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INTRODUCTION 

 According to the Institute for Health Measurement and Evaluation (IHME), cancer is 

currently the biggest health problem globally, causing one in six deaths worldwide. 

Conventional cancer treatments, such as surgery, radiation therapy and chemotherapy, currently 

have limitations, with the risk of causing damage to healthy tissues or failing to ensure complete 

eradication of tumours. Research into cancer therapy using nanotechnology goes beyond the 

mere delivery of medicines, being extended to the development of new treatments only through 

the characteristics of nanomaterials themselves. First, certain physical properties of 

nanoparticles, such as energy absorption and re-emission, can be used to affect diseased tissues, 

as can be seen in applications of laser ablation and hyperthermia. Secondly, nanoparticles are 

small enough (on the order of tens of nanometres) to accumulate in cancer areas, but large 

enough to be able to charge many therapeutic compounds, such as radionuclides or biologically 

active molecules. Third, the generous surface area of these nanoparticles can be functionalized 

with ligands, such as strands of DNA, RNA, peptides, or antibodies, which can actively guide 

nanoparticles throughout the body. These properties of nanoparticles facilitate efficient drug 

delivery and lead to improved multimodal and theranostic therapies (Arruebo et al., 2011; 

Schena, Saccomandi and Fong, 2017; Crezee, Franken and Oei, 2021; Poletto et al., 2022; 

Jahangirian et al., 2019;Singh et al., 2020; Sharma et al., 2022; Marega et al., 2012).  

 Starting from the fact that nanomedicine represents a promising direction for innovation 

in the medical field, especially in cancer treatment, the present doctoral thesis, entitled "New 

approaches for the development of functionalized polymeric nanosystems with 

applications in nanomedicine", It aimed to obtain, physico-chemical characterization and 

demonstrate the applicability in cancer treatment of two types of synthetic chemical 

nanosystems based on biocompatible polymers, which were subsequently functionalized with 

different biologically active molecules, both small molecular compounds and proteins. 

 The thesis is divided into two well-formulated parts, each highlighting specific 

objectives. First part of the thesis focuses on Chapter I, where a literature study is presented 

on nanoparticles used in cancer therapy, both those approved by Food and Drug Administration 

(FDA) and the European Medicines Agency (EMA), as well as those in the approval stages. 

 Part Two of that sentence (Chapter II and III) builds on personal contributions 

resulting from the development of two types of nanosystems (magnetic nanoparticles and 

copolymer micelles) with applications in cancer therapy. Each chapter begins with the 

presentation of specific objectives, motivation for choosing the studied systems, 
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physicochemical characterization, applications in vitro, and conclusions drawn from their own 

experimental data. 

 Chapter II It comprises two subchapters presenting two studies based on the 

development of magnetic nanoparticles decorated with methacrylate polymers and 

subsequently functionalized with low molecular weight biologically active molecules (folic 

acid and methotrexate). 

 In Subchapter II.2 the synthesis of magnetic nanoparticles by coprecipitation method is 

described, followed by their functionalization with a polymerization initiator specific to atom 

transfer radical polymerization (ATRP). The initiator allowed polymerization of the monomer 

2-hydroxyethyl methacrylate (HEMA), by surface-initiated atom transfer radical 

polymerization mechanism (SI-ATRP), resulting in polymeric chains of poly(2-hydroxyethyl 

methacrylate) (PHEMA) grafted onto the surface of magnetic nanoparticles. After this step, the 

PHEMA chains were functionalized with folic acid (FA), which is the targeting unit of cancer 

cells. Through this process, two types of magnetic nanoparticles decorated with functionalized 

PHEMA chains with different concentrations of FA were obtained. All synthesis steps of this 

study, including the synthesis of non-functionalized nanoparticles, those with surface 

polymerization initiator, those with polymers and nanoparticles subsequently decorated with 

functionalized polymers with FA, were characterized using different physicochemical 

techniques,  such as FTIR, TGA/DTG, DSC, TEM, STEM and DLS. The FA concentration was 

quantified by UV-Vis spectroscopy using the calibration curve method. The cell viability of the 

nanoparticles was assessed on one normal cell line (NHDF) and three cancer cell lines (MCF-

7, HeLa and HepG2). The results obtained indicated that the synthesized nanoparticles are 

biocompatible on all four cell lines. The notable difference between these cell lines was that 

FA-functionalized nanoparticles were internalized in a higher concentration by cancer cells due 

to overexpression of folate receptors on their surface compared to normal cells. This result was 

confirmed by measuring the concentration of intracellular iron after incubation of cells with 

nanoparticles using the thiocyanate method. It has also been shown that an increase in the 

concentration of FA used to functionalised nanoparticle surfaces led to greater internalisation 

of nanoparticles. This observation was also confirmed by the determination of intracellular iron 

concentration by atomic absorption spectrometry. In addition, in this study, the use of these 

nanoparticles in magnetic resonance imaging was highlighted. 

 Subchapter II.3 focuses on the study of polymerization, by SI-ATRP mechanism, of 

three methacrylate-type monomers (HEMA, PEGMA6, PEGMA10), using the same system of 

nanoparticles decorated with the ATRP initiator from the first study of this chapter. This process 
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was followed by functionalization of polymer chains with a folic acid antimetabolite called 

methotrexate (MTX). As in the case of nanoparticles obtained in subchapter II.2, the synthesis 

steps of these nanoparticles have been characterization using various physicochemical 

techniques. The quantification of MTX was performed by UV-Vis spectroscopy, using the 

calibration curve method. In this study, we chose to use MTX because of its properties, such as 

its ability to bind specifically to folate receptors and its therapeutic effect by inhibiting an 

enzyme involved in cell division. MTX-functionalized nanoparticles were found to be 

biocompatible on human gingival fibroblasts (HGF) and showed higher toxicity on the MCF-7 

cell line, compared to free drug at the same concentrations of MTX. 

These results highlight the versatility of grafting methacrylate-type polymers with 

different molar masses of monomer units onto a spherical surface and the impact of the length 

of these units on MTX functionalization and increased cytotoxicity on the MCF-7 cancer cell 

line. 

 Chapter III presents two supramolecular assembly studies of nanostructured entities, 

one based on the development of a micelle-type system with the property of controlled drug 

release in the extracellular cancer environment (Subchapter III.3) and the second (Subchapter 

III.4) based on the functionalization of these micelles with a monoclonal antibody, which leads 

to increased therapeutic effect on cancer cell lines specific to breast cancer. 

 Thus, in Subchapter III.3, three polyethylene glycol-polyhistidine (PEG-PHis) 

copolymers with a molecular weight of 2 kDa and three different PHis lengths (20, 26 and 32 

histidine monomer units) were obtained, applying the technique: solid support peptide synthesis 

(SPPS). For these three copolymers, critical micelles concentrations were determined by 

fluorescence spectroscopy, using pyrene as the model fluorescent compound. The copolymers 

were then assembled into corresponding unloaded micelles and loaded with doxorubicin 

(DOX), a therapeutic model compound, to show that these micelles release the drug within the 

pH range of the extracellular cancer environment (7.2 to 6.5). The micelles obtained were 

dimensionally characterized by DLS and morphological analysis was highlighted by STEM. 

The controlled release of DOX from micelles was evidenced by fluorescence studies conducted 

in PBS at three different pH values. Cell viability tests on a specific breast cancer line (MDA-

MB-231) concluded that DOX was released controlled over 72 hours and resulted in a 

controlled decrease in cell viability over the free drug. In addition, the developed micelles can 

release the drug in a narrow pH range, namely between 7.2 and 6.5, which represents the pH of 

the extracellular cancer environment. The development of this type of micelles can help 
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transport other specific active principles to cancer cells and release them on the cell surface 

where, in most cases, receptors specific to these principles are found. 

 In Subchapter III.4 PEG-PHis micelles were functionalized in a controlled manner with 

a monoclonal antibody called trastuzumab (Tzm), specifically for inhibiting the HER2 

transmembrane glycoprotein receptor involved in cell growth, overexpressed in breast cancer-

specific cancer cells. Thus, the micelles of non-functionalized preparations and those 

functionalized with Tzm were analysed from a physicochemical point of view by DLS, NTA 

and STEM. Their stability was determined by exposing them to a concentration of BSA 

simulating the total concentration of proteins in human serum, so the non-functionalized ones 

were completely destabilized, while those functionalized with Tzm remained stable for a period 

of 72 hours. The micelles were biocompatible on the normal HGF cell line, but in the case of 

three breast cancer-specific cancer cell lines (MDA-MB-361, SK-BR-3, BT-474), when the 

Tzm was covalently bound to the micelle surface, cell viability decreased significantly 

compared to non-functionalized micelles and free Tzm. This decrease was observed in both 2D 

and 3D cell cultures (spheroids). 

