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When things go wrong as they sometimes will, 

When the road you're trudging seems all up hill, 

When the funds are low and the debts are high 

And you want to smile, but you have to sigh, 

When care is pressing you down a bit, 

Rest if you must, but don't you quit. 

Life is queer with its twists and turns, 

As every one of us sometimes learns, 

And many a failure turns about 

When he might have won had he stuck it out; 

Don't give up though the pace seems slow 

You may succeed with another blow, 

Success is failure turned inside out 

The silver tint of the clouds of doubt, 

And you never can tell how close you are, 

It may be near when it seems so far; 

So stick to the fight when you're hardest hit 

It's when things seem worst that you must not quit. 

 
Edgar Albert Guest, “Don’t Quit” 
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ABSTRACT 
  

 Breast cancer is the most frequently diagnosed cancer in women and killed more than half 

a million people in 2012. Classic treatments, namely chemotherapy, continue to be the backbone 

of cancer therapies. However, their non-specificity and non-selectivity is an open window to develop 

new targeted therapies that will eventually eliminate only cancer cells. The goal of this work was to 

develop a phage-based nanoparticle that can be used as a carrier for multiple anticarcinogenic 

drugs, targeting and eliminating breast cancer cells, without damaging healthy cells. Specifically, it 

was planned to genetically manipulate M13KE phage with encoding cell-penetrating peptides (CPPs) 

and specific peptides for breast cancer cells, which would allow phage internalization towards 

human cells. HIV-Tat and Penetratin CPPs, as wells as a specific peptide for human breast cancer 

cell receptors (so-called 231 peptide) were used. Moreover, coupling anticarcinogenic drugs to the 

phage major coat protein would result in a lower in situ drug concentration required to eliminate 

those cells. Doxorubicin (DOX) and PD98059 were used for that purpose owing to their synergistic 

effect on cancer cells death and proliferation. Several approaches herein implemented provided 

clear evidences that chemical conjugation of DOX to the phage was achieved. For instance, Fourier 

transform near-infrared spectroscopy (FT-NIRS) enabled the discrimination between free DOX or 

phage solutions from conjugated phages. PD98059 conjugation was not successfully accomplished 

mainly due to solubility issues. In vitro cytotoxicity of the phages (control and conjugated with DOX) 

and free DOX was assessed against tumorigenic MDA-MB-231 and non-tumorigenic MCF-10-2A cell 

lines. Conjugated DOX induced cytotoxicity in an independent phage-manner but, as expected, the 

treatment was not specific to the cancer cells. The phage genome manipulation with HIV-Tat, 

Penetratin and 231 peptides could not be accomplished, thus limiting the phage internalization by 

human cells. Parallel to this cytotoxic analysis, an image segmentation algorithm was developed, 

able to provide information on cell confluence, regardless of the cell morphology. As a result, the 

operator variability during cell culturing was reduced. In summary, the results highlight the clear 

need of targeted therapies for cancer treatment, as well as the potential of phages to be used as 

therapy platforms. 
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RESUMO 
  

 O cancro de mama é o mais frequentemente diagnosticado nas mulheres e matou mais 

do que meio milhão de pessoas em 2012. Os tratamentos clássicos, nomeadamente a 

quimioterapia, continuam a ser as terapias de eleição para o seu tratamento. Contudo, a falta de 

especificidade e seletividade destes tratamentos constituem uma “janela aberta” para o 

desenvolvimento de novas terapias que consigam, eventualmente, eliminar as células do cancro. O 

objetivo deste trabalho passou por desenvolver uma nanopartícula fágica, usada como vetor de 

fármacos anticancerígenos, capaz de reconhecer e eliminar apenas as células de cancro de mama, 

sem danificar as saudáveis. Especificamente, pretendia-se manipular geneticamente o fago M13KE 

com “cell-penetrating peptides” (CPPs), HIV-Tat e Penetratin, e também com péptidos específicos 

para receptores das células do cancro de mama (e.g. péptido 231), permitindo a internalização nas 

células humanas. A ligação de fármacos anticancerígenos à maior proteína da cápside do fago 

resultaria numa diminuição da concentração de fármaco in situ necessária à eliminação das 

células de cancro. Com essa finalidade, a doxorrubicina (DOX) e o PD98059 foram usados devido 

ao seu efeito sinergístico na morte e proliferação celular. Várias abordagens implementadas 

evidenciam que a conjugação química da DOX ao fago foi conseguida. Por exemplo, a 

espectroscopia FT-NIR permitiu a diferenciação entre DOX ou fagos livres e fagos conjugados. A 

conjugação com o PD98059 não foi realizada devido aos seus problemas de solubilidade. A 

citotoxicidade in vitro dos fagos (controlo e conjugados com DOX) e da DOX livre foi testada nas 

linhas celulares tumorais MDA-MB-231 e não tumorais MCF-10-2A. A DOX conjugada induziu 

citotoxicidade de uma forma não dependente do fago mas, como esperado, o tratamento não foi 

específico para as células de cancro. A manipulação genética do fago M13KE com os péptidos HIV-

Tat, Penetratin e 231 não foi conseguida, limitando a sua internalização nas células humanas. 

Paralelamente à análise de citotoxicidade foi desenvolvido um algoritmo de segmentação de 

imagem capaz de fornecer informação acerca da confluência celular, independentemente da 

morfologia das células. Desta forma, a variabilidade relacionada com o operador na cultura de 

células é diminuída. Em suma, os resultados evidenciam a clara necessidade de terapias dirigidas 

para o tratamento do cancro, bem como o potencial dos fagos como plataformas para terapia. 
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1 INTRODUCTION 
 

1.1 Motivation  
 

The probability of a cancer cell to occur is negligible – one mutation in 2×107 per gene cell 

division, having 1014 target human cells and several regulatory genes [1]. However, cell mutations 

still occur and uncontrolled proliferation takes place. Abnormal cells acquire competitive advantages 

over healthy cells and a tumor starts to develop and grow. At some point, the mass becomes 

malignant and the tumor evolves to cancer [2–4].  

Statistically, cancer is the leading cause of death in economically developed countries and 

the second leading cause of death in developing countries [5]. Based on GLOBOCAN 2012 

estimates, 8.2 million people worldwide died from cancer in 2012. For women, breast cancer is the 

most frequently diagnosed cancer, comprising also the higher mortality rate. Also, in that year, near 

1.7 million women developed breast cancer, with more than 1 million at the age under 65. 

Furthermore, cancer deaths account for more than half a million. Predictions for 2015 estimate an 

increase of these last numbers [6, 7]. 

 From all classic cancer treatments, chemotherapy continues to be the primary therapy for 

every type of cancer and stage. However, chemotherapeutic drugs have severe side effects on the 

patients’ well-being [8–10].  

Several attempts to develop targeted therapies have been conducted in the past few years, 

but they still fail to overcome the natural body barriers. Furthermore, their specificity and selectivity 

continues to be narrow. Thereby, nanotechnology holds a big promise for the future of cancer 

diagnosis and therapy owing to higher efficacy and bio-distribution of nanoparticles [11, 12]. 

Additionally, enhanced accumulation of these nanoparticles into tumor sites and the possibility of 

combining several synergistic properties into a unique particle display the advantages of these 

approaches, when compared with free drugs per se [12].       

 

1.2 Clinical Context 
 

In order to design and develop nanoparticles for targeted drug delivery, a better 

understanding of the tumor biology is required [11]. Starting in a normal replicating cell, a tumor 
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and latter a cancer can be developed. Several types of tumors have been reported, but this work will 

focus on breast cancer.   

  

1.2.1 Cell Cycle – The Regulatory System  
 

In order to proliferate, cells are continuously replicating through their cell cycle (Figure 1.1). 

Briefly, each single cell undergoes several events, where cell content is duplicated during the 

synthesis phase (S phase) and then distributed into the progeny cells at the mitosis phase (M 

phase). Between these phases, additional regulatory gap phases (G) allow cells to grow. 

Furthermore, these checkpoints control the cell cycle mechanisms, ensuring that everything is ready 

before the cell continues to the next phase. Prior to the S phase and during the first gap phase (G1) 

it is decided if the cell continues to divide or, under unfavorable conditions, if the cell cycle is 

interrupted. If this non-dividing state continues for extended periods, cells reach a terminal state of 

differentiation (G0 phase) and do not reenter the cycle. At the second gap phase (G2) cell continues 

to grow and it is checked if it is prepared to initiate mitosis [2].  

 

 

Figure 1.1 – Cell cycle scheme. One cell undergoes duplication of cell contents and its equal distribution into two 

daughter cells (taken from [2]).    

 

1.2.2 Cancer – A “Coordinated Network” 
 

 When abnormal cell cycles occur, the increase of mutated cells can lead to the formation 

of a tumor. These mutations induce cell resistance to normal cell regulatory mechanisms and they 

start to proliferate faster than the healthy cells. Indeed, this independency provides competitive 
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advantages of tumor cells over the normal ones [2]. Despite the cancer heterogeneity, there are 

some aspects that converge in each different type of cancer; retinoblastoma (Rb) and p53 tumor 

suppressors have an important role in the cell cycle checkpoints; their mutations are described as a 

major cause of tumor formation since apoptosis or senescence of mutated cells is not 

accomplished, thus unrestrained proliferation occurs [1, 13, 14]. With the continuous growth, the 

tumor size is increased and the pronounced lack of oxygen and nutrients lead to the occurrence of 

angiogenesis. Secondary tumors or cancers – metastases – can be formed if cell escape from the 

principal mass and spread into the other body parts [2].  

According to Vogelstein and Kinzler [3], several defects on the “multiple safeguards” of 

mammalian cells must occur for a cancer to develop. When the balance in the network between 

oncogenes, tumor-suppressor genes and stability genes fails, tumorigenesis takes place [3, 4]. 

Moreover, it must be noticed that a close relationship between mutations and environmental 

carcinogens, as well as the hereditary predisposition, had already been described as risk factors [3, 

15]. 

 

1.2.3 Breast Cancer 
 

A common classification between different breast cancer types is based on their gene 

expressing profile, using the estrogen receptor (ER), progesterone receptor (PR) and human 

epidermal growth factor (HER-2) status. Luminal A and B breast cancers account for near 70 % of 

invasive breast cancers and they are ER/PR positive. On the contrary, a molecular subtype HER-2 

breast cancer is determined when there is an ER/PR negative status and HER-2 expression profile. 

The basal cancers, also referred as triple negative, have an ER/PR/HER-2 negative pattern and a 

common BRAC1 dysfunction. HER-2 and basal cancers account for near 15 % of invasive breast 

cancers each [16–19]. Poor prognosis is generally associated with HER-2 and basal cancers 

because the response to the current treatments is inhibited due to the lack of hormone receptors. A 

better prognosis is expected for luminal cancers, especially for luminal A, which has a higher 

expression of the hormone receptors. Therefore, prognostic expectations are closely related to the 

genes proliferation [16, 19]. 

 In normal cells, Ras-effector promotes senescence by inducing the mitogen-activated 

protein kinase (MAPK) signaling cascade and also by activating Rb and p53 tumor suppressors. A 

higher Ras content was observed in tumor cells, whose mutation leads to cell hyper proliferation 

and consequent abnormalities in MAPK signaling. Thus, the MAPK pathway is overexpressed in 
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luminal cancer cells and its consequent uncontrolled cell proliferation is responsible for malignancy 

[4, 20–22]. It must be pointed out that MAPK overexpression is closely related to HER-2 positive 

cancers (luminal B and HER-2) because the HER-2 gene is overexpressed per se [16, 22]. 

 Deregulation of the MAPK pathway on cancers is then synonymous of proliferation and it is 

a prominently feature of cancer cells. The MAPK is a complex pathway, that can be described as 

the kinase cascade that starts with the overexpression of HER-2 gene and Ras signal transducer 

activation, followed by Raf kinase activation. Mitogen-activated protein kinase kinase MEK1 and 

MEK2 are activated through the Raf phosphorylation of their serines and MAPK kinase is also 

activated. MAPK regulates several transcription factors needed for the cell cycle to occur [22] 

(Figure 1.2). 

 

 

 

Figure 1.2 – MAPK pathway scheme, overexpressed in breast cancer cells. Overexpression of HER-2 gene at the cell 

membrane leads to Ras signal transducer activation, followed by the kinase cascade Raf–MEK1/2–MAPK. 

 

 

1.2.3.1 Approaches for the Treatment of Breast Cancer 
 

Regarding the previous classification of cancers based on their gene expression profile, 

ER/PR positive cancers are treated through hormone therapy. Additionally, chemotherapy may be 

used as adjuvant therapy. HER-2 cancers (ER/PR negative) have their therapeutics relied on anti-

HER-2 directed monoclonal antibody in combination with chemotherapy. Triple-negative cancers 
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cannot be treated with hormones, since no positive receptors have been identified to date on this 

type of cancer. Thus, in this case, chemotherapy is the primary therapy [23–25]. Despite several 

approaches for cancer treatment have been proposed, chemotherapy still remains the backbone of 

current treatments [8]. However, it is well known that chemotherapeutics are toxic to both cancer 

and healthy cells and also those cells can exhibit resistance to the drugs [9, 10]. Therefore, as long 

as possible, chemotherapy should be seen as an adjuvant (after) or neoadjuvant (before) therapy to 

other treatments [10, 26]. 

 

 

1.2.3.2 Chemotherapy and Chemotherapeutic Agents 
 

When exposed to small anticarcinogenic molecules, cancer cells replication and 

proliferation are inhibited and/or apoptosis takes place [27, 28]. A division between the taxanes 

and anthracyclines groups is made. In the first group (e.g. paclitaxel and docetaxel) mitosis is 

inhibited [29], while in the second group (e.g. doxorubicin and daunorubicin) these drugs are 

intercalated with the cell DNA, thus inhibiting DNA synthesis [27, 30].  

 

 

1.2.3.2.1 Doxorubicin 
 

Doxorubicin (DOX) is the most used anticancer drug worldwide. When DOX reaches the 

cancer cells, several mechanisms may occur, namely intercalation with DNA, membrane damage 

by free radical formation and disruption of topoisomerase-II-mediated DNA complex by inhibiting 

topoisomerase II (TOPO2A) [9, 27, 31] (Figure 1.3). However, its side effects and cardiotoxicity 

when used in larger doses are a high concern in this drug application. Cardiotoxicity is mainly due 

to mitochondrial dysfunction, disruption of nitric oxide (NO) regulation and loss of iron homeostasis 

[9, 27, 32].  
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Figure 1.3 – Chemical formula of DOX (at the left) and its pharmacodynamics in cancer cells. DNA and cell membrane 

damage are responsible for cancer cell death (source: Sigma-Aldrich Co, LLC. and PharmGKB®). 

 

1.2.3.3 MEK Inhibitors – Clinical Trials  
 

Overexpression of MAPK pathway is accounted for more than 30 % of human cancers. By 

inhibiting this pathway, tumorigenesis would also be inhibited, since cancer cells proliferation would 

decrease and apoptosis increase. Clinical trials are being carried out using several MEK 1/2 

inhibitors and these drugs can inhibit MEK 1, MEK 2 or even both [33, 34]. Indeed, Food and Drug 

Administration (FDA) only approved one MEK inhibitor until today – trametinib – because the others 

demonstrated to have narrow clinical activity when used alone [33]. However, combinatorial 

treatment between MEK inhibitors and other drugs is being addressed. In 2001, Stadheim et al. 

[35] demonstrated that PD98059, in combination with chemotherapeutic agents, increases the 

apoptosis in ML-1 cells. Some chemotherapeutic drugs can induce overexpression of the MAPK 

pathway, but, in combination with MEK inhibitors, uncontrolled cell growth can be prevented. 

Zelivianski et al. [36] combined PD98059 with docetaxel and observed the suppression of prostate 
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cells growth. More recently, in 2011, Gioeli et al. [37] discovered that a combination between 

PD325901 and other inhibitors provides a synergetic effect on the cell growth inhibition.        

 

1.2.3.3.1 PD98059 
 

PD98059 is a MEK 1 inhibitor, and at high doses it can also inhibit MEK 2. Inhibiting MEK 

1 kinase, even with upstream Ras activation, the MAPK kinase cascade is inactivated. When 

PD98059 is used, it binds to the inactive MEK 1 kinases and phosphorylation of 217 and 221 

serine residues by Raf is not accomplished [38–41] (Figure 1.4). 

 

Figure 1.4 – PD98059 (chemical formula at the left) binds to MEK 1, inactivating the kinase and its upstream 

phosphorylation step of Raf (source: Cell Signaling Technology®, Inc.). 

 

1.3 The Era of (Nano)Targeted Therapy  
 

Nanotechnology has allowed the construction of therapeutic drug nanocarriers, whose 

specificity decreases the cytotoxic effect on healthy cells. The most common nanoparticles for 

targeted drug delivery are liposomes, micelles, nanospheres, nanocapsules and dendrimers [27]. 

However, even these nanoparticles have several barriers when in contact with the human body, 

such as the mucosal barriers, reticuloendothelial system and non-specific uptake [11, 27]. 

Therefore, there is a clear need for new and improved cancer treatments.  
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1.3.1 Bacteriophages as Nanocarriers in Cancer Therapy 
 

Bacteriophages (phages) are the most abundant life forms on Earth and their replication is 

bacterial host dependent [42, 43]. Phages are viruses safe for humans and can infect a bacterial 

host through lytic or lysogenic cycle. Viruses that kill their bacterial hosts after infection are known 

as lytic phages, while temperate phages infect bacteria and grow inside them for several 

generations; at some point, external conditions can induce the temperate phages to release the 

phage genome, resulting in bacterial lysis [42, 44]. 

