, as well for the formulation NP at 40 ºC/75% HR (Figure 6.7C). In 

vitro bioactivity findings are aligned with the previous results, where it was 

noticeable a loss of bevacizumab secondary and tertiary structure and an 

intense nanoparticle degradation for these formulations (NP and NP in). 

Surprisingly, no significant differences were found for the other formulations 

after 6 months of storage, demonstrating the efficiency of the developed 

nanocarrier. However, at time 1 and 3 months, some significant differences 

were detected, mainly for the storage conditions at 25 ºC/60% HR and 40 

ºC/75% HR (Figure 6.7A and 6.7B). After 1 month at 40 ºC/75% HR storage, 

NP out and NP in + out presented an increase on bevacizumab bioactivity 

(Figure 6.7A). That phenomenon happened mainly due to the trehalose effect 

previously described as a proliferation catalyst. It has been reported that the 

introduction of trehalose in cell culture medium increases cell survival and 

proliferation (at around 28 ± 2%) after 72 hours of endothelial cell incubation 

[46]. This has been mainly important for the endothelial cells 

cryopreservation. On the other hand, Shi et al. demonstrated that trehalose 

has the ability to release the cell quiescent metabolic state and allow return to 

cell growth [47]. However, over time the trehalose was degrading and the 

bevacizumab bioactivity was no longer hidden, demonstrating the real effect 

of bevacizumab upon its release. It was demonstrated also a higher biological 

activity for bevacizumab upon its encapsulation in the formulation entitled NP 

in + out. Indeed, no significant differences were found for this group over time 

upon its storage at 4 ºC or 25 ºC/60% HR (Figure 6.7D). 

Summarising, NP in + out formulation was considered the best 

formulation, allowing a better nanoparticle and bevacizumab stability over 

time. For that reason, for each storage condition (4 ºC, 25 ºC/60% HR, 40 

ºC/75% HR), it was determined the slope of a linear equation, where x axis was 

considered as time (month) and y axis as bevacizumab bioactivity percentage. 

Figure 6.8 shows that slope of linear equations was nearly to zero value (range 

from 0.19 to 0.96), meaning that no significant differences on bevacizumab 

bioactivity occurred over time for all the storage conditions. Results showed 

that more than 83 ± 4% of bevacizumab bioactivity was preserved during 6 

months of storage at 4 ºC. For the same time-point, 78 ± 4% and 77 ± 5% of 
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bevacizumab bioactivity was maintained for the storage conditions 25 ºC/60% 

HR and 40 ºC/75% HR, respectively. This is an important achievement because 

it was proved that mAb was protected while encapsulated into PLGA 

nanoparticles, keeping its biological activity over time. These results are 

particularly interesting for the pharmaceutical industries, since bevacizumab 

might be storage at room temperature. 

 

Figure 6.7. MTT assay of HUVEC cells treated with 10 ng/mL of VEGF, native 

bevacizumab, bevacizumab-loaded NP, NP in, NP out and NP in + out after its 

storage at 4 ºC, 25 ºC/60% HR and 40 ºC/75% HR at time-point 1 month (A), 3 

months (B) and 6 months (C). (D) Bevacizumab in vitro bioactivity of NP in + 

out over time for each storage condition. In all graphs, bars represent mean 

values ± SD (n=5 values per condition). Results are significantly different 

(****p<0.0001) from native bevacizumab.  
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Figure 6.8. Variations on bevacizumab bioactivity from NP in + out over the 

time at 4ºC (A), 25ºC/60%HR (B) and 40ºC/75%HR. The linear equations were 

determined using GraphPad program. In all graphs, bars represent mean 

values ± SD (n=5 values per condition). 

 

6.5 Conclusions 

 

Here we present a nanocarrier able to preserve the antiangiogenic 

therapy over time as a result of preserving the structure and bioactivity of 

bevacizumab. Bevacizumab-loaded PLGA nanoparticles were lyophilized with 

different levels of lyoprotectant in order to find out a formulation that 

conserves the structure and bioactivity of mAbs. In this study, a new promising 

lyophilized formulation composed of bevacizumab and trehalose co-

encapsulated into PLGA nanoparticles with 10 % (w/v) of trehalose externally 

added was successfully developed. Indeed, it was shown a preservation of 

PLGA nanoparticle characteristics, the maintenance of bevacizumab 
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secondary, tertiary structure and bevacizumab in vitro bioactivity over 6 

months of storage.  These data serve as a starting point to observe that 

nanotechnology applied to mAb might still take advantages to overcome some 

drawbacks associated to mAb-based therapy. This new approach must be 

applied to another type of antibody.  

Further, no significant differences were found for the storage of this 

formulation at 4 ºC and 25 ºC/60% HR. This is of particular importance since 

this study is the first report demonstrating the stability of mAb loaded into 

nanoparticles, being a massive benefit for pharmaceutical industries.  
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7.1 Abstract  

 

Glioblastoma multiforme is the most aggressive and invasive malignant 

brain tumor, derived from glial cells. GBM underlies a remarkable metabolic 

imbalance associated to increased secretion of tumor VEGF accompanied by a 

subsequent increase in vascularization. In 2009, FDA approved the 

intravenous use of bevacizumab, an anti-VEGF monoclonal antibody, as a 

single therapeutic agent for patients with GBM. However, the reduced 

accessibility of bevacizumab to the central nervous system and consequently 

to the tumoral mass, limited its effectiveness in improving the overall patient 

survival. In this study, we combined experimental and theoretical framework 

to quantitatively characterized the dynamics of VEGF secretion in GBM and in 

its normal counterpart. We showed that distinctive high gradient of VEGF at 

the intratumoral microenvironment, can be used as a novel target for 

improved bevacizumab-based therapy.  We have engineered a nanosystem 

loaded with bevacizumab that is able to shuttle intratumorally and inhibit 

VEGF secretion required for angiogenesis activation and development. Overall, 

the effectiveness of this nanosystem in reducing vascularization and 

proliferation of GBM was predicted in a zebrafish animal model.  
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7.2 Introduction 

 

GBM is by far the most frequent and malignant of all glial tumors, 

represented with poor prognosis and a low survival rate [1]. After GBM 

diagnosis, the median patient survival is 12-15 months, where only 3-5% of 

patients might survive after 3 years or more [2]. The extreme aggressiveness 

characteristic of glioblastoma has been associated to the disorganized tumor 

vasculature and high vascularization, caused by the high levels of VEGF 

expression [3, 4]. High levels of VEGF expression have been correlated with 

high microvessel density, fast tumor growth and metastatic spread, speeding 

up the disease progression [5]. It is well known the main role of VEGF in 

physiological and pathological angiogenesis, promoting angiogenesis itself, 

vascular permeability and cell migration [6, 7]. Physiologically, VEGF is 

secreted by macrophages, keratinocytes, renal mesangial cells, being required 

for endothelial and epithelial cell survival through its internalization by VEGFR 

[6]. Despite the well-known profile of VEGF expression in GBM, 

autocrine/paracrine signaling as well as the secretion kinetics of VEGF is still 

unknown. To understand the secretion kinetics of VEGF in a non-pathological 

and tumor situation, intracellular expression of VEGF-A was determined in 

normal human astrocytes (hTERT E6/E7 cell line) and glioblastoma multiform 

(U-87 MG cell line) cancer cells, respectively.  

As previously described, it is well known that GBM is characterized by 

high vascular endothelial proliferation, cell density and hypoxia caused by 

necrosis, making GBM treatment a challenge for clinicals [8, 9]. Surgery, 

radiotherapy and chemotherapy with temozolomide are the current treatment 

options for GBM [10, 11]. However, due to the treatment failure with 

radiotherapy and temozolomide, FDA approved the use of bevacizumab 

(Avastinâ) as a single-agent for the GBM treatment with progressive disease 

[12, 13].  Bevacizumab is a humanized anti-VEGF-A mAb that it has been used 

in the clinics to treat patients diagnosed with recurrent GBM based on the 

success of clinical trials [14, 15].  

Nevertheless, there are some clinical reports describing failures in GBM 

treatment with bevacizumab, resulting into a more aggressive and invasive 
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tumor after bevacizumab treatment [16, 17]. This lack of efficacy of GBM 

treatment might be attributed to its limited delivery across BBB and also 

therapeutic resistance in tumor recurrence [18, 19]. An alternative to improve 

the efficacy of GBM treatment is to combine the nanotechnology to the 

bevacizumab delivery, achieved by controlled release nanosystems [20]. In this 

study, bevacizumab-loaded PLGA NP [21, 22], were developed as an alternative 

to cross effectively BBB, accomplishing a better therapy with less toxicity. 

Bevacizumab-loaded PLGA NP were also formulated to allow an intracellular 

delivery of bevacizumab and consequently, targeting intracellular VEGF. This 

strategy considered the synergic and efficient effect achieved by intracellular 

and extracellular VEGF targeting.  

 

7.3 Materials and Methods  

 

a. Materials  

 

The mAb bevacizumab (Avastin), which was kindly offered by Genentech 

In. (South San Francisco, CA). Bevacizumab-loaded PLGA NP were previously 

developed by our group. All the nanoparticle characterization was previously 

described [21]. Reagents for cell culture were acquired from Sigma, such as, 

cholera toxin, insulin, transferrin, hydrocortisone, RIPA buffer, protease and 

phosphatase inhibitor cocktail, HEPES, DMSO, MTT and Human VEGF ELISA kit. 

Protein assay kit and CellMask Deep Red Plasma membrane stain were 

purchased from Thermo Scientific (Wilmington, DE, USA) as well as anti-VEGF 

primary antibody. Anti-rabbit secondary antibody, anti-GADPH primary 

antibody, anti-mouse secondary antibody was purchased from Santa Cruz 

Technology (Texas, USA). From Gibco, it was purchased FBS, penicillin-

streptomycin, trypsin-EDTA, DMEM and DMEM/F12 medium. For the BrdU 

incorporation assay, Cell Proliferation ELISA BrdU Kit was used (Roche Applied 

Science, Indianapolis, IN).  
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b. Cell culture  

 

U-87 MG cell line (ATCC, Manassas, USA) and SW 480 cell line (ATCC, 

Manassas, USA) were cultured in DMEM medium, supplemented with 10% (v/v) 

of FBS and 1% (v/v) of penicillin-streptomycin. Immortalized normal human 

astrocytes (hTERT E6/E7) were immortalized and gently offered by Dr. Russel 

Pieper group (UCSF, USA). hTERT E6/E7 was cultured in DMEM medium, 

supplemented with 10% (v/v) of FBS and 1% (v/v) of penicillin-streptomycin. 

FHC was purchased from ATCC (Manassas, USA) and were cultured in 

DMEM/F12 medium, supplemented with extra 10 mM HEPES, 10 mg/mL of 

cholera toxin, 0.005 mg/mL of insulin, 0.005 mg/mL of transferrin, 100 

ng/mL of hydrocortisone and 10% (v/v) of FBS. All the cell lines were 

maintained in an incubator at 37ºC with 5% CO2 in water saturated atmosphere.  

 

c. Quantification of intracellular and extracellular VEGF in cell lines 

 

Intracellular VEGF was determined by western blot. Each cell line was 

seeded in a 6 cm culture dish (8 x 105 cells) in a supplemented DMEM medium. 