 The doctoral thesis ends with a series of general conclusions from each study carried 

out, the dissemination of the results during the doctoral studies and finally the bibliographic 

references related to the thesis. 

 

PART II - Personal contributions 

CHAPTER II - Magnetic nanoparticles decorated with methacrylate 

polymers functionalized with bioactive molecules 

II.1. Motivation and objectives of the Chapter II study 

II.1.1. Specific scientific objectives: 

I. Synthesis and characterization of magnetic nanoparticles. 

II. Synthesis and characterization of an ATRP-type polymerisation initiator and its 

covalent binding to the surface of magnetic nanoparticles synthesized in step I. 

III. PHEMA grafting, by means of the SI-ATRP polymerization mechanism, using 

magnetic nanoparticles functionalized with polymerization initiator specific to the ATRP 

mechanism, synthesized in stage II. 

IV. Functionalization of nanoparticles obtained in step III with folic acid in various 

concentrations. 
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V. Conducting in vitro studies of functionalized magnetic nanoparticles obtained in stage 

IV on normal dermal fibroblasts (NHDF) and cancer cell lines (MCF-7, HeLa and HepG2). The 

aim was to evaluate biocompatibility, cytotoxicity and cellular uptake capacity depending on 

folic acid concentration of synthesized nanoparticles. Nuclear magnetic resonance imaging 

studies have also been provided. 

VI. Grafting of three methacrylate polymers by means of the SI-ATRP polymerization 

mechanism, using functionalized magnetic nanoparticles with polymerization initiator specific 

to the ATRP mechanism synthesized in step II. 

VII. Functionalization with methotrexate (MTX) of nanoparticles synthesized in step 

VI. 

 VIII. Determination of cell viability of systems obtained in stage VII on a normal cell 

line (HGF) and a cancer cell line (MCF-7). 

 

II.1.2. The motivation for the choice of magnetic nanoparticles and methacrylate polymers 

 A potentially real direction for clinical applicability and that has been well studied over 

the past two decades is based on magnetic nanoparticles (MNPs), a class of metal oxides 

capable of being oriented and even accumulated in desired tissue through an external magnetic 

field. Furthermore, MNPs can be coated, functionalized, and loaded with therapeutic substances 

to be transported and released in a controlled manner to a studied target. The mentioned systems 

may exhibit good colloidal stability, high biocompatibility, low cytotoxicity, non-

immunogenicity, increased circulation time in the blood and finally may exhibit a high loading, 

transport, and controlled delivery capacity to a drug target under physiological conditions. 

Furthermore, MNPs can be used in cancer screening and diagnosis as contrast agents for 

magnetic resonance imaging (MRI). So far, the most studied contrast agents have been Fe3+-

based (Anghelache et al., 2021; Lungoci et al., 2019; Beagan et al., 2020), superparamagnetic 

iron oxide (SPION) nanoparticles, which showed an increase in contrast in transverse relaxation 

(T2). MNPs were functionalized with different types of molecular fragments, as well as 

macromolecular compounds, without affecting their characteristics in the functionalization 

process. Especially important is their functionalization with polymers that can provide specific 

properties depending on their nature. Two strategies are currently used to synthesize hybrid 

materials based on polymer-coated nanoparticles: (I) physical adsorption of polymers on the 

surface of uncoated MNPs (Bregoli et al., 2016) and (II) covalent grafting of polymers onto the 

surface of inorganic nanomaterials by three methods: (a) grafting-to, (b) grafting-from, and (c) 

grafting through. The polymers used to graft the surface of nanoparticles can most commonly 
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be obtained by ATRP polymerization (atomic transfer radical polymerization), where the most 

used monomers are acrylic ones, such as N,N-dimethyl aminoethyl methacrylate, oligo 

methacrylate (ethylene glycol) methyl ether and poly(ethylene glycol) methacrylate. These 

monomers have been successfully used to decorate magnetic nanoparticles with grafted 

polymers with various functions that are able to interact with different biologically active 

molecules (e.g. folic acid and methotrexate) for the development of nanocarriers capable of 

interacting with specific receptors on the surface of targeted cells, ensuring drug delivery to the 

target cell (Israel et al., 2020; Sung and Kim, 2020; Baek et al., 2015). 

 

II.2. Results and discussion 

II.2.1. Magnetic nanoparticles decorated with folic acid functionalized PHEMA chains 

II.2.1.1. The motivation for the choice of PHEMA polymer and folic acid 

 The polymer poly(2-hydroxyethyl methacrylate) (PHEMA), obtained by ATRP 

polymerization of the monomer 2-hydroxyethyl methacrylate (HEMA), has recently attracted 

interest due to the hydroxyl groups (-OH) present on each monomer unit. These groups can be 

converted into carboxylic groups (-COOH) and functionalized with specific molecules to 

improve bioactivity or initiate cycle-opening radical polymerization. PHEMA also exhibits 

properties such as increased hydrophilicity and biocompatibility, being like polyethylene glycol 

(PEG) in terms of "non-fouling" properties (Beers et al., 1999). PHEMA chains retain their 

"non-fouling" properties even after functionalization with biologically active molecules. 

Functionalization of nanoparticles with targeting units, such as folic acid (FA), may allow 

specific binding to the surface of cancer cells because FA interacts with the overexpressed folate 

receptor (FAα) on these cells. FA has been successfully used to functionalize a wide range of 

chemical systems, including polymer-coated magnetic nanoparticles, liposomes, and hydrogels. 

These functionalization strategies can facilitate targeted drug delivery and improve therapy 

efficacy in cancer treatment. 

 The purpose of the study in Subchapter II.2.1. was to develop a functional nanosystem 

based on magnetic nanoparticles, decorated with PHEMA chains having the property of "non-

fouling" with high specificity and the property of internalizing into cancer cells by 

functionalizing PHEMA with folic acid (a presentation of the synthesis steps for obtaining this 

nanosystem is presented in scheme II.2). 
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Scheme II.2. Synthesis steps to obtain the nanosystem: (a) grafting of the polymerisation initiator of ATRP type 

onto the surface of the nanoparticles, (b) polymerisation of the HEMA monomer by SI-ATRP and (c) 

functionalisation of PHEMA with FA (Ghiarasim et al., 2021).  

 In this study, initially, the capacity of folic acid-functionalized nanoparticles to 

internalize at a significantly higher concentration compared to normal cells was examined, 

concurrently with the increase in this internalization as the concentration of FA used for 

functionalization increased. Additionally, the potential of poly(hydroxyethyl methacrylate) 

(PHEMA)-decorated nanoparticles functionalized with FA as contrast agents in magnetic 

resonance imaging was demonstrated. 

 

II.2.1.2. Synthesis and physicochemical characterization of magnetic nanoparticles 

decorated with PHEMA chains functionalized with folic acid 

 Non-functionalised magnetic nanoparticles (MNP-OH, scheme II.2.) were synthesized 

by coprecipitation of iron (II and III) chlorides in a basic medium, eventually yielding 

nanoparticles with free hydroxyl groups on the surface. Raman spectroscopy and XRD analysis 

were used to confirm the structure of these nanoparticles. 

In parallel, the polymerisation initiator specific to radical polymerisation of a vinyl 

monomer by ATRP mechanism was synthesized by the reaction between L-dopamine and -

bromo butyl bromide according to reaction scheme II.3. 

 

 

Scheme II.3. 

Synthesis of ATRP 
polymerization 

initiator (Ghiarasim 

et al., 2021). 

 The purity of initiator 2 was assessed by proton nuclear magnetic resonance 

spectroscopy (1H-NMR). Each synthesis step in scheme II.2. has been analysed 

physiochemically by techniques such as Fourier transform infrared spectroscopy (FTIR), 

thermogravimetric analysis (TGA), differential scanning calorimetry (DSC), determination of 

magnetic properties using a vibrating sample magnetometer (VSM), dynamic light diffusion 

(DLS). The most important technique for highlighting the obtaining of functionalized 
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nanoparticles was the FTIR technique (figure II.3.). FTIR spectrum of non-functionalised 

nanoparticles (MNP-OH) showed specific bands such as Fe-O bond at 561 cm−1 and hydroxyl 

groups at 3412 cm−1. Binding of the 

ATRP initiator to the surface of 

nanoparticles (MNP-I) was confirmed 

by the appearance of bands 

characteristic of the initiator.  