Since the 1970s phages are genetically manipulated and used as cloning vectors due to 

their ability to encapsulate genetic information [45]. The most part of these vectors derive from 

filamentous phages, regarding the possibility of recovering vector DNA in both single-stranded 

(ssDNA) and double-stranded (dsDNA) [46]. Filamentous phages bacterial host is a Gram-negative 

bacterium, such as Escherichia coli (E. coli). M13 is a typical filamentous phage, with about 1 µm 

in length, and as any filamentous phage morphology has 5 coat proteins – pIII, pVI, pVII, pVIII and 

pIX [47] (Figure 1.5). The major coat protein has thousands of pVIII copies (~2700), while only 5 

copies of each pIII and pVI are displayed at one end of the phage, whose function is related to 

phage ability to infect host cells. On the other side of the phage, 5 copies of each hydrophobic 

proteins pVII and pIX are responsible for assembly and maintain the phage stability. The 

hydrophobicity of pVII and pIX hinder peptides display; on the contrary, pIII, pVIII and even pVI can 

be used as vehicles for peptide displaying [48].  

The 2 N-terminal domains (N1 and N2) of filamentous phage pIII are responsible for the 

host infection process: first, N2 interacts with bacterial pilus, which retracts after this interaction, 

allowing N1 domain to bind to the cell surface TolA protein of bacteria. After the binding and 

insertion of the major coat pVIII into the bacterial membrane, phage DNA is released into the 

cytoplasm [49]. 

Filamentous phages manipulation is an emerging strategy for cancer targeted therapy. 

Furthermore, phage display technology allows displaying peptides on the phage surface that would 

specifically bind to complementary cell receptors [50]. Indeed, it is known that phages lack tropism 

to human cells, which is a disadvantage regarding cancer cell targeting. Using peptides that are 

specific to receptors in the cancer cells surface will aid the specific targeting that has been pursued 

as a strategy to develop new drug delivery systems [51, 52].  
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Figure 1.5 – Morphological structure of M13 filamentous phage (adapted from [52]).  

 

1.3.1.1 Genetic and Chemical Manipulation of Phages  
 

Nowadays, the use of genetic manipulated filamentous phages as antitumor drug carriers 

is gaining strength. These nanoparticles are considered as reliable strategies for targeting cancer 

cells [27, 52–54]. As an example, in 2008, Bar et al. [53] modified a filamentous phage though 

genetic and chemical manipulation. The proof-of-principle of a targeted nanocarrier was 

accomplished, namely a specific ligand was genetically displayed in pIII coat protein and a payload 

drug was chemically conjugated to pVIII protein. Recently, Ghosh et al. [54] have developed a 

genetically manipulated M13 phage with a chemically conjugated payload of DOX at the pVIII 

protein.  

 

1.3.1.1.1 M13KE Phage Vector 
 

M13KE is a 7222 bp cloning vector derived from M13mp19 parent phage in which Acc65I 

and EagI restriction sites have been introduced at the 5’ end of gene III for short peptide sequences 

display, without a deleterious effect on phage infectivity. Peptide insertion in pIII is then presented in 

all 5 copies of this coat protein [46, 55, 56]. The ease of manipulating the M13KE phage genome 

makes this vector a significant candidate for therapy platforms [50]. 

M13KE filamentous coliphage replication strictly depends on their E. coli host strain growth 

pattern. Indeed, the M13KE phage infectivity displays higher activity during the bacterial exponential 
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growth, when aerobic respiration is highly expressed. On the contrary, phage amplification is a 

limited process during stationary phase, where anaerobic bacterial respiration takes place [56–58]. 

The mostly common E. coli strain for M13KE manipulation is ER2738, a lacZα-complementing 

strain. While M13KE phage has the lacZ alpha gene fragment (lacZα), its host bacteria have the 

complementary lacZ omega fragment (lacZω). Thus, when infected bacteria are plated in an IPTG 

(Isopropyl β-D-1-thiogalactopyranoside) and Xgal (5-bromo-4-chloro-3-indolyl-β-D-galactoside) 

selective media, a blue color appears in infected bacteria, while non-infected bacteria remain white 

[46, 55, 59]. Briefly, in this blue/white screening technique, E. coli has a lac operon that contains 3 

structural genes – lacZ, lacY and lacA –, where lacZ gene encodes the beta-galactosidase enzyme 

(β-galactosidase). At the IPTG presence, the lac repressor protein is inactivated, allowing the lac 

operon transcription and the lacZω fragment expression. During phage infection, transcription of the 

lacZ gene of the phage allows the expression of lacZα fragment. LacZω and lacZα fragments per se 

are not functional; when both fragments are present, an alpha complementation is accomplished 

and the β-galactosidade enzyme becomes functional. Xgal is a histochemical dye, hydrolyzed 

through β-galactosidade activity. Thus, when both fragments are present, Xgal cleavages the β-

galactosidade enzyme and accumulation of Xgal product results in a blue coloration. When phage 

infection is not effective, β-galactosidade enzyme is not functional because the lacZα fragment is 

not present and white colonies appear [59]. 

 

1.3.2 Cell-penetrating Peptides  
 

Cell-penetrating peptides (CPPs) were used since 1994 in an attempt to solve the problems 

of hydrophilic nature of therapeutic drugs, which hinders cell penetration through the mammalian 

cell membranes and whose permeability is highly selective. These short peptides (up to 30 amino 

acids) are capable of carrying and delivering 100-fold more molecules than its molecular weight, 

without having a cytotoxic effect [60, 61]. These vector-like CPPs can carry other peptides, proteins 

and even cytotoxic drugs [62]. Aroui et al. [63] have coupled DOX to CPPs and tested their effect in 

breast cancer cells. Apoptosis on cancer cells was observed with lower doses compared with the 

same free DOX concentration to reach the same effect.   

Cellular uptake of CPPs is strictly dependent on their structure and the type of cargo 

attached to the peptide. Moreover, this process varies according to the heterogeneity of the cellular 
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membranes. The mechanisms described for CPPs internalization are endocytosis and direct 

translocation through the membrane.  

A major classification of CPPs is based on their physical-chemical properties; cationic, 

amphipathic or hydrophobic peptides have been identified. Highly positive charged CPPs are 

cationic peptides, while amphipathic and hydrophobic CPPs have both cationic and anionic 

peptides (Figure 1.6) [62]. 

 

 

Figure 1.6 – CPPs distribution according to their net average charge. Cationic CPPs have a positive net charged while 

hydrophobic and amphipathic peptides can have both negative and positive net charge (taken from [62]).  

  

For cationic CPPs uptake, arginine (R) forms the key amino acid between cell/CPP 

interactions, because their positive charge binds to the negative phosphates and sulfates of the cell 

membrane. Indeed, higher cellular CPPs content is observed when they have more than six arginine 

residues. A combination between arginine and positive net charged lysine (K) amino acid influences 

these interactions in a synergistic manner [61]. For the most relevant cationic CPPs and above a 

specific peptide concentration, direct translocation occurs, while under this threshold, endocytosis 

mechanisms are observed [62]. The cationic CPPs HIV-Tat (YGRKKRRQRR) and Penetratin 

(RGIKWFGNRRMKWKK) are the most common used. Their high content in arginine and lysine 

residues promotes their uptake through the mammalian cells. The negatively charged 

glycosaminoglycans at the surface of the cells act as receptors for the CPPs [64–66].    

However, two major disadvantages regarding the use of CPPs per se can be highlighted, 

namely the poor pharmacokinetic and its low specificity for cancer cells [60, 62]. Bioavailability and 

lower “lifetime” of these short peptides can be improved through their genetic insertion of CPPs to 
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filamentous phages (e.g. M13KE). Indeed, the negative net charge of the phages allows the 

conjugation of cationic CPPs to their genome [51]. Furthermore, these phage/CPP nanoparticles 

have mammalian cells internalization capability because the displayed CPP mediates the contact 

between the phage and the cells. In these cases, because these particles are larger than free CPPs, 

the nanoparticles are probably internalized through phagocytosis [66]. Nonetheless, specificity of 

the peptides can be improved [62]. Dong et al. [67] identified a novel peptide through phage 

display (231 peptide – CASPSGALRSC), which specifically targets and internalizes in vitro human 

breast cancer cells (MDA-MB-231 cell line).  

As previously described, phages can be genetically modified with encoding peptides to turn 

nanoparticles more specific to human cells and to confer internalization capability. A selective 

payload drug can be chemically conjugated to the phage major coat protein, which makes these 

approaches new targeted therapies [53, 54]. 

 

1.4  In vitro Cellular Assays as Proof of Concept  
 

In vitro growth of cell lines allows following the propagation of cells on a 2-dimentional 

substrate, instead of the 3-dimentional geometry on in vivo studies. An animal cell culture must be 

frequently monitored because cells have an increasing growth and at some point they need to be 

sub-cultured. Furthermore, it is important to maintain the same growth conditions between sub-

cultures, in order to achieve a standard growth pattern [68, 69]. 

Different cell lines have different growth rates and characteristics such as size, population 

doubling time and saturation density. However, every cell line has a general growth behavior, i.e. a 

lag phase, exponential or log phase and a plateau phase. Cell density (or confluence) increases 

over time and with the cell growth [68–70] (Figure 1.7). During the lag phase, cells recover from a 

previously sub-culture; the number of cells is constant until the begging of exponential phase, where 

cell number increase in an exponential manner. When the culture is reaching the maximum 

confluence, the growth is slower and stops at 100 % confluence [69]. During cells growth, the 

morphology also changes: the cell increases in size during exponential growth and cell surface 

structure also changes [70]. 
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Figure 1.7 – A typical cell line growth curve where the number of cells varies along time. Cell confluence increases with 

the higher number of cells. 

 

 Even with regular monitoring, the variability associated to the operator cannot be 

eliminated. Therefore, a more operator-independent process can standardize the most common 

procedures of cell culture. Image analysis on cell culture brings several advantages as an adjuvant 

method, which allows taking the right decisions at the right moment. Ever since mid-1950s, an 

automated cell analysis system was already developed to monitoring the cells. Indeed, these 

methods had an exponential growth and emerge as more reliable and less time-consuming [71]. 

There are several methods to assess cell viability, but some of them are a commonplace in 

animal cell culture, such as trypan blue exclusion method, MTS cell viability assay and SRB 

cytotoxicity screening assay, whose principles are described hereafter. 

 

1.4.1 Trypan Blue Exclusion Method 
 

Trypan blue exclusion method is a simple technique that allows determining the number of 

viable (or non-viable) cells at a cell culture suspension. Live cells have intact membranes, which 

hinders the entrance of trypan blue dye. On the contrary, dead cells have their membranes 

compromised and the dye enters on cells. Thus, under a microscope, live cells will appear white, 

while dead cells will turn blue. Although it is a fast and widely used method, it is an indirect method 

that assumes that dead cells have their membranes compromised, which is not necessarily true 

[72]. This method is one of the most used in cell culturing, but it has several disadvantages. It is an 

operator-dependent method, since it relies on his expertise, which can under or overestimates the 
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cell counting. Also, the representativeness of the sample is a drawback and it accounts for low 

statistical confidence [73, 74]. 

 

1.4.2 MTS Cell Viability Assay 
 

This is also an indirect colorimetric method, in which it is possible to determine the number 

of proliferating cells or, otherwise, the cytotoxicity of a given agent to the cells. When in contact with 

a cell culture, MTS tetrazolium compound (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-

2-(4-sulfophenyl)-2H-tetrazolium) is bio-reduced through metabolically active cells into formazan. 

While MTS is yellow, after this reduction the color shifts to orange. Metabolically active cells have 

active mitochondrias that produce NADPH or NADH, capable of MTS reduction into formazan. A 

direct relation between the amount of formazan and the number of living cells in a culture can be 

established through the determination of the absorbance at 490 nm (Figure 1.8) [75].  

 

 

Figure 1.8 – MTS tetrazolium reduction into Formazan after being bioreduced through NADPH or NADH produced by 

dehydrogenase enzymes at a mitochondrial level (taken from [75]). 

 

1.4.3 Sulforhodamine B Cytotoxicity Screening Assay 
 

Sulforhodamine B (SRB) is an anionic pink aminoxanthene protein dye that is commonly 

used to measure cytotoxicity or cell proliferation in an indirect manner (Figure 1.9). After fixing the 

cells with trichloroacetic acid, the SRB dye bind to the amino acid residues of the cell proteins in an 

electrostatically and pH dependent manner. Then, the SRB bonded to the cellular protein content 

can be solubilized at mild acidic conditions and absorbance values are then measured at a 

wavelength of 540 nm. The amount of this dye is directly proportional to the cell mass. 
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Nevertheless, it must be noticed that this method does not differentiate between viable and dead 

cells [76, 77]. 

 

 

Figure 1.9 – Chemical formula of SRB dye that binds to cellular protein content after fixation (source: Sigma-Aldrich Co, 

LLC.).  

 

 

1.5 Objectives 
 

The main aim of this work it is to develop a multifunctional phage-based nanoparticle for 

targeted drug delivery. Genetically manipulated phages will be used to target breast cancer cells, 

thus delivering a DOX and PD98059 payload to eventually eliminate only the cancer cells, without 

damaging the healthy cells. For this purpose, the M13KE phage genome will be equipped with the 

genetic code of HIV-Tat and Penetratin CPPs, as also with a specific peptide for MDA-MB-231 breast 

cancer cells (231 peptide), previously identified through phage display by Dong et al. [67]. This 

modification will be performed at the 5’ end of gene III, displaying the peptide sequences at all the 

5 copies of the phage pIII minor coat protein. The anticarcinogenic drugs will be chemically 

conjugated to the pVIII major coat protein of the phage, where higher availability and 

functionalization are achieved. The overall phage-based nanocarrier is illustrated in the Figure 1.10.  

Ultimately, the cytotoxicity effects and internalization of these nanoparticles and their 

controls (free drugs and non-mutated M13KE phages) will be evaluated against MDA-MB-231 breast 

cancer cell line and MCF-10-2A normal epithelial cells. 

 

 

 

 

 



INTRODUCTION 

 

16 

 

 

 

Figure 1.10 – Schematic representation of the phage-based nanoparticle construction for targeted drug delivery, from 

genetic manipulation with CPPs to chemical conjugation of DOX and PD98059 to the M13KE phage (adapted from [52, 

78, 79]). 
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2 MATERIALS AND METHODS 
 

2.1 Escherichia coli ER2738 Growth Curve 
 

One hundred µL of an overnight grown E. coli host strain ER2738 (F´proA+B+ lacIq 

Δ(lacZ)M15 zzf::Tn10(TetR)/fhuA2 glnV Δ(lac-proAB) thi-1 Δ(hsdS-mcrB)5.[rk
– mk

– McrBC–]) bacteria 

was transferred to 18 centrifuge tubes of 15 mL (Labbox, Portugal) and 18 tubes of 50 mL 

(Labbox, Portugal), all containing 5 mL of liquid LB medium (25 g/L LB broth, NzyTech, Lda.). The 

cultures were incubated at 37 ºC and 200 rpm. Every 30 min, 3 samples of one tube of 15 mL and 

other 3 samples of one 50 mL tube were placed in a 96-well plate (Frilabo, Portugal) and its OD600 

were measured in a microplate reader. The cultures were destructive, i.e. at every time point all the 

measurements were taken from a new tube in order to maintain the same initial culture conditions. 

 

2.2 M13KE Phage First Production 
 

An inoculum of 100 mL of LB medium with 100 µL of an overnight E.coli ER2738 at 

exponential phase and 1 µL of M13KE phage (New England Biolabs® Inc, N0316S) were allowed 

to grow for 5 h, at 37 ºC and 200 rpm. Then, the inoculum was filtered with a 0.2 µm PES filter 

(Fiorini, JMGS) and 1 mL aliquots were made. M13KE phage was quantified through plaque-

forming units (PFUs) and a 6.0×1010 PFU/mL concentration was accomplished. 

 

2.2.1 M13KE Phage Quantification 
 

M13KE phage quantifications were performed through PFUs. Successive 10-fold phage 

dilutions in 90 µL of SM-buffer (100 mM sodium chloride (NaCl) (Panreac, 1316591211), 8 mM 

magnesium sulfate heptahydrate (MgSO4.7H2O) (Panreac, 1058860500) and 50 mM Tris-HCl 

(Sigma, Portugal), pH 7.5) were done in a sterile 96-well plate (ThermoFisher Scientific Inc., USA) 

(Figure 2.1). After resuspending, a 10 µL drop of each dilution was plated in LB/IPTG/Xgal agar 

plates (25 g/L LB broth, 20 g/L Agar (Frilabo, Portugal), 0.05 g/L Xgal (Nzytech, Lda.) and 0.25 

mM IPTG (Nzytech, Lda.)) with E. coli ER2738 lawns, i.e. tilting and rotating 100 µL of bacteria and 

3 mL LB top-agar (25 g/L LB broth and 7 g/L Agar) on the LB/IPTG/Xgal plates. Drops were 

allowed to dry and then plates were incubated overnight at 37 ºC. 
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Figure 2.1 – M13KE quantification scheme. Successive 10-fold dilutions (10-1 to 10-12) in SM-buffer were made in a 96-

well plate, making a total volume of 100 µL per well. For each dilution and after resuspending, a 10 µL drop was plated 

in a LB/IPTG/Xgal plate with an E. coli ER2738 lawn and they were incubated at 37 ºC, overnight.   