After 48 hours, the supernatant was removed and stored at -80 ºC in order to 

quantify extracellular VEGF. Pre-cooled lysis buffer at 4 ºC (RIPA with 1% of 

phosphatase and protease inhibitor cocktail) was added at cultured cells to 

extract proteins. The protein extract was stored at – 80 ºC for future 

experiences. Protein concentration was calculated using Bradford method. 

Protein and Laemmli Sample Buffer were mixed at a ratio of 4:1, and then 

placed in a ThermoMixer at 95 ºC for 5 minutes. A total of 80 µg of protein 

per well was used and the proteins were resolved on 12 % polyacrylamide gel. 

The proteins were transferred onto PVDF membrane followed by sealing using 

10% (w/v) of dried milk during 1h. After that, primary VEGF antibody (2 µg/mL) 

was incubated overnight at 4 ºC. Next day, following washing three times 

using PBS/Tween 0.05% with each time for 10 minutes, anti-rabbit secondary 

antibody was incubated during 1h. Following washing two times with 

PBS/Tween 0.05% and two times with only PBS for 10 min each time, the 

images were developed by adding ECL chemiluminescence detection solution 
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(GE Healthcare, Amersham, UK). The membranes were also incubated with 

anti-GADPH antibody for protein loading control. Semi-quantitation of VEGF 

expression was determined using Fiji software.   

The cell supernatant was collected, and the quantification of extracellular 

VEGF was performed by Human VEGF ELISA assay, according to the 

manufacturer’s protocol. 

 

d. Effect of bevacizumab-loaded PLGA NP on VEGF expression 

 

U-87 MG and hTERT E6/E7 were seeded in a 6 cm culture dish at a 

concentration of 8 x 105 cells. Bevacizumab-loaded PLGA NP and free 

bevacizumab were added at five different concentrations (10, 25, 50, 100, 200 

µg/mL) to the culture dish after 8h of seeding to study their influence on VEGF 

expression. Culture medium and empty PLGA NP at higher concentration were 

also used as a negative control. After 48h, supernatant was collected and used 

to quantify secreted VEGF.  

 

e. Effect of bevacizumab-loaded PLGA NP on cell viability  

 

U-87 MG and hTERT E6/E7 were seeded in a 96 well plate (2 x 104 cells/mL) 

in a supplemented DMEM medium. After 24h of incubation, medium was 

removed, and cells were washed twice with 200 µL of PBS. Then, bevacizumab-

loaded PLGA NP and free bevacizumab at different concentrations (10, 25, 50, 

100, 200 µg/mL) were incubated during 48h. The influence of empty PLGA NP 

on cell viability were also tested at 100 and 200 µg/mL.  

A Pierce LDH-based cytotoxicity assay kit (Thermo Scientific, Wilmington, DE, 

USA) was used to determine the influence of samples in the cell cytotoxicity.  

Cell viability was determined indirectly by the percentage of cell cytotoxicity.  

 

f. Bromodeoxyuridine (BrdU) proliferation assay 
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U-87 and hTERT E6/E7 cells were cultured in 96-well plates at a density of 

1x104 cells/cm2 and treated 100µg/mL of free bevacizumab and bevacizumab-

loaded PLGA NP [21]. BrdU labeling reagent (final concentration, 10 mM) was 

added after 48 h of culture. Then after 48 h, cells were fixed, and the DNA 

was denatured. Next, the cells were incubated with the anti-BrdU-POD antibody 

for 90 minutes at room temperature. After the removal of the antibody 

conjugate, the cells were washed, and the substrate solution was added. The 

reaction product was quantified 15 min after, by measuring the absorbance 

using a microtiter plate reader (Biotek-Synergy H1 Hibrid reader, using the 

Gen5 2.01 program) at 370 nm with a reference wavelength of 492nm. The % 

of BrdU incorporation was calculated as follows: 

 

%	BrdU	incorporation = 	
absorbance	of	treated	cells

absorbance	of	untreated	control	(cells	culture	without	VEGF) × 10 

 

g. Flow cytometry  

 

U-87 MG and hTERT E6/E7 cell lines were seeded in a 6 cm plate dish (8 x 

105 cells/dish) and were allowed to attach overnight. The next day, medium 

was removed, and the cells were washed twice with pre-warmed PBS. Then, 

free bevacizumab, bevacizumab-loaded PLGA NP and empty PLGA NP at a final 

concentration of 100 µg/mL were added to each well and incubated for 24 and 

48h. Per each condition, the initial number of cells were calculated using 

Trypan-Blue method, after washing with pre-warmed PBS and detached with 

trypsin-EDTA. For intracellular proteins staining, U-87 MG and hTERT E6/E7 

cells were stimulated with 50 ng/mL of PMA plus 500 ng/mL of Ionomycin in 

the presence of 10 µg/mL of Brefeldin A for 4h at 37ºC. The cells were then 

washed with medium and PBS through centrifugation at 2000 rpm during 1 

min and fixed with PFA 4 % in PBS during 10 min. PFA was removed through 

centrifugation and cells were washed again. The number of cells per condition 

was quantified. Finally, cells were ressuspended in PBS, filtered (70 μm) and 

placed in cytometer tubes. Then, the cells were stained for intracellular 

proteins for 20 min at 4ºC. Antibodies for VEGF, IgG and NP were obtained 
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from BD Sciences or Biolegend. Samples were acquires on a FACS Canto II (BD 

Biosciences) and the data were analyzed using FlowJo software (TreeStar).  

h. Microinjection of glioma cells in zebrafish model 

 

A transgenic zebrafish (Danio rerio) reporter line expressing GFP in 

endothelial cells of blood vessels was derived from the ED141 enhancer-trap 

line, gently provided by Gomez-Skarmeta lab, CABD, Seville [23]. To develop a 

zebrafish embryo glioma model, U-87 cells were microinjected into transgenic 

zebrafish embryos, as previously done [24, 25]. About 48 hours post-

fertilization (48 hpf), zebrafish embryos were manually dechorioned and 

anesthetized with Tricaine methanesulfonate (ethyl 3-aminobenzoate; Sigma-

AldrichSigma-Aldrich). Glioma cells were labeled with CellMask Deep Red 

Plasma membrane Stain (pink) 2 h before the microinjection into zebrafish 

embryos, following the manufacture instructions. Maintenance of signal was 

tested in vitro over 72 hours and no signal was lost during that time (data not 

shown). U87 cells were trypsinized and suspended at a density of » 108 

cells/mL. Then, 20 nl of U87 cells were microinjected into the yolk of zebrafish 

embryos near the SIV using an injection needle (GB100F-10P, Science Products 

GmbH) pulled by a Magnetic Glass Microelectrode Horizontal Puller (PN-31, 

Narishige, Japan) and a microinjector (IM 300 Microinjector, Narishige, Japan), 

micromanipulator (M-152, Narishige, Japan) and stereo microscope (Leica 

KL300 LED, Leica). 

To study their anti-angiogenic and anti-tumorigenic effect, free 

bevacizumab, bevacizumab-loaded PLGA nanoparticles and empty 

nanoparticles were microinjected into 48 hpf transgenic zebrafish embryos 

together with U-87 cells, to a final concentration of 10 µg/mL. After the 

implantation of tumor cells with or without the antibody and nanoparticles 

into zebrafish, embryos were reared in Danieau’s solution (17.4 mM NaCl, 210 

nM KCl, 120 nM MgSO4, 180 nM Ca(NO3)2, 1,5mM HEPES, pH 7.6) at 34ºC for 

2 days. Three independent experiments were performed with 20 embryos 

zebrafish per experiment and condition.  

The glioma cells growth and the number of SIV in the zebrafish model were 



 

 200 

observed in vivo 24 hpi and 48 hpi using a stereo microscope (Leica M205 FA, 

Leica). Images were obtained with a digital camera (ORCA-Flash4.0 LT C11440, 

Hamamatsu). All images were acquiring under the same acquisition settings 

and all data was subsequently processed using Fiji image analysis software. 

Three experiments were performed with 20 embryos zebrafish per experiment 

and condition. 

i. Statistical Analysis 

 
For the performed statistical analysis, the GraphPad Prism Software vs. 6.0 

(GraphPad Software Inc.) was used. Differences between groups were 

compared using one-way analysis of variance (ANOVA) Tukey post hoc test. 

Results are expressed as a mean ± standard deviation from a minimum of 

three independent experiments. Differences were considered significant at * 

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

 

7.4 Results and Discussion 

 

To understand the secretion kinetics of VEGF in a non-pathological and 

tumor situation, intracellular expression of VEGF-A was determined in normal 

human astrocytes (hTERT E6/E7 cell line) and glioblastoma multiform (U-87 

MG cell line) cancer cells, respectively. Surprisingly, intracellular VEGF-A was 

not detected in U-87 MG cancer cells, unlike in hTERT E6/E7 cell line (Figure 

7.1A). On the other hand, high levels of extracellular VEGF-A were found in U-

87 MG cancer cells rather than in hTERT E6/E7 cell line (Figure 7.1B). These 

results suggest a high rate of VEGF-A secretion for U-87 MG cancer cells, 

without accumulation of intracellular VEGF-A. On the other hand, it was 

observed a low rate of VEGF-A secretion for hTERT E6/E7 cell line, with 

accumulation of intracellular VEGF-A over time. Up to our acknowledgment, 

this is the first report describing the impressive difference of VEGF-A secretion 

rates in a non-pathological and pathological condition. To demonstrate the 

existence of an intracellular poll of VEGF-A in the U-87 MG cell line and its 

association to a high rate of secretion, we quantify the presence of intracellular 
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VEGF-A by flow cytometry (Figure 10.9A), confirming the presence of 

intracellular VEGF-A poll in the U-87 MG cell line. Levels of intracellular and 

extracellular VEGF-A were also determined in a colon tissue, with colon 

epithelial cancer cells (SW480 cell line) and colon epithelial normal cells (FHC 

cell line). Interestingly, the same cell behavior was found, with a higher VEGF-

A secretion by the cancer cells compared to non-pathological ones (Figure 

10.9B, 10.9C). 

To understand the VEGF dynamics as an angiogenic and tumorigenic 

protein in vivo, a GBM model was developed using a transgenic zebrafish 

(Danio rerio) expressing GFP in endothelial cells of blood vessels. After 48 

hours post-fertilization of zebrafish embryos, labeled U-87 MG cancer cells 

were microinjected into transgenic zebrafish embryos. The tumor was 

successfully developed after 24 hours post-injection (hpi) (Figure 7.1C, 7.1D) 

and kept over time (Figure 7.1C, 7.1D. The angiogenic effect was evaluated 

after 48hpi of U-87 MG cancer cells, by analyzing the vascularization index 

(number of subintestinal vessels, SIV, per zebrafish embryo) (Figure 7.1E). The 

vascularization index in the transgenic zebrafish model, significantly 

increased after 48hpi of U-87 MG cancer cells, suggesting that the human 

VEGF-A secreted by U-87 MG cancer cells has the capability to induce 

vascularization in the zebrafish embryo (Figure 7.1E, 7.1F).  
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Figure 7.1. High rate of VEGF-A secretion from GBM cancer cells compared 

with non-pathological cells. Non-pathological cells keep intracellular VEGF 

over time. Human U-87 MG cells are able to induce a tumor and an increase 

in vascularization in a zebrafish model. GBM cell line (U-87 MG) and normal 

human astrocytes (hTERT E6/E7) were used as model to quantify the 

intracellular and extracellular VEGF-A expression. (a) Intracellular expression 

of VEGF-A was analysed by western blotting. VEGF-A expression was 

normalized to GAPDH. The results are shown as mean ± SD of three 

independent experiments. * p< 0.05. (b) Extracellular expression of VEGF-A 

was assessed by ELISA assay. VEGF-A values are expressed as mean ± SD of 

three independent experiments. ** p< 0.01. (c) Transgenic embryos zebrafish 

(green) were injected with U-87 MG cancer cells (labeled in pink) and the tumor 

development was evaluated 24 and 48hpi. (d) Tumor area (A.U.) in a glioma 

zebrafish model after 24hpi and 48hpi. (e) Representative image of SIV in a 

control zebrafish and a zebrafish embryo glioma model after 48hpi. SIVs are 

shown with white arrows (insert). (f)Vascularization index represented as the 

number of SIV per embryo in a control zebrafish and a zebrafish embryo 

glioma model after 48hpi. The results are shown as mean ± SD of three 
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independent experiments (20 embryos/experiment). **** p< 0.0001. Scale bar 

200 µm.  