Polymerisation of the HEMA monomer 

by SI-ATRP (figure II.3., MNP-

PHEMA-OH), resulted in the 

occurrence in the FTIR spectrum of 

bands at 2978 and 2885 cm−1 

characteristic of the C-H bond vibration 

band in groups -CH3 and -CH2-, 

respectively, in the main polymer chain 

(PHEMA), one strip at 3421 cm−1 

characteristic of the vibration band of 

the OH group in the repetitive monomer 

units of the PHEMA structure, an intense 

band at 1720 cm−1 characteristic of the 

C=O bond and the vibration bands at 

1251, 1153 and 1076 cm−1 assigned to C-

C, C-O and C-O-C bonds. And in the case 

of this sample, the preservation of the vibration band of the Fe-O bond can be observed in the 

FTIR spectrum. The presence of the polymer on the surface of the nanoparticles was also 

highlighted by the complete disappearance of the vibration band C=C from 1632 cm−1, specific 

to the vinyl monomer HEMA (figure II.3.). Functionalisation with FA of PHEMA chains 

grafted onto the surface of nanoparticles (figure II.3., MNP-PHEMA-FA1/2) is evidenced by 

the appearance of two bands characteristic of FA, such as that at 1604 cm−1 assigned to the 

vibration band of the C=C bond of the phenolic part and that at 1653 cm−1 characteristic of the 

amide bond (FTIR spectrum inserted in figure II.3.) (Liu et al., 2020). 

 Quantification of folic acid reacted with hydroxyl groups in PHEMA (MNP-PHEMA-

OH) was performed by the calibration curve method using ultraviolet-visible (UV-Vis) 

spectroscopy. Analysing UV-Vis spectra from figure II.4.a., it can be observed that MNP-OH 

Figure II.3. FTIR spectra of MNP-OH, MNP-I, MNP-

PHEMA-OH, MNP-PHEMA-FA1 and MNP-

PHEMA-FA2 nanoparticles. The inserted image 

represents the wavelength range where the vibration 

band specific to the amide bond in the structure of 

folic acid used to functionalized PHEMA (MNP-

PHEMA-FA1/2) is located (Ghiarasim et al., 2021). 
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and MNP-PHEMA-OH samples show no major absorption bands in the ultraviolet-visible 

range, while magnetic nanoparticles decorated with FA-functionalized polymers (MNP-

PHEMA-FA1/2) showed a 282 nm absorption band, specific to folic acid (free FA). 

 

Figure II.4. (a) Ultraviolet visible (UV-Vis) absorption spectra of MNP-OH, MNP-PHEMA-OH, NPN-PHEMA-

FA1 and MNP-PHEMA-FA2 nanoparticles and free FA, respectively; (b) absorption spectra of solutions of FA at 
different concentrations (0 to 10 μg FA/mL); (c) FA calibration curve. UV-Vis spectra were obtained by measuring 

absorbances of system solutions in PBS at pH = 7,4    (Ghiarasim et al., 2021) . 

System-specific FA concentrations studied (figure II.4.a.) were determined using the 

calibration curve for FA (figure II.4.c.). The calibration curve was constructed by plotting the 

maximum absorption at 282 nm vs FA concentration of the data in figure II.4.b. Thus, FA 

concentrations in MNP-PHEMA-FA1 samples of 31.5 μg FA/mg sample and MNP-PHEMA-

FA2 of 83.5 μg FA/mg sample were determined. 

 Regarding hydrodynamic diameters and information on colloidal stability in aqueous 

solutions of the studied nanoparticles, the technique called dynamic light diffusion (DLS) was 

used. In figure II.8.a. mean hydrodynamic diameters as a function of nanoparticle 

concentration in solution (1x PBS) of MNP-OH, MNP-I, MNP-PHEMA-OH, MNP-PHEMA-

FA1 and MNP-PHEMA-FA2 samples shall be provided. Analysing the curves of the average 

hydrodynamic diameters in figure II.8.a., an increase in nanoparticle concentrations leads to 

an increase in hydrodynamic diameters, indicating the formation of aggregates. The samples 

showed the smallest hydrodynamic diameters when the concentration was less than 50 g/mL, 

the nanoparticles tend to be dispersed under these conditions, an important parameter for 

efficient use in biological tests. 
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Figure II.8. Mean hydrodynamic diameters (a) and mean zeta potential values of samples MNP-OH, MNP-I, 

MNP-PHEMA-OH, MNP-PHEMA-FA1 and MNP-PHEMA-FA2, respectively, dispersed in PBS at pH = 7,4    

(Ghiarasim et al., 2021). 

 By analysing variations in the zeta potentials of the nanoparticles (figure II.8.b.) 

depending on their concentration, it can be observed that MNP-OH, MNP-I samples show 

moderate colloidal stability over the entire concentration range. Decorating the surface of 

nanoparticles with PHEMA leads to high colloidal instability, but the introduction of FA 

increases the colloidal stability of the nanoparticles (increase observed for both FA 

concentrations). From a morphological point of view, transmission electron microscopy (TEM) 

was used to highlight the shape of nanoparticles and the measurement of their diameters, 

transmission electron microscopy (TEM) was used for non-functionalized nanoparticles (MNP-

OH, 8.91 nm), functionalized with initiator (NPN-I, 9.56), and for MNP-PHEMA-OH, MNP-

PHEMA-FA1 and MNP-PHEMA-FA2 samples, transmission scanning electron microscopy 

(STEM) was used. STEM images (figure II.10.d–f ) indicates an agglomeration trend for MNP-

PHEMA-OH, MNP-PHEMA-FA1 and MNP-PHEMA-FA2 samples, accentuated by the drying 

process applied to the preparation of the TEM grids on which samples were deposited prior to 

STEM measurement. 

 

 

 

Figure II.10. 

STEM images and 

particle size 

distribution 

histograms of 

MNP-PHEMA-OH 

(a and d), MNP-

PHEMA-FA1 (b 

and e), and MNP-

PHEMA-FA2 (c 

and f) samples, 
respectively   

(Ghiarasim et al., 

2021). 

 

 These nanoparticles were identified as core-shells (figure II.10.a-c) with average 

diameters of 18.89 nm (MNP-PHEMA-OH), 17.68 (MNP-PHEMA-FA1) and 15.67 nm (MNP-

PHEMA-FA2) respectively (figure II.10.d–f). The observations obtained lead to two main 

conclusions regarding the morphology of the samples, firstly, the presence of folic acid in the 

structure of nanoparticles leads to an increase in their stability, and secondly, an increase in the 

FA concentration in the nanoparticle structure leads to a decrease in the size of core-shell 

nanoparticles. 
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 Biologically the nanoparticles were biocompatible, both on the cell line NHDF and on 

three cancer cell lines (MCF-7, HeLa and HepG2). The cellular uptake of MNP-OH, MNP-

PHEMA-OH and MNP-PHEMA-FA1 by NHDF, MCF-7, HeLa and HepG2 cell lines was 

determined by quantification of intracellular iron by thiocyanate method (Gupta and Gupta, 

2005). In the case of interaction of nanoparticles with normal cells (NHDF), it was concluded 

that in this case the studied nanoparticles do not internalize into cells, whereas in the case of 

tumour cells a significantly higher internalisation is obtained compared to normal cells (figure 

II.12.). 

 

Figure II.12. Cellular uptake of MNP-OH, MNP-PHEMA-OH and MNP-PHEMA-FA1 nanoparticles (at 

concentrations of 40, 50 and 60 μg/mL) into normal NHDF cells and MCF-7, HeLa, HepG2 cancer cells after a 

24-hour incubation. The experiments were conducted in triplicate. The iron content was determined by the 

thiocyanate method and the absorption of nanoparticles was reported to normalized MNP-OH nanoparticles. * p 

< 0.05, *** p < 0.001 against MNP-OH (for each concentration, the t-Student test was applied) (Ghiarasim et al., 

2021). 

 Through atomic absorption spectrometry (the use of this method to determine 

intracellular iron content is much more sensitive compared to the thiocyanate method, and 

which can be used to detect very low iron concentrations), it has been confirmed that MNP-

PHEMA-FA1/2 samples are better internalized into MCF-7 cells compared to NHDF cells 

(figure II.13.). In addition, the increase in FA content in the samples resulted in a slight increase 

in cellular uptake of MNP-PHEMA-FA2 compared to the MNP-PHEMA-FA1 sample. 
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 The MRI technique was used to evaluate 

the magnetic behaviour of nanoparticles 

used as a contrast agent. MNP-OH, MNP-

PHEMA-OH, MNP-PHEMA-FA1 samples 

in PBS (pH = 7.4) at different concentrations 

were dispersed in 1% agar gel and were used 

for MRI relaxivity studies. In this analysis, 

relaxivities r1 and r2 were obtained, which 

led to the conclusion that an increase in Fe3+ 

concentration leads to a decrease in T2 

value, and MRI images becomes darker 

(figure II.15.). 

 

Figure II.15. T2-weighted 

MRI images of MNP-OH, 

MNP-PHEMA-OH and 

MNP-PHEMA-FA1 in the 

Fe3+ concentration range 

between 0,1 and 0,8 mM (C1-

C7) showing negative 

contrast by increasing 

concentration (Ghiarasim et 

al., 2021). 
 

 It is worth mentioning that previous research in the literature has revealed that relaxivity 

is affected by the nature and thickness of the polymeric layer covering magnetic nanoparticles. 