 

 Next to the incubation period, plates were analyzed. The dilution with plaques between 3 

and 30 was considered to quantify the M13KE phage concentration, accordingly with the equation 

2.1.  

 

 
[M13KE]( PFU mL⁄ )=

number of M13KE plaques × reciprocal of counted dilution

0.01
 (2.1) 

 

 

2.2.2 E. coli ER2738 Infection with M13KE Phage 
 

An inoculum of E. coli ER2738 and 100 µL of 6.0×1010 PFU/mL M13KE phage in 5 mL of 

LB media was allowed to grow for 5 h in a 50 mL tube, at 37 ºC and 200 rpm. The cellular 

suspension was progressively diluted and dilutions were spread on LB/IPTG/Xgal plates and were 

incubated overnight at 37 ºC. 
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2.3 M13KE Phage DNA Extraction 
 

After growing an overnight E. coli ER2738 culture, 100 µL of bacteria and 100 µL of 

M13KE phage were inoculated in 10 mL of LB medium in a 100 mL Erlenmeyer (VWR, Portugal) 

and allowed to grow for 5 h. One mL of cellular suspension was centrifuged at 13500 rpm and the 

supernatant was discarded. Another 1 mL was added to the pellet and the centrifugation process 

was repeated once. The supernatant was discarded, 200 µL of cold extraction solution P1 (50 mM 

glucose (C6H12O6) (Liofilchem®, Frilabo), 10 mM Ethylenediaminetetraacetic acid (EDTA) (Fluka 

Analytical, Sigma) and 25 mM Tris-base (C4H11NO3) (Fisher Scientific, Portugal), pH 8) was added to 

the pellet and the solution was vortexed to dissolve the pellet. Then, 400 µL of fresh extraction 

solution P2 (0.2 M sodium hydroxide (NaOH) (Sigma, Portugal) and 1 % sodium dodecyl sulfate 

(SDS) (Fisher Scientific, Portugal)) was added and the eppendorf was repeatedly and slightly 

inverted. A precipitate appeared when adding 300 µL of cold extraction solution P3 (3 M potassium 

acetate (KOAc) (Fisher Scientific, Portugal) and 11 % acetic acid (CH3COOH) (Fisher Scientific, 

Portugal)) and inverting the tube several times. The tube was incubated during 10 min on ice and 

centrifuged for 5 min at 13500 rpm. The supernatant was carefully pipetted and was transferred to 

another tube containing 0.5 mL of absolute ethanol (Fisher Scientific, Portugal). The tube was 

stirred in a vortex and was further incubated at -20 ºC, during 10 min. Afterwards, the solution was 

again centrifuged for 5 min at 13500 rpm and the supernatant was discarded. The pellet was 

washed with 1 mL of 70 % ethanol and it was vortexed until the pellet was loosened. The 

centrifugation process was repeated and the supernatant was carefully discarded. The pellet was 

allowed to dry at 42 ºC and was dissolved in 1X Tris-EDTA buffer (TE, 0.1 M Tris-base and 10 mM 

EDTA).  

 

2.4 M13KE DNA Size Confirmation 
 

Subsequently to the M13KE DNA extraction, the 7222 bp DNA fragment size was 

confirmed in a 1 % agarose (Fisher Scientific, Portugal) gel, in Sybr safe green visualization, by 

using the EagI-HF® restriction enzyme (NewEngland BioLabs® Inc., R3505S) to linearize the 

circular DNA of M13KE phage. A 50 µL reaction was performed, mixing 1 µg of M13KE DNA, 0.5 

µL of the restriction enzyme and 5 µL of CutSmartTM buffer (NewEngland BioLabs® Inc, MB11101), 

making the total up to 50 µL of Molecular Biology Water (MBW, NzyTech, Lda.). Afterwards, the 
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mixture was incubated 1 h at 37 ºC and the enzyme was heat inactivated at 65 ºC during 20 min, 

for stopping the restriction endonuclease reaction. 

 

2.5 M13KE DNA Genetic Manipulation  
 

In order to design the phage-based nanoparticle herein used, it was necessary to obtain 

M13KE DNA suitable for displaying the short peptides of interest in its cloning sites at the 5’ end of 

gene III.     

 

2.5.1 M13KE DNA Double-Digestion Using Acc65I and EagI-HF® 

Restriction Enzymes 
 

In this double-digestion, Acc65I (NewEngland BioLabs® Inc., R0599S) and EagI-HF® 

restriction enzymes were used simultaneously in a 50 µL volume reaction, resulting in a 7202 bp 

DNA vector as there is a 20 bp restriction fragment between both restrictions sites (Figure 2.2).  

 

 

Figure 2.2 – M13KE DNA restriction map of Acc6I and EagI-HF® restriction enzymes. The fragment eliminated from this 

digestion has 20 bp, which results in a vector with 7202 bp.  
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Acc65I (1 µL) and EagI-HF® (0.5 µL) enzymes were added to 1 µg of M13KE DNA, after 

adding 5 µL of 10X Buffer 3.1 (NewEngland BioLabs® Inc, B7203S) due to the fact that both 

enzymes together have 100 % activity in this buffer. The mixture was incubated at 37 ºC during 3 h 

to allow both enzymes to digest the M13KE DNA properly. Digested DNA was then incubated 20 

min at 65 ºC to inactivate both enzymes. The sample was cleaned-up using the DNA Clean & 

ConcentratorTM-5 (ZymoResearch, D4004). 

 

2.5.2 DNA Dephosphorylation Using Antarctic Phosphatase 

 

Following the DNA digestion and to prevent self-ligation of the restricted fragment, 1 µL 

volume of 10X Antarctic Phosphatase reaction buffer (NewEngland BioLabs® Inc., M0289S) and 1 

µL volume of Antarctic Phosphatase (5 U) (NewEngland BioLabs® Inc., M0289) were added to 

near 5 µg of M13KE phage DNA digested with Acc65I and EagI-HF® in a total 10 µL volume. The 

mixture was incubated at 37 ºC for 60 min and then the enzyme was heat inactivated at 70 ºC for 

5 min, to stop the reaction.  

 

2.5.3 Synthesis of Genes Encoding Peptides of Interest 
 

In the present work it was aimed to manipulate M13KE phage DNA in order to receive 3 

different peptides of interest: HIV-Tat (YGRKKRRQRR) and Penetratin (RGIKWFGNRRMKWKK) CPPs 

and a 231 peptide specific to target MDA-MB-231 human breast cancer cells (CASPSGALRSC). Two 

primers, which would overlap and result in the desired sequence after its extension, were designed 

for each above mentioned peptide (Table 2.1). 

For each insert, primers annealing was accomplished by mixing 0.75 µL of 25 µM forward 

and reverse primers with 5 µL of a homemade buffer (132 mM Tris-HCl, pH 7.6, 20 mM MgCl2, 2 

mM DTT and 15 % polyethylene glycol 8000 (PEG 8000)) and the reaction was completed with 

MBW up to 25 µL. The mixture was placed in a termocycler, accordingly to the Table 2.2. 

Thereafter, 1 µL Klenow 3’→5’ exo- polymerase (NewEngland BioLabs® Inc., M0212S) was added 

to the mixture, as also 1 µL dNTPs (NewEngland BioLabs® Inc., N1204A), for primers extension. It 

was incubated for 30 min at room 37 ºC and then polymerase was inactivated at 75 ºC during 20 

min.        
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Table 2.1 – Primers forward (Fw) and reverse (Rv) for the peptides of interest HIV-Tat, Penetratin and 231  

 Primer (5’ – 3’) 

HIV-Tat 
Fw AAA AAA GGT ACC TAT GGG CGA AAG A 

Rv AAA AAA CGG CCG TCT ACG CTG ACG CCG TTT CTT TCG CCC ATA 

Penetratin 
Fw AAA AAA GGT ACC CGA GGA ATT AAG TGG TTC GGA AA 

Rv AAA AAA CGG CCG TTT CTT CCA CTT CAT GCG GCG GTT TCC GAA CCA CTT AAT TCC TCG 

231 
Fw AAA AAA GGT ACC TGT GCG TCA CCC AGC 

Rv AAA AAA CGG CCG GCA CGA GCG TAA GGC CCC GCT GGG TGA CGC ACA 

For each pair of primers, the overlapping sequence is underlined 

 

   

Table 2.2 – Reaction parameters for the inserts synthesis, after the initial annealing step. Melting temperature (Tm) for 

HIV-Tat, Penetratin and 231 was 48.8, 67.1 and 62.6 ºC, respectively 

 

 

2.5.3.1 Inserts Ethanol Precipitation 
 

The overlap-extended DNA fragments encoding each peptide of interest were purified 

through ethanol precipitation, due to their small size of these DNA fragments (30 to 45 bp), which 

makes the use of the Clean & ConcentratorTM-5 kit unusable because the lower DNA size limit of 50 

bp. Therefore, twice the cold -20 ºC absolute ethanol volume of insert sample was added and the 

mixture was incubated 1 h at -80 ºC. Samples were centrifuged for 30 min at 0 ºC, at 11000 g. 

Supernatants were discarded and pellets were washed with 1 mL room temperature 95 % ethanol; 

the samples were centrifuged for 10 min at 4ºC, at 11000 g. The supernatant was discarded and 

   Temperature (ºC) Duration Cycles 

Initial denaturation 95 20 sec 1 

Denaturation 98 20 sec 

3 Annealing Tm 15 sec 

Extension 72 30 sec 

Final extension 75 2 min 1 

 4 ∞  



MATERIALS AND METHODS 

 

23 

 

the remaining volume was allowed to evaporate and pellets air dried on bench top. Pellets were 

then resuspended in MBW. 

 

2.5.3.2 Inserts Acc65I and EagI-HF® Restriction Double-Digestion 
 

Subsequently to the annealing and primers extension, DNA fragments encoding each 

peptide were digested in order to be complementary to the digested M13KE phage DNA (Figure 

2.3).  

 

 

Figure 2.3 – Scheme of HIV-Tat CPP encoding fragment synthesis starting with forward (Fw) and reverse (Rv) primers 

annealing.  

 

The resulting fragments have the restriction sites for Acc65I and EagI-HF® enzymes. 

Acc65I and EagI-HF® restriction enzymes, 1 µL and 0.5 µL respectively, were added to the cleaned 

and non-digested mixture described in the previously section and it was incubated 3 h at 37 ºC. 

Afterwards, restriction enzymes were heat inactivated at 65 ºC, during 20 min. 
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2.5.4 M13KE DNA::Insert(s) Ligation 
 

Given the differences between the length of M13KE DNA and the inserts fragments, the 

reactions were done using an excess of inserts over the vector (ration 3:1 insert:vector molar ratio) 

to increase the probability of the ligation to occur. The required mass insert was determined through 

the equation 2.2 , using 200 ng M13KE vector DNA and knowing that the M13KE vector has 7202 

bp and inserts HIV-Tat, Penetratin and 231 have 30, 45 and 33 bp, respectively.  

 

 required mass insert (g) = desired 
insert

vector
molar ratio × mass of vector (g) × 

insert

vector
lengths (2.2) 

 

 

Ligation reactions for each insert of interest were performed using T4 DNA Ligase 

(NewEngland BioLabs® Inc., M0202S), accordingly with the Table 2.3.  

 

 

Table 2.3 – Reaction parameters for the ligation between M13KE vector (7202 bp) and the insert of interest using T4 

DNA Ligase. Lengths of HIV-Tat, Penetratin and 231 inserts are 30, 45 and 33 bp, respectively  

 
 
 
 
 
 
 
 
 
  
  

 

 

After mixing all components, the mixture was incubated 10 min at room temperature 

because the vector and inserts have cohesive (“sticky”) ends. Ligations were then ready to 

transformation process.  

 

 

 Insert of Interest 

 HIV-Tat Penetratin 231 

Molecular Biology Water (µL) up to 20 up to 20 up to 20 

10X T4 DNA Ligase buffer (µL) 2 2 2 

M13KE DNA vector (ng) 200 200 200 

DNA Insert (ng) 2.5 3.7 2.7 

T4 DNA Ligase (µL) 1 1 1 

 20 µL 20 µL 20 µL 



MATERIALS AND METHODS 

 

25 

 

2.5.5 E.coli ER2738 Electrocompetent Cells Preparation 
 

E. coli ER2738 was transformed with the ligation mixture between M13KE DNA vector and 

the encoding fragment of each peptide of interest. This transformation process was performed 

through electroporation. By using high voltage electrical pulses, the coding DNA will translocate 

across the host cell membranes and will be accepted through bacterial DNA. After transcription, the 

assembly of phages is performed. An overnight E. coli ER2738 cell culture was inoculated from a 

colony of a fresh LB/Tet plate (25 g/L LB broth, 20 g/L Agar, 10 µg/mL Tetracycline (Tet, Sigma-

Aldrich Co. LLC, Portugal, 87128)). An inoculum was made by adding 1 mL of the overnight E. coli 

ER2738 culture to 100 mL of liquid LB medium in a 500 mL Erlenmeyer. The culture was 

incubated at 37 ºC with 200 rpm shaking until an OD600 of 0.5, and afterwards it was chilled on ice. 

The following steps were all performed at 4 ºC and using ice-cold 10 % (v/v) glycerol (ThermoFisher 

Scientific Inc., BP229-1) for improved efficiency of transformation process. The inoculum was 

divided in 2 tubes of 50 mL capacity and cells were then harvested by centrifugation at 3000 x g for 

15 min at 4 ºC. The supernatant was discarded and each pellet was suspended in 20 mL glycerol 

and both suspensions were joined. Another 2 centrifugations at the same conditions were carried 

out and the pellets were again suspended in 20 mL and 10 mL glycerol, respectively. One last 

centrifugation was performed and the supernatant was discarded. The pellet was resuspended 

using the remaining glycerol that was not discarded and 20 µL aliquots were made.                  

 

2.5.6 Electroporation Process 
 

While chilling electroporation cuvettes on ice, 2 µL of each sample of manipulated DNA 

was added and swirled into 20 µL electrocompetent cells aliquot. Cell-DNA mixtures were placed 

into cold cuvettes, tapped on top bench and then electroporated in a Bio-Rad Gene Pulser XcellTM 

Electroporation System. Electroporation parameters were 2.5 kV for 2 mm gap width cuvettes. 

Mixtures were pulsed with an electric shock and 1 mL SOC medium (31.54 g/L of SOC broth 

(NzyTech, MB11901)) was immediately added to the cuvette and resuspended. SOC-cell mixtures 

were incubated at 37 ºC, at 200 rpm for 2 h and transformations were plated in LB/IPTG/Xgal 

plates. Several plates were done for each transformation: 10, 100 and the rest of the volume were 

spread in pre-warmed LB/IPTG/Xgal plates, which were incubated overnight at 37 ºC to allow blue 

manipulated M13KE phages transformants to grow.  
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2.5.7 Transformants Amplification and DNA Extraction  
 

Following the electroporation incubation period, plates with well-separated blue 

transformants were considered, ensuring a single DNA sequence per plaque. Using a sterile wooden 

stick, an individual blue plaque was stabbed from the plate and transferred to a 50 mL tube with 10 

mL LB medium and 100 µL E. coli ER2738 from an overnight culture. Cultures were incubated at 

37 ºC with 200 rpm shaking, during 5 h. From these 10 mL inoculum, 2 mL were used for DNA 

extraction (section 2.3) and the others 8 mL were centrifuged 10000 rpm for 3 min and the 

supernatant was filtered with a 0.2 µm PES filter, resulting in an amplified phage stock that can be 

stored at 4 ºC and quantified through PFUs (section 2.2.1). After DNA extraction of each 

transformant, it was necessary to sequence the DNA of the selected plaques for confirming the 

insertion of the peptide of interest on the M13KE vector.                   

 

2.5.7.1 Sequencing of Selected Phage Transformants DNA 
 

Following the DNA extraction and its confirmation in a 1 % agarose gel, the DNA was 

amplified through a 50 µL PCR reaction that would ideally contained the DNA sequence of interest 

(Figure 2.4). There were mixed 10 µL 5X KAPA HiFi GC Buffer (KapaBiosystems, KB2501), 1.5 µL 

10 mM KAPA dNTP mix (KapaBiosystems, Kn 1009), 1.5 µL of each 10 µM forward (5’ TTA ACT 

CCC TGC AAG CCT CA 3’) and reverse (5’ CCC TCA TAG TTA GCG TAA CG 3’) primers, 1 ng DNA 

template and 1 µL 1 U/µL KAPA HiFi DNA Polymerase (KapaBiosystems, KK2101). 

 

 

Figure 2.4 – M13KE DNA sequence amplified after the PCR reaction. Forward (Fw) and reverse (Rv) primers anneal in 

two sites that amplifies the sequence that contains the M13KE cloning site between Acc65I and EagI-HF® restriction 

sites. 

 

 The PCR reaction was performed in a MyCyclerTM Thermal Cycler (Bio-Rad Laboratories, Inc., 

Portugal), following the cycling protocol present in the Table 2.4. 
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Table 2.4 – PCR reaction cycling protocol for amplifying the M13KE cloning site 
   

 Temperature (ºC) Duration Cycles 

Initial denaturation 95 3 min 1 

Denaturation 98 20 sec 

25 Annealing 63 15 sec 

Extension 72 15 sec/kb 

Final extension 72 1 min/kb 1 

 4 ∞  

 

      

2.5.7.1.1 DNA Sequencing   
 

Prior to DNA samples preparation for sequencing, the DNA was amplified and then purified 

through NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel GmbH & Co. KG). A 10 µL 

reaction was prepared mixing 5 µL of 50 ng/µL PCR product and 5 µL of 5 pmole/µL forward 

primer in a 1.5 mL tube (VWR International, 211-0015). EZ-seq labels (Macrogen, Amsterdam, The 

Netherlands) were attached on the tubes of the samples and were sent for sequencing. 