 

GBM is one of the most aggressive cancers, where the aggressiveness 

of tumor has been associated to its high vascularization rate. Therefore, 

bevacizumab, an anti-angiogenic monoclonal antibody, has been used to 

decrease the angiogenic profile. To overcome the failures in the BBB crossing, 

decrease off-target organ toxicity and achieve a better therapeutic efficacy, 

bevacizumab-loaded PLGA NP were developed. Bevacizumab-loaded PLGA NP 

and empty PLGA NP were considered as a safe nanosystem for U-87 MG and 

hTERT E6/E7 cell lines after a toxicity assay (Figure 10.10A/10.10B). The 

bioactivity of bevacizumab in PLGA NP or in its free form were performed in 

vitro, testing the anti-VEGF and anti-proliferative properties. As expected, both 

biological properties were maintained after bevacizumab encapsulation 

(Figure 10.10C, 10.10D, 10.10E). 

After the safety and efficacy tested for bevacizumab-loaded PLGA NP, 

the previous glioma zebrafish model was used to evaluate anti-tumorigenesis 

and anti-angiogenesis properties of the nanosystem. Tumorigenesis and 

angiogenesis, in the glioma zebrafish model, were evaluated 24 and 48hpi of 

U-87 MG cancer cells in combination with: free bevacizumab, or bevacizumab-

loaded PLGA nanoparticles, or empty PLGA nanoparticles (Figure 7.2A). No 

differences were found in tumor area after 24hpi for all groups (Figure 7.2B). 

Interestingly, 48hpi a significantly decrease in tumor area was only found for 

bevacizumab-loaded PLGA NP (Figure 7.2B), demonstrating the efficacy of 

bevacizumab-loaded PLGA as anti-tumorigenic through VEGF inhibition. 

Additionally, bevacizumab-loaded PLGA NP has a higher efficacy of than free 

bevacizumab, making this nanosystem a better alternative to GBM treatment 

(Figure 7.2B). As expected, empty PLGA nanoparticles had no effect in the 

tumor growth, proving that anti-tumorigenic effect of bevacizumab-loaded 

PLGA NP is attributed to the bevacizumab encapsulated.  
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Figure 7.2. Anti-tumorigenic and anti-angiogenic effect of free 

bevacizumab, bevacizumab-loaded PLGA nanoparticles and empty PLGA 

NP in glioma transgenic zebrafish model. (a) Transgenic embryos zebrafish 

(green) were incubated with U-87 MG cancer cells (labelled in pink), U-87 MG 

cancer cells + free bevacizumab, U-87 MG cancer cells + bevacizumab-loaded 

PLGA NP and U-87 MG cancer cells + empty PLGA NP into the perivitelline 

space. for 24hpi and 48hpi. Scale bar 200 µm. (b) Tumor area in zebrafish 

model from U-87 MG cancer cells, free bevacizumab, bevacizumab-loaded 

PLGA NP, empty PLGA NP after 24hpi and 48hpi. Free bevacizumab and 

bevacizumab-loaded PLGA NP were administrated in a concentration of 10 

µg/mL. (c) Vascularization index represented as the number of SIV per embryo 

after 48hpi. Number of SIV is shown by white arrows, as described in the 

Figure 1. The results are the mean ± standard deviation of three independent 

experiments (20 embryos/experiment). Scale bar 200 µm. * p> 0.05, **** 

p>0.0001 
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Analyzing the anti-angiogenic properties of free bevacizumab and 

bevacizumab-loaded PLGA NP, the number of SIV was quantified after 48hpi. 

As expected, a decrease in the number of SIV per embryo was observed after 

the injection of free bevacizumab and bevacizumab-loaded PLGA NP compared 

to the control group and empty PLGA NP (Figure 7.2C). Remarkably, the 

number of SIV per embryo for bevacizumab-loaded PLGA NP is significant 

lower from free bevacizumab. These latter results indicate that the secretion 

of VEGF from U-87 MG cancer cells is lower in bevacizumab-loaded PLGA NP 

treated group compared to the free bevacizumab treated group.  

This effect of bevacizumab-loaded PLGA NP may be explained by 

intracellular delivery of bevacizumab, that is reached by PLGA nanoparticles. 

Indeed, synergic effect of bevacizumab-loaded PLGA nanoparticles can be 

achieved due to the extracellular and intracellular delivery of bevacizumab, 

resulting in a better and efficient response to the GBM treatment.  

To assess the role of bevacizumab-loaded PLGA NP as a nanosystem to 

deliver efficiently intracellular monoclonal antibodies, the cellular uptake of 

bevacizumab-loaded PLGA NP were compared with free bevacizumab in U-87 

MG cancer cells in vitro. After treatment of U-87 MG cancer cells with free 

bevacizumab or bevacizumab-loaded PLGA NP, the bevacizumab 

internalization and the intracellular VEGF-A were assessed by FACS (Figure 

10.11). A significant increase in the number of bevacizumab positive cells was 

observed for bevacizumab-loaded PLGA NP comparing with free bevacizumab 

treated group, demonstrating the success of bevacizumab internalization 

through PLGA NP (Figure 7.3A). We next considered to study the number of 

VEGF-A producing cells after treatment. Figure 7.3B showed a significant 

decrease of number of VEGF-A producing cells after treatment with 

bevacizumab-loaded PLGA NP compared with free bevacizumab. These results 

demonstrated that bevacizumab-loaded PLGA NP may alter the VEGF secretion 

pathway, being an efficient alternative to deliver intracellularly mAb. Contrary, 

after the treatment of hTERT E6/E7 cell line with all groups, no significant 

differences were found concerning the number of bevacizumab positive cells 

(Figure 10.12). These results are particularly important since a targeted 

therapy might be achieved with bevacizumab-loaded PLGA NP for the GBM 
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treatment because no interference in VEGF signaling for non-pathological cells 

was observed. Up to present, this is the first report addressing the efficient 

and powerful intracellular delivery of monoclonal antibodies through non-

invasive system. This new statement is an open-door for new treatment 

strategies where target is present only in the cell cytoplasm.  

 

Figure 7.3. Bevacizumab-loaded PLGA NP allowed a higher bevacizumab 

internalization than free bevacizumab by U-87 MG cell line, affecting 

intracellular VEGF secretion kinetics. U-87 MG cancer cells were treated with 

medium, free bevacizumab or bevacizumab-loaded PLGA NP at a 

concentration of 100 µg/mL and evaluated by FACS after 48hours of 

incubation. (a) Number of bevacizumab positive cells and (b) number of VEGF 

producing cells in U-87 MG cancer cells. The data are expressed as mean ± SD 

of three independent experiments. *** p < 0.001. 

 

7.5 Conclusions 

 

In this study, bevacizumab-loaded PLGA NP were successfully developed 

as an alternative to current GBM treatment, accomplishing a better therapy. 

Considering in vitro assays, no significant differences were also found by BrdU 

and ELISA assay for anti-proliferative and anti-VEGF properties between free 

and encapsulated bevacizumab, demonstrating the success of encapsulation. 

In vivo efficacy of bevacizumab-loaded PLGA NP was evaluated using a GBM 

zebrafish model to study the neoangiogenesis and tumor growth through the 



 

 207 

injection of GBM cancer cells. In vivo results showed a significant decrease in 

tumor area just for the bevacizumab-loaded PLGA NP group. Trying to 

understand the molecular mechanism behind the efficacy of nanoparticles, a 

cellular uptake in both cell lines was done to study the internalization of 

bevacizumab and its effect on VEGF secretion. A significant increase in the 

number of bevacizumab positive cells and a decrease in the number of VEGF 

producing cells was obtained for the bevacizumab-loaded PLGA NP group. 

These last results demonstrated that bevacizumab-loaded PLGA NP might 

cause a disorder in VEGF signaling pathway, being an efficient alternative to 

deliver intracellularly monoclonal antibodies. 
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8.1 Abstract 

 

GBM is one of the most aggressive cancers, where the aggressiveness 

of tumor has been associated to its high vascularization rate. Therefore, 

bevacizumab, an anti-angiogenic monoclonal antibody, has been used to 

decrease the angiogenic profile. To circumvent the blood-brain barrier and 

decrease off-target organ toxicity, bevacizumab-loaded PLGA NP were 

developed and intranasally administrated in CD-1 mice to study their 

pharmacokinetic and pharmacodynamic profile. Bevacizumab-loaded PLGA NP 

allowed a higher brain bioavailability of bevacizumab when compared to 

intranasally administrated free bevacizumab. Furthermore, PLGA NP 

formulation totally prevented bevacizumab systemic exposure. The efficacy of 

this nanosystem was next evaluated in an orthotopic GBM nude mice model, 

studying the tumor growth over time by bioluminescence and the anti-

angiogenic effects. Bevacizumab-loaded PLGA NP demonstrated a reduction in 

the tumor growth accompanied by a higher anti-angiogenic effect compared 

to the free bevacizumab, being an efficient alternative to improve GBM 

treatment. 
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8.2 Introduction 

 

GBM is the most aggressive malignant brain tumor, derived from glial 

cells [1]. The median survival time of patients is around 15 months after 

disease diagnosis, being considered a deadly brain tumo r[2]. The 

aggressiveness of GBM is attributed to the high tumor heterogenicity at the 

molecular and cellular level, dense vascularization and high rates of cell 

diffusion with extensive dissemination [3, 4]. GBM is a genetically 

heterogeneous tumor that stimulates high level of angiogenesis, suppresses 

immune cell functions and destabilizes microglia, astrocytes and 

macrophages functions [5]. For that reason, GBM treatment is a challenge due 

to the tumor resistance to the therapies and eventual tumor recurrence[6]. 

Current standard treatment includes combination of surgery, radiotherapy 

and chemotherapy with temozolomide [7, 8]. However, there are reports 

describing the risk of brain failure after GBM treatment with cycles of 

radiotherapy and temozolomide due to its high toxicity [9, 10]. These 

limitations related to toxicity opened an avenue for new treatment strategies 

in order to improve the GBM patient survival. GBM requires constant need of 

vascularization associated to the release of angiogenic factors (for example, 

epidermal growth factor (EGF) and VEGF making this tumor one of the most 

vascularized and invasive solid tumors [5]. Therefore, anti-angiogenic 

strategies have been proposed as one of the new alternatives to improve the 

patient survival and life quality. Since 2009, bevacizumab (Avastinâ), an anti-

VEGF monoclonal antibody, was approved by FDA to be used as a single agent 

to treat patients with progressive GBM, who did not respond to the standard 

treatment [11, 12]. Bevacizumab is used to decrease tumor vasculature 

through its direct effect on extracellular VEGF, thus decreasing angiogenesis, 

and, consequently, tumorigenesis. Despite promising results in the clinical 

trials, the low efficacy of bevacizumab in crossing the blood-brain barrier (BBB) 

limits its CNS accessibility and does not contribute to improvement in the 

overall patient survival rate [13, 14]. Therefore, alternative strategies are still 

needed to decrease the tumorigenesis and normalize angiogenesis in the 
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brain, allowing a more widespread use of antibody-derived therapeutics 

against brain tumors.  