In the present study, a slight decrease in the r2/r1 ratio is obtained in the MNP-PHEMA-FA1 

sample compared to that of the MNP-PHEMA-OH sample, a decrease explained by the larger 

hydrodynamic diameter of the MNP-PHEMA-OH nanoparticles, which is consistent with 

previously published studies (Rowe et al., 2009; Najafian et al., 2015). 

 

II.2.2. Magnetic nanoparticles decorated with three methacrylate polymers and 

functionalised with methotrexate 

II.2.2.1. The motivation for the choice of methacrylate polymers and methotrexate 

Methacrylate-type polymers are widely used in biomedical systems due to their 

biocompatibility and swelling ability, which allows for nonspecific interactions with cell 

membranes. The specific properties of these polymers have led them into various applications, 

including functionalization of magnetic nanoparticles, obtaining copolymer micelles, and 

Figure II.13. Cellular uptake of samples MNP-OH, 

MNP-PHEMA-OH, MNP-PHEMA-FA1 and MNP-

PHEMA-FA2 (40 μg/mL) in normal human dermal 

fibroblasts (NHDF) and mammary adenocarcinoma 

(MCF-7) after 24 for hours (Ghiarasim et al., 2021). 
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developing polymer-based hydrogels. These polymers have also been functionalized with 

biologically active molecules such as methotrexate and DNA oligonucleotides (Marikovsky, 

1974; Marasini et al., 2022). Methotrexate (MTX) is a broad-spectrum drug used in the 

treatment of various conditions, starting with childhood leukemia in 1948 and becoming 

standard in the treatment of rheumatoid arthritis and breast cancer. Its complex mechanism of 

action involves inhibition of the enzyme dihydrofolate reductase, thereby disrupting DNA 

synthesis and cell proliferation. Due to this action, MTX has been integrated into various 

chemical systems for administration, such as magnetic nanoparticles decorated with polymers, 

liposomes, micelles, and prodrugs (Li et al., 2013; Nosrati et al., 2018; Guimarães et al., 2020; 

Carrillo-Castillo et al., 2020; Li et al., 2018). 

 

II.2.2.2. Synthesis by SI-ATRP polymerization mechanism and physicochemical 

characterization of magnetic nanoparticles decorated with the three polymers +/- MTX 

 In this study, three methacrylate-type monomers (HEMA, PEGMA6 and PEGMA10) 

were polymerised by SI-ATRP, which were subsequently functionalised with methotrexate 

(scheme II.2.). 

 

 

 

 

 

Scheme II.2. 

Synthesis 

steps to obtain 

three polymer-

based 

nanoparticles 

functionalized 
with MTX. 

 A first technique used to monitor the synthesis steps in scheme II.2. was Fourier 

transform infrared spectroscopy (FTIR). Polymerisation of HEMA, PEGMA6 and PEGMA10 

monomers by SI-ATRP (figure II.16.a.) was highlighted by the disappearance of bands from 

the spectra of polymer-decorated nanoparticles, of the C=C vibration band specific to 

monomers. 
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Figure II.16. (a) FTIR spectra of non-functionalized magnetic nanoparticles (MNP-OH), with ATRP-type 

initiator (MNP-I) and the three polymers obtained by SI-ATRP (MNP-PHEMA-OH, MNP-PPEGMA6-OH and 

MNP-PPEGMA10-OH), (b) FTIR spectra of magnetic nanoparticles decorated with the three MTX-

functionalized polymers (MNP-PHEMA-MTX, MNP-PPEGMA6-MTX and MNP-PPEGMA10-MTX, 

respectively) and free MTX. 

The functionalization of polymers grown on the surface of magnetic nanoparticles with 

MTX led to the appearance of vibrational bands for amide bond stretching (figure II.16.b.) at 

1598 cm−1, 1643 cm−1, 1627 cm−1, 1641 cm−1 in the FTIR spectra corresponding to MTX, MNP-

PHEMA-MTX, MNP-PPEGMA6-OH and MNP-PPEGMA10-MTX samples respectively. 

UV-Vis spectroscopy was used to quantify the concentration of MTX covalently bound 

to hydroxyl groups on each type of polymer structural unit (calibration curve method was used). 

Thus, the determined concentrations of MTX in nanoparticles were 61.4 g MTX / mg MNP-

PHEMA-MTX, 131 g MTX / mg MNP-PPEGMA6-MTX and 58.4 g MTX / mg MNP-

PPEGMA10-MTX. These values represent the amount of MTX per milligram of the 

corresponding functionalized magnetic nanoparticles. 

For the physicochemical analysis of these nanoparticles, other characterization 

techniques were used, such as thermogravimetric analysis, calorimetry with differential 

scanning, superparamagnetic behaviour was determined by measuring magnetic properties. 

 Each change in the surface of the synthesized magnetic nanoparticles influences the 

hydrodynamic diameter of the nanoparticles. Thus, using the DLS technique, the average 

hydrodynamic diameters of all samples involving magnetic nanoparticles from scheme II.1 

(figure II.23.a. and II.23.b.). 



21 
 

 

Figure II.23. (a) Average hydrodynamic diameters of magnetic nanoparticles MNP-OH, MNP-I, MNP -PHEMA-

OH, MNP-PPEGMA6-OH and MNP-PPEGMA10-OH and (b) MNP-PHEMA-MTX, MNP-PPEGMA6-MTX and 

MNP-PPEGMA10-MTX, dispersed in PBS at pH = 7,4. 

 The polymerisation of monomers has led to an increase in hydrodynamic diameters of 

nanoparticles (figure II.23.a.) and subsequently their functionalisation with MTX at a decrease, 

behaviour observed for all three monomers (figure II.23.b.). 

To highlight the morphology and size of nanoparticles, both unmodified and modified, 

scanning transmission electron microscopy (STEM) was used. In figure II.25., can be observed 

in the case of unmodified magnetic nanoparticles (MNP-OH, figures II.25.a. and II.25.c.) and 

those with an ATRP-type initiator grafted onto the surface of nanoparticles (MNP-I, figures 

II.25.b. and II.25.d.), an agglomeration trend, showing spherical shapes, with an average 

diameter of 10.36 nm ± 2.01 nm for the MNP-OH sample and 13.16 nm ±1.75 nm for the MNP-

I sample, respectively. After polymerization of the three monomers by SI-ATRP, the 

nanoparticles are presented as a 

core-shell with average diameters 

larger than the diameters of the 

previous samples (MNP-OH and 

MNP-I), where the "core" is given 

by the magnetic nanoparticles and 

the "shell" given by the polymer 

shell. These structures take the form 

of aggregates obtained after 

evaporation of the solvent. Thus, the 

MNP-PHEMA-OH sample (figure 

II.26.a. and II.26.d.) had an 

average diameter of 19.41 nm ± 

Figure II.25. STEM images and distribution histograms of 

unmodified magnetic nanoparticle (MNP-OH) diameters (a) and 

(c) and those decorated with ATRP initiator (MNP-I), (b) and 

(d). 
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5.05 nm followed by an average diameter of 19.17 nm ± 3.19 nm in the case of MNP-

PPEGMA6-OH and (figure II.26.b. and II.26.e.) and an average diameter of 22.99 nm 

respectively ± 4.53 nm for MNP-PPEGMA10-OH sample (figure II.26.c. and II.26.f.), clearly 

indicating that the size of the nanoparticle is influenced by the length of the macromolecular 

chain attached to the surface of the same inorganic nanoparticle. 

 

 

Figure II.26. 

STEM images and 

histograms of 

nanoparticle 

diameter 

distribution: MNP-

PHEMA-OH (a) 

and (d), MNP-

PPEGMA6-OH 

(b) and (e) and 
MNP-

PPEGMA10-OH 

(c) and (f). 

 

 The functionalization of polymers with MTX led to a decrease in average diameters 

compared to polymer nanoparticles, due to the reduction of the "non-fouling" property of 

polymers, leading to obtaining nanoparticles with smaller average diameters, which is also 

supported by the results obtained by DLS (Ghiarasim et al., 2021). 

 

Figure II.27. 
STEM images and 

histograms of 

magnetic 

nanoparticle 

diameter 

distribution 

decorated with the 

three MTX-

functionalized 

polymers (MNP-

PHEMA-MTX (a) 

and (d), MNP-
PPEGMA6-MTX 

(b) and (e) and 

MNP-

PPEGMA10-

MTX (c) and (f). 

 

 Thus, the MNP-PHEMA-MTX sample (figures II.27.a. and II.27.d.) had an average 

diameter of 17.12 nm ± 4.55 nm followed by an average diameter of 15.30 nm ± 2.79 nm 

measured for MNP-PPEGMA6-MTX sample (figures II.27.b. and II.27.e.) and 17.16 nm 
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respectively ± 3.52 nm assigned to MNP-PPEGMA10-MTX sample (figures II.27.c. and 

II.27.f.). 