 
 

2.6 PD98059 Solubilization in Aqueous Solutions 
 

Several attempts were made to solubilize the drug PD98059 (Cayman Chemical Company, 

10006726), namely by testing different pHs of 1X phosphate buffered saline (1X PBS, 137 mM 

sodium chloride (NaCl), 2.7 mM potassium chloride (KCl), 10 mM sodium phosphate dibasic 

(Na2HPO4) and 2 mM potassium dihydrogen phosphate (KH2PO4), pH 7.4) solution. All reagents 

were of analytical grade and purchased from Applichem, Panreac. PD98059 is soluble in dimethyl 

sulfoxide (DMSO, Sigma-Aldrich Co. LLC, Portugal) at a 20 mg/mL solubility concentration. A 

PD98059 stock solution in DMSO was prepared at 2.5 mg/mL and 1:9 solutions DMSO:PBS with 

different PBS pHs – 7.0, 7.1, 7.2, 7.3 and 7.4 – were made to test not only the recommended pH 

(7.2), but also a set near values. At the recommended pH value it was not possible to solubilize the 

PD98059 (precipitated). Thus, before repeating the last solutions, DMSO was filtered with a Teflon 

filter and sonicated during 20 min. Then, it was purged with nitrogen inert gas during 15 min. 

Another attempt to overcome the PD98059 solubility in aqueous buffers was to dissolve bovine 
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serum albumin (BSA, NzyTech, MB04601) at 6.6, 13.2 and 19.8 mg/mL in a PD98059 aqueous 

solution, at 0.25 mg/mL and 1:9 DMSO:PBS.     

 

2.7 DOX Calibration Curve 
 

Solutions with increasing concentrations of DOX (Applichem, Panreac) were prepared and 

measured in an UV-VIS spectrophotometer (JASCO V560), accordingly with its maximum adsorption 

wavelength (ʎmax). DOX has its maximum adsorption wavelength at 479 nm (visible). The standard 

solutions of DOX were prepared in distilled water and glass cuvettes were used for measurements in 

the visible wavelengths. Calibration curve was obtained using a broad range of drugs concentrations 

– 0, 2, 4, 8, 16, 24, 32, 40 and 50 µg/mL.  

 

2.8 DOX Conjugation to M13KE Phages 
 

 A mixture of 0.4 mg of 1-(3-Dimethylaminopropyl)-2-ethylcarbodiimide hydrochloride (EDC, 

AcrosOrg., 171440500) and 1.1 mg of N-Hydroxysulfosuccinimide sodium salt 95 % (sulfo-NHS, 

AcrosOrg., 438650010) was prepared with the M13KE phage in 3X EDC activation buffer (0.3 M 

MES free acid monohydrate and 1.5 M sodium chloride (NaCl), pH 6). The reaction was incubated 

at room temperature for 15 min. EDC was inactivated by adding 1.4 µL of 2-mercaptoethanol 

(Sigma-Aldrich Co. LLC, M6250, Portugal) and DOX was added at the desired concentrations and 

dissolved in 10X PBS to increase buffer pH above 7.0. Next, the solution was mixed and the 

reaction proceeded at room temperature for 2 h, where stable amide bonds were formed between 

primary amines (NH2) of DOX and reacted carboxylate groups (-COOH) of the major coat protein of 

the phages. The reaction was quenched by adding hydroxylamine to a final concentration of 10 

mM. All the controls were performed at the same time, namely one control with phage and without 

DOX, another with only DOX and without phage and a third one without both DOX and phage.   

 Following the reaction, the solutions were added to a sanitized Microsep Advance 

Centrifuge Device 10 K MWCO (Pall Corporation, MCP010C41) and were centrifuged at 7500 x g 

for 20 min, at 4 ºC. Conjugated solutions and its controls were added to the sample reservoir where 

phages (conjugated and non-conjugated) would remain, while the other components, such as free 

DOX, will pass through the membrane to the filtrate receiver (Figure 2.5).  

 In an attempt to optimize the conjugation procedure, the conjugated solution and all 

controls were washed and centrifuged twice with 2 mL of SM-buffer. The upper solution was 
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resuspended in 1.5 mL of SM-buffer. To quantify the phages at the upper and lower reservoirs, 

solutions were titrated in LB/IPTG/Xgal plates. DOX in both reservoirs was quantified in a 

spectrophotometer, at 479 nm, using the adequate calibration curve. 

 

 

Figure 2.5 – Schematic of the Microsep Advance Centrifugal Device used in the DOX conjugation process to the M13KE 

phages. Molecular Weight Cut Off (MWCO) of the encapsulated membrane is 10 K (adapted from [80]).   

  

2.8.1 Microsep Advance Centrifuge Device 10 K MWCO Sanitization 
  

 Microsep Advance Centrifuge Devices were sanitized by washing the upper reservoir with 3 

mL of 70 % (vol/vol) ethanol and centrifuging at 7500 x g for 5 min, at 4 ºC. All the volume was 

discarded and the columns were washed twice with 1X PBS at the same conditions. Since the 

membranes should not be dried, the sanitization procedure was conducted immediately before 

adding the conjugation solution.  

 

2.8.2 Buffer Exchange of M13KE Phages 
  

 At the beginning of DOX conjugation to M13KE phages, they are in 3X EDC activation buffer 

to enable their conjugation with DOX. For that purpose, a Microsep Advance Centrifuge Devices 10 

K MWCO was used. After sanitizing the device (section 2.8.1), the upper reservoir was washed with 

3 mL of 3X EDC activation buffer. Next, columns were centrifuged at 7500 x g, 5 min at 4 ºC and 



MATERIALS AND METHODS 

 

30 

 

the residual buffer was removed with a pipette. M13KE produced in LB medium was placed in the 

reservoir and the 2 mL of phages at the column were centrifuged at 7500 x g, 5 min, at 4 ºC. The 

lower solution was discarded and the upper solution was washed and centrifuged three times with 2 

mL of 3X EDC activation buffer, in order to clean up all the LB media present in the phage solution.           

 

2.9 Fourier Transform Near-infrared Spectroscopy (FT-NIRS) Analysis 
 

 Fourier Transform Near Infrared spectroscopy (FT-NIRS) was used to discriminate between 

phage, DOX and conjugated solutions, in SM-buffer. Conjugated solutions were prepared with DOX 

concentrations of 5, 10, 20, 50, 100 and 150 µg/mL and a constant M13KE phage concentration 

of 1.3×1011 PFU/mL. After measuring the final DOX concentration at the end of the conjugation 

process by using UV-VIS spectroscopy, DOX controls were prepared by diluting DOX in SM-buffer at 

the respectively concentrations – 0.38, 0.59, 0.55, 1.04, 1.37 and 3.23 µg/mL. Since the 

conjugated solutions are a mixture of M13KE phages and DOX, a phage solution with 1.3×1011 

PFU/mL was also measured as control.  

 Infrared spectra of all sample solutions were acquired in a spectrometer (model FTLA 

2000, ABB, Thermo Electron Corporation) connected to a transflectance probe (model FLEX-NIR-

12S-300/070504/2, Sapphire Optics) through optical fibers (QP400-2-VISNIR, Ocean Optics). The 

transflectance probe has an optical path length of 2 mm. Each spectrum was acquired from 4000 

to 11000 cm-1, with a resolution of 8 and corresponding to the mean of 64 scans. For each sample, 

10 spectra were acquired and an air background was measured at the beginning of the acquisition 

process. Data acquisition was carried out through Grams/AI software (Thermo Electron 

Corporation) and chemometric models were performed in Matlab version 7.4 Release 2007a 

(MathWorks, Natick, MA) and PLS Toolbox version 4.2.1 for Matlab (Eigenvector Research, Manson, 

WA). 

   Spectra were previously processed with standard normal variate (SNV) followed by the 

application of a Savitzky-Golay filter (9 smoothing points, 2nd order polynomial and second 

derivative) and mean-centred to ensure noise reduction and baseline correction [81]. Spectra were 

analysed by a principal component analysis (PCA) [82]. PCA is an unsupervised method that can 

be applied with no previous knowledge of samples and only allows qualitative comparisons between 

samples. The chemometric analysis was performed by a researcher of the Biosystems group. 
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2.10 Cell Lines and Culture Conditions 
 

Tumorigenic MDA-MB-231 (ATCC®HTB-26TM) and non-tumorigenic MCF-10-2A 

(ATCC®CRL-10781TM) cell lines were used (Figure 2.6). Both adherent cell lines were cultured at 37 

ºC and 5 % carbon dioxide (CO2). MDA-MB-231 were grown in complete growth medium Dulbecco’s 

Modified Eagle’s Medium (DMEM, Merck Millipore, F0445) supplemented with 10 % fetal bovine 

serum (FBS, Merck Millipore, S0115) and 1 % penicillin-streptomycin (Merck Millipore, A2212), 

while MCF-10-2A were grown in a 1:1 solution of DMEM and Ham’s F12 medium (DMEM-F12, 

Merck Millipore, F4815) supplemented with 5 % horse serum (Merck Millipore, S9133), 20 ng/mL 

epidermal growth factor (EGF, Merck Millipore, W1325950100), 100 ng/mL cholera toxin (Sigma-

Aldrich Co. LLC, C7771, Portugal), 0.01 mg/mL insulin (Sigma-Aldrich Co. LLC, I2643, Portugal) 

and 500 ng/mL hydrocortisone, 95 % (Sigma-Aldrich Co. LLC, H0888, Portugal) and 1 % penicillin-

streptomycin.  

 

 

Figure 2.6 – MDA-MB-231 and MCF-10-2A at low densities (a and b, respectively) and high densities (c and d, 

respectively). 

 

Cells were grown in 25 cm2 culture flasks (T25-flask, SPL Life Sciences Co., Ltd.) until 

reaching 70-90 % confluence, which corresponds to the end of cell exponential growth phase. 

Afterwards, the T25-flask media was removed and discarded and cells were washed with sterile 1X 

PBS (pH 7.4). Cells were detached by adding 0.5 mL trypsin (Merck Millipore, L2143) and 

incubating cells at 37 ºC and 5 % CO2 for 10 min. Trypsin inactivation was accomplished by adding 
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1 mL of growth media. The cells suspension was resuspended and passed to a 75 cm2 culture flask 

(T75-flask, SPL Life Sciences Co., Ltd.) containing 7 mL pre-warmed growth medium. Flasks were 

incubated until reaching 70-90 % confluence and cells were detached with 1 mL trypsin, after 1X 

PBS washing. Subsequently to the incubation period of 10 min, 2 mL of growth media were added 

to the cells suspension. The number of viable cells was counted in a hemocytometer using the 

trypan blue exclusion method and the cell concentration was determined (section 2.11.1). 

Afterwards this concentration was adjusted to the concentration values required for each assay.             

 

2.11 Cell Viability Assessment 
 

2.11.1 Trypan Blue Exclusion Method 
 

At 70-90 % confluence, cells were detached as explained in the section 2.10. According to 

the amount of cells, a dilution between cell suspension and trypan blue (Sigma-Aldrich Co. LLC, 

Portugal) was performed and loaded in a hemocytometer to allow the counting of the non-living blue 

staining and living non-staining cells (Figure 2.7) (section 1.4.1). The loaded concentration range 

should vary between 2.5×105 to 2.5×106 cells/mL. 

 

 

Figure 2.7 – Hemocytometer scheme where cells are counted in the squares with a circle. Cells are counted inside the 

square and only on 2 lines of the square.  

 The cells sample was loaded and the number of cells counted, prior to determining its 

concentration by using the equation 2.3. 

 

 
Cell Concentration ( cell mL⁄ )=

Number of cells × 104

4 × dilution
 (2.3) 
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2.11.2 MTS Cell Viability Assay 
 

To each well of 96-well plates (ThermoFisher Scientific Inc., USA), the medium was 

carefully discarded and it was added 100 µL of fresh media per well. After thawing CellTiter 96® 

AQueous One Solution Reagent (Promega©, G3580, Portugal), 20 µL were added into each well of the 

plate and it was incubated at 37 ºC in a humidified, 5 % CO2 atmosphere, for 1 h. Following this 

incubation period, the absorbance was read at 490 nm in a microplate reader (Biotech Synergy HT) 

(section 1.4.2).   

 

2.11.3 SRB Cytotoxicity Screening Assay 
 

After discarding the media from 96-well plates, the wells were washed with 1X PBS. 

Afterwards, 250 µL of 1 % (vol/vol) acetic acid (VWR, Portugal) prepared in methanol (Fisher 

Scientific, Portugal) was added to each well and the plate was sealed with parafilm and placed, 

overnight, at -20 ºC. The plates were then inverted to discard the previous acetic acid/methanol 

solution and incubated at 37 ºC until completely dry. It was added 50 µL of 0.5 % (wt/vol) SRB 

(Sigma-Aldrich Co. LLC, Portugal) in 1 % (vol/vol) acetic acid to each well The plates were covered 

with foil and incubated 1,5 h at 37 ºC. The excess of non-ligated SRB was discarded and the wells 

were washed with 1 % (vol/vol) acetic acid in distilled water. The plates were placed at 37 ºC to dry 

and 100 µL of 10 mM non-buffered Tris-base solution (Fisher Scientific, Portugal) were added to the 

wells. The plates wrapped in foil were shaken at room temperature and 150 rpm and the 

absorbance was read at 540 nm, using a microplate reader (Biotech Synergy HT) (section 1.4.3).  

 

2.12 MDA-MB-231 and MCF-10-2A Growth Curves  
 

MDA-MB-231 and MCF-10-2A cell lines were seeded into 12-well plates (SPL Life Sciences 

Co., Ltd.) by adding 760 µL of cellular suspension per well with a viable density of 2.5x105 cells/mL 

which were left to adhere for 24 h. The cell concentration and viability were assessed for 7 days 

using a hemocytometer and the trypan blue exclusion method (section 2.11.1). After the third day, 

the medium in the wells was replaced in the fourth and sixth culture days to maintain the optimal 

conditions for the cells. Population doubling time (PDT) of MDA-MB-231 and MCF-10-2A cell lines 

were determined through the equation 2.4,  
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PDT = T

ln2

ln (
Xe
Xb)

 (2.4) 

  

where T is the incubation time, Xb and Xe are the number of cells at the beginning and at the end 

of the incubation time, respectively. Regarding different growth rates in different growth phases, PDT 

can be determined in each of these different phases. 

 
2.13 Image Analysis of MDA-MB-231 and MCF-10-2A Cell Lines 

 
 As previously explained, cells need to be sub-cultured whenever they reach a 70-90 % 

confluence. At these percentage values cells are at the end of the exponential growth phase and 

sub-culturing is required to guarantee that they will remain at this stage. In order to standardize cell 

culture procedures, a segmentation algorithm was developed in collaboration with the Biosystems 

group [83, 84]. This algorithm was developed in Matlab 7.3 (The Mathworks, Inc., Natick, USA) 

environment to process the acquired cell images. Images were acquired in a LEICA DM IL inverted 

contrasting microscope at phase-contrast and 100X total magnification (10X ocular and 10X 

objective) with a LEICA D-LUX 3 camera coupled to the microscope.  

 The routine starts with the conversion of the original RGB image to a grayscale image, 

selecting the red channel, once it is the one that provides better contrast. A bottom-hat filter is 

applied to highlight boundaries between cells, i.e. to highlight intensity valleys which correspond to 

the area inside the white halo of the cells. Essentially, the input image is dilated and eroded, and 

then is subtracted from the resulting image. The edges are determined due to intensity variations 

and a median filter is applied to smooth the image, preserving the edges and eliminating the noise. 

Resulting images after determining the edges and applying the median filter are combined through 

morphological reconstruction, i.e. the image when applying the median filter is dilated within the 

limits of the image where the edges were determined. The noise is removed but the main objects of 

the image where the edges were determined are maintained. This last image is also combined with 

the image where a bottom-hat filter was applied using morphological reconstruction. Again, cells are 

filled but having the limit of the bottom-hat image. A final binary image is obtained with 

morphological operations which remove small debris and perform a final filling (Figure 2.8).  
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Figure 2.8 – Block diagram in which image processing routine is represented until the final binary image.  

 

 A confluence analysis was performed using the algorithm and 78 photographs were taken 

from a T-25 flask according to the scheme in the Figure 2.9. For this analysis, all the image objects 

were considered in the algorithm, including the ones in the borders of the images.  

 

 

Figure 2.9 – T-25 flask scheme where 1 photograph per green ( ) square were taken. A total of 78 photographs were 

acquired and the red area ( ) was not considered when taking the photographs.    