PLGA has been used to formulate NP due to its biodegradability and 

biocompatibility, and is already approved by FDA for formulation 

development. The ability of PLGA NP to cross BBB has been described before, 

which leads to overall improvement in the extent of drug delivery into the 

brain [15]. The controlled release properties provided by PLGA matrix makes 

this nanosystem an efficient alternative that might be used to overcome the 

limitations of monoclonal antibodies (mAbs)-derived therapeutics.   

Bevacizumab is currently administrated twice a month by intravenous 

route, making patient adherence to therapy difficult. Therefore, in this study, 

bevacizumab-loaded PLGA NP and free bevacizumab were intranasally 

administrated in a CD-1 mouse model to obtain direct delivery into the brain 

and overcome the therapy limitations. Bevacizumab was encapsulated within 

PLGA NP to achieve optimized pharmacokinetics and pharmacodynamics as 

compared to free bevacizumab. Intranasally administrated formulations reach 

the CNS bypassing the BBB through olfactory and trigeminal neural pathways, 

thus providing a direct delivery to the brain [16]. This strategy could lead to a 

better efficacy in GBM compared to the traditional intravenous administration 

route, achieving higher levels of brain availability and reducing systemic 

bevacizumab exposure and off-target organs toxicity. The efficacy of once a 

week intranasal administration of free bevacizumab and bevacizumab-loaded 

PLGA NP was studied in an orthotopic GBM nude mice model through 

monitoring of the tumor growth and evaluation of the anti-angiogenic effect.   

  

8.3 Materials and Methods 

 

a. Bevacizumab-loaded PLGA NP production and characterization  

Bevacizumab (AvastinÒ) and PLGA (PLGA 5004A, 50:50 lactic 

acid:glycolic acid, 44,000Da) were kindly offered by Genentech In. (South San 

Francisco, CA) and Corbion-Purac Biomaterials (Holland, Netherlands), 

respectively. Free bevacizumab referred in the main text was used directly 
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from AvastinÒ formulation. Bevacizumab-loaded PLGA NP were developed 

through a modified solvent emulsification-evaporation method based on a 

w/o/w double emulsion technique previously optimized [17]. Briefly, 100 mg 

of PLGA was dissolved in 1 mL of ethyl acetate overnight. Then, 2 mg of 

bevacizumab was added to the previous solution and it was sonicated for 30 

sec at 70% of amplitude. This first water-oil emulsion was quickly spilled into 

a 4 mL PVA 2% solution. A second sonication process was done to create the 

second emulsion. Then, the second emulsion was spilled into a 7.5 mL PVA 

2% solution and leave under magnetic agitation during 3 h at 300 rpm.  

Those nanoparticles were characterized concerning mean particle size, PdI 

and zeta potential using a Malvern Zetasizer Nano ZS instrument (Malvern 

Instruments Ltd). For the measurement, replicates were diluted with ultrapure 

water (n=3).  The morphology of bevacizumab-loaded PLGA NP was observed 

by transmission electron microscope using EOL 100-X transmission electron 

microscope (Pea- body, MA). Before procedure, samples were fixed in a grid 

and were treated with 2% uranyl acetate for imaging.  

  

b. Macrophage uptake 

 
Macrophage uptake was done in murine J774A.1 macrophage cell line 

and in peritoneal macrophages extracted from C57BL/6 mice. J774A.1 

adherent murine macrophage cell line was obtained from American Type 

Culture Collections (ATCC, Manassas, VA) and was subcultured in DMEM 

(Cellgro, Manassas, VA), supplemented with 10% of fetal bovine serum (FBS) 

(HyClone, Logan, UT) and 1% of penicillin/streptomycin antibiotics (Gibco 

Invitrogen Woburn, MA). The cells were incubated in an atmosphere at 37ºC 

and 5% of CO. For the macrophage uptake study, the J774A.1 adherent 

macrophage was seeded in a 6-well plates and PLGA-FITC NP were added to 

the wells. After 6 and 24 h, cells were fixed with 4% of paraformaldehyde (PFA) 

for 10 min at RT and then washed with PBS. The coverslips were then mounted 

on the slide with mounting media containing DAPI and imaged under a Zeiss 

confocal microscope. 
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To extract peritoneal macrophages, C57BL/6 mice were 

intraperitoneally administered sterile Brewer-thioglycollate medium (2 mL) to 

recruit macrophages to the peritoneal cavity. On the 4th day post-

thioglycollate administration, PLGA-Cy5.5 NP in PBS were injected 

intraperitoneally. After 6 and 24 h, the mice (n=3/group) were sacrificed for 

macrophage collection from mouse peritoneal cavity using PBS. Peritoneal 

lavage cells were cultured either on coverslips or in a 6 well plate for 2 h at 

37 °C with 5% CO2. Peritoneal macrophages on coverslips were then fixed with 

4% PFA for 10 min at RT and then washed with PBS. The coverslips were then 

mounted on the slide with mounting media containing DAPI and imaged under 

a Zeiss confocal microscope. 

 

c. Experimental animal models 

 
For the pharmacokinetic (PK) and pharmacodynamic (PD) study, CD-1 

mice with 8-10 weeks age, weighing between 34-40g, were purchased from 

Charles River laboratories (Cambridge, MA) and housed under a 12h light/dark 

cycle with food and water provided ad libitum. For the efficacy study, nude 

mice with 6-8 weeks age, weighing between 26-32g, were purchased from 

Charles River laboratories (Cambridge, MA) and housed at the same previously 

described conditions. The experimental animals were cared for in accordance 

with institutional guidelines, and they were allowed to acclimate for at least 

48 h prior to initiation of any experiments. All the experiments with animals 

described in this publication were approved by the Northeastern University’s 

Institutional Animal Care and Use Committee.  

d. Intranasal formulation administration 

 
For both PK and efficacy studies, free bevacizumab and bevacizumab-

loaded PLGA NP were intranasally administered. For the intranasal 

administration, the mice were anesthetized with isoflurane and were placed in 

a supine position with their nose at an upright 90º angle. A dose at around 5 

mg/Kg (2.5 µL/nostril) of the formulations was administered to mice using a 

micropipette (Eppendorf P-20), with a hold time of 2 min between each dose. 
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Control group, free bevacizumab and bevacizumab-loaded PLGA nanoparticles 

were our animal groups. For the PK/PD study, a n=3 animals were used for 

each time-point, whereas for efficacy study a n=10 animals were used for each 

group.  

e. Pharmacokinetic profile of bevacizumab-loaded PLGA NP 

 
For PK study, experimental animals were euthanized after 0.25, 0.5, 1, 

2.5 and 7 hours postdosing, and blood was collected using a 3 mL syringe 

through cardiac puncture. Whole brain, lung and liver were quickly isolated 

and were washed with ice cold 1x sterile phosphate buffer saline, pH 7.4. 

Samples were stored at -80 ºC until further analysis.  

Serum and tissue concentration were determined using an ELISA. To 

extract bevacizumab, a tissue homogenization buffer was done with proteases 

inhibitors. The tissue homogenization buffer was composed by 100 mM 

Tris/HCl pH 7, 2% BSA, 1 M NaCl, 4 mM EDTA.Na, 2% Triton X-100 and 0.1% of 

sodium azide. The ratio used to extract bevacizumab from the tissues was 

1:10 (w/v). The tissues were homogenized using an Ultra Turrax homogenizer 

(IKA, USA) during a few seconds and then, tissues were centrifuged during 20 

min at 20,000 g. The supernatant was collected, and the bevacizumab 

concentration was calculated using an ELISA assay. Plasma samples were 

obtained by centrifugation of blood samples at 4°C at 7,000 rpm for 5 min 

and stored at −80°C until being analyzed for drug concentration. Plasma 

samples were diluted 10-fold with dilution buffer. 

 

f. Non-compartmental analysis for pharmacokinetic study 

 
Bevacizumab plasma and organs exposure parameters were determined 

by non-compartmental analysis using Phoenix WinNonlin 6.1 software 

(Pharsight Corporation, Mountain View, CA). Maximum observed 

concentration (Cmax) and last observed concentration (Clast) were calculated 

when the mean concentration was the highest and at the last time point, 

respectively. AUClast, the area under the concentration versus time curve from 

time zero to the time of the last measured concentration, was calculated by 
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the trapezoidal rule. The associated standard error of the mean was calculated 

using equations provided by Nedelman, Jia and Holder [18, 19].  

 

g. Pharmacodynamic study with xenograft intracerebral glioblastoma 

nude mice model 

 
For the development of xenograft intracerebral glioblastoma nude mice 

model, U-87 luciferase (U-87 luc) cells were used. U-87 luciferase cell line was 

kindly offered by Dr. Daniel Vallera from University of Minnessota, USA. The 

cells were subcultured in DMEM medium, supplemented with 10% of FBS, and 

10 µg/ml of blasticidin (ThermoFisher, USA). The cells were incubated in an 

atmosphere at 37ºC and 5% of CO2.  

For the intracranial injection of cells, nude mice were anesthetized with 

isoflurane during surgery. After the eye lubrification and the head clean with 

7.5% of povidone, a small incision was made in the middle of the eyes. The 

bregma of each nude mouse was found and the coordinates were pointed. For 

each nude mouse, 5 x 105 cells of U-87 luc cells in 5 µL were injected into the 

cortex[20, 21]. To find the cortex, it was moved the tip of the drill to a position 

2 mm medialaterial and 1.5mm anteroposterial to the bregma in the left 

cerebral hemisphere and the cells were injected at a depth at around 3.5mm. 

Then, a drill into the animal’s skull was done with the Foredom drill, piercing 

only the bone, always considering the sterile conditions. Then, the suture was 

done with liquid sutures. After the surgery, nude mice were medicated with 5 

mg/Kg of meloxicam via subcutaneous injection to prevent post-operative 

pain and inflammation.  

Bioluminescence images of tumor bearing nude mice were acquired 

with IVIS Spectrum at 15 min after intraperitoneal injection of D-luciferin 

(150 mg/kg). The following conditions were used for image acquisition: 

open emission filter, exposure time = 60 s, binning = medium: 8, field of 

view = 12.9 × 12.9 cm, and f/stop = 1. The bioluminescence images were 

analyzed by Living Image 4.3 software (PerkinElmer) specialized for IVIS. At 
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the end of the study, organs were collected as described for the 

pharmacokinetic study. 

h. VEGF quantification 

 
All tissues were flash-frozen in liquid nitrogen and stored at -80°C after 

dissection for until further analysis. VEGF mRNA quantification was calculated 

using quantitative-polymerase chain reaction (qPCR) method and protein 

levels by ELISA assay. A human VEGF ELISA kit (Sigma Aldrich, USA) for serum, 

plasma and tissues supernatants was used. For the VEGF mRNA expression, 

qRT-PCR was performed. RNA was isolated from frozen tissues using TRI 

reagent following the manufacturer’s instructions and concentration was 

measured by NanoDrop 1000 (Thermo Fisher Scientific Inc., Wilmington, DE). 