 To determine the biocompatibility of starting and functionalized nanoparticles with 

MTX, the CellTiter-Glo® test on human gingival fibroblasts (HGF) and their cytotoxicity on 

breast adenocarcinoma cells (MCF-7) after an incubation time of 72 hours was used. The results 

concluded that magnetic nanoparticles with the three decorated polymers on their surface 

(MNP-PHEMA-OH, MNP-PPEGMA6-OH and MNP-PPEGMA10-OH) were biocompatible, 

not affecting the viability of HGF cells at the concentrations tested. MTX polymer 

functionalization did not significantly alter the viability of normal fibroblasts but had a 

pronounced effect on MCF-7 cells, reducing their viability by up to 69% (figure II.29). 

 

Figure II.29. Cytotoxicity of magnetic nanoparticles decorated with the three polymers functionalized with 

MTX (MNP-PHEMA-MTX (a), MNP-PPEGMA6-MTX (b), MNP-PPEGMA10-MTX (c) and free MTX (d), 

respectively, at different concentrations on HGF and MCF-7 cell lines. 

 Methotrexate in the native state did not alter the viability of normal fibroblasts at 

concentrations up to 2.5 g/mL, but induced cell death up to 49% in MCF-7 cells at the same 

concentration. MTX-functionalized nanoparticles induced cytotoxicity in MCF-7 cells at 

concentrations higher than 0.05 g/mL, in contrast to free MTX which induced a plateau of 

approximately 55% cell viability. 
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CHAPTER III – Micelles based on biocompatible polymers 

for the development of new approaches in the effective treatment of breast 

cancer 

III.1. Motivation and objectives of the study related to Chapter III 

III.1.1. Specific scientific objectives: 

I. Design, obtaining and physicochemical characterization of poly(ethylene glycol)-co-

polyhistidine (PEG-PHis) diblock copolymers with length-controlled PHis sequence for the 

preparation of functional self-assembled nanostructures. 

II. Study of the self-assembly process of PEG-PHis copolymers in uniform micelles 

with controlled dimensions, loading micelles with an antitumor drug and establishing the 

optimal length of the polyhistidine chain for the release of the active principle at pH values 

specific to tumour tissues. 

III. In vitro testing  of drug-loaded copolymers and micelles on breast cancer-specific 

cell lines (MDA-MB-231). 

IV. Functionalization of the surface of micelles with a monoclonal antibody 

(trastuzumab) specific to breast cancer and in vitro evaluation  of biological activity of micelles 

decorated with trastuzumab on 2D and 3D cell cultures, respectively. 

 

III.1.2. Motivation for the use of polyethylene glycol-polyhistidine diblock copolymers 

 In recent decades, interest in pH-sensitive materials, which remain stable at 

physiological pH and break down at lower pH found in tumour environments, has increased 

significantly. These materials, drug-loaded or functionalised with various molecules, are 

essential for the development of nanosystems used in targeted drug transport and delivery, 

especially in cancer treatment. pH-sensitive chemical systems such as core-shell micelles and 

peptide-polymer copolymers offer promising solutions for this purpose. The synthesis of these 

materials may involve the incorporation of carboxylic groups, the covalent binding of drug 

molecules, or the use of pH-sensitive organic fragments, which cause structures to disassemble 

at specific pH. However, the complexity of the synthesis of diblock copolymers may represent 

a limitation in the application of these systems. The synthesis of peptides on solid support 

(SPPS) offers an affordable and efficient alternative for obtaining copolymers, opening new 

perspectives for the development of intelligent drug delivery systems (Samaritoni et al., 2018). 
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III.2. Results and discussion 

III.2.1. Design, synthesis and assembly of PEG-PHis copolymers in micelles in the absence 

or presence of an antitumour drug 

 In this study, three PEG-PHis-based copolymers were designed to be synthesized using 

the SPPS technique. The structure of the copolymers proposed for synthesis included a 2 kDa 

molecular weight PEG unit, to be covalently bonded to a polyhistidine chain with a chain length 

of 20, 26 and 32 structural amino acid units (L-histidine). Also, polyhistidine sequences were 

thought to include a lysine unit at the end of the chain to allow covalent binding of fluorophores 

with free amine in the lysine structure. At the other end of the polyhistidine chain, a cysteine 

unit was added, allowing the attachment of the PEG chain by a specific reaction between the 

thiol group of cysteine and the maleimide group attached to the end of the PEG chain (chemical 

structures of copolymers are represented in figure III.1. (Nanda and Lorsch, 2014). 

 

 

 

Figure III.1. The general chemical 

structure of the three copolymers 

synthesized by the SPPS technique 

(blue - lysine, red - histidine, yellow - 

cysteine, and green - PEG, 

respectively). 

 

 The engineered copolymers were synthesized in collaboration with Chempeptide Ltd. 

(Shanghai, China) using SPPS technique. They were analysed using mass spectrometry (MS) 

and high-performance liquid chromatography (HPLC). Subsequently, the three copolymers 

were assembled in micelles in the absence/presence of an antitumor drug called doxorubicin 

(DOX) used as a model compound (Ghiarasim et al., 2022). The stages of obtaining unloaded 

and DOX-loaded micelles are represented in scheme III.1. 

 

Scheme III.1. Assembly of the three copolymers into unloaded micelles (a) and DOX-loaded micelles (b), 

respectively. 
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 A first parameter calculated for these micelles was the critical micelle concentration 

(CMC) for each copolymer (0.111 mg/mL for mPEG-2000-Mal-Cis-(His)20-Lis, 0.045 mg/mL 

for mPEG-2000-Mal-Cis-(His)26-Lis and 0.032 mg/mL for mPEG-2000-Mal-Cis-(His)32-Lis 

copolymer). This parameter was calculated using a standardized method involving pyrene as a 

fluorescent compound and fluorescence spectroscopy. The decrease in CMC values from 0.111 

mg / mL to 0.032 mg / mL with increasing polyhistidine chain length was because the 

hydrophobicity of the system that contributed to the formation of micelles at lower copolymer 

concentrations at pH = 7.4 also increased, and the CMC values obtained for PEG2K-

PHis20/26/32 copolymers agreed with the values obtained in previous studies (Lee et al., 2003). 

 The hydrodynamic diameters obtained by the DLS technique conclude that an increase 

in the length of the PHis chain in the structure of the copolymers leads to an increase in 

hydrodynamic diameters, both for unloaded and DOX-loaded ones. To highlight the 

morphology of formed micelles, both unloaded and DOX-loaded, scanning transmission 

electron microscopy (STEM) was used. In figure III.7. STEM images of PEG2K-PHis20/26/32 

micelles are presented, highlighting their assembly into nanometric spherical formations. In the 

case of sample PEG2K-PHis20 (figure III.7.a.), a core-shell structure with an average diameter 

of 232 nm ± 33 nm (figure III.7.d.), with a strong contrast of the hydrophobic part ("core") due 

to polyhistidine chains, which have a higher electron density compared to the hydrophilic PEG 

shell. The PEG2K-PHis26 sample showed an average diameter of 112 nm ± 26 nm (figure 

III.7.e.), while the PEG2K-PHis32 sample had an average diameter of 89 nm ± 20 nm (figure 

III.7.f.). 

 

 

 

 

Figure III.7. 

Scan 

transmission 

electron 

microscopy 

(STEM) images 
of unloaded 

micelles (a – c) 

and diameter 

distribution (d – 

f) (Ghiarasim et 

al., 2022). 

 

 Analysing the diameters of unloaded micelles, it was observed that the average diameter 

decreased with increasing polyhistidine chain length, results that contradict DLS data. This may 

be due to the greater stability of micelles with longer polyhistidine chains, due to stronger 
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interactions involved in micelle formation. The more compact assembly of longer polyhistidine 

chains was also reflected in obtaining a more intense contrast of the inner part of the micelles, 

a contrast observed in STEM images from figures III.7.b to c for PEG2K-PHis26 (b) and 

PEG2K-PHis32 (c) samples. 

 In the case of DOX-loaded micelles, STEM images also showed uniform spherical 

assemblies with much higher contrast due to the micelles' loading with DOX molecules (figure 

III.8.). 

 

 

 

 

 

Figure III.8. 

STEM images of 

DOX-loaded 

micelles (a-c) and 

diameter 

distribution (d-f)   

(Ghiarasim et al., 

2022). 