 

 The confluence of each picture was determined through a simple function which divides 

the area occupied by the cells and the total area of the image. Multiplying this value by 100, the 

confluence percentages are obtained. The total confluence of the flask is the mean of the 78 

images. It was aimed to understand the least number of images needed to have a mean confluence 

percentage near to the real mean. Therefore, a progressive higher number of random images were 

analyzed. However, since the mean confluence depends on the random selection of the images, an 

iterative process with 100 iterations was performed to eliminate this dependence. Thereafter, both 

iterations mean and mean absolute error were determined.  
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2.14 Optimization of Cell Concentration in 96-well Plates for MTS and SRB 
 

MDA-MB-231 and MCF-10-2A cells were seeded at different concentrations – 3x103, 5x103 

and 8x103 cells/well – into 96-well plates and maintained in culture during 72 h. The MTS and SRB 

assays were performed after 24, 48 and 72 h of cell culturing the absorbance values were read, at 

490 nm and 540 nm respectively, in a microplate reader. The incubation period of the plate in MTS 

assay was 4 h at 37 ºC and 5 % CO2. 

 

2.15 MTS and SRB Linearity Limit 
 

Increasing concentrations of MDA-MB-231 and MCF-10-2A cells were seeded in 96-well 

plates. The concentrations tested were 2.0x104, 4.0x104, 6.0x104, 8.0x104, 1.0x105, 1.5x105, 

2.5x105, 3.0x105, 4.0x105, 5.0x105, 6.0x105 and 7.0x105 cells/mL. Subsequently to cell adhesion 

for 24 h, absorbance of each well was read at 490 nm for MTS assay, after an incubation period of 

1 h at 37 ºC and 5 % CO2, and at 540 nm for SRB assay. An absorbance versus cellular 

concentration curve was built for both cell lines, allowing the identification of the MTS and SRB 

assays linearity limits. 

 

2.16 Dose-response Curves of DOX 
 

MDA-MB-231 and MCF-10-2A cellular suspensions were seeded into 96-well plates at a 

concentration of 8x104 cells/mL and left to adhere for 24 h. The culture media were replaced with 

100 µL fresh medium containing the DOX at the desired concentrations, whose effect in cell viability 

was assessed for 24, 48 and 72 h exposure. Increasing drug concentrations were used to 

determine their IC50 for both MDA-MB-231 and MCF-10-2A cell lines, by using MTS and SRB 

methods. The tested DOX concentrations were 0, 1, 10, 50, 100, 500, 1000 and 10000 nM. 

IC50 values were determined for each drug in both cell lines fitting a sigmoidal curve to the 

points of each dose-response curve. The drug concentration values were log-transformed and a 

nonlinear regression curve was fitted to the points. Furthermore, IC50 values were also determined 

with 95 % confidence intervals. These procedures were developed in GraphPad Prism version 5.00 

(GraphPad Software, San Diego, California, USA). 
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2.17 M13KE Blank Cytotoxic Effect on Cell Viability 
 

It was added 100 µL of MDA-MB-231 and MCF-10-2A cellular suspensions to the wells of a 

96-well plate at a concentration of 8x104 cells/mL and the cells were left to adhere for 24 h. The 

media were replaced with 100 µL of fresh media. Afterwards, 20 µL of the desired concentrations 

of M13KE phage in SM-buffer were added to each well. The final tested concentrations were 

2.5x102, 2.5x104, 2.5x106, 2.5x108, 2.5x109 and 2.5x1010 PFU/mL. Two independent controls were 

performed in parallel, by adding 20 µL of fresh media and SM-buffer to the cells. 

The cytotoxic effect of the M13KE phage was assessed by MTS and SRB assays for 24, 48 

and 72 h exposure times.     

 

2.18 Binding Study of M13KE Blank to the Cells Membranes 
 

MDA-MB-231 and MCF-10-2A cell lines were seeded into 12-well plates by adding 1 mL of 

cellular suspension per well with a viable density of 1.0x105 cells/mL. After 24 h of cell adhesion, a 

monolayer was formed and, at this time, the medium in the wells were replaced by 800 µL of cold 

medium, which prevents the internalization of the phage into the cells but allows their binding to the 

membrane. Together with cold media, 100 µL of 6.0x1010 PFU/mL M13KE phage in LB medium 

were added to the each well, making a 6.7x109 PFU/mL in the total volume of the well. The plates 

were incubated at 100 rpm and at 4 ºC, for 6 and 24 h. At both time points, the medium was 

discarded and the wells were washed three times with cold 1X PBS to remove the unbound phages. 

After washing, cells were lysed with 50 µL per well of cold lysis buffer 1 (25 mM glycine (Applichem, 

Portugal), 1 % triton-X (Sigma-Aldrich Co. LLC, X100, Portugal), 15 mM magnesium sulfate (MgSO4, 

Sigma-Aldrich Co. LLC, Portugal), 4 mM EDTA and 1 mM DL-Dithiothreitol (DTT, Promega©, 

P1171)), which acted during 8 min, at 37 ºC. Then, the suspension in each well was recovered and 

titrated in LB/IPTG/Xgal plates.          

 

2.19 M13KE Blank Internalization into Cell Lines  
 

MDA-MB-231 and MCF-10-2A cell lines were also seeded into 12-well plates by adding 1 

mL of cellular suspension per well with a viable density of 1.0x105 cells/mL. With a monolayer 

formed after 24 h, the media in the wells were replaced by 800 µL of fresh media, together with 
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100 µL of 6.0x1010 PFU/mL M13KE phage in LB medium, which totals a concentration of 6.7x109 

PFU/mL in the total volume of the well. The plates were incubated at 37 ºC in a humidified, 5 % 

CO2 atmosphere, for 6 and 24 h. At both time points the medium was discarded and the wells were 

washed three times with cold 1X PBS to remove the unbound phages. The wells were washed twice 

with 300 µL with 20 mM glycine and it was allowed to act during 10 min to remove the bound 

phages to the membrane. Two more washings with cold 1X PBS were performed and cells were 

harvested by 10 min of trypsinization at 37 ºC. After centrifuge the cells at 10000 rpm, the 

supernatant was discarded and cells were lysed with 50 µL of lysis buffer 2 (1 % triton-X, 15 mM 

MgSO4, 4 mM EDTA and 1 mM DDT), by vortex and resuspending the solution. Afterwards, 

suspensions were titrated through PFUs in LB/IPTG/Xgal plates.  

 

2.20 Conjugated M13KE::DOX Effect on Cell Viability 
 

As in the previous assays, 100 µL of MDA-MB-231 and MCF-10-2A cellular suspensions 

were added to the 96-well plates wells at a concentration of 8x104 cells/mL and cells were allowed 

to adhere for 24 h. The media were replaced by a fresh one and 20 µL of conjugation solution were 

added to the wells. All the controls were done at the same conditions. Thus, a control with phage 

and without DOX, other with only DOX and without phage and a third one without both DOX and 

phage were the controls applied to the cells. The effect of all solutions on cell viability was evaluated 

after 24, 48 and 72 h of action. At these time points, MTS and SRB assays were performed and 

absorbance was measured at 490 and 540 nm, respectively.         

 

2.21 Statistical Analysis 
 
 Data are reported as the mean ± SD, for at least 1 replicate (always carried out in 

triplicate). In conjugation analysis, the values are only from 1 independent experiment, but the 

conjugation solutions were quantified 3 times through UV-VIS spectroscopy. Statistical significance 

of parametric data, following a normal distribution, was analyzed with one-way analysis of variance 

(ANOVA) or with two-tailed Student’s t-test and p-values lower than 0.05 was considered statistically 

significant. 
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3 RESULTS 
 

3.1 M13KE Phage and E. coli ER2738 Bacterium Host 
 

An E. coli ER2738 growth curve was performed using both 15 and 50 mL tubes (Figure 

3.1), as described in section 2.1. A constant bacterial growth in a 15 mL tube during 9 h could be 

observed. On the other hand, the growth in a larger 50 mL tube is significantly different and during 

the 9 h of growth the lag, log (or exponential) and stationary growth phases can be identified. 

 

 

Figure 3.1 – E. Coli ER2738 growth curve in 15 mL ( ) and 50 mL ( ) tubes containing 5 mL of liquid LB medium, 

followed during 9 h (Time (h)). OD values were measured at 600 nm (OD600), each 30 min. 

 

 

 In order to prove E. coli ER2738 infection with M13KE phage after its production (section 

2.2), an inoculum of bacteria and M13KE phage was allowed to grow for 5 h in a 50 mL tube, 

which corresponds to the exponential growth phase of bacteria. Thereafter, progressively dilutions 

were plated in LB/IPTG/Xgal plates and were incubated overnight at 37 ºC. Infection of the bacteria 

by the phage was clearly observed since the bacteria colonies have an expected irregular or even 

none blue coloration, which can be seen in plates with 10-3 and 10-5 dilutions (Figure 3.2).  
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Figure 3.2 – LB/IPTG/Xgal plates with E. coli ER2738 colonies infected by M13KE phage. In both 10-3 and 10-5 dilutions, 

a and b, respectively, an irregular infection (surrounded with a circle) can be observed, as also some non-infected 

colonies (pointed with arrows). 

 

 Afterwards, M13KE phage was quantified through PFUs in a LB/IPTG/Xgal plate. 

Successive dilutions were made and the 10-8 dilution was chosen since it has between 3 and 30 

plaques (Figure 3.3). Plaques were counted and PFUs were calculated accordingly with equation 

2.1. Since 5 plaques were counted at 10-8 dilution in a 10 µL drop, the concentration of M13KE 

phage was found to be 5×1010 PFU/mL.  

 

 

Figure 3.3 – M13KE phage PFUs plate with 13 drops of successive dilutions of the phage solution. The drop of 10 -8 

dilution has 5 plaques, which corresponds to 5×1010 PFU/mL. 

 

a b 
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3.2 Genetic Manipulation of M13KE DNA to Insert Synthetized Peptides 
 

Circular double stranded M13KE phage DNA was extracted and digested with EagI-HF® 

restriction enzyme into linear DNA using the protocols described in sections 2.3 and 2.4, 

respectively. A 1 % agarose gel was made to visualize the M13KE molecular size (7222 bp) (Figure 

3.4 – a).   

An Acc65I and EagI-HF® double-digestion and dephosphorylation of M13KE phage with 

Antarctic Phosphatase was conducted to prepare the phage DNA to receive the peptides encoding 

DNA fragments of interest. Next, the HIV-Tat, Penetratin and 231 peptides were synthesized and 

double digested with both Acc65I and EagI-HF restriction enzymes (sections 2.5 to 2.5.3). Their 

small sizes of HIV-Tat (30 bp), Penetratin (45 bp) and 231 (33 bp) were confirmed with a 1.5 % 

agarose gel and with LMW ladder (Figure 3.4 – b). 

 The ligation between M13KE vector and the encoding fragments of each insert was 

performed using T4 DNA ligase. After the electroporation cloning procedure with manipulated DNA, 

3 independent plaques of each cloning (with the peptide of interest) were isolated. Each plaque was 

grown in liquid LB media and with E. coli ER2738 bacteria at exponential phase (sections 2.5.4 to 

2.5.7). Afterwards, DNA of each inoculum was extracted and digested with EagI-HF® and its size 

was analyzed on a 1 % agarose gel (Figure 3.4 – c). 

 

 

Figure 3.4 – a) M13KE phage circular non-digested (2) and linear EagI-HF® digested (3) DNA in a 1 % agarose gel, 

using 1 kb DNA ladder from NEB (1). b) Encoding fragments of peptides of interest – HIV-Tat (2), Penetratin (3) and 

231 (4) – in a 1.5 % agarose gel, using LMW ladder from NEB (1). c) M13KE::HIV-Tat (2 to 4), M13KE::Penetratin (5 to 

7) and M13KE::231 (8 to 10) linearized DNA of each independent plaque in a 1 % agarose gel, using 1 kb DNA ladder 

as a marker from NEB (1). 
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 After the DNA extraction and gel confirmation, a PCR was performed (section 2.5.7.1) in 

order to amplify the fragment encoding the peptide of interest, which has approximately 350 bp 

(Figure 3.5). 

 

  

Figure 3.5 – PCR amplification products of EagI-HF® digested M13KE blank (2), M13KE::231 (3 to 5), M13KE::HT (6 

to 8) and M13KE::PEN (9 to 11) in a 1 % agarose gel, using 1 kb DNA ladder from NEB (1). 

 

 The PCR products of manipulated DNAs were sequenced and the results were then 

analyzed. Unexpectedly, all the 9 PCR products, regardless the insert ligated to the M13KE phage 

DNA, resulted in the same nucleotides sequence inserted in the vector, representing a non-positive 

cloning. The consensuses between all 9 sequences were 100 % and all chromatograms were 

flawless. The M13KE blank sequence that should have been out during the Acc65I and EagI-HF® 

double-digestion was not eliminated from the phage genome and a 48 nt sequence was inserted in 

the phage DNA, regardless the foreign sequence added during M13KE/insert ligation (Figure 3.6).    

 

 

Figure 3.6 – Chromatogram of M13KE::HIV-Tat PCR product sequencing result, with the same sequence of all 9 

amplified transformants, regardless the 3 different inserts (HIV-Tat, Penetratin and 231) added to the M13KE phage 

DNA. Between the Acc65I ( ) and EagI-HF® ( ) restriction sites is still the nucleotides sequence of the M13KE blank 

that should have been out ( ) and also a new 48 nt sequence underlined in the figure.         
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 Since the sequencing results were not positive, new inserts synthesis and ligations were 

accomplished, but only the plates with the manipulation with HIV-Tat and 231 peptides gave blue 

plaques. After the plaques isolation and production, their DNAs were extracted and they were 

amplified as previously explained (Figure 3.7).  

 

 

Figure 3.7 – DNA extraction of M13KE::HIV-Tat (2 and 3), M13KE::231 (4 to 7) and a EagI-HF® digested M13KE blank 

DNA control (8) in a 1 % agarose gel using 1 kb DNA ladder from NEB (1) (a). After DNA extraction, they were amplified 

through a PCR reaction: PCR products of M13KE::HIV-Tat (10 and 11), M13KE::231 (12 to 15) and M13KE blank 

control (16) were analyzed in a 1.5 % agarose gel using LMW ladder from NEB (9) (b). 

 

 The new M13KE::HIV-Tat PCR product was sequenced, once only this appeared to be a 

positive transformant. However, after the sequencing process, the results were analyzed and, 

surprisingly, the nucleotides sequence is 100 % consensual with the previously sequences present 

in the Figure 3.6.   

 

3.3 Anticarcinogenic Drugs: DOX and PD98059 
 

Despite the negative results in M13KE phage genetic manipulation, the work was continued 

with the M13KE blank, i.e. without any genetic manipulation, to understand if the other approaches 

could be effective even without the peptides and using as carrier the blank phage. 

In order to quantify the DOX concentrations in the solutions used along the work, the DOX 

wavelength for the maximum absorption (ʎmáx) was determined and a calibration curve was 

performed (Appendixes, Figure A.1 and Figure A.2). 

a b 
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Regarding both anticarcinogenic drugs handled in this work, a recurrent problem of 

solubility was observed when using PD98059 and several attempts were made to solve this issue 

(section 2.6). It was known that PD98059 is hardly soluble in aqueous buffers, but easily soluble in 

organic solvents such as DMSO. Actually, the drug solubility in DMSO is approximately 20 mg/mL. 

However, across the different phases of this work, PD98059 would be exposed to aqueous 

solutions, namely PBS, thus making its solubility a critical step. In order to overcome this limitation, 

the drug was firstly dissolved in DMSO at a 2.5 mg/mL concentration. According to the supplier, 

PD98059 solubility in aqueous buffers is 0.25 mg/mL in a 1:9 solution of DMSO:PBS and at pH 

7.2. This dilution was performed 5 times, using 5 different pHs of 1X PBS – 7.0, 7.1, 7.2, 7.3 and 

7.4. Despite all supplier guidelines have been strictly followed, it was not possible to avoid 

precipitation. However, it must be pointed out that the lowest precipitation was observed at the 

recommended pH (7.2) (Table 3.1). 

 

Table 3.1 – Strategies to solubilize PD98059 in PBS using different pH values at its 0.25 mg/mL maximum solubility in 

aqueous buffers. Extreme (+++), high (++) and considerable (+) drug precipitation occurs 

 

 pH of 1X PBS 

 7.0 7.1 7.2 7.3 7.4 

PD98059 precipitation +++ ++ + ++ +++ 

  

Moreover, the supplier recommended dissolving PD98059 in an organic solvent purged 

with an inert gas. Thus, DMSO was firstly filtered with a Teflon filter and then purged with nitrogen, 

previously to its dissolution in 1X PBS at pH 7.2. Nevertheless, precipitation of the drug was still 

observed. In a last attempt to overcome the PD98059 precipitation, BSA was added at 6.6, 13.2 

and 19.8 mg/mL to PD98059 dissolved in 1X PBS at 1:9 and 0.25 mg/mL. Since some reports 

have shown that BSA at 6.6 mg/mL prevents precipitation of the drug [85], the double and triple 

concentrations were also tested. However, this strategy also failed to solve this major solubility 

problem. Given the difficulties to solubilize PD98059 in aqueous buffers it was not possible to 

continue using this drug in the current work. Therefore, the phage conjugation with PD98059 was 

abandoned. 
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3.4  Chemical Conjugation of DOX to M13KE Phages 
 

DOX was chemically conjugated with the M13KE phage (in 3X EDC activation buffer) using 

the EDC/sulfo-NHS chemistry (section 2.8). For that purpose, several initial DOX concentrations 

were used in the conjugation protocol to optimize its concentration and to enhance the number of 

DOX molecules conjugated to the phage. After the conjugation procedure, the final DOX 

concentrations in the sample reservoirs and in filtrate receivers (Figure 2.5) were measured (Table 

3.2).        