Total RNA (1 µg) was reversely transcribed into cDNA and real-time qPCR assay 

was performed using SYBR® green supermix reagent (Biorad). The PCR 

amplification steps were carried out on 7300 Real-Time PCR System from 

Applied Biosystems using the SYBR® green reaction program. The target genes 

for qPCR were VEGF, and 18S was used as a house-keeping gene. The primers 

for human VEGF: forward primer 5’- CTACCTCCACCATGCCAAGT-3’ and 

reverse primer 5’- TGGTGATGTTGGACTCCTCA-3’; and 18s: forward primer 5’- 

AACTTTCGATGGTAGTCGCCG-3’ and reverse primer 5’- 

CCTTGGATGTGGTAGCCGTTT-3’ were custom made by Eurofin Genomics[22].  

The comparative CT method was used to analyze expression of VEGF mRNA.   

 

i. Histology analysis  

 
The whole brain, lung and liver was dissected and fixed in 10% formalin. 

The tissues were embedded in paraffin wax, sectioned and deparaffinized 

according to general histology procedures. The hematoxylin and eosin (H&E) 

staining was performed for each organ. All the photographs were taken with 

the same camera settings (brightness, contrast) to allow for a direct 

comparison of staining intensity between different time points and the 

controls.  
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j. Statistical analysis 

GraphPad Prism Software vs. 6.0 (GraphPad Software Inc.) was used to 

perform statistical analysis. Differences between groups were compared using 

two-way ANOVA test after Bonferroni’s post hoc test. Results are expressed 

as a mean ± standard error mean (SEM) from a minimum of three independent 

experiments. Differences were considered significant at *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001.  

 

8.4 Results and Discussion 

 

a. Physicochemical characteristics of bevacizumab-loaded PLGA NP 

 
The aim of our study was to formulate a polymeric nanosystem carrying 

bevacizumab as a cargo to improve GBM treatment concerning angiogenic 

profile of GBM. To achieve that, bevacizumab-loaded PLGA NP were developed 

and characterized regarding their particle average size, polydispersity index 

(PDI) (Figure 8.1A), zeta potential (Figure 8.1B) and morphology (Figure 

8.1C), before the in vitro and in vivo experiments were carried out. As 

represented by Figure 8.1, bevacizumab-loaded PLGA NP showed an average 

particle size at 185.0 ± 3.0 nm, with narrow size distribution represented by 

PDI of 0.056 ± 0.016, and a slightly negative charge measured by Malvern 

zetasizer. The TEM image of the NP showed spherical shape and smooth 

surface morphology. These particles have been previously developed by our 

group [17, 23], showing an association efficacy at around 82.47 ± 0.56% and 

a drug loading of around 1.62 ± 0.01%. A slow release profile of bevacizumab 

is well-known, where ~14.0% of bevacizumab was released from PLGA NP after 

7 days in an in vitro assay conducted at pH 7.4 [17].  
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b. Uptake of bevacizumab-loaded PLGA NP in J774A.1 murine and 

peritoneal macrophages  

 
GBM is a complex tumor composed of neoplastic and non-neoplastic 

cells, the latter being mostly constituted by tumor-associated macrophages 

(TAMs) [24]. TAMs in GBM, composed either of microglia or peripheral origin 

macrophages, are also responsible for the tumor proliferation, survival and 

migration[25]. To address this issue, in vitro and in vivo macrophage uptake 

of bevacizumab-loaded PLGA NP was studied in J774A.1 murine macrophages 

and peritoneal macrophages isolated from C57BL/6 mice, respectively. The 

J774A.1 macrophage uptake of bevacizumab-loaded PLGA NP was observed at 

6 and 24h post incubation (Figure 8.1D. However, bevacizumab-loaded PLGA 

NP were only internalized in a in vivo model after 24h of intraperitoneal 

administration (Figure 8.1E). The uptake of bevacizumab-loaded PLGA NP by 

macrophages is important because presence of TAMs has been correlated with 

high levels of VEGF-A expression, inducing neovascularization[26]. Thus, 

bevacizumab-loaded PLGA NP might have an additional effect on the VEGF-A 

inhibition secreted by TAMs.   
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Figure 8.1. Physicochemical characteristics of bevacizumab-loaded PLGA 

NP and their uptake in J774A.1 murine macrophages and peritoneal 

macrophages. (A) Particle size (nm), PDI and (B) zeta potential (mV) of 

bevacizumab-loaded PLGA NP. Values are expressed as a mean ± standard 

deviation (n=3). (C) Transmission Electron Microscopy (TEM) microphotograph 

of bevacizumab-loaded PLGA NP with a scale bar of 200 nm. (D) Fluorescence 

confocal microscope images representative of the J774A.1 macrophage 

uptake of PLGA-FITC NP at 6 and 24h post incubation (n=3/group). PLGA-FITC 

NP are stained in green color, whereas nuclei labelled by DAPI are represented 

by blue color. J774A.1 cells and unlabeled PLGA NP were used as control 

groups. Scale bar: 25 mm. (E) Fluorescence confocal microscope images 

representative of the peritoneal macrophage uptake of PLGA-FITC NP at 6 and 

24h post incubation. PLGA-Cy5 NP are stained in pink due to the Cy5.5 dye, 

whereas nuclei are stained in blue. Control group included untreated 

peritoneal macrophage cells. Peritoneal macrophages were isolated from 

C57BL/6 mice (n=3/group).  Scale bar: 25 mm.  
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c. Bevacizumab-loaded PLGA NP allowed higher brain bioavailability 

of bevacizumab, without off-target organ exposure  

 
To overcome the drawbacks associated to the limited brain 

bioavailability of bevacizumab, we aim to find a new delivery strategy for GBM 

treatment, hence the bevacizumab-loaded PLGA NP and free bevacizumab 

were intranasally administrated. To understand the potential benefits of 

bevacizumab-loaded PLGA NP administered by this non-invasive route, the 

pharmacokinetics and pharmacodynamic profile was studied and compared 

with free bevacizumab. Figure 8.2 shows concentration of bevacizumab over 

7 days in the brain, blood, lung and liver after the IN administration at a dose 

of 5 mg/kg. After 7 days of administration, bevacizumab from PLGA NP was 

found at higher concentration in the target tissue (brain) compared to the free 

bevacizumab group. In addition, the bioavailability of bevacizumab in the 

blood and off-target organs was negligible in the NP group as compared to 

the free bevacizumab group. Indeed, no bevacizumab released from PLGA NP 

could be quantified in the blood, liver and lung, except for small amounts (< 

10 ng/g) in liver and lung in one or two animals at two non-consecutive time 

points. which should result in lower systemic toxicity of bevacizumab and 

could potentially help in improving the patient quality of life. Hypertension, 

fatigue, headache hemorrhage, proteinuria, arterial thromboembolic events, 

gastrointestinal perforations and difficulties in the wound healing have been 

described as the most common and significant side effects of bevacizumab 

[27]. Observing the absence of bevacizumab in the blood and off-target 

organs, bevacizumab-loaded PLGA NP might be an alternative to decrease the 

side effects associated with bevacizumab treatment. 
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Figure 8.2. Bevacizumab-loaded PLGA NP allow higher brain bioavailability 

of bevacizumab and the absence of bevacizumab in the blood and off-

target organs. Mean of bevacizumab concentrations measured by ELISA, over 

7 days in the brain (A), blood (B), lung (C) and liver (D) of CD-1 mice after 

intranasal administration of free bevacizumab and bevacizumab-loaded PLGA 

NP at a dose of 5 mg/kg. The data are presented as mean ± standard error of 

the mean (SEM), n=3/group, with * p < 0.05, ** p < 0.01, *** p < 0.001 and 

**** p < 0.0001 compared to free bevacizumab group. 

 

Exposure parameters were determined by noncompartmental analysis 

for bevacizumab-loaded PLGA NP and free bevacizumab groups, including the 

area under the concentration versus time curve (AUC) up to the last measured 

concentration (AUClast), maximum concentration (Cmax), time of maximum 

observed concentration (Tmax) and last measured concentration (Clast). After 

IN administration, Figure 8.3 shows that IN route allows a direct delivery to 

the brain and limits systemic exposure, since AUClast, Cmax and Clast were 

much higher in the brain than in any other tissue. Moreover, higher AUClast, 
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Cmax and Clast were obtained in the brain for bevacizumab-loaded PLGA NP 

compared to free bevacizumab. These results suggest that PLGA NP were able 

to improve the penetration (higher Cmax) and increase the residence time of 

bevacizumab in the brain (much higher Clast), resulting in an increased brain 

AUClast and bioavailability. The PLGA NP also prevent systemic exposure, 

possibly through longer residence in the nasal cavity, which could trigger the 

higher penetration in the brain to the detriment of systemic absorption 

through the oral route.  

 

Figure 8.3. Bevacizumab-loaded PLGA NP intranasally administrated in CD-

1 mice allowed a higher AUClast, Cmáx, Tmáx and Clast. Plasma and organs 

PK parameters calculated by noncompartmental analysis using Phoenix 

WinNonLin software. (A) Area-under-the-curve (AUC), (B) Cmáx, and (C) Clast 

values calculated from bevacizumab concentrations in brain, blood, lung and 

liver after intranasal administration of free bevacizumab and bevacizumab-

loaded PLGA NP. Data represents the mean ± SEM, n = 3, with ** p < 0.01, *** 

p < 0.001 and **** p < 0.0001 compared to free bevacizumab group (two-way 

ANOVA after Bonferroni’s post hoc test).  
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d. Development of xenograft intracerebral glioblastoma nude mice 

model 

 
U-87 luciferase expressing xenograph intracerebral GBM model was 

developed in a nude mice model to test the effectiveness and efficacy of 

bevacizumab-loaded PLGA NP for the GBM treatment. This model has been 

widely used to test angiogenesis and anti-angiogenic therapeutic approaches 

for the GBM treatment due to its characteristics of necrosis, angiogenesis and 

tumor formation[28]. U-87 MG cell line that expresses a luciferase reporter 

was used to develop a xenograph intracerebral glioma model [29]. To develop 

a proper U-87 xenograph intracerebral GBM nude mice model, the 

luminescence of the GBM tumor was monitored after 7 and 10 days of cell 

implementation to understand the development of GBM tumor. By measuring 

the luminescence radiance, the tumor was found to be completely developed 

after 10 days of cell implementation (Figure 8.4A/B), accompanied by 

detection of significant amount of human VEGF mRNA expression compared 

to the untreated group (Figure 8.4D). No significant body weight loss was 

observed in the animals during these 10 days of tumor development (Figure 

8.4C). Proper levels of VEGF mRNA expression are required since the 

angiogenic profile of the tumor has to be controlled over time in order to study 

bevacizumab efficacy as an anti-angiogenic drug.  
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Figure 8.4. A U-87-luciferase xenograph intracerebral glioblastoma nude 

mice model was developed after 10 days of cell implementation. (A) U-87 

luciferase expressing cells were implemented in the cortex of nude mice and 

the luminescence was observed after 7 and 10 days of implantation. (B) The 

radiance normalized by the animal surface was quantified after 7 and 10 days 

of cell implementation. (C) The animal weight was measured over the period 

of 10 days of tumor development. (D) VEGF mRNA expression was measured 

by quantitative PCR after 10 days of cell implementation. The VEGF mRNA 

expression is reported as relative to the 18s expression, which is a house 

keeping gene. The untreated animals were used as a control group, where 

nude mice were not subjected to the cell implementation. The data are present 

as mean ± SEM (n=3-4/group), with * p < 0.05, ** p < 0.01. 
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e. Bevacizumab-loaded PLGA Nanoparticles have the ability to 

