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Abstract 

Cancer incidence and mortality are growing worldwide at an alarming pace, 

emphasizing the urgent need for new strategies to combat this disease. One of the frontiers 

of cancer research is currently focused on the design of multifunctional magnetic 

nanoparticles capable to achieve the synergistic cancer theranostics (both diagnosis and 

therapy). Although the potentiality that these multifunctional nanosystems represents to 

nanomedicine and cancer treatment and diagnostic, there are still many challenges that 

must be addressed in a near future before this approach became a reality. The development 

of efficient multifunctional magnetic nanosystems able to selectively destroy cancer cells in 

detriment of healthy ones is one of the main challenges that have damped the spread of this 

technology into clinical applications. The limited biological and biophysical studies between 

the biomedical nanosystems and cells/tissues/organs is another challenge that has to be 

addressed. With these two main challenges in mind, the present Ph.D. thesis was focused on 

the development of:  

(1) Multifunctional magnetic carbon nanostructures for the treatment of cancer:  

- Exploiting the advantages of the synergism achieved at the nanoscale, namely 

stability and biocompatibility properties of carbon structures with the 

superparamagnetism of the magnetic materials, a smart and on-demand composite 

nanosystem, combining magnetic hyperthermia and controlled drug release, was 

developed for thermo-chemotherapy.  

(2) New advanced microfluidic devices capable to give new insights over the developed 

nanosystems and human cells:  

- A new microfluidic methodology based on the deformability of red blood cells was 

developed for the haemocompatibility assessment; this new approach is able to give 

new insights over the nanoparticles-blood cells interactions, when these nanosystems 

are in contact with blood;  

- A second advanced microfluidic device based in organ-on-a-chip technology was 

developed as a miniaturization of 3D human organ models to recapitulate important 

biological and physiological parameters between nanoparticles and organs (healthy 

and cancer ones); for that, a novel human heart-and-breast-cancer-on-a-chip model 

combined with aptamer-based electrochemical biosensing to detect trace amounts 

of selected biomarkers secreted during chemotherapeutic treatment was developed.  



ABSTRACT 

iv 
 

Both microfluidic platforms can be applied to the monitoring of new nanosystems 

developed for biomedical applications and contribute, not only to gain new insights over 

the complex nanoparticle-cell/tissues interactions, but also to accelerate the clinical 

translation of those nanomaterials.  
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Resumo 

O crescimento das taxas de incidência e mortalidade do cancro reforçam a 

necessidade urgente de encontrar novas estratégias para o combate desta doença. 

Atualmente, um dos ramos de investigação nesta área centra-se no desenvolvimento de 

nanopartículas magnéticas multifuncionais capazes de potenciar sinergias entre o 

diagnóstico e a terapia (teranóstico). Contudo, e embora o potencial que os nanosistemas 

representam para a nanomedicina e o tratamento do cancro, existem ainda muitos desafios 

que devem ser superados para que se torne uma realidade. Entre eles, o desenvolvimento 

de sistemas multifuncionais de nanopartículas magnéticas capazes de destruir seletivamente 

as células tumorais em detrimento das células saudáveis continua a ser um desafio. Por outro 

lado, a falta de estudos biológicos e biofísicos entre estes nanosistemas e as 

células/tecidos/órgãos humanos, também representam um desafio. Com estes dois reptos 

em mente, o presente estudo de doutoramento focou-se no desenvolvimento de:  

(1) Nanopartículas nano-estruturadas de carbono para o tratamento multifuncional do 

cancro: 

- Desenvolvidas tendo em atenção as vantagens sinergéticas das nano-estruturas de 

carbono, como a estabilidade e a biocompatibilidade, aliadas às propriedades de 

superparamagnetismo dos materiais magnéticos, possibilitando a formação de um 

compósito inteligente que combina hipertermia magnética e a libertação controlada 

de fármacos, a termo-quimioterapia.  

(2) Novos sistemas microfluídicos capazes de elucidarem sobre o efeito de novos 

nanomateriais sobre as células humanas: 

- Uma nova metodologia microfluídica baseada na deformação de glóbulos vermelhos 

foi criada para estudar o efeito hematológico dos nanomateriais no sangue; 

- Um sistema microfluídico avançado baseado em órgãos-em-um-chip foi 

posteriormente desenvolvido com o objetivo de miniaturizar modelos 3D de órgãos 

humanos e recapitular parâmetros biológicos e fisiológicos existentes entre 

nanopartículas e órgãos (tanto saudáveis como tumorais). Para tal, foi criado um 

modelo humano coração-cancro-da-mamã-em-um-chip combinando a deteção de 

biomarcadores-chave libertados durante o tratamento de quimioterapia, através de 

um sistema de biossensores eletroquímicos. 
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Ambas as plataformas microfluídicas desenvolvidas têm a potencialidade de serem aplicadas 

numa vasta gama de aplicações biomédicas para a monitorização de nanosistemas clínicos, 

esperando potencializar um melhor entendimento entre as complexas interações existentes 

entre nanopartículas-células/órgãos, e desta forma facilitar a transferência desta tecnologia 

para a prática clínica.  
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1 Introduction 

1.1 Contextualization 

According to the last statistic data published by Eurostat on November of 2014, 

cancer represents the second most common cause of death in the European Union countries. 

Just in 2011, across the EU28, cancer was responsible for the death of 1.281 million people, 

representing more than a quarter of all deaths, and an increase of 6.3% since 2002 [1]. This 

high rate of mortality is a clear indicator of the clinical urgency to develop new medicines, 

treatments and detection strategies, as well as an opportunity to improve the existing 

treatment techniques, to minimize their deleterious side effects and to increase the patient 

survival rates. Arising from this clinical need and the emerging of nanotechnology, magnetic 

nanoparticles (MNPs) are gaining increasing attention in the scientific community, especially 

for biomedical applications, due to their remarkable properties acquired at the nanoscale 

level. Among them, superparamagnetism, high surface-to-volume ratio, high field 

irreversibility, high saturation field, extra anisotropy contributions, biocompatibility and low 

toxicity, are some of those properties that have highlighted the potentiality of MNPs [2-5]. 

Based on these outstanding properties, magnetic fluid hyperthermia (MFH) is considered a 

promising therapeutic technique for the treatment of cancer since it implements the 

remarkable nanoscale physicochemical properties of MNPs to generate heat under an 

alternating magnetic field (AMF). These nanoheaters can be designed to preserve healthy 

cells while destroying selectively tumoural ones, inherently more sensitive to mild-

temperatures changes of 5 to 7 ºC above the body temperature [6, 7]. In fact, MFH has 

several advantages over the common used therapeutic strategies, such as the possibility to 

chemically functionalize the nanoheaters with specific targeting molecules, such as 

aptamers and antibodies. In addition, MNPs can be used as a non-invasive imaging agent in 

magnetic resonance imaging (MRI) and tumour therapy – offering the possibility to develop 

an image-guided therapy system – the so-called theranostics [8]. Although hyperthermia can 

cause direct damage to cancer cells when applied as single therapy, this technique shows 

promising results when applied as an adjuvant to other treatments (such as radio-therapy, 

chemotherapy, gene therapy and immunotherapy), with minimal or no injury at all of the 

normal tissues [6, 8]. 

Nevertheless, to get the desired therapeutic effect, MFH needs to fulfil several requirements 

that should be suitably balanced. For that, MNPs should be designed small enough (i) to be 

able to cross the blood barrier and to penetrate into the tumour; (ii) to escape from the 
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mononuclear phagocyte system, providing an increase in the blood circulation half-life; (iii) 

to have low sedimentation rates (i.e., high stability in suspension); and (iv) to show a good 

tissular diffusion [2, 4]. Additionally, after the removal of the external magnetic field, MNPs 

should lose the magnetization (with negligible remanence and coercivity), in order to 

prevent their aggregation or the formation of clots in the blood circulation system [9-11]. 

Thus, MNPs must be in the single domain particle size range, showing superparamagnetic 

behaviour (below 25-30 nm for magnetite [12, 13]) at room temperature. But, the reduction 

of the MNPs size is directly related to the reduction of the saturation magnetization (Ms) 

and, therefore, to the decrease of their heating efficiency [9, 10, 14]. This fact is especially 

important for MFH applications since the reduction of Ms requires the maximization of the 

external magnetic field (amplitude, applied magnetic field and frequency) to values 

sometimes higher than the physiological safety limit (Hf < 4.85 × 108 Am-1s-1, also known as 

the Brezovich criterion [15]) and/or the application of high MNP dosages that may increase 

the possibility of toxicity. In this context, a major concern in the synthesis of nanoparticles 

for biomedical applications is the nanosize control that can be manipulated by changing the 

synthesis parameters, such as pH, temperature, ion species ratio, ionic strength, among 

others [16, 17]. For that reason, many synthesis routes have been developed to produce 

MNPs with specific magnetic properties, considering several preparation methods, including 

co-precipitation, sol-gel, hydrothermal, electrochemical synthesis, thermal decomposition, 

laser pyrolysis and sonolysis [2, 10, 16, 17]. Regarding the synthesis methods, some aspects 

should be considered. For instance, it is highly recommended that the developed procedure 

allows the production of a set of MNPs with the following characteristics: (i) reproducibility; 

(ii) lower polydispersion of single-domain superparamagnetic nanoparticles; (iii) high Ms and 

heating power; (iv) biocompatibility and non-toxicity; and (v) high colloidal stability in 

physiological buffers with lower dipolar interactions (i.e., physiological salt solution, 

phosphate-buffered saline, among others). For the two last items (iv and v), the coating of 

the MNP plays a very important role.      

Overall, crystalline magnetic particles are foreign species for the human body, which can be 

rapidly recognized and eliminated by the mononuclear phagocyte system. Thus, it is 

important to create an appropriate coating to enhance their biocompatibility, bio-

distribution and escape from the mononuclear phagocyte system [18]. 

Graphene, the two-dimensional carbon allotrope consisting of a single atomic layer 

honeycomb network of sp2-hybridization [19], has attracted a growing interest of researchers 

since its isolation in 2004 by A. Geim and K. Novoselov (U. Manchester) – work that was 

recognized in 2010 with the Nobel Prize in Physics. Their unique physicochemical properties, 

such as mechanical and thermal stability, supercondutivity, inertness and biocompatibility 
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characteristics, as well as the possibility to easily modify their surface with targeting ligands 

or active agents, made graphene the perfect candidate to be applied as coating material on 

MNPs for biomedical applications [20]. In fact, in literature, several biomedical applications 

are considering the combination of carbon nanostructures with magnetic nanomaterials to 

produce hybrid nanomaterials, the so-called magnetic carbon nanostructures (MCNs) [20-

23]. This approach has proven to take advantage of the synergism achieved at the nanoscale, 

namely the stability and biocompatibility properties of carbon structures with the 

superparamagnetism of the magnetic materials [21, 23]. These ingredients can represent 

the successful formula to boost the application of MNPs, as the so expected theranostic 

technique. Nevertheless, to enable the success in these biomedical applications, three 

important scientific aspects have to be taken into account: (1) synthesis; (2) advanced 

characterization (physical, chemical, structural, toxicological and magnetic), and (3) 

biological testing/implementation. 

In fact, and in spite of all the progress achieved in the last decade, the translation of these 

multifunctional therapeutic nanosystems for clinical applications has been slow, especially 

due to the lack of robust preclinical tissue culture platforms able to mimic the in vivo 

conditions found in the human body and to predict the performance of the developed 

nanomaterials [24]. Indeed, it should be noticed that MNPs designed for theranostic 

applications have been developed to be applied directly into the bloodstream. So, the 

understanding of these complex cell-nanoparticle interactions is of utmost importance, 

especially for the development of multifunctional nanoparticles as drug delivery 

nanocarriers. Currently, toxicological screening processes are performed in in vitro culture 

systems, by seeding cells within multi-well dishes. Nevertheless, and although their merits, 

this methodology is not always able to predict the function and effect of drugs in vivo, 

resulting in a large number of failed drug candidates in animal experiences and clinical trials 

[25, 26]. The main shortcoming of these in vitro cellular models, especially for the 

evaluation of new nanomaterials, is the inability to mimic the complex three-dimensional 

(3D) in vivo microenvironment, wherein the cells and extracellular matrix (ECM) exist in 

well-organized architectures [26].  Microfluidic devices, which can be defined as the set of 

technologies handling and processing small fluid volumes (e.g., µL, nL and pL) through 

microchannel geometries, with dimension of tens to hundreds of micrometres embedded in 

a chip [27-30], have several advantages to assess the biophysical properties of cells when 

compared to conventional techniques. For instance, this technology allows the use of small 

sample volumes, integration capability of electronic systems, biocompatibility environment 

for cell studies, accuracy and fast response [31]. In addition, in the recent decades, a 

significant advance of microfluidic technologies has allowed the design of microchannel 
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geometries in the sizes of small vascular capillaries, which can mimic the micro-rheological 

properties of the blood cells in in vitro microvascular environment. Furthermore, the 

advances in computers, optics and digital image processing techniques [32], allow the 

assessment of haemodynamic phenomena recorded in those in vitro microvascular 

environments. More recently, a new concept of biomicrofluidic devices, called as organ-on-

a-chip platforms, has been developed to mimic complex human organ functions at the 

microscale level. These integrated microfluidic networks, with 3D tissue engineered models, 

have shown the ability to reduce the discrepancies between the preclinical and clinical trials 

[26]. Moreover, these 3D microfluidic platforms have several advantages over the in vivo 

animal models, such as lower costs and less time-consuming, end of animal ethical concerns, 

visualization of the theranostic agents in the target tissues and accuracy to predict human 

responses [33].  

In this sense, the present Ph.D. thesis aims to join these interdisciplinary approaches, 

envisaging new insights related to many scientific aspects of the utilization of MNPs in 

biomedical applications, namely mechanistic and toxicological phenomena, which are 

essential to boost the spread of multifunctional nanoparticles as the next generation of 

therapeutic bio-agents in medicine.
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1.2 Objectives and research plan 

The main objective of the present Ph.D. thesis is the development of novel 

microfluidic devices capable to mimic the in vivo physiological conditions to assess the 

mechanistic and toxicological phenomena of MCNs designed as multifunctional nano-

platforms for the treatment of cancer. Hence, several specific goals have to be sequentially 

accomplished, namely: 

(i) Synthesis, characterization and optimization of superparamagnetic nanoparticles as 

magnetic core of MCNs (i.e., superparamagnetic metal cores coated with carbon 

nanostructures) designed as theranostic nanosystems; 

(ii) Development, characterization and optimization of multifunctional MCNs designed 

for combined treatment of cancer, namely as nanoheaters in magnetic hyperthermia and 

nanocarriers for drug delivery applications; 

(iii) design and fabrication of polydimethylsiloxane (PDMS) novel microfluidic devices for 

haematological studies, as well as advanced 3D organ-on-a-chip platforms capable to 

perform drug screening tests of the developed nanomaterials; 

(iv) performance of in vitro experiments for the validation of developed nanomaterials 

as suitable nanosystems for nanomedicine, especially focused in the assessment of the flow 

behaviour with the blood cells, cell-nanoparticles interactions (i.e., healthy and cancer 

tissues) and biocompatibility. 

 

To achieve these goals, this Ph.D. study is divided in three main experimental tasks, namely: 

1) production, characterization (i.e., physicochemical, structural, toxicological and 

magnetical) and optimization of MCNs;  

2) fabrication and preliminary haemodynamic evaluation of MNPs under microfluidic 

platforms; 

3) evaluation of the MCNs (i.e., biocompatibility, cell-nanoparticle interactions and 

drug screening) as suitable nanocarriers for the treatment of cancer, by using a novel 3D 

multiorgan-on-a-chip platform integrated with electrochemical biosensors. 
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1.3 Contributions 

For the successful accomplishment of the multidisciplinary tasks considered for 

this Ph.D. thesis, four important collaborations were strengthened at different stages in the 

frame of this Ph.D. project: 

 

INL - International Iberian Nanotechnology Laboratory (Braga, 

Portugal), by the Diagnostics tools and Methods group headed by Doctor 

Manuel Bañobre-Lopez, which had contributed for the physicochemical 

and magnetic characterization of the MNPs. 

 

CeRiCol - Centro Ricerche Colorobbia Consulting (Vinci, Italy) headed 

by Doctor Giovanni Baldi that collaborated with hyperthermia and drug 

delivery studies.   

 

CIMO – Centro de Investigação da Montanha (Bragança, Portugal) 

headed by Doctor Isabel Ferreira, collaborating with 2D-static 

cytotoxicological tests of MNPs on healthy and tumour cell lines. 

 

Harvard-MIT Division of Health Sciences and Technology (Cambridge, 

USA) on the Biomaterials Innovation Research Center headed by 

Professor Ali Khademhosseini and supervised by Doctor Su-Ryon Shin, 

which allowed the drug screening of the developed MCNs on novel 3D 

multiorgan-on-a-chip platforms integrated with electrochemical 

biosensors. 
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1.4 Thesis structure  

The Ph.D. thesis is structured in six chapters and one annex as shown in Figure 

1.1, and described as follows: 

1. Introduction. In the present chapter a broad perspective and contextualization 

of the problematic was addressed. Both objectives and research plan were 

summarized, and the thesis structure is herein described. 

2. Theoretical concepts. Fundamental concepts related to the multidisciplinary 

topics approached in the thesis are discussed.   

3. Superparamagnetic nanoparticles for theranostic applications. The 

development and optimization of superparamagnetic nanoparticles suitable for 

the diagnosis and therapy of cancer (theranostic) are described. A novel 

microfluidic approach based on the assessment of the deformation index of 

blood cells is implemented to determine the effect of nanoparticles on the 

bloodstream. Additionally, a thermal infrared image processing is proposed to 

screen the heating efficiency of magnetic nanoparticles during hyperthermia. 

4. Graphene-based magnetic nanoparticles for the treatment of cancer. The 

development and application of multifunctional graphene-based magnetic 

nanoparticles for combined hyperthermia and dual stimuli-responsive drug 

delivery are described.  

5. Organ-on-a-chip platform for bio-toxicity evaluation of graphene-based 

magnetic nanoparticles. In this chapter, a 3D multi-organ model combined with 

electrochemical biosensing analysis is described for the evaluation of the 

developed nanoparticles as efficient drug nanocarriers. 

6. Conclusions and future perspectives. The main conclusions of the Ph.D. studies 

are summarized in this chapter. Also, a personal perspective for future works 

and direction of the nanomedicine field is given. 

7. Appendixes. Supplementary information regarding the further understanding of 

some multidisciplinary topics approached in Chapter II, are detailed in this 

annex. Additionally, a list of publications, scientific meetings, grants and 

awards that resulted from the Ph.D. studies is shown.    
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 Figure 1.1. Diagram of the six chapters and annex that comprise the Ph.D. thesis. 
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2 Theoretical concepts 

2.1 Magnetism and superparamagnetic nanoparticles 

The modern theories of magnetism in solids are based on the orbital motion of 

electrons around the nucleus and on the spin motions of electrons. Therefore, electrons 

produce a spin magnetic moment of the unpaired valence electrons, as well as an orbital 

magnetic moment [1, 2].  

This concept means that when a solid is placed under a magnetic field, the magnetic dipoles 

inside the material are aligned along with the direction of the applied magnetic field, and 

so, magnetized. 

The magnetic induction or magnetic flux density, called by B (in Tesla or T) and generally 

illustrated as the number of field lines per unit area, can be expressed by Equation (2.1) [3]: 

 

B=µ0 (H+M) 

 

where µ0 is the permeability in vacuum (4π x 10-7 H m-1), H is the magnetic field strength or 

magnetizing force (A m-1) and M is the magnetic moment per volume (A m-1). 

Figure 2.1 shows the redirection of the magnetic field lines caused by the great permeability 

occurring when a magnetic field is intercepted by a magnetic material, e.g., soft iron. 

 

 

 

 

 

 

 

Figure 2.1. Permeability of the magnetic flux density caused by a magnetic material, for instance 
soft iron. Reprinted from [4]. Copyright © 2006, with permission from Royal Society of Chemistry. 

(2.1) 
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According to the volumetric magnetic susceptibility, represented by , the magnetic 

materials can be classified as:  

- Diamagnetic materials ( < 0): slightly repelled from magnetic fields, usually 

called as non-magnetic materials, such as gold, water and copper [1, 4];  

 

- Paramagnetic materials ( > 0): slightly attracted to magnetic fields, but they do 

not retain the magnetic