 

Table 3.2 – Final DOX concentrations in the samples reservoirs ([DOX]f(up) (µg/mL)), in the filtrate receiver 

([DOX]f(down) (µg/mL)) and their sum ([DOX]t(up+down) (µg/mL)), after starting the conjugation procedure with 50, 

100, 150 and 200 µg/mL of DOX ([DOX]i (µg/mL) 

[DOX]i (µg/mL) [DOX]f(up) (µg/mL) [DOX]f(down) (µg/mL) [DOX]t(up+down) (µg/mL) 

50 3.67 ± 0.05 9.55 ± 0.02 13.22 ± 0.07  

100 4.46 ± 0.01 21.42 ± 0.03 25.88 ± 0.04 

150 12.90 ± 0.40 29.91 ± 0.02 42.81 ± 0.42 

200 28.19 ± 0.01 35.09 ± 0.02 63.28 ± 0.03 

 

 The total DOX concentration in both samples reservoirs and filtrate receivers were found to 

be considerably less than the initial DOX concentration. However, the sample presenting the higher 

drug concentration in the sample reservoir corresponds to the one that was initiated with a 200 

µg/mL concentration. Thus, another similar conjugation was performed starting with an initial 

M13KE concentration of 1.5×1011 PFU/mL (Figure 3.8).  

 

 

Figure 3.8 – M13KE (a)) and DOX (b)) quantification in the sample reservoir ( ) and filtrate receiver ( ) of conjugation 

solution and its M13KE and DOX controls. Initial M13KE concentration (1.5×1011 PFU/mL) and DOX concentration 

(200 µg/mL) are pointed out with a dashed line ( ). * Statistically different from the DOX control (p < 0.05). 
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M13KE phage control, with 1.5×1011 PFU/mL but without DOX; a DOX control, without 

phage but with the initial DOX concentration of 200 µg/mL; and a control without both DOX and 

phage were included. DOX and M13KE phage in the sample reservoir and filtrate receiver were 

quantified through UV-VIS spectroscopy and PFUs, respectively. 

According to the previously results, the total DOX in both sample reservoir and filtrate 

receiver is significantly lower than the initial DOX concentration (before the conjugation process). It 

is important to mention that after the centrifugation step, the membrane of the centrifuge device 

was found to be red which is the characteristic color of the DOX solutions, thus suggesting that the 

“missing” DOX would be retained in the membrane. A final double washing step of the conjugated 

solution was added to the procedure and conjugations of progressive higher DOX concentrations 

were performed (Figure 3.9). 

 

 

Figure 3.9 – Final DOX concentration ([DOX] (µg/mL)) in the filtrate receiver ( ), after the first centrifugation step of the 

chemical conjugation, and in the sample reservoir ( ) after being washed twice. Two more centrifugation steps 

(washes) were accomplished and the DOX concentration from each wash was quantified (1st wash ( ) and 2nd wash   

( )). This procedure was performed for 6 conjugations with increasing initial DOX concentrations ([DOX]i (µg/mL)) – 5, 

10, 20, 50, 100 and 150 µg/mL.    

  

After the washes, the total amount of DOX was still lower than the initial, which can also be 

confirmed by the membranes inspection, which have an increasing red coloration gradient, in 

accordance with the respectively increasing initial DOX concentration at the beginning of 

conjugation process (Figure 3.10). This image supports the idea that there is a direct dependency 

between the DOX aggregation to the centrifuge devices membranes and the greater initial DOX 

concentrations used.  
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Figure 3.10 – Membranes of centrifuge devices used in conjugations with increasing initial DOX concentrations ([DOX]) 

– 5, 10, 20, 50, 100 and 150 µg/mL (1 to 6, respectively). The lowest concentration (1) corresponds to the membrane 

with the fainter coloration, while the higher concentration (6) has a stronger red coloration. 

 

To further understand the effect of the two extra washes in the conjugation procedure 

(Figure 3.11), two new conjugations were performed using the initial drug concentrations of 50 and 

100 µg/mL. The respective controls using the same amount of drug but without phage were also 

performed, as also a phage control to evaluate if the phage viability could be affected. In the 

solutions using M13KE phages, the initial phage concentration was 1.3×1011 PFU/mL. DOX 

concentration at the sample reservoir is almost the same regardless the initial DOX concentration, 

but the number of phages at the same reservoir was 2-fold less than the initial M13KE 

concentration. 

 

     

Figure 3.11 – a) Final DOX concentration ([DOX] (µg/mL)) in conjugated solutions (Conjugation), starting with 50 and 

100 µg/mL of drug, and their controls (DOX control). b) Final M13KE phage concentration ([M13KE] (PFU/mL)) at 

conjugated solutions with 50 and 100 µg/mL as initial drug concentrations (Conjugation 50 and Conjugation 100, 

respectively). A control without drug and with the same phage concentration was also performed (Phage control). These 

concentrations after 2 more washes were measured in the sample reservoir ( ) and at the filtrate receiver ( ).       
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3.4.1 FT-NIRS Analysis of Conjugated Solutions 
 

The 6 previously conjugated solutions (5 to 150 µg/mL) and their controls were analyzed 

through FT-NIRS (section 2.9). Since these solutions are in an SM aqueous buffer, a typical 

spectrum is obtained, resulting from oxygen and hydrogen atoms from water molecules (Figure 

3.12 – a). To minimize the interference of water molecules vibration the data were analyzed 

considering simultaneously two spectral ranges: 8200-7300 cm-1 and 6400-5400 cm-1. The scores 

plot of the PCA model clearly showed three individualized clusters containing conjugated phages, 

only DOX and only phage (Figure 3.12 – b), revealing the potential of this spectroscopic technique 

to be used to confirm the chemical conjugation. 

 

      

Figure 3.12 – a) A typical near infrared spectra of a SM-buffer solution. b) Score plot corresponding to the 3 principal 

components (PC) of the PCA chemometric model, using the 5400-6400 cm-1 spectral region. The 6 conjugated solutions 

(), phage control ( ) and DOX controls ( ) were analyzed.      

 

3.5  In vitro Assays on MDA-MB-231 and MCF-10-2A Cell Lines 
 

 In the present work, two cell lines – tumorigenic MDA-MB-231 and non-tumorigenic MCF-

10-2A – were used in the in vitro assays to evaluate the cytotoxic effect of the engineered 

multifunctional phage-based nanoparticle, as well as the individual components/agents.  

 

3.5.1 MDA-MB-231 and MCF-10-2A Characterization  
 

A preliminary study of the cells behavior in culture was carried out through the cell growth 

curves for both cell lines (Figure 3.13) as explained in section 2.12. 

a b 
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Figure 3.13 – MDA-MB-231 (a) and MCF-10-2A (b) growth curves. Both cells were maintained in culture during 7 days 

and the viable cells were counted (Viable cells (cells/cm2)) each 24 h, using trypan blue exclusion method. 

  

Considering an exponential growth between the first and fifth days in culture for both cell 

lines, the population doubling time was determined according to the equation 2.4. The time 

required to MDA-MB-231 and MCF-10-2A double its number is around 2 days for both cell lines 

(Table 3.3). 

 

 

Table 3.3 – MDA-MB-231 and MCF-10-2A population doubling time (PDT (days)) considering the cell number at the 

beginning (Xb (cells)) and at the end (Xe (cells)) of the exponential growth phase incubation time (T (days))     

 

 T (days) Xb (cells) Xe (cells) PDT (days) 

MDA-MB-231 4 247633 ± 42244 1169766 ± 28521 1.8 

MCF-10-2A 4 262833 ± 18454 1123850 ± 27681 1.9 

  

 

3.5.1.1 Image Analysis of Cell Lines 
 

A segmentation algorithm was developed in order to process the cell images acquired along 

this work (section 2.13). The segmentation routine was fairly achieved, as can be observed in the 

segmentation process of images from MDA-MB-231 cell line (Figure 3.14). 
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Figure 3.14 – Sequence of images obtained through the segmentation routine. The original RGB image is from MDA-MB-

231 cell line. 

 

 As explained before, a confluence analysis with 78 images was performed in a T-25 flask 

(Figure 2.9). An iterative process with progressive higher number of images was performed in order 

to understand the least number of images necessary to an accurate analysis of the confluence at 

the flask. The mean confluence percentage at the flask, when considering the 78 images, was 22.8 

%. The mean and mean absolute errors of 100 iterations of random sets of images were 

determined (Figure 3.15).  
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Figure 3.15 – Mean confluence (%) at the T-25 flask with progressive higher number of images. The mean values are 

the result of 100 iterations for each set of images. The mean at the flask, when considering the total number of 78 

images, is 22.8 % ( ). Error bars are the mean absolute error of the 100 iterations.   

    

 

The mean confluences of these iterations are near to the total confluence at the flask when 

considering 78 images. However, the mean absolute errors are higher when considering lower sets 

of images. In fact, the higher the set of images, the lowest the absolute mean error, which tend to 

zero. Nevertheless, the mean absolute error when considering only 5 images is 1.1 %, value lower 

than 2.3 % (10 % of the real mean).  

After this iterative analysis, a random set of images was chosen and the confluence was 

determined (Figure 3.16). Again, despite the confluence being near to the real one when 

considering larger sets of images, when choosing only five images the margin of error is still less 

than 2.3 %.    
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Figure 3.16 – Confluence (%) when choosing a random set of images (Number of Images). The mean at the T-25 flask 

is 22.8 %, value signaled with a dashed line ( ). 

    

Despite different cell line morphologies, MCF-10-2A cell line images were also analyzed 

through this algorithm and their segmentation was also accomplished. However, it was observed 

that with a higher cell confluence, the segmentation of individualized cells becomes more difficult 

(Figure 3.17). 

 

 

Figure 3.17 – Segmentation of MCF-10-2A cells at different confluence stages. From left to the right, the confluence 

increases. 
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3.5.2 Optimization of MTS and SRB assays 
 

The assays to assess cell viability – MTS and SRB – were performed in 96-well plates, which 

raised a question about the optimal cell concentration for the volume wells, especially in the case of 

the MTS assay, since the absorbance linearity limit of 2.5 to 3 for the SRB assay should not be a 

concern. It was intended to balance the initial number of cells and the time that they would be in 

culture, always having in mind the linearity limit for the MTS and SRB assays. Thus, an experiment 

was carried out incubating the two types of cells at different initial concentrations – 3000, 5000 and 

8000 cells/well – along time (section 2.14). Regarding the MDA-MB-231 cell line, absorbance 

values were measured at 490 nm at each 24 h and during 3 days, while for the MCF-10-2A cell 

line, the MTS absorbance values were only measured at 24 h and 96 h (Figure 3.18). In both 

cases, the MTS incubation period was 4 h, at 37 ºC and 5 % CO2. The absorbance values measured 

at final time-points far exceed the assumed absorbance MTS linear limit of 1 for 5000 and 8000 

cell/well. The absorbance values by 3000 cell/well is lower than 1 until 72 h, but larger growth 

times would exceed the absorbance value of 1.       

 

 

Figure 3.18 – Absorbance values (Abs (490 nm)) along time (Time (h)) for MDA-MB-231 (a) and MCF-10-2A (b) using 

different initial cell concentrations – 3000 ( ), 5000 ( ) and 8000 ( ) cells/well. 

 

 Furthermore, it was critical to determine both MTS and SRB linearity limit for each cell line 

(section 2.15). Therefore, the maximum absorbance within the linearity limit for both cell lines using 

MTS assay was set at 1, while for SRB assay the linearity limit is reached at absorbance values of 

1.6 and 3 for MDA-MB-231 and MCF-10-2A, respectively (Figure 3.19). Note that from here, the 

MTS incubation period was fixed at 1 h.  
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Figure 3.19 – MTS linearity for MDA-MB-231 (a) and MCF-10-2A (b) and SRB linearity limit for MDA-MB-231 (c) and 

MCF-10-2A (d) cell lines. Tendency lines and its determination coefficient (R2) only contemplate the values that are 

within the linearity limit.    

  

 

 An interesting observation, that is not so evident from the MTS results, was the higher SRB 

absorbance values for MCF-10-2A when comparing with the MDA-MB-231 values for the same cell 

concentrations, meaning that higher protein content is observed for higher cell concentrations in 

MCF-10-2A cell line. Indeed, even a simple observation of the MDA-MB-231 and MCF-10-2A SRB 

plates confirms these results (Figure 3.20), which will be explained later.  

After these optimization assays, the MDA-MB-231 and MCF-10-2A cell concentrations 

chosen for the cytotoxic assays was 8000 cells/well for both MTS and SRB assays. 
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Figure 3.20 – SRB plates of the linearity limit assay on MDA-MB-231 (a) and MCF-10-2A (b) cells. A comparison 

between the equivalent concentrations (e.g. 400000 to 700000 cells/mL) exhibits a strong coloration on MCF-10-2A 

cells wells.        

 

 

 

3.5.3 Cytotoxic Effect of DOX  
 

 Before assessing the effect of the drug conjugated to the phage, the single drug was first 

evaluated and its IC50 was determined over time and in both cell lines (section 2.16). Regarding the 

DOX effect on cells, 4 dose-response curves were assembled using the MTS and SRB assays on 

each MDA-MB-231 and MCF-10-2A cell lines (Figure 3.21). 

After fitting each curve to a nonlinear regression with a sigmoidal dose-response curve, DOX 

IC50 values and its 95 % confidence intervals were determined for both MDA-MB-231 and MCF-10-

2A cell lines using MTS and SRB assays at 24, 48 and 72 h (Table 3.4). 
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Figure 3.21 – DOX dose-response curves using MTS on MDA-MB-231 (a) and on MCF-10-2A (b) as also SRB on MDA-

MB-231 (c) and on MCF-10-2A (d), representing cell viability (%) with increasing DOX concentrations ([DOX] (nM)), over 

24 h ( ), 48 h ( ) and 72 h ( ).  

 

Table 3.4 – DOX IC50 values (IC50 (nM)), as also the determination coefficient (R2) of the fittings to sigmoidal nonlinear 

regressions. Values are presented for MDA-MB-231 and MCF-10-2A cell lines using MTS and SRB assays, over 24, 48 

and 72 h     

   IC50 (nM) R2 

MDA-MB-231 

MTS 

24 h 22478 0.6326 

48 h 974 0.8859 

72 h 531 0.9197 
    

SRB 

24 h 14253 0.7920 

48 h 985 0.9240 

72 h 47 0.8784 

MCF-10-2A 

MTS 

24 h 5085 0.8792 

48 h 497 0.9875 

72 h 389 0.9564 
    

SRB 

24 h 984 0.9947 

48 h 220 0.9898 

72 h 95 0.9883 
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 Using the IC50 95 % confidence intervals, an analysis was made, intersecting the equivalent 

intervals for each cell line, but using the values obtained through different MTS and SRB cell 

viability assessment assays (Figure 3.22).  The MTS confidence intervals are higher than the SRB 

values owing to the larger dispersion of the measurements. Most often the intervals of both 

methods do not intersect and the SRB values are lower than the equivalent results of MTS. 

 

 

 

Figure 3.22 – Intersection between MTS ( ) and SRB ( ) DOX IC50 95 % confidence intervals and IC50 values 

determined through MTS ( ) and SRB ( ) on MDA-MB-231 (a) and MCF-10-2A (b) cell lines. The DOX concentrations 

are in µg/mL and this analysis is over 24, 48 and 72 h (Time (h)).     

 

 

3.5.4 M13KE Phages Effect on Cell Lines 
 

 After determining the cells cytotoxic effect of DOX alone, it was important to assess the 

effect of M13KE blank phages on both cell lines over time (Figure 3.23) (section 2.17). It is possible 

to state that the phages are non-cytotoxic to the cells, even at higher phage concentrations, because 

absorbance values when phages interact to the cells is constant related to the control (p > 0.05). 
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Figure 3.23 – M13KE blank cytotoxic effect evaluation using MTS on MDA-MB-231 (a) and on MCF-10-2A (b) as also 

SRB on MDA-MB-231 (c) and on MCF-10-2A (d). Absorbance values were measured over 24, 48 and 72 h and different 

phage concentrations and a SM-buffer control were tested – cell control ( ), SM-buffer control without phage ( ), 102    

( ), 104 ( ), 106 ( ), 108 ( ), 109 ( ) and 1010 ( ) PFU/mL (p > 0.05, related to the control).  

  

 

3.5.5 Binding and Internalization of M13KE Phages on Cell Lines 
 

In addition to the evaluation of cytotoxic effect of M13KE blank on cells lines, an 

experiment was performed to investigate the action of the phages when in contact with MDA-MB-

231 and MCF-10-2A cells (sections 2.18 and 2.19), i.e., if phages internalize or if they only bind to 

the cells membrane, or even if they only stay in suspension without contacting directly with the 

cells. Indeed, less than 1 % of the phages bind to the cell membranes, while even less (~0.001 %) 

internalizes them, which proves the lack of natural internalization capability of phages to 

mammalian cells (Figure 3.24). 
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Figure 3.24 – Binding ( ) and Internalization ( ) assays of M13KE blank phages against MCF-10-2A and MDA-MB-231 

cells, after an incubation period of 6 and 24 h. M13KE blank were quantified through PFUs (PFU/mL). M13KE 

concentration at 0 h (6.67×109 PFU/mL) is signalized with a black dashed line ( ). * Statistically different (p < 

0.01) from the control.  