decrease the tumor growth in a xenograph intracerebral 

glioblastoma nude mice model 

 
Free bevacizumab and bevacizumab-loaded PLGA NP were intranasally 

administrated once a week after the tumor development (Figure 8.5A). The 

animal body weight and the luminescence signal were monitored every 2 days 

(Figure 8.5B/C). Since it is reported that nude mice bearing U87 human glioma 

succumb after 28-29 days, the end-point of 24 days was chosen after cell 

implementation [30]. This fact could be also justified with our observation 

through Figure 8.5B, where tumor implanted mice lost more than 20% of the 

body weight after 24 days of cell implementation, demonstrating the 

aggressiveness of GBM. The efficacy of the GBM treatment for free 

bevacizumab and bevacizumab-loaded PLGA NP groups was observed via 

comparison of the tumor growth, as measured by luminescence signal (Figure 

8.5C-D). Interestingly, after the second dose of both formulations, the ratio 

tumor growth was reduced for both treatment groups compared to the control 

group (tumor group) (Figure 8.5D). However, no significant differences were 

observed between the free and NP encapsulated bevacizumab group. This 

observation could be attributed to the well-known slow release profile of 

bevacizumab from PLGA NP as shown in previous experiments [17]. In 

addition, bevacizumab is an anti-angiogenic drug, and its biological effect is 

more pronounced in the GBM development even at lower concentration [31].   
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Figure 8.5. Bevacizumab-loaded PLGA Nanoparticles as a glioblastoma 

treatment strategy are able to decrease the tumor growth. (A) Treatment 

strategy for U-87-luc xenograph intracerebral glioblastoma nude mice model. 

Free bevacizumab and bevacizumab-loaded PLGA NP were intranasally 

administrated once a week at a concentration of 5mg/Kg, with 2 weeks as the 

duration of the treatment plan starting at day 10 after tumor cell implantation. 

(B) Body weight loss in mice over the time for control animals (without tumor), 

animals with developed GBM and animals subjected to treatment groups. (C) 

Bioluminescence signal at day 0, 7 and 14 after tumor development for the 

groups: GBM model, free bevacizumab and bevacizumab-loaded PLGA NP. (D) 

Ratio tumor growth obtained from the bioluminescence radiance signal 

normalized to the animal surface. A control group was added to the 

experiment, where nude mice were not subjected to the tumor cell 

implementation. The data are present as mean ± SEM (n=3-4/group), with ** p 

< 0.01, *** p < 0.001, **** p < 0.0001 compared to GBM model group (two-

way ANOVA after Bonferroni’s post hoc test) 
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Further, angiogenic profile of the tumor was evaluated and monitored 

through human VEGF mRNA expression in the brain by qPCR and the 

quantification of total human VEGF levels in brain by ELISA. Despite the 

decrease in the VEGF mRNA expression for both treatment groups compared 

to the GBM model group, no significant differences were found between free 

and NP encapsulated bevacizumab group (Figure 8.6A). However, when total 

human VEGF was quantified by ELISA assay, a significant difference was found 

between two treatment groups, where bevacizumab-loaded PLGA NP 

demonstrated a larger decrease compared to the free bevacizumab (Figure 

8.6B). One of the possible explanations for these results is the internalization 

of bevacizumab by GBM cancer cells, which decreases not only the 

extracellular VEGF but also intracellular VEGF levels. However, molecular and 

cellular studies should be conducted further to validate this hypothesis and 

understand which mechanism is behind the intracellular interaction between 

antibodies and intracellular proteins. 

We next quantified the bevacizumab from its free and NP encapsulated 

form, after the last time-point for both treatment groups. After 14 days of 

treatment, bevacizumab was found in the brain for the bevacizumab-loaded 

PLGA NP group only while no bevacizumab was found in lung and liver (Figure 

8.6C). Contrarily, for free bevacizumab, no bevacizumab was found in the 

brain while high levels were found in lung and liver, higher than the Clast 

obtained in the single dose pharmacokinetic study (Figure 8.3C), suggesting 

an accumulation in these off-target organs over the course of the treatment. 

These results confirm and strengthen the conclusions drawn from the 

pharmacokinetic study. 
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Figure 8.6. Decrease of VEGF gene expression in xenograph intracerebral 

GBM nude mice model after GBM treatment with Bevacizumab-loaded 

PLGA NP. (A) Human VEGF mRNA expression was measured in the brain after 

2 weeks of treatment with free bevacizumab (Free Beva) and bevacizumab 

(Beva) -loaded PLGA NP. Fold change was calculated relative to the 18s mRNA 

expression. (B) Quantification of total VEGF protein levels by ELISA assay in the 

brain, after 2 weeks of treatment with free bevacizumab and bevacizumab-

loaded PLGA NP. (C) Quantification of Bevacizumab levels in the brain, lung 

and liver measured by ELISA, after 2 weeks of treatment with free bevacizumab 

(orange color) and bevacizumab-loaded PLGA NP (purple color). The data are 

presented as mean ± SEM (n=3-4/group), with * p < 0.05, ** p < 0.01, *** p < 

0.001, **** p < 0.0001, compared to GBM model group. 

 

 

 



 

 233 

f. Bevacizumab-loaded PLGA NP did not provide off-target toxicity in 

a xenograph intracerebral glioblastoma nude mice model 

 
Lastly, to study the off-target toxicity effects due to the treatment 

groups including free bevacizumab and bevacizumab-loaded PLGA NP as well 

as GBM tumor group, the brain, lung and liver tissue were processed for 

histology analysis. In addition to the pharmacokinetic data which showed the 

absence of bevacizumab levels in the blood and off-target organs in NP treated 

group, it is crucial to evaluate the toxicity in these organs by histology in order 

to understand if PLGA NP allowed decrease systemic toxicity of bevacizumab 

compared to the free bevacizumab group. Figure 8.7 shows representative 

histological staining of the brain, lung and liver after 2 weeks of bevacizumab 

treatment. GBM model showed some brain toxicity, where new nuclei were 

developed, demonstrating the tumor growth in the brain. On the other hand, 

some hemorrhagic focuses were found in the liver, represented by the square. 

After treatment with free bevacizumab, presence of significantly high number 

of cancer cells was observed in the brain (represented by purple cells), with 

some signs of lung toxicity and no liver toxicity. In the lung, few pink dots 

were observed within the alveolar epithelial cells, which could be represented 

for presence of bevacizumab. In H&E analysis, the pink structures are usually 

associated to proteins, whereas purple structures are associated to the nucleic 

acids. Since bevacizumab is a monoclonal antibody, H&E staining can stain 

bevacizumab itself. On the other hand, some infiltration of leukocytes into 

alveolar spaces was also observed. The GBM treatment with bevacizumab-

loaded PLGA NP group, Figure 8.7 did not show any signs of toxicity in the 

lung and liver tissue, and the brain histology was considered quite closer to 

the normal tissue of untreated group. Indeed, the H&E analysis confirmed our 

hypothesis that PLGA NP delivery system when delivered via intranasal route 

leads to the absence of off-target organs toxicity, as explained by the 

pharmacokinetic data.  
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Figure 8.7. Representative histological (H&E) staining of the isolated brain, 

lung and liver from control group, GBM model, free bevacizumab and 

bevacizumab-loaded PLGA NP, after 2 weeks of treatment. Squares highlight 

the differences between groups. Scale bar: 50 µm 

 

8.5 Conclusions 

 

In this study, we describe a novel approach to improve the GBM 

treatment by targeting GBM tumor cells with anti-angiogenic strategy 

mediated by bevacizumab-loaded PLGA NP administered intranasally. One of 

the most prevalent issue in the GBM treatment using angiogenesis inhibitors 

is the lack of their ability to cross BBB, which eventually leads to decrease in 

the brain bioavailability to such biomolecules. Intranasal route is a preferred 

route when direct drug delivery into brain is intended, since there is a direct 
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connection with the brain, without the need of crossing the BBB [16]. To 

overcome the bevacizumab off-target toxicity and to decrease the 

administration intervals, bevacizumab-loaded PLGA NP system were 

developed. Their small particle size, slight negative charge, spherical shape 

and the biodegradable composition derived by lactic and glycolic acid makes 

them an ideal candidate for intranasal administration route [32].  

Pharmacokinetics and pharmacodynamics profile of bevacizumab-

loaded PLGA NP were studied and compared to the free bevacizumab, which 

helped in understanding whether the nanotechnology applied to this tumor 

therapy brings a better efficacy in the GBM treatment. As expected, 

bevacizumab-loaded PLGA NP provided a higher brain availability of 

bevacizumab, with an increased brain exposure over 7 days. Undetectable 

blood levels and negligible lung and liver exposure were also observed after 

the treatment with bevacizumab-loaded PLGA NP, demonstrating the success 

of PLGA NP as an alternative to decrease the off-target toxicity of 

bevacizumab. Pharmacokinetic study of PLGA NP suggests that NP formulation 

allows a better penetration into the brain while preventing systemic exposure, 

possibly through a longer residence time in the nasal cavity. Moreover, the 

residence time in the brain is prolonged, which could be ascribed to a 

protection of the antibody from degradation.  

Since no significant bevacizumab level was detected in the blood, lung and 

liver after intranasal administration through PLGA NP, no systemic off-target 

organ toxicity was expected. This hypothesis was confirmed by histology 

analysis which showed no toxicity in the lung and liver tissue. 

To evaluate the efficacy of the PLGA nanosystem, a xenograft 

intracerebral GBM nude mice model was first validated to study the tumor 

growth over time and was then utilized to study the anti-angiogenic response 

of free bevacizumab and bevacizumab-loaded PLGA NP. In terms of tumor 

growth, no significant differences were found between both treatment groups; 

however, a higher anti-angiogenic effect was detected after intranasal 

administration of bevacizumab-loaded PLGA NP. Overall the data indicate that 

the bevacizumab might be internalized more by the GBM cancer cells via NP 

delivery compared to free bevacizumab group which leads to higher efficacy 
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in the GBM treatment using anti-angiogenic/NP strategy. However, the 

internalization mechanism should be further validated at molecular and 

cellular levels to understand the interaction between internalized 

bevacizumab and intracellular VEGF. In fact, bevacizumab-loaded PLGA NP 

might improve GBM treatment by the interaction with extracellular VEGF and 

also by the interaction with intracellular VEGF. These results open doors to 

understand how internalization of monoclonal antibodies can occur and 

improve GBM condition with this strategy.  