 

 Analysing in detail figure III.8.a - c, it can be noted that all samples in the STEM 

images revealed a gradual decrease in mean diameters compared to unloaded micelles (figure 

III.8.d - f), PEG2K-PHis20+ DOX with a mean diameter of 109 nm ± 17 nm, PEG2K-

PHis26+DOX with 105 nm ± 19 nm and PEG2K-PHis32+DOX with a mean diameter of 71 

nm ± 13 nm), indicating strong nonspecific hydrophobic interactions of polyhistidine chains 

with DOX molecules. In addition, DOX can form compact nanocrystals inside micelles, where 

this phenomenon has been observed in similar chemical systems, leading to better compaction 

of the micelles' core (Cipolla et al., 2016). Compaction of micelles with DOX molecules also 

generated unexpected stabilization in all three samples studied (in according with figure III.8). 

 The concentration of loaded DOX in micelles was determined by fluorescence 

spectroscopy (figure III.9.), using a calibration curve (free DOX) as a function of fluorescence 

intensity at 592 nm vs wavelength. Unloaded micelles showed no fluorescence emission, while 

DOX-loaded micelles showed DOX-corresponding emissions, with intensities strongly 

dependent on the concentration of drug loaded into micelles. From the studies performed, the 

following values of DOX concentrations loaded in one mg of each studied copolymer were 

obtained: 73.8 μg DOX for PEG2K-PHis20+DOX micelles, 128.4 μg DOX for PEG2K-

PHis26+DOX and 181.2 μg for PEG2K-PHis32+DOX micelles, respectively. The 
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concentration of DOX in micelles gradually increased with increasing length of the PHis chain 

in the structure of copolymers. This increase is correlated with STEM data on the higher degree 

of compaction of DOX molecules loaded into micelles. 

 

 
 

Table III.2. Efficiency of encapsulation (EE) 

and drug loading (DL) of DOX into PEG2K-

PHis20+DOX, PEG2K-PHis26+DOX and 
PEG2K-PHis32+DOX micelles (Ghiarasim et 

al., 2022). 
 

Sample 
 EE  

(%) 

 DL 

(%) 

PEG2K-PHis20+DOX 52.98 8.11 

PEG2K-PHis26+DOX 60.51 9.16 

PEG2K-PHis32+DOX 71.31 10.62 

 

 
Figure III.10. Overlap of emission spectra of native DOX 

and unloaded and DOX-loaded micelles, with highlighting 

the maximum emission of DOX from 592 nm, λexcitation = 

480 nm (Ghiarasim et al., 2022). 

 Within this subchapter of the doctoral thesis, a DOX release study was performed from 

the micelles PEG2K-PHis20+DOX, PEG2K-PHis26+DOX, PEG2K-PHis32+DOX at a 

temperature of ℃, by changing the pH of the medium, in the range of 6.5 and 6.9 to simulate 

the extracellular environment of cancer cells (Chen et al., 2017) (dialysis method). The pH 

values investigated in this study were 7.4 (the value at which DOX-loaded micelles were 

assembled), 7.2 and 6.5 (specific to the tumor extracellular environment) in PBS aqueous 

solution with appropriate pH adjustment. It is important to note that the value of pH = 7.0 was 

excluded from the experiment because at this pH value, DOX forms dimers that favor its 

precipitation from solution (Yamada, 2020) and thus lead to the impossibility of quantifying 

the concentration of the drug. In addition, the release time of the study was limited to 10 hours 

to avoid prolonged exposure of DOX in an aqueous solution, which can also lead to precipitate 

formation and erroneous results. 

 

Figure III.11. DOX release curves from DOX-loaded micelles (PEG2K-PHis20+DOX, PEG2K-PHis26+DOX, 

PEG2K-PHis32+DOX) and free DOX in PBS solution at pH = 7,4 (a), pH = 7,2 (b) and pH = 6,5 (c) at 37 ℃ 

(Ghiarasim et al., 2022). 
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 Analysing release curves in figure III.11., after 10 hours, the percentage of cumulative 

DOX release from PEG2K-PHis32+DOX micelles was approximately 20 - 24% at pH = 7.4, 

with a slight increase in the percentage of release at pH of 7.2. This difference in release 

percentages led to the conclusion that the micelles in this DOX-loaded study are sensitive to 

small variations in pH towards acidic pH, on the one hand, and on the other hand, once the 

length of the PHis chain increased, the micelles became more stable at physiological pH of 7.4. 

At pH = 6.5, the cumulative DOX release from PEG2K-PHis20+DOX and PEG2K-

PHis26+DOX samples was equivalent to that of PEG2K-PHis32+DOX but was at least twice 

as high as at pH = 7.2 and pH = 7.4, where a 6-hour release plateau was observed for all samples. 

When the pH dropped to 6.5, the PHis in all samples was fully protonated, therefore the 

percentage of drug release increased significantly compared to the percentages obtained at pH 

= 7.2 (figure III.11.c.). This last aspect is of particular interest because, at pH = 6.5, which is 

the lower limit of extracellular pH in the case of cancer cells, the micelles released over 50% 

DOX, thus demonstrating the potential of the micelles studied as effective for chemical systems 

with the property of releasing drugs into extracellular tumour environment (Chen et al., 2017).  

 To further evaluate the stability, cytotoxicity, and release properties of both unloaded 

and DOX-loaded micelles, an evaluation was performed in vitro studies on human triple-

negative cells (MDA-MB-231) over a period of 72 hours (figure III.14), and these results 

indicated controlled release of DOX from micelles. 

 

Figure III.14. Effects of DOX unloaded micelles, and DOX-loaded micelles on MDA-MB-231 breast cancer cells. 

Cell viability was determined at 24, 48 and 72 hours, expressed as absorbance. *p<0.05, **p<0.005, ***p<0.0005, 

****p<0.00005. 

 

III.2.2. Functionalization of PEG-PHis micelles with trastuzumab 

III.2.2.1. Motivation for use of trastuzumab monoclonal antibody 

 The standard treatment for HER2-positive breast cancer is to administer the anti-HER2 

monoclonal antibody called trastuzumab (Tzm, with the trade name Herceptin). This treatment 

was effective for both early and advanced stages of breast cancer due to trastuzumab binding 



30 
 

to the p185 HER2 glycoprotein transmembrane receptor and causing apoptosis of tumor cells 

or preventing their growth. Although a significant number of patients with HER2+ breast cancer 

benefit from anti-HER2 therapy, a subset of patients develop resistance, which ultimately leads 

to disease advancement (Adam-Artigues et al., 2022; Valabrega, Montemurro and Aglietta, 

2007; Nahta et al., 2006). 

 It has previously been found that binding of Tzm to different types of nanoparticles does 

not affect its ability to bind specifically to overexpressed HER2 transmembrane receptors in 

breast cancer-specific tumor cells. This is further reinforced by the emergence of U.S. Food and 

Drug Administration (FDA)-approved Tzm-based chemical conjugates of chimeric monoclonal 

antibody type such as margetuximab (Gradishar et al., 2023) and antibody-drug type systems 

such as trastuzumab-DM1 (von Minckwitz et al., 2019) or trastuzumab deruxtecan (Modi et al., 

2022). In the present study, the PHis-PEG diblock copolymer was used to obtain micelles that 

were subsequently functionalized on the surface with Tzm in a controllable way, obtaining a 

functionalized nano-assembled system, leading to exceptional and unexpected results on 

HER2+ cells on 2D and 3D cell cultures. 

 

III.2.2.2. Obtaining and physicochemical characterization of trastuzumab functionalized 

micelles 

 The diblock copolymer (H2N-PEG-2000-Mal-Cis-(His)32) synthesized by SPPS 

consists of a polymer chain of PEG (2kDa) and a polymer chain of PHis with 32 repetitive 

monomer units of L-histidine. The PEG sequence used in SPPS synthesis contains a free 

terminal amine group, which plays a role in the covalent binding of Tzm to the surface of the 

micelles obtained (scheme III.2.). Copolymer H2N-PEG-2000-Mal-Cis-(His)32 was reacted 

with the sodium salt of 3-sulfo-N-succinimimidyl 4-(N-maleimidomethyl)cyclohexane-1-

carboxylate (sulfo-SMCC, maleimide-type linker) in PBS solution in a molar ratio of 1:5 to 

introduce a terminal maleimide group onto the end of the PEG in the copolymer structure. The 

excess of unreacted sulfo-SMCC molecules was removed by repeated washings to obtain the 

maleimide-functionalised copolymer (Linker-PEG-2000-Mal-Cis-(His)32), suitable for 

reaction with Tzm. Later this copolymer was assembled into micelles (Linker-PEG2K-PHis32) 

around physiological pH (pH = 7.6), due to the hydrophobicity of the PHis polymer and the 

hydrophilicity of the PEG polymer (Hu et al., 2013; Kim, Bae and Jo, 2005; Lee et al., 2003b). 
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Scheme III.2. Stages of 

assembly of copolymers in 

micelles functionalized with 

monoclonal antibody: a) 
covalent binding of a 

maleimide derivative to the 

terminal amine group in the 

structure of the PEG, b) 

transformation of free amino 

groups from unchanged Tzm 

(Tzm-NH2) into thiol groups 

(Tzm-SH) using Traut reagent 

and c) self-assembly of 

functionalized copolymer 

molecules with malemide-type 

linker into well-defined 
micelles,  followed by covalent 

attachment of Tzm-SH to the 

surface of micelles. 