 

3.5.6 Cytotoxic Effect of Conjugated Phages on Cell Lines  
  

After these independent analyses, the conjugated solutions were applied to the cells to 

determine the action of the phage-based nanoparticle (section 2.20). The control solutions of the 

conjugated ones were also tested to evaluate their effect on cells viability. At first, conjugated 

solutions which have only one centrifuge step were also tested on cells, using the SRB assay (Figure 

3.25). A highly cytotoxic effect of the buffer solutions was observed, but a synergistic effect is 

observed when DOX is present, resulting in higher cytotoxicity.    

Figure 3.25 – Cytotoxic effect of conjugated solutions and its controls on MDA-MB-231 (a) and MCF-10-2A (b) cells, over 

24, 48 and 72 h (Time (h)). The SRB absorbance values (Abs (540 nm)) were measured to the cells control without any 

treatment ( ), to the controls without phage or DOX ( ), without DOX and with phage ( ) and without phage and with 

DOX  ( ) and to the conjugated solutions ( ). * Statistically different from the cell control. + Statistically different from 

the buffer solution. # Statistically different from its DOX control. ¤ Statistically different from buffer solution.     
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  Along the work, some optimization steps on the conjugation process were attempted. 

Based on the previous results, and in order to improve the conjugation procedure, two washing 

steps were added to this procedure, whose solutions were also tested on cells (Figure 3.26). In this 

case, the conjugation protocol starts with 50 and 100 µg/mL of DOX because it appears to be the 

best range of concentration for conjugation. After all centrifugation steps, final concentrations were 

3.5 and 3.7 µg/mL, respectively, while concentrations of its controls were 3.2 and 3.5 µg/mL. 

Moreover, the buffer solution is not cytotoxic to the cells, which indicates that the washes are 

needed to purify the solutions. The cytotoxic effect of conjugated phages was also tested, and for 

both cell lines it was found a decrease of the viability. 

 

 

Figure 3.26 – Cytotoxic effect of conjugated phages and its controls on MDA-MB-231 (a) and MCF-10-2A (b) cells, over 

24, 48 and 72 h (Time (h)). All solutions were washed twice with SM-buffer after the conjugation procedure. The MTS 

absorbance values (Abs (490 nm)) on MDA-MB-231 and SRB values (Abs (540 nm)) on MCF-10-2A were measured to 

the cells control without any treatment ( ), to the controls without phage or DOX ( ), without DOX and with phage ( ) 

and with 3X EDC activation buffer ( ). Conjugated solution with initial DOX concentration of 50 µg/mL ( ) and its 

control ( ) were tested, as also the conjugated solution with initial DOX concentration of 100 µg/mL ( ) and its control 

( ). * Statistically different from the respective control. ● Statistically different from the solutions started with 50 

µg/mL.     
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4 DISCUSSION 
 

Beyond doubt, bacteriophages will play a more impressive role in the future of medical oncology [50]. 

 

 The enormous “genetic flexibility” of phages and their potential as nanocarriers make them 

a significant and interesting approach for targeted drug delivery [51, 54, 86]. It is known that the 

phage infection mechanism comes from the narrow relation between phage and bacterial proteins, 

turning the phage replication a bacterial host dependent process [42, 87]. The recommended E. 

coli strain for M13KE manipulation is known to be a lacZα-complementing strain. Therefore, the 

ER2738 strain from E. coli bacterium consists in a feasible choice as a host when manipulating 

M13KE phage [55]. Since M13KE coliphage propagation strictly depends on the host behavior, it is 

important to understand E. coli ER2738 growth patterns under different conditions. Bacterial growth 

is highly affected by external conditions, namely temperature and oxygen concentration (aeration) 

[88, 89]. In the present work, bacterial growth was evaluated using falcon tubes with different sizes 

(15 and 50 mL) but with the same working volume, i.e. the liquid surface area exposed to the air 

will be higher in larger tubes, thus increasing the oxygen transference to the liquid culture. In fact, it 

is well known that the culture volume should be about 10 to 25 % of the recipient volume [88]. In 

order to guarantee and improve the oxygen requirements of the growing cells, the falcon tubes were 

shaken at 200 rpm and oriented at 45 º [57, 88]. These theoretical considerations explain the 

results obtained for E. coli ER2738 growth curves (Figure 3.1). It was found that the same working 

volume used in the larger 50 mL tube, corresponding to 10 % of the total volume, led to a faster 

cellular growth than in the smaller 15 mL tube. In a 9 h time period, bacterial growth in the 50 mL 

falcon tube passes through the lag, exponential and stationary phase. However, in the smaller tube, 

cells appear to grow at a constant rate, which can be an advantage when cells are needed at a later 

stage but still in the exponential phase. 

 The most commonly used phage vectors derive from filamentous phages (e.g. M13KE 

phage) because it is possible to recover both infectious single-stranded and replicative double-

stranded phage DNA forms during bacterial infection, without losing possible foreign inserted DNA 

sequences. Thus, their extended capability for packaging foreign DNA is also a major advantage. 

M13KE is a M13mp19 derivative cloning vector, but still a viable phage to which standard M13 

techniques can be applied [46, 55]. Following the definition of the E. coli ER2738 growth pattern, it 

was possible to proceed with the bacterial infection with M13KE phages in order to amplify and 
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confirm the occurrence of the infection. The phage and bacteria inoculum was allowed to grow for 5 

h in the 50 mL falcon tube, during the mid-log exponential growth of E. coli ER2738, because the 

number of phages would not be increased with longer incubation periods, as the infection in host 

cells is not effective at the stationary phase [57, 58, 90]. Indeed, phage amplification is an 

ineffective and limited process at stationary growth phase because bacterial density is so high that 

anaerobic respiration pathways are highly upregulated [56, 58]. Furthermore, mutations in host 

cells can occur at a higher rate in the stationary growth phase, thus possibly leading to deletion and 

resistant host mutants [57, 91]. Plating various dilutions of the infected culture in LB/IPTG/Xgal 

plates allowed the observation of blue and white bacterial colonies, as well as colonies that have 

both colors (Figure 3.2). This experiment is only possible because progeny phages do not lysate the 

bacterial cells and when plated, infected bacteria colonies appear. E. coli ER2738 cells contain the 

lacZω fragment, while the M13KE vector has the lacZα. Thus, bacterial cells have the α-

complementation capability and in presence of IPTG and Xgal compounds a blue color appeared 

when phages infected bacterial cells [46, 49, 55, 59] (section 1.3.1.1.1). However, an irregular 

infection pattern occurred. Although the inoculum is at exponential growth phase, some cells might 

be latent and their infection do not occur, which would result in white bacterial colonies [55]. Total 

blue colonies are related to total infection of bacteria by M13KE phages; the higher is the number of 

phages inside the cell, the bigger would be the colony. In colonies with blue and white colors, the 

infection process or even phage assembly might not be yet completed in all microorganisms in the 

colony at the plating moment [46, 92–94]. 

 It is already known that phages per se lack tropism for mammalian cells [51]. Thus, 

genetic modification of phages with specific peptides that allow phages internalization would make 

these viruses a feasible, specific and still a harmless approach for drug carrying into mammalian 

cancer cells [54]. Cationic CPPs, such as HIV-Tat and Penetratin would interact better with cancer 

cells due to their higher expression of anionic molecules, while the 231 peptide, specific for breast 

cancer cells MDA-MB-231, would interact with the specific cell surface receptors on those cells [52, 

67] (section 1.3.2). Furthermore, the assembly between the negatively charged M13KE vector and 

cationic CPPs would be chemically favored [51]. 

 Before manipulating the vector DNA, the vector size has been confirmed after its 

linearization with the EagI-HF® restriction enzyme (Figure 3.4 - a). Usually, to estimate the DNA 

size, a digestion with a restriction enzyme is performed and an agarose gel electrophoresis is 

employed. The DNA conformation has a clear role in DNA migration in an agarose gel, since 

migration rates are different for each conformation [95]. Actually, circular double-stranded DNA of 
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M13KE will migrate faster (coiled) or slower (relaxed) than its linear double-stranded DNA [96, 97]. 

The DNA mobility in an agarose gel also depends on the agarose concentration [98]. In order to 

obtain a good resolution of a gel with M13KE DNA (7222 bp) a 1 % agarose gel was performed 

[95]. 

 Manipulation of M13KE DNA with peptides foreign DNA was done by using double-stranded 

replicative-form M13KE DNA, whose digestion was performed with Acc65I and EagI-HF® restriction 

enzymes. The vector was cut with 2 restriction enzymes, resulting in non-complementary 

overhanging ends, but it was still dephosphorylated with Antarctic Phosphatase. This step was 

optional, but still performed, ensuring that self-ligation of the restricted fragment did not occur, 

decreasing the background activity in the transformation process. Therefore, after the 

electroporation process, the probability of obtaining transformants with recombinant DNA would 

increase [99]. Regarding the small size of the HIV-Tat, Penetratin and 231 –encoding gene 

fragments, a 1.5 % agarose gel was performed using SGTB buffer. This time-saving buffer allows the 

use of high voltages when running the gel, without melting. This buffer also provides higher 

resolution and better separation of bands in the gel [100]. The encoding fragment of each peptide 

was analyzed on a higher agarose concentration gel because it implies the creation of smaller pores 

and the resolution of small fragments is more effective [101] (Figure 3.4 - b). 

 All confirmation steps performed before sequencing seemed to indicate a positive 

transformation process (Figure 3.4 and Figure 3.5). However, it did not result in the correct 

insertion of the DNA fragment encoding each peptide of interest at the restriction site. Moreover, the 

sequencing results of all 9 amplified plaques presented 100 % consensus, but were different from 

the M13KE original sequence, regardless which of the 3 different encoding fragments was added to 

the M13KE DNA vector (Figure 3.6). At the restriction site, an unknown sequence was identified. 

This nucleotide sequence present in the phage genome was analyzed in a nucleotide database 

(data not shown), but all the efforts to identify the sequence using BLAST failed, probably due to the 

small size of the query. The cloning process was repeated with newly double digested M13KE DNA 

and synthetized peptides, but only in the HIV-Tat plates was possible to visualize blue plaques. The 

sequencing process was repeated, resulting in the same unknown sequence of the other plaques. 

These results seem to prove that the M13KE double-digestion was not well achieved and that a 

mutation on the M13KE DNA sequence in the restriction site was already present before the cloning 

moment, likely due to a random sequence inserted on the DNA phage during the host infection 

process. However, since the mutation was displayed in the coding gene of protein pIII, at the 5’ end 

of gene III, phage infection and amplification process were not compromised [55]. Short peptides 
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with less than 50 residues can be inserted in this restriction site without inhibiting phage infection. 

Moreover, the progeny resulting from infection would maintain the same DNA sequence without 

having a deleterious effect [46, 55]. Even though the recommended double-digestion procedure was 

followed, it is believed that complete M13KE digestion was not achieved, which could be caused by 

the presence of supercoiled DNA, a conformation that would inhibit the digestion [102, 103]. 

 Although the genetic modification has not been accomplished, the chemical conjugation of 

anticarcinogenic drugs (DOX and PD98059) to the phage major coat protein pVIII was attempted to 

further understand the conjugated phages cytotoxic effect on normal and breast cancer cells. 

 One of the most deregulated pathways on breast cancer cells is the MAPK, closely related 

to cell proliferation [22]. This Ras-Raf-MEK-MAPK pathway can be inhibited through the use of 

PD98059, since MEK1 and MEK2 kinases are not activated (Figure 1.2). However, PD98059 is 

known to have a low solubility in aqueous buffers [104], which presents a major drawback 

regarding the chemically drug conjugation, where higher drug concentrations would be required. 

Indeed, PD98059 availability is diminished when using higher drug concentrations [104–106]. The 

aniline group (-C6H5N-) present in PD98059 molecules is the responsible for the poor solubility in 

aqueous buffers and the higher solubility in organic solvents [107]. The supplier stated that 

PD98059 does not precipitate when a stock solution, dissolved in purged DMSO, is diluted into 

aqueous buffer (pH 7.2) at a concentration of 0.25 mg/mL [108]. Nevertheless, it was found that 

this drug continued to precipitate under these conditions. It was expected that PD98059 

precipitation in aqueous buffers could be prevented by using BSA at a concentration of 6.6 mg/mL 

[85]. A Ts’ao study [109] proved that fibrinogen precipitation in aqueous solutions is inhibited by 

albumin, which indicates that when using BSA in a PD98059 aqueous solution, precipitation might 

be avoided. Thus, in the present work, several higher BSA concentrations were used in PD98059 

solutions because, according to the previously study, increasing the albumin concentration would 

decrease the fibrinogen precipitation. However, precipitation of PD98059 continued to occur. Even 

if BSA had solved this drawback of PD98059, the use of this drug in chemical conjugation to the 

phage would be ineffective: PD98059 primary amine would be linked to the BSA and it was not 

available to bind to the phage major coat protein during conjugation procedure [78].     

 According to Ghosh et al. [54], conjugation of DOX to the phage major coat protein pVIII is 

a well-known procedure. This process is based on the EDC/Sulfo-NHS chemistry, by conjugating 

DOX to the aspartic acid residue of pVIII coat protein of the phage [54, 78]. Nevertheless, from all 

the 2700 pVIII copies of the M13KE, the authors found that only near 10 % were functionalized with 

DOX [54]. Thus, in the present study, conjugations with increasing concentrations of DOX were 
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performed in order to achieve a higher conjugation ratio (Table 3.2). Even if the DOX do not bind to 

the phage, these free molecules would be eliminated after purifying the solution with the centrifuge 

device. At this process, M13KE phages are single-stranded and its molecular weight is about 

1.2×104 KDa, which makes a centrifuge device with MWCO of 10 KDa suitable for phage retention 

[80, 110]. Despite the major advantage of eliminating the free DOX and retaining the phages, the 

retention of both conjugated and non-conjugated phages could be a disadvantage. However, the 

phage safety profile overcomes this drawback, which will be discussed later. The higher the initial 

DOX concentration, the higher was the DOX concentration at the sample reservoir, which may 

suggest that a larger number of DOX molecules had been conjugated to the phage. It has been 

found that the total amount of quantified DOX at the sample reservoir and filtrate receiver differs 

from the initial DOX concentration added to the conjugation solution. The hypothesis that DOX 

would stay bind at the membrane of the centrifuge device was considered and further studied. 

 Ensuring more DOX molecules coupled to the phage, means that the phage concentration 

needed to reach the desired in situ DOX concentration would be smaller, thus improving the 

specificity of the phage drug nanocarrier. Thereafter, a conjugation process with 200 µg/mL of 

initial DOX was accomplished, as well as its controls. DOX concentration at the sample reservoir 

was considerably higher when comparing with the control (p < 0.05), which was expected in the 

case of occurring the conjugation (Figure 3.8 – b). Nevertheless, the hypothesis that in the 

conjugation solution conjugated and non-conjugated phages and free DOX molecules are present 

must be considered. The passage of free DOX through the membrane pores can be hampered due 

to the higher molecular weight of the phages when comparing to the size of the pores; phages could 

act as a “barrier-like” which confer some resistance to the DOX permeation [80]. PFUs of these 

solutions were also performed (Figure 3.8 – a) and these results showed that the centrifuge device 

might be suitable for cleaning the conjugated solutions since the phages viability was not 

compromised. Only residual phage concentrations pass through the membrane, which may be due 

to some reported morphological changes associated to the filamentous phages [111]. 

 The previous results seemed promising, but the difference between the total amount of 

DOX at the beginning and at the end of the conjugation process was still a concern. Observing the 

centrifuge devices, it was found that the membranes remained red after the conjugation process, 

thus suggesting that the “missing” DOX, which have a known red color, would stay retained. 

According to Sevick and Arbor [112], the polyethersulfone membrane of the centrifuge device 

should prevent the DOX molecules adsorption, but the reported DOX aggregates in aqueous 

solutions (larger than 8 KDa and enhanced with increasing drug concentrations) can adsorb to the 
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membranes, hampering its permeation [113]. New conjugations were performed and solutions were 

washed twice, because the centrifugal force of 2 more washes induces the permeation of free DOX 

and its aggregates. At each washing, decreasing DOX concentrations were measured at the filtrate 

receiver (Figure 3.9). Thus, only conjugated phages and residual free DOX would stay at the sample 

reservoirs. After this process, and based on the results presented in the Figure 3.11 – a, it is 

reasonable to assume that even with higher initial DOX concentrations during the conjugation 

process the number of conjugated molecules is not increased. This process might be limited by the 

previously discussed availability and functionalization of the M13KE major coat proteins [54]. 

Thereby, an initial concentration between 50 and 100 µg/mL seems to be the best option. During 

this procedure, phage viability was unexpectedly compromised; a 2-fold reduction in phage viability 

was observed (Figure 3.11 – b). This reduction can be related to the various centrifugation steps, 

which could affect phage stability and, therefore, their viability. Consequently, an optimal balance 

between the initial DOX concentration and the number of washes must be reached.  

 The conjugated solutions and their controls were analyzed through FT-NIRS. FT-NIRS is a 

powerful infrared based spectroscopic technique that allows the discrimination between samples 

with different organic components. Due to the high water content of the samples, NIR spectra were 

dominated by the water absorption bands, hindering the data interpretation. This interference is 

minimized by using specific spectral regions (8200-7300 cm-1 and 6400-5400 cm-1). After pre-

processing, spectra were analyzed by PCA, being the samples grouped according to their 

similarities. PCA was the selected unsupervised chemometric model due to its suitability to 

qualitatively analyze a small sample set. Reducing the number of variables – scores – and 

presenting them in the multidimensional space allowed the data visualization [114, 115]. It was 

clearly observed that there are significant differences between the 3 analyzed samples. The DOX 

controls were discriminated from the conjugated solutions by means of the first PC encompassing 

18.9% of the spectral variability. The phage control was discriminated from the conjugated solutions 

and from the DOX controls by means of the second and the third PCs encompassing together 

33.7% of the spectral variability (Figure 3.12). It is known that when chemical conjugation occurs, 

stable amide bonds are established between drug molecules and phages [54, 78]. Amide bonds    

(-NH) vibrations are easily observed in the near-infrared spectral range [114], which together with 

the results herein obtained, suggests that FT-NIRS could be a potential technique for conjugated 

and non-conjugated solutions differentiation. 