Overall, in this study, we have successfully developed a polymeric PLGA 

based nanosystem carrying an anti-angiogenic monoclonal antibody that was 

able to improve GBM treatment when delivered by non-invasive intranasal 

route. Bevacizumab-loaded PLGA NP intranasally administered provided a 

higher anti-angiogenic effect while preventing the systemic and off-target 

organs toxicity. As for future perspective, the GBM treatment plan could be 

combined with the bevacizumab-loaded PLGA NP treatment in order to control 

the angiogenesis. Based on the current knowledge, this is the first report 

describing nanotechnology applied to the anti-angiogenic therapies to 

improve the GBM treatment by non-invasive route.  
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9.1. Conclusions and Future Perspectives 

 

More than two centuries have passed since recombinant mAbs were 

found as unique biological tools for the treatment of several human diseases 

[1]. Despite mAbs-based therapy have noteworthy interest, there are some 

limitations associated to multiples administrations by the intravenous route, 

short half-life, and side-effect, ultimately resulting in poor treatment 

compliance. One of the most mAb used is bevacizumab, which is used in the 

treatment of age-related macular degeneration [2], retinal neovascularization 

[3], and several cancers, due to its capabilities of inhibiting angiogenesis [4, 

5]. In this work, bevacizumab was used as model mAb to treat GBM, since GBM 

is one of the most vascularized solid tumors. The low ability of bevacizumab 

in crossing the BBB limits its central nervous system accessibility and does not 

allow an improvement in the overall patient survival[6]. Therefore, an 

alternative to improve the GBM efficacy, bevacizumab-loaded PLGA NP were 

successfully developed as an alternative to cross effectively BBB, 

accomplishing a better therapy with less toxicity [7]. 

A general scientific discussion is in the scientific community related with 

the encapsulation of mAbs due to its molecular size and stability under 

formulation conditions. For that reason, the first study of this work was to 

study how nanoencapsulation affects the bevacizumab release, stability and 

bioactivity. Our experimental results showed that bevacizumab bioactivity was 

not changed with the nanoencapsulation process. Although the secondary 

structure of bevacizumab was changed after encapsulation into PLGA NP, our 

results by CD and fluorescence spectroscopy showed bevacizumab refolding 

upon release from PLGA NP. This refolding process was confirmed by 

bioactivity in vitro studies, where the bioactivity of bevacizumab was kept, 

demonstrating the success of bevacizumab encapsulation. We could conclude 

that our bevacizumab-loaded PLGA-NP might represents a new paradigm for 

antiangiogenic therapy since bevacizumab is protected and released in a 

controlled manner, increasing the time between administrations.  
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Since the beginning of this work there was a needed to quantify 

bevacizumab in bevacizumab-loaded PLGA NP to their characterization before 

and after lyophilization. For that reason, a RP-HPLC method was developed 

and showed to be linear, accurate, precise, and robust, being a rapid and 

excellent alternative quantification method for bevacizumab.  

As bevacizumab is a mAb, its structure may change quickly with 

aggressive conditions used in the NP formulation. For that reason, understand 

the bevacizumab behavior under different pH and temperature is crucial to 

proceed with a good study about bevacizumab nanoencapsulation. In this 

thesis, it was shown that the increase of temperature induced irreversible 

conformational changes in the bevacizumab's structure, leading to an 

unfolded state of bevacizumab. In addition, thermal stability study of 

bevacizumab evidenced that its structure is most stable at pH 6. On the other 

hand, results showed that the bevacizumab bioactivity decreased over time 

for the pH above 8. Indeed, the study of ideal pH and temperature of an 

antibody formulation used for drug delivery is an important step to develop a 

market product. With this information, the choice of excipients and buffer 

solutions will be made easier, improving the stability of the pharmaceutical 

formulation. This biophysical research is highly important and can be used for 

biomedical application since immunogenicity problems can arise from 

instability of mAb. 

We next considered evaluated the stability of bevacizumab-loaded PLGA 

NP during six months at three different storage conditions to understand 

whether PLGA NP were able to preserve the angiogenic bioactivity over time, 

as a result of maintaining the structure and bioactivity of bevacizumab. 

Bevacizumab-loaded PLGA NP were lyophilized with different levels of 

lyoprotectant in order to find out a formulation that conserves the structure 

and bioactivity of bevacizumab. A lyophilized formulation composed of 

bevacizumab and trehalose co-encapsulated into PLGA nanoparticles with 10% 

(w/v) of trehalose externally added was successfully developed. Indeed, it was 

shown a preservation of PLGA nanoparticle characteristics, the maintenance 

of bevacizumab secondary, tertiary structure and bevacizumab in vitro 

bioactivity over six months of storage. These data serve as a starting point to 



 

 245 

observe that nanotechnology applied to mAb might still take advantages to 

overcome some drawbacks associated to mAb-based therapy. This new 

approach must be applied to another type of antibody. Further, no significant 

differences were found for the storage of this formulation at 4 ºC and 25 

ºC/60% HR. This is of particular importance since this study is the first report 

demonstrating the stability of mAb loaded into nanoparticles at room 

temperature, being a massive benefit for pharmaceutical industries.  

After the establishment of proper bevacizumab-loaded PLGA NP, in vitro 

and in vivo studies were performed to access nanoparticles cellular uptake and 

the mechanisms underlying bevacizumab delivery at the sub-cellular level, 

envision the clinical application. Since GBM is one of the most vascularized 

cancers, bevacizumab-loaded PLGA NP were directed for the GBM treatment. 

In vitro angiogenic activity of bevacizumab-loaded PLGA NP was compared 

with free bevacizumab and no differences were found, meaning that 

bevacizumab activity was maintained after encapsulated. Toxicity of 

bevacizumab-loaded PLGA NP was tested into U-87 and hTERT E6/E7 cell lines 

and our study demonstrated that our system is safe for the range of 

concentrations between 10 and 200µg/mL.  

An in vivo glioma zebrafish model was previously developed and 

validated to study the angiogenesis and tumorigenesis of free bevacizumab 

and bevacizumab-loaded PLGA NP.  Impressively, 48 hours post-injection of U-

87 MG cancer cells in zebrafish model, in vivo results showed a significant 

decrease in tumor area only for the bevacizumab-loaded PLGA NP. Trying to 

understand the molecular mechanism behind the efficacy of nanoparticles, a 

cellular uptake study in GBM cancer cells was performed to study the 

internalization of bevacizumab and its effect on VEGF secretion. A significant 

increase in the number of bevacizumab positive cells and a decrease in the 

number of VEGF producing cells were obtained for the bevacizumab-loaded 

PLGA NP. These last results demonstrated that bevacizumab-loaded PLGA NP 

might cause a disorder in VEGF signaling pathway, being the first report 

addressing an efficient intracellular delivery of mAbs.  

We next considered deliver bevacizumab-loaded PLGA NP by intranasal 

route. To do so, pharmacokinetics and pharmacodynamics of bevacizumab-
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loaded PLGA NP were studied using an in vivo model with CD-1 mice and nude 

mice. Main PK parameters were higher for bevacizumab-loaded PLGA NP 

compared to the free bevacizumab, demonstrating that PLGA NP allowed a 

higher brain bioavailability for bevacizumab as compared to free bevacizumab 

group. The mechanism behind a better brain bioavailability might be 

attributed to the slow release of bevacizumab from PLGA NP, since the AUC 

and Cmax for PLGA NP was higher than free bevacizumab. We next concluded 

that bevacizumab-loaded PLGA NP intranasally administered provided a higher 

anti-angiogenic effect and demonstrated a decrease in the systemic and off-

target organs toxicity, after its administration in an orthotopic GBM nude mice 

model.  

As future perspective and considering the impressive results found in 

this thesis work, the possibilities for next experimental work are endless. 

There is still a huge margin for the continuous knowledge evolution regarding 

the nanosystem here developed to carry mAbs (e.g. bevacizumab). A great 

goal of this thesis was achieved by the development of a stable and efficient 

polymeric nanosystem that allowed a controlled release of bevacizumab, 

without losing its structure and bioactivity. From now on, an interesting aspect 

could be to optimize a production protocol to allow its scale-up to an industrial 

level. This strategy would be important to reduce the production time and also 

the costs attributed to the double emulsion technique. The economic 

advantage of this process could be also attributed to the storage of mAbs, 

since PLGA NP allowed a stable storage at room temperature over 6 months. 

Indeed, the scalable manufacturing as well as the safe and biodegradable 

nature of PLGA are critical factors that would allow for an easy implementation 

of these NP into the clinical practice. 

Another goal of this thesis work was achieved by intranasal 

administration of PLGA NP to improve the GBM treatment. The remarkable 

results concerning the decrease of tumor progression and angiogenesis 

through intranasal administration of bevacizumab-loaded NP opens doors for 

the industrial production of those NP. Translate this approach into an 

industrial level through formulation of intranasal delivery systems would be 

the icing on the cake. Dry power systems, multi-doses solutions or multi-doses 
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spray pumps could be investigated to find the better formulation for 

bevacizumab-loaded PLGA NP administration by intranasal route. Another 

open door related to this project is the IV administration of those PLGA NP. In 

this case, the functionalization of bevacizumab-loaded PLGA NP would have to 

be done in order to overcome BBB delivery issues. Different targeting ligands 

could be attached to the nanoparticles surface to overcome BBB and be 

targeted to the GBM core tumor.  

GBM was the main focus of this thesis work and the most central 

research fields were targeted to the glioblastoma treatment. However, the 

developed bevacizumab-loaded PLGA may be applied to others cancer-related 

therapy. Another alternative for this proposed GBM treatment could be 

reformulated to include bevacizumab-loaded PLGA NP in the treatment 

regimen to control angiogenesis and also tumorigenesis. Based on the current 

knowledge, this is the first report describing the intranasal administration of 

a nanosystem loaded with an anti-angiogenic biomolecule for an improvement 

of GBM treatment. As an alternative to this treatment strategy and aiming a 

synergic effect, a cytotoxic drug could be added to the bevacizumab-loaded 

PLGA NP. One example could be the co-encapsulation of temozolomide and 

bevacizumab since temozolomide is a cytotoxic drug used as first-line 

treatment in the GBM. However, as some clinical issues with temozolomide 

reported some limitations due to its poor solubility, short half-life and high 

toxicity, co-encapsulation of temozolomide and bevacizumab could be a good 

strategy. 

Lastly but not least, the exciting finding of this thesis work was the 

efficient intracellular delivery of mAbs through polymeric nanoparticles. 

Starting from this molecular point of view, more deeply studies would be 

important to make in order to understand how the intracellular release of 

bevacizumab into cell cytoplasm is. A molecular mechanism regarding the 

interaction of intracellular VEGF and bevacizumab has to be address to open 

doors for further researcher to study internalization of mAb through drug 

delivery systems. Indeed, there are a wide range of diseases that would benefit 

of an intracellular delivery of mAbs. A detailed study would help the 
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researchers also to understand how cancer cells act against the intracellular 

delivery of mAb and which is the resistance mechanism behind that.  

Overall, this project ended up with an efficient polymeric nanosystem 

loaded with an anti-angiogenic monoclonal antibody whose promising results 

point up that the encapsulation of mAbs allow better results for the treatment 

of several diseases reached by intracellular and extracellular delivery of mAbs.  
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Supplementary information for supporting the Chapter VI 

 

Nanoparticles provide long-term stability of bevacizumab preserving its 

antiangiogenic activity 

Flávia Sousa, Andrea Cruz, Inês Mendes Pinto and Bruno Sarmento* 

 

 

Materials and Methods 

 

Preparation of PLGA nanoparticles 

 

Briefly, 1 mL of ethyl acetate was used to dissolve 100 mg of PLGA, 

overnight. Thus, 2 mg of bevacizumab from a 25 mg mL-1 Avastin solution was 

added to the first mixture. For the formulations, NP in and NP in + out, where 

trehalose was co-encapsulated, trehalose at a concentration of 10% (w/v) was 

also added in this step. The latter solution was homogenized during 30 s using 

a Vibra-Cell™ ultrasonic processor with 70% of amplitude, to create the first 

emulsion water-oil (w/o). Afterwards, the first emulsion was transferred into 

11.5 mL of PVA 2% (w/v) and sonicated using the same previous conditions. 

Lastly, double emulsion was subjected under magnetic stirring at 300 rpm 

during 3 h to encourage the ethyl acetate evaporation. All nanoparticles 

formulations were washed three times with ultrapure water by centrifugation 

(40000g for 30 min), using Beckman Avanti J26 XPI ultracentrifuge from 

Beckman Coulter (Brea, CA, U.S.A.). Finally, nanoparticles were redispersed in 

ultrapure water before storage at desired concentration. Empty nanoparticles 

were produced by the same production method, but without addition of 

bevacizumab.  

 

 

 

 



 

 254 

Bevacizumab AE and DL 

 

The AE and DL were indirectly determined, using the following 

equations: 

 

AE	(%) = 	
Total	amount	of	bevacizumab − Free	bevacizumab	in	supernatant

Total	amount	of	mAb × 100			 

DL	(%) =
Total	amount	of	bevacizumab − Free	bevacizumab	in	supernatant

Total	dry	weight	of	nanoparticles × 100				 

Bevacizumab AE and DL were calculated only for the formulations NP 

and NP in, since the NP out and NP in + out present the same native 

characteristics. All samples were run in triplicate. 

 

Lyophilization of PLGA nanoparticles 

 

After the last washing step with ultrapure water, the nanoparticles were 

redispersed in water before the lyophilization process. For the formulations 

NP out and NP in + out, trehalose at a concentration of 10% (w/v) was added 

to the redispersed nanoparticles. Contrary, no trehalose was added to the 

formulation NP and NP in. All the formulations were transferred at a maximal 

height of 10 mm into semi-stoppered glass vials with slotted rubber closures 

and placed into the lyophilizer.  

 

Characterization of PLGA nanoparticles 

 

After lyophilization, freeze-dried samples were reconstituted by slowly 

adding ultrapure water inside of the vial to obtain a proper concentration for 

the experiments. To guarantee the appropriate cake wetting, water was left to 

act for 10 minutes, followed by a complete homogenization by hand. 

Reconstituted samples were used for particle size, PDI, zeta potential, SEM and 

TEM analysis. A dynamic light scanning using a Malvern Zetasizer Nano ZS 

instrument from Malvern Instruments Ltd. was the methodology used to 

analyse particle size, PDI and zeta potential of PLGA nanoparticles after 



 

 255 

production and after lyophilization at t0, t1, t3 and t6 (n=3). The 

measurements were made in sodium chloride solution. The lyophilization ratio 

was calculated following the next equation: 

𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜	𝑟𝑎𝑡𝑖𝑜 =
𝑚𝑒𝑎𝑛	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒	𝑎𝑓𝑡𝑒𝑟	𝑙𝑦𝑜𝑝ℎ𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
𝑚𝑒𝑎𝑛	𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒	𝑠𝑖𝑧𝑒	𝑎𝑓𝑡𝑒𝑟	𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 					 

 

After production and after lyophilization at t0 and t6, the samples were 

also characterized by TEM using JEOL JEM-1400 electron microscope (JEOL Ltd, 

Tokyo, Japan) and by SEM using a FEI Quanta 400 FEG SEM microscope (FEI, 

Hillsboro, OR, USA). The reconstituted samples were properly prepared 

following a described methodology previously made by our group [1]. 

The residual moisture content of the lyophilizates PLGA nanoparticles 

were determined after lyophization at t0 with the same amount of powder for 

the formulations NP, NP in, NP out and NP in + out (n=3).   

 

Characterization of bevacizumab secondary structure 

 

Bevacizumab secondary structure into PLGA nanoparticles was 

determined after nanoparticles production and nanoparticles lyophilization at 

t0, t1, t3 and t6. It was also compared the spectral similarity between the 

bevacizumab secondary structure from PLGA nanoparticles at different time-

points and native bevacizumab (Avastin at 25 mg mL-1 with 51 mM sodium 

phosphate pH 6.2, 60 mg mL-1 trehalose dihydrate and 0.04% polysorbate 20), 

obtaining the AO and SCC. The spectra treatment was achieved following the 

sample procedure previously described [1]. 

 

Characterization of tertiary structure 

 

For all time points, bevacizumab was extracted from PLGA nanoparticles 

with ethyl acetate by liquid-liquid extraction, prior to fluorescence 

spectroscopy analysis. Native bevacizumab and extracted bevacizumab was 

analyzed at 150 µg mL-1 (n=3). Fluorescence excitation spectra were obtained 

in a range from 200 to 300 nm, fixing 337 nm as emission wavelength. 
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Fluorescence emission spectra were obtained in a range from 300 to 500 nm, 

fixing the 280 nm as excitation wavelength, with an integration time of 0.1 s 

and 1 nm of step size. All spectra were analyzed with excitation and emission 

slits set to 2 and 5 nm, respectively. Final spectra for all samples was obtained 

after the subtraction of reference sample spectrum and normalized based on 

bevacizumab concentration.  

 

Bevacizumab in vitro bioactivity 

 

HUVEC cells were cultured on 1% (w/v) of gelatin-coated tissue culture 

and the medium was renewed every 2 to 3 days before confluency. For the 

MTT assay, HUVEC cells were seed at a density of 1.0 × 104 cells/well without 

heparin and ECGS and incubated during 24 hours. Then, native bevacizumab 

and all samples (NP, NP in, NP out, NP in + out at different storage conditions 

and time-points) were incubated during 72 hours with 10 ng/mL of VEGF. After 

the incubation period, the samples were removed, and it was added 150 µL of 

0.5 mg/mL MTT solution at each well. This solution was incubated at 37ºC 

during 4h and after that time, the solution was removed and added 150 µL of 

dimethyl sulfoxide to stop the reaction. The absorbance was measured at 590 

nm and 630 nm using a microtiter plate reader (Biotek-Synergy H1 Hibrid 

reader, using the Gen5 2.01 program). The MTT reduction (%) was calculated 

as follows: 

𝑀𝑇𝑇	𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛	(%)

=
𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑜𝑓	𝑠𝑎𝑚𝑝𝑙𝑒	𝑣𝑎𝑙𝑢𝑒 − 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑜𝑓	𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑐𝑜𝑛𝑡𝑟𝑜𝑙

𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑜𝑓	𝑛𝑒𝑔𝑎𝑡𝑖𝑣𝑒	𝑐𝑜𝑛𝑡𝑟𝑜𝑙 − 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑜𝑓	𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒	𝑐𝑜𝑛𝑡𝑟𝑜𝑙

× 100 

The negative control was considered as the cells incubated only with 

M199 medium and the positive control the incubation of cells with Triton X-

100 1% (v/v), since the detergent action disrupts the cells.  
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Figure 10.1. Example of freeze-dried NP, NP in, NP out and NP in + out, where 

it is possible to observe the non-collapsed cake.  

 

 

 

Figure 10.2. Area-normalized second-derivative amide I ATR-FTIR spectra of 

bevacizumab and bevacizumab + 10% (w/v) of trehalose. 
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Figure 10.3. Average of particle size, polydispersity index, and zeta potential 

for NP, NP in and NP out formulation placed at 4ºC, 25ºC/60%HR and 

40ºC/75%HR after 0,1,3 and 6 months storage. Results are significantly 

different (**p < 0.01, ***p< 0.001, ****p<0.0001) from the corresponding 

formulation at time 0. 

 

 

 

 

 

 

 

 



 

 259 

 

 

Figure 10.4. TEM microphotographs of the NP, NP in and NP out after 

production and after lyophilization at time 0. Scale bar: 200 nm.  

 

 

 

Figure 10.5. SEM microphotographs of the NP, NP in and NP out after 

production and after lyophilization at time 0. Scale bar: 5 µm. 
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Figure 10.6. TEM microphotographs of the NP, NP in and NP out after 6 

months storage (t6) at each different condition. Scale bar: 200 nm. 

 

 

Figure 10.7. SEM microphotographs of the NP, NP in and NP out after 6 months 

storage (t6) at each different condition. Scale bar: 5 µm 

 



 

 261 

 

 

Figure 10.8. Area-normalized second-derivative amide I ATR-FTIR spectra of 

bevacizumab, NP, NP in, NP out and NP in + out formulations stored at three 

different storage conditions, over 6 months.  

 

 

References  

 

1. Sousa, F., Cruz, A., Fonte, P., Pinto, I.M., Neves-Petersen, M.T., and 

Sarmento, B., A New Paradigm for Antiangiogenic Therapy through 

Controlled Release of Bevacizumab from Plga Nanoparticles. Scientific 

Reports, 2017. 7(1): p. 3736. 

 

 

 

 

 



 

 262 

Supplementary information for supporting the Chapter VII 

 

Nanoencapsulated Bevacizumab Inhibits Glioblastoma Vascularization 

via Intratumoral VEGF Trapping 

Flávia Sousa, Andrea Cruz, Fábio Júnio Ferreira, José Bessa, Bruno 

Sarmento, Inês Mendes Pinto 

 

 

Figure 10.9.  Colon epithelial cancer cell line (SW480) and colon epithelial 

normal cells (FHC) were used (a) Number of counts for intracellular VEGF 

expression in U-87 MG cancer cells and hTERT E6/E7 analyzed by flow 

cytometry. (b) Quantification of secreted VEGF-A assessed by ELISA assay in 

SW480 and FHC cell lines.  (c) Original intracellular expression of VEGF-A 

analyzed by western blotting in SW480 and FHC cell lines. Bar graphs of 

western blotting samples were normalized by GAPDH. A triplicate of samples 

was collected for western blotting analysis. In addition, ELISA values are 

expressed as mean ± standard deviation (n=3).  
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Figure 10.10. LDH assay demonstrated absence of cell toxicity after 

incubation of bevacizumab and bevacizumab-loaded PLGA NP into U-87 MG 

cancer cells (n=6) (a) and hTERT E6/E7 cell line (n=6) (b). After 48h of 

bevacizumab-loaded PLGA NP incubation and free bevacizumab, ELISA results 

demonstrated a decrease of extracellular VEGF-A expression for both groups, 

at different concentrations, in U-87 MG cancer cells (c) and hTERT E6/E7 (d) 

cell line. Medium and empty PLGA NP were used as control.  A triplicate of 

samples was collected for ELISA assay. In addition, ELISA values are expressed 

as mean ± SD. (e) Decrease of cell proliferation after incubation with 

bevacizumab and bevacizumab-loaded PLGA nanoparticles at 100 µg/mL of 

concentration given by BrdU assay (n=3). 
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Figure 10.11. Gating strategy utilized to determine the number of VEGF 

producing cells and Bevacizumab positive cells upon treatment of U-87 and 

hTERT E6/E7 cell lines with medium, free bevacizumab, bevacizumab-loaded 

PLGA NP and empty PLGA NP.  

 

 

Figure 10.12. hTERT E6/E7 cell line was treated with just medium, free 

bevacizumab and bevacizumab-loaded PLGA and empty PLGA NP at a 

concentration of 100 µg/mL and the number of positive cells was evaluated 

after 48hours of incubation. (a) Number of bevacizumab positive cells and (b) 

number of VEGF producing cells in hTERT E6/E7 cell line. The data are present 

as mean ± SD of three independent experiments. * p < 0.05, ** p < 0.01, ** p 

< 0.001. 
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