 

 To functionalize Linker-PEG2K-PHis32 micelles with trastuzumab, Tzm-NH2 

(commercial trastuzumab) was reacted with Traut's reagent (2-iminothiolane hydrochloride) to 

produce the corresponding Tzm-SH, according to the protocol previously reported in the 

literature (Kulhari et al., 2016). The quantification of the number of thiol groups obtained on 

each molecule of Tzm-SH was performed by the Ellman test (Ellman, 1959), using UV-Vis 

spectroscopy (figure III.16.), resulting in 3,36 thiol groups per molecule of Tzm-SH. 

 

Figure III.16. UV-Vis absorption 

spectra of Ellman's reagent (free 

Martor_Ellman), unchanged 

trastuzumab after reaction with 

Ellman's reagent (Tzm-NH2_Ellman) 
and modified trastuzumab after 

reaction with Ellman's reagent (Tzm-

SH_Ellman), respectively. 

 Size variations and changes in the surface of micelles were monitored by measuring 

hydrodynamic diameters (figure III.17.) and the successful covalent binding of Tzm to the 

surface of micelles was evidenced by changing the value of the zeta potential of micelles (table 

III.4.). 
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Table III.4. Mean values of zeta potentials () 

measured by dynamic light diffusion (DLS) technique 

for PEG2K-PHis32, Linker-PEG2K-PHis32 and Tzm-

PEG2K-PHis32 micelles, respectively, dispersed in PBS 

at pH = 7.6. 

 

Sample   (mV) ± SD  

PEG2K-PHis32  7.96 ± 0.17 

Linker-PEG2K-PHis32 − 3,82 ± 0,78 

Tzm-PEG2K-PHis32 − 5,53 ± 0,53 
 

Figure III.17. Hydrodynamic diameters (Dh) and mean polydispersity indices (PDI) of PEG2K-PHis32, 

Linker-PEG2K-PHis32, Tzm-PEG2K-PHis32 micelles measured by dynamic light diffusion (DLS) technique, 

dispersed in PBS at pH = 7.6. 

 Morphologically, micelles were further analysed using scanning transmission electron 

microscopy (STEM) (figure III.18.). The diameters measured using this technique were 

significantly smaller compared to hydrodynamic diameters determined by DLS ((a) PEG2K-

PHis micelles with a diameter of 59.49 nm ± 9.71 nm, (b) Linker-PEG2K-PHis32 with 78.56 

nm ± 7.42 nm, and (c) Tzm-PEG2K-PHis32 micelles showing a diameter of 104.05 nm ± 11.98 

nm). This reduction in size can be attributed to dehydration of micelles that occurs during the 

process of preparing samples for STEM analysis (Peng et al., 2019). 

  

Figure III.18. STEM images of PEG2K-PHis32 

(a), Linker-PEG2K-PHis32 (b), Tzm-PEG2K-

PHis32 (c) micelles with magnification of the area 

in image (c) where the attachment of Tzm to the 

surface of micelles (d) is highlighted. 

Figure III.20. Variations in mean hydrodynamic 

diameters for PEG2K-PHis32, Tzm-PEG2K-PHis32 

micelles and free BSA measured by DLS in presence of 

BSA (70 mg/mL) at 37 ℃ over a 72-hour period. 

 The stability of the micelles in the presence of bovine serum albumin (BSA) was 

established by monitoring the variations in hydrodynamic diameters following their interaction 

with BSA molecules (Leeman et al., 2018). The stability study was conducted at a temperature 

of 37 ℃ (figure III.20.) over 72 hours, using a micelles concentration above the critical micelle 



33 
 

concentration (CMC) obtained in the first study of this thesis chapter. The micelles that were 

not functionalized after 5 minutes of interaction with BSA molecules were completely 

destabilized. In the case of micelles Tzm-PEG2K-PHis32 (figure III.20.), following interaction 

with BSA molecules, they exhibited different behaviours than the previous sample. After 5 

minutes of interaction with the BSA, the mean hydrodynamic diameter of the micelles increased 

over the 72-hour period. This increase has been attributed to the pronounced affinity of BSA 

molecules to form aggregates at the surface of micelles (Peng et al., 2019). 

 Micelles (non-functionalized and functionalized) were biocompatible on cells HGF, 

viability tested at 72 hours. To highlight the effectiveness of micelles functionalized with Tzm, 

three types of PEG2K-PHis32 micelles with different concentrations of Tzm (2, 4 and 8 μg 

Tzm/mL of micelles) were prepared. These micelles, as well as free Tzm (free trastuzumab, 

Tzm-NH2) at the three concentrations used for functionalization, were tested on three breast 

cancer-specific cell lines expressing the HER2 receptor on the cell surface in 2D cell cultures: 

SK-BR-3 (Tzm-response cell line), BT-474 (also showing Tzm response) and MDA-MB-361 

(with an intermediate Tzm response) (figure III.23.). 

 

Figure III.23. Cytotoxicity of nonfunctionalized micelles, those functionalized with three different concentrations 

of Tzm and free Tzm at three concentrations equal to those used for functionalization, on three breast cancer-

specific tumor cell lines with response to Tzm (SK-BR-3, BT-474, unidirectional ANOVA, **p < 0.01; ****p < 

0.0001) and intermediate response (MDA-MB-361, unidirectional ANOVA, *p < 0.5; ****p < 0.0001). 

 The addition of Tzm to the surface of micelles (Tzm-PEG2K-PHis32) resulted in a 

significant decrease in cell viability in all three cell types, with significantly lower viability than 

that achieved with free Tzm at all three concentrations tested (according to figure III.23.). 

 This effect on cell viability given by the covalent binding of Tzm to the surface of 

micelles was also obtained on 3D cell cultures (spheroids) (figure III.24.). 
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Figure III.24. Efficacy of 

micelles (non-

functionalized and 
functionalized with Tzm), 

free Tzm and mixed 

treatment (non-

functionalized micelles + 

free Tzm) on SK-BR-3 

cell cultures of type 3D: 

a) variation of mean 

spheroid surfaces after 72 

hours of treatment; (b1-8) 

representative 

fluorescence images to 

show spheroids 
disassembly upon 

interaction with micelles 

functionalized with Tzm 

compared to controls 

(unidirectional ANOVA, 

****p < 0,0001). 

 

 The efficacy of micelles was determined by morphological analysis of spheroids (cell 

nuclei were stained with a fluorescent compound, which when it binds specifically to nuclear 

DNA leads to a blue coloration) after treatment by measuring their surface. Thus, analysing 

figure III.24. (a, b3, b5), it can be noted that in the case of the SK-BR-3 cell line, spheroids 

were affected by micelles functionalised with Tzm (Tzm-PEG2K-PHis32 (4 μg Tzm) and Tzm-

PEG2K-PHis32 (8 μg Tzm)), with significant reduction of their mean surface area compared to 

the free Tzm tested at the two concentrations (figure III.24.b3, b5). Nonfunctionalized 

micelles, free Tzm (4 μg and 8 μg ) and mixed treatment had no significant effect on spheroids 

after incubation for 72 hours. The results obtained on the SK-BR-3 cell line were also obtained 

on the MDA-MB-361 cell line (which shows intermediate response to Tzm). 
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GENERAL CONCLUSIONS 

 The results obtained within the doctoral thesis entitled "New approaches for the 

development of functionalized polymeric nanosystems with applications in 

nanomedicine" led to a series of general conclusions related to each chapter of the second part 

of this thesis including personal results, as follows: 

Chapter II: 

 ➢ Magnetic nanoparticles (MNPs) with an average diameter of about 9 nm obtained by 

TEM were synthesized, using for synthesis the method of coprecipitation of iron(II) and (III) 

salts in basic medium. 

 ➢ An ATRP polymerization initiator based on L-dopamine was synthesized, and its 

structure was highlighted by magnetic resonance spectroscopy. The initiator was attached by 

covalent bonds to the surface of magnetic nanoparticles. 

 ➢ The polymerization of the HEMA monomer on the surface of the synthesized 

magnetic nanoparticles was achieved by SI-ATRP polymerization mechanism. HEMA 

polymerization was initiated by the presence of the appropriate initiator previously grafted onto 

the MNP surface. 

 ➢ Folic acid was covalently bound (involving two different concentrations) to free 

hydroxyl groups on the side chain of each monomer structural unit (HEMA) in the presence of 

a carbodiimide-type catalyst. 

➢All chemical structures obtained were physicochemical characterized by methods 

specific to solid state characterization (FTIR, Raman, XRD, TGA/DTG, DSC, VSM, TEM, 

STEM) or liquid such as DLS and zeta potential. Following the morphological analysis of 

nanoparticles obtained by STEM, it can be concluded that the average diameter of PHEMA-

coated nanoparticles was 18.9 nm, those functionalized with the first concentration of FA was 

17.7 nm, while the second concentration of FA had an average diameter of 15.7 nm. 

 ➢ Folic acid quantification was achieved by UV-Vis spectroscopy using the calibration 

curve method (31.5 μg FA / mg MNP-PHEMA-FA1 and 83.5 μg FA / mg MNP-PHEMA-FA2). 

 ➢ The magnetic nanoparticles coated with folic acid-functionalized PHEMA chains 

were biocompatible on the normal NHDF cell line, thus not affecting the viability of the MCF-

7, HeLa and HepG2 tumour cell lines, respectively. 

 ➢ Knowing that cancer cell lines (MCF-7, HeLa, HepG2) overexpress folate receptors 

on their membrane surface compared to normal cells (NHDF), it was demonstrated that cellular 

uptake of the functionalized nanocarrier with folic acid was significantly higher than 
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nonfunctionalized nanoparticles, demonstrated by higher values in absorbance on cancer cell 

lines compared to normal. This absorption was demonstrated by quantification of intracellular 

iron using the thiocyanate method. 

 ➢ Atomic absorption spectroscopy concluded that increasing the concentration of folic 

acid used to functionalize magnetic nanoparticles decorated with PHEMA chains leads to an 

increase in cell uptake in cancer cells (MCF-7) compared to normal cells (NHDF). 

 ➢ Because the saturation magnetization of nanoparticles decorated with FA-

functionalized PHEMA chains had a value of over 7 emu / g (minimum value accepted for using 

an MRI imaging contrast system), the possibility of these nanoparticles to be used as contrast 

agents in MRI imaging was highlighted. 

 ➢ To demonstrate the versatility of ATRP polymerization, using the same magnetic 

nanoparticles decorated with the initiator synthesized and attached to the surface of MNPs, 

three methacrylate-type monomers (HEMA, PEGMA6 and PEGMA10), with different side 

chain lengths of monomeric units, were polymerized by SI-ATRP polymerization mechanism. 

 ➢ The three polymers grafted onto the surface of MNPs (PHEMA, PPEGMA6 and 

PPEGMA10) were functionalized with a folic acid antimetabolite, methotrexate (MTX), which 

exhibits dual functionality of both targeting folate receptors and therapeutic effect by inhibiting 

an enzyme involved in cancer cell division. 

 ➢ All synthesis steps to obtain the three magnetic nanoparticles decorated with the three 

polymers functionalized with MTX were physicochemical characterized by different methods 

(FTIR, TGA/DTG, DSC, VSM, DLS). Spherical nanoparticles with average diameters of 17.12 

nm, 15.30 nm, 17.16 nm corresponding to MNP-PHEMA-MTX, MNP-PPEGMA6-MTX and 

MNP-PPEGMA10-MTX samples were obtained, respectively. 

➢ MTX was quantified by UV-Vis spectroscopy using the calibration curve method. 

 ➢ Magnetic nanoparticles decorated with polymers and MTX were biocompatible on 

the normal HGF cell lineage. 

 ➢ MNPs coated with the three MTX-functionalized polymers (MNP-PHEMA-MTX, 

MNP-PPEGMA6-MTX, MNP-PPEGMA10-MTX) showed a toxic effect on the MCF-7 cell 

line (breast adenocarcinoma), an effect demonstrated by lowering cell viability below the 

threshold of 70%, significantly greater decrease than free drug (free MTX). 

 Following the conclusions obtained in Chapter II, the recommendation to use magnetic 

nanoparticles decorated with methacrylate-type polymers as theranostic nanoplatforms is 

outlined. This promising prospect is supported by the presence of a magnetic nucleus, which 

facilitates their application in imaging, and their size below 30 nm, which adds a crucial aspect. 
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These nanoplatforms also demonstrate the ability to transport drugs. A significant advantage 

of using ATRP-type polymerization lies in the possibility of obtaining double layers of polymers, 

paving the way for the functionalization of the first layer with a drug and the second with a 

targeting molecule. These essential characteristics underline the considerable potential of 

nanoparticles in cancer therapy. However, it is imperative that further research is carried out 

to highlight the efficacy of this nanocarrier in vivo tests, representing a crucial step before 

advancing to clinical trials on humans. 

Chapter III: 

 ➢ Three polyethylene glycol-polyhistidine (PEG - PHis) copolymers with a PEG chain 

length of 2 kDa and different PHis chain lengths (20, 26 and 32 repetitive monomer units of 

histidine) were synthesized by SPPS technique. 

 ➢ The critical micelle concentration of the three copolymers was determined and it was 

concluded that an increase in the PHis chain leads to a decrease in the CMC value. 

 ➢ The copolymers were assembled in unloaded micelles and loaded with DOX (used as 

a model compound due to its fluorescence leading to an easy quantification method) of the core-

shell type in aqueous solutions with PBS at physiological pH. 

 ➢ Unloaded micelles were morphologically analysed by DLS in aqueous solutions at 

physiological pH, resulting in an increase in polyhistidine chain length leading to an increase 

in the hydrodynamic diameter of micelles, an increase also observed in DOX-loaded micelles. 

 ➢ The STEM technique highlighted core-shell structures and the influence of PHis 

sequence length in the formation of micellar systems. Increasing the length of the PHis chain 

leads to a decrease in the diameter of the micelles (unloaded and loaded), a decrease attributed 

to compaction of PHis chains (the longer the PHis chain length, the greater the compaction). 

 ➢ Quantification of DOX loaded into micelles was performed by fluorescence, using 

the calibration curve method, encapsulation efficiency and drug loading increased with 

increasing PHis chain. 

 ➢ Following studies of controlled release of DOX from micelles at physiological pH, it 

was observed that it is released from micelles in a small percentage, which leads to the fact that 

at this pH the micelles are stable and hold the DOX loaded, but with decreasing pH, the 

concentration of DOX released increases, reaching 50% at a pH = 6.5 within 10 hours. 

 ➢ The viability of breast cancer-specific MDA-MB-231 cells treated with unloaded 

micellar solutions did not significantly decrease compared to controls (untreated cells) after 72 

hours, while those loaded with DOX resulted in a decrease in cell viability, but not large enough 



38 
 

compared to free DOX administration, leading to the idea that DOX-loaded micelles release 

the drug slowly with decreasing pH values. 

 The conclusions of the first study in Chapter III, demonstrate the versatility of varying 

the length of the polyhistidine chain with influencing the physicochemical properties of the 

formed micelles, ensuring the transport and release of a drug into tumour extracellular 

environment. Corroborating the results of the study, it can be concluded that micelles based on 

PEG-PHis diblock copolymers can be recommended for the transport of release drugs into the 

tumour extracellular environment. 

 Conclusions of the second Chapter III study: 

➢ In the first stage, the H2N-PEG-2000-Mal-Cis-(His)32 copolymer was functionalized 

with 32 histidine units with a maleimide linker (Linker-PEG-2000-Mal-Cis-(His)32) and 

commercial trastuzumab (Tzm-NH2) with thiol groups, with the help of Traut agent 

(transformation of free amine groups into free thiol groups). Thiol groups in the structure of 

thiolated Tzm (Tzm-SH) were quantified using Ellman's agent, involving UV-Vis spectroscopy. 

➢ In the next step, maleimide groups in Linker-PEG2K-PHis32 micelles were reacted 

with SH groups in Tzm-SH, resulting in a Tzm-PEG2K-PHis32 micellar system grafted with 

Tzm molecules. 

 ➢ The binding of Tzm-SH to Linker-PEG2K-PHis32 micelles was demonstrated by 

modifying the zeta potential of the resulting micelles. 

 ➢ Morphologically, the micelles were analysed by STEM, where the surface of micelles 

loaded with Tzm molecules was highlighted. 

 ➢ Assembly in micelles at pH = 7,4 and disassembly was evidenced by the NTA 

technique (Brownian motion of micelles). 

 ➢ Stability studies in the presence of BSA indicated that non-functionalized micelles 

were completely disassembled, while those functionalized with Tzm remained stable over a 

period of 72 hours. 

 ➢ The micelles were biocompatible on the normal HGF cell line. 

 ➢ In the case of in vitro studies on three breast cancer-specific cancer cell lines (2D and 

3D cell cultures) micelles functionalized with Tzm led to a decrease in cell viability compared 

to free Tzm, an effect accentuated by spheroid damage in 3D cultures (Free tzm did not affect 

spheroids).  

The results of this study conclude that binding of Tzm to micelles leads to a significantly higher 

toxic effect than free Tzm, but at the same time presents insight into the mechanism of action of 

micelles functionalized with monoclonal antibody on breast cancer-specific cancer cells. 
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