 M13KE phage nanocarrier was tested in human cell lines in order to understand the in situ 

activity when in contact with breast cancer cells (MDA-MB-231) and in healthy breast cells (MCF-10-
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2A). When cell culture assays are performed, it is important to recognize the cell growth patterns to 

achieve greater consistency and even reproducibility in the in vitro assays. For that purpose, growth 

curves of MDA-MB-231 and MCF-10-2A cell lines were established (Figure 3.13). If sub-culturing of 

cells is performed in a routinely manner, a standard growth pattern will be achieved [68]. However, 

even small changes in growth conditions, namely pH, humidity and temperature, can result in 

different cell growths. These alterations can be minimized by monitoring the cells continuously [69], 

but this process is highly dependent on the operator. A balance between cell growth stage and 

confluence at the cell flasks must be accomplished, since it is known that cells must be sub-

cultured when reaching near 80 % confluence, corresponding roughly to the end of the log cells 

growth phase [68] (section 1.4). Therefore, to standardize the cell culture procedures, an image 

analysis algorithm was developed. Cells segmentation was successful and a final binary image was 

obtained after applying some of the most common segmentation methods [116, 117] (Figure 

3.14). Apart from standardizing cell culture procedures, only a less time-consuming process would 

be advantageous for the operator, which was accomplished; with only 5 photographs, the operators 

can determine the cell confluence at the flask with an associated absolute error lower than 10 % of 

the real mean (Figure 3.15 and Figure 3.16). Thus, a decision about cell sub-culture can be made 

in a more accurate way. However, the algorithm has some limitations, such as the white halo 

surrounding the cells, which hinders the assessment of boundaries, and also the individualized 

segmentation when cell aggregates are present. Undoubtedly, one of the major drawbacks in 

developing an algorithm for cells segmentation is the variability of the cell cultures, mostly due to 

their different morphologies and increasing densities [71]. These problems were enhanced 

regarding MCF-10-2A, whose aggregates are highly prevalent, but, all in all, the segmentation of the 

cells was fairly accomplished even for high cell confluence (Figure 3.17).  

 In this work, the cell assays were performed in 96-well plates and, for using both SRB and 

MTS assays, a balance between the cell number and the culturing time was established. The major 

concern was the MTS assay, since it is known that this method does not have a linear response for 

absorbance values above 1 [118]. On the contrary, SRB can be used in a higher absorbance range 

[77]. Using different cell densities over time, the MTS assay absorbance values were measured and, 

for some time-points, their values were close or higher than 1 (Figure 3.18). In this specific assay, 

the incubation period of cells with MTS was 4 h; this incubation time could then be reduced to 1 h, 

which decreases the MTS conversion to formazan product, thus leading to lower absorbance values 

within the linear range [75, 119]. The linear limit for both MDA-MB-231 and MCF-10-2A cell lines 

were determined using the two methods (MTS and SRB) (Figure 3.19), thus confirming that, 
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regardless the cell line, the linear limit for MTS (~1) is significantly lower than for the SRB assay. 

Higher absorbance values for SRB on MCF-10-2A cells may be explained through their high cellular 

protein content: since this cell line forms larger aggregates than other epithelial cells, a high content 

of cytokeratin 19 (cytoskeletal intermediate filamentous protein) is present and SRB bond to these 

proteins will be increased [120–122] (Figure 3.20). 

 Regarding the conjugation process previously described, it was important to first determine 

the free DOX cytotoxic effect on both tumorigenic and non-tumorigenic cell lines. IC50 values of those 

agents for each cell line were determined through MTS and SRB assays using for the purpose a 

large range of increasing DOX concentrations (Figure 3.21 and Table 3.4). For lower DOX 

concentrations a slight increase in cell viability was observed. This can be justified by the fact that 

low doses of DOX can induce abnormal cell mitoses due to the activation of cells G1 checkpoint 

[63] (section 1.2.1). Moreover, DOX pharmacodynamics, when in close contact with the cells, is a 

time-dependent process. Indeed, it is described that DOX enters cells through passive diffusion, 

thus being accumulated inside the cells. This DOX gradient is influenced by longer periods of 

DOX/cells contact [123]. Higher concentrations of DOX enter more rapidly inside the cells; on the 

contrary, it is possible to reach a certain inhibition percentage with lower doses if the contact time is 

increased. Unfortunately, DOX is not selective for cancer cells, which is one of the major 

disadvantages of the currently non-targeted cancer therapies [124]. MCF-10-2A and MDA-MB-231 

cells are both affected by the presence of DOX. There seems to be some discrepancies between 

SRB and MTS IC50 values, which were not expected because, according to Keepers et al. [118], 

these values are comparable. Regarding the MCF-10-2A values (Figure 3.22 – b), SRB 95 % 

confidence intervals for IC50 values are lower than the MTS corresponding results. The sigmoidal 

fitting has a reasonable determination coefficient (r2), which corresponds to a reliable curve fitting to 

the points. DOX is a DNA and RNA synthesis inhibitor [123], which results in lower protein synthesis 

and, consequently, lower protein content recognized through the SRB. Thus, it is possible that the 

SRB results are underestimating the DOX concentration needed to kill half of cell population. 

Nevertheless, the MTS fittings have higher confident intervals due to the wider dispersion of the 

measurements [125], but they are still superior to the SRB intervals. MTS reduction into formazan 

is performed in metabolically active cells, through NADPH or NADH produced by dehydrogenase 

enzymes [75]. When DOX is added to the cells, oxidative phosphorylation is enhanced [126] and 

therefore, unlike SRB results, MTS results can be overestimating DOX concentration for IC50 values.  

 Before testing the conjugated solutions, M13KE phages without a conjugated drug were 

tested on cells to confirm their described safety profile [50]. Indeed, phages are not cytotoxic to 
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either MDA-MB-231 or MCF-10-2A cells (p > 0.05, relate to the control) (Figure 3.23). Furthermore, 

it was already expected that phages would neither bind to cell membranes nor internalize the cells 

[52, 127]. The phage counting in the binding and internalization assay led to the conclusion that 

only near 1 % of the phages would bind to the membranes and less than 0.001 % would internalize 

the cells, because phage interactions were not enough to phage uptake (Figure 3.24). These results 

are supported by Ivanenkov et al. [128], where non-specific binding of phages was consistently less 

than 1 %.  

 Even with the evidences that non-manipulated M13KE phages do not internalize the human 

cells, the cytotoxic effect of the conjugated phages was evaluated. The results present in Figure 

3.25 underline the already discussed need of more washes after the conjugation process, since the 

cytotoxic effect of the control solution (without both phage and DOX) per se is extremely cytotoxic to 

the cells (p < 0.01). This toxicity is likely due to the non-removal of 2-mercaptoethanol and 

hydroxylamine from the sample reservoir after the centrifugation process, as well as to the acidic pH 

of the 3X EDC activation buffer [68, 129], which decrease the optimal 7.4 pH for cell growth [68]. 

The cytotoxic effect of phages alone is once more excluded because the cytotoxic effect is either 

equal or lower when compared with the control solution without phage and DOX. Lower cytotoxicity 

observed on MCF-10-2A cells (p < 0.05) may be explained by an insufficient washing when SRB 

assay was performed [77]; phages would have remained at the wells, most likely between the 

common cell aggregates of this cell line. Since phages are almost protein life forms [47], the SRB 

absorbance values were higher because SRB also binds to the phage proteins. This assumption 

seems to be supported by the MDA-MB-231 results, in which phage control did not increase the cell 

viability. Despite the phage and DOX control cell cytotoxic, when DOX control and conjugated 

solution were added to the cells, the cytotoxic effect was even more pronounced. A final DOX 

concentration of 1550 nM was added to the cells. For MDA-MB-231 cells, this value is much lower 

than the IC50 value determined at 24 h of action, which was confirmed since MDA-MB-231 cells 

viability do not vary after DOX action. On the contrary, this value is almost the same as IC50 value for 

48 h of DOX action and is even higher than the IC50 values determined through MTS and SRB 

assays after 72 h of action (Table 3.4). Indeed, after 48 h and 72 h of treatment, cell viability 

reduced near 50 % and 75 %, respectively. It can be stated that there is a synergistic effect between 

both buffer and DOX cytotoxicity and the cells survival is reduced. A slight difference between DOX 

control and conjugated solution is observed after 48 h (p < 0.05). Although it had been proved that 

less than 1 % of the phages bind and even less internalize the human cells, each phage has several 

DOX molecules attached to the pVIII major coat protein, which can favor the DOX/cell contact and 
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make the treatment more effective. These results also reflect the non-specificity of DOX to healthy 

and non-healthy cells [124], since MCF-10-2A viability is severely compromised (Figure 3.25 – b). 

According to dose-response curves for MCF-10-2A, DOX concentration added to the cells is even 

more close to the IC100 for this cell line. Therefore, no statistically significant differences were 

observed between the DOX control and conjugated phages (p > 0.05). 

 The previously results seem to corroborate, in an indirect manner, that conjugation process 

was accomplished, reducing the effective DOX to eliminate the cells [54]. However, the cytotoxicity 

of the buffer solution is not affordable. Therefore, the washing steps added to the conjugation 

procedure may be the noteworthy solution to maintain only the conjugated phages in the chosen 

non-cytotoxic buffer. Also, as discussed before, the optimal initial DOX concentrations are between 

50 and 100 µg/mL because it would be enough to reach the maximum functionalization of the 

M13KE pVIII coat proteins [54]. Moreover, the use of higher concentrations might only induce 

higher free DOX retention at the sample reservoir [113]. As proof-of-concept, 3X EDC activation 

buffer was added to the cells and its cytotoxicity is unmistakable (p < 0.01) (Figure 3.26). The 

cytotoxicity of the buffer for conjugated solutions was diminished, which proves the need of purifying 

the conjugated phages through several washes. The DOX concentration added to the cells was 

1000 nM. The effect for a 24 h exposure is, once more, unpronounced (p > 0.05), regardless the 

cell line. Generally, at 48 and 72 h of exposure, a higher cytotoxic effect was expected because the 

DOX concentration is near the IC50 values for both cell lines. Nevertheless, a cytotoxic effect was 

observed for conjugated solutions, being their effect more pronounced than with the respective 

control. As explained before, the binding between the human cell and the phage and its 

internalization are residual, but since a phage has several DOX molecules coupled to its coat 

proteins, the nanocarrier can present the drug molecules to the cells in a more closely manner.  

 Ultimately, direct (FT-NIRS and UV-VIS spectroscopy) and indirect (cytotoxicity assays) 

indicators seem to prove that the conjugation of DOX to M13KE phages occurred. However, 

cytotoxic effect was observed for tumorigenic and non-tumorigenic human cell lines. The genetic 

manipulation of M13KE phages with the peptides of interest, namely specific breast cancer cell 

peptides discovered through phage display, would greatly improve the specificity (binding and 

internalization) of this nanocarrier towards malignant cells, thus inhibiting the DOX action on 

healthy cells, which do not have these specific markers. 
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5 CONCLUSIONS AND FUTURE PERSPECTIVES 
 

The aim of this work was to develop a genetically and chemically manipulated M13KE 

phage that would turn this bio-particle specific and selective for breast cancer cells, by displaying 

several peptides on the minor coat protein of the phage and conjugating DOX and PD98059 drugs 

on the major coat protein. 

Genes encoding CPPs fragments (HIV-Tat, Penetratin) and a specific peptide for MDA-MB-

231 cells were synthesized and ligated to an Acc65I/EagI-HF® restricted M13KE vector. However, 

the cloning results herein achieved were not positive. The vector double-digestion was not 

successful, possibly because the DNA of the phage could have a supercoiled conformation, which 

hinders the restriction enzymes action. Despite the non-positive results of genetic manipulation, 

chemical conjugation was performed, attaching DOX to the pVIII major coat of the M13KE phage. It 

must be noted that functionalization of the coat protein copies with DOX is limited, i.e. not all coat 

proteins can be conjugated and a maximum threshold exists. This is supported by the equal DOX 

concentrations at the end of conjugation, even though increasing initial DOX concentrations were 

tested. A concentration between 50 and 100 µg/mL of DOX appears to be the best range of drug to 

accomplish the functionalization of all coat proteins of the phage, which corresponds roughly to 3.5 

µg/mL (~1000 nM). Optimizations of the conjugation procedure were accomplished and the 

obtained spectroscopy results seem to be promising, suggesting that the conjugation was 

successful. FT-NIRS is a potential approach to confirm conjugation, since its use allowed 

discriminating between conjugated solutions and its controls. In the future, this technique can also 

be explored for quantification purposes.  

In vitro assays using tumorigenic MDA-MB-231 and non-tumorigenic MCF-10-2A cell lines 

were performed to assess the cytotoxicity of free components and conjugated solutions. Both MTS 

and SRB assays were chosen to study the cell viability and were further optimized for each cell line. 

M13KE safety pattern and lack of tropism were confirmed, since cell viability was not compromised 

after phage interactions and their binding and internalization to the cells were negligible – less than 

1 % and 0.001 %, respectively. After establishing the cells dose-response to DOX, the cytotoxic 

effect of conjugated phages was evaluated. Indeed, the cytotoxicity was found to be phage 

independent, suggesting that only DOX is responsible for the observed cytotoxicity on those cells. 

During this work, an algorithm was developed in collaboration with the Biosystems group to assess 

the confluence of the cell flasks before sub-culturing the cells and to evaluate the cell behavior 
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along time. Segmentation of the cells was fairly successful. Thus, reduced variability in cell culturing 

is accomplished, since the different perceptions between operators can be overcome. There are 

several possibilities that can improve cell culturing, leaning on image analysis. Determining 

morphological cell parameters (e.g. length, convexity, roundness, etc.) would allow monitoring the 

cells in a non-destructive manner. For instance, during cell growth, external factors may affect cell 

integrity, resulting in morphological changes, which can be earlier detected with image analysis 

algorithms.   

Overall, although DOX conjugation to the phages has been accomplished, a nanocarrier 

phage-DOX cannot be applied as a specific therapy because it affects both cancer and healthy cells 

viability. Further efforts must be developed to manipulate the phages in order to specifically target 

breast cancer cells, improving phages ability to bind and internalize them. Chemical conjugation of 

both CPPs and specific peptides for breast cancer cells to the pVIII phage major coat protein can be 

a potential approach to increase their availability on the phage surface, thus resulting in an easiest 

uptake by the cells [130, 131]. However, a balance between DOX molecules and peptides display 

must be accomplished. Regarding the heterogeneity of the tumors, the identification of new 

peptides that can specifically target different breast cancer cell types could also be explored [50].  

Several problems were found in PD98059 handling due to its non-solubility in aqueous 

buffers, which is a major drawback in the conjugation procedures. Despite its poor solubility, 

PD98059 use should still be considered since it is highly specific to breast cancer cells, as these 

cells have the MAPK pathway overexpressed. When in combination with DOX, or even with other 

anticarcinogenic drugs, a synergistic effect could be observed [36]. According to Greenwald et al. 

[132] it is possible to encapsulate hydrophobic compounds into polyvinylpyrrolidone (PVP) cationic 

polymeric nanoparticles through a “solvent exchange” method. It has already been demonstrated 

that several polymers can be attached to the phage surface [133]. Thus, encapsulating PD98059 in 

a water soluble nanoparticle could prevent its precipitation and, if its chemical conjugation to the 

phage is achieved, a phage nanocarrier with PD98059 could be assembled.   

In conclusion, the usefulness of phages as therapy platforms seems to be a promising 

approach for targeting the human cells. Nonetheless, genetic and chemical modification of phages 

is mandatory to increase their ability to recognize, internalize and eventually eliminate breast cancer 

cells in more specific ways than traditional treatments.  
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APPENDIXES 
 

DOX ANALYSIS USING UV-VIS SPECTROSCOPY 
 
 

DOX wavelength for the maximum absorption (ʎmáx) was determined in the visible spectrum 

(380 to 780 nm) at 479 nm (Figure A.1).  

  

Figure A.1 – Visible spectrum of DOX that allowed determining the wavelength of 479 nm for the maximum absorption 

(ʎmáx = 479 nm). Successive DOX dilutions were measured in the 380 to 780 nm visible spectrum – 0 ( ), 2 ( ), 4 

( ), 8 ( ), 16 ( ), 24 ( ), 32 ( ), 40 ( ) and 50 ( ) µg/mL.      

 

After that, a calibration curve was performed and the equation that correlated DOX 

concentration and the absorbance at 479 nm is [DOX] = 67.179Abs, with a determination 

coefficient (r2) of 0.9999 (Figure A.2). 

 

Figure A.2 – DOX calibration curve correlating DOX concentration ([DOX] (µg/mL)) with the absorbance measured at 

479 nm (Abs (479 nm)). Samples have increasing DOX concentrations – 0, 2, 4, 8, 16, 24, 32, 40 and 50 µg/mL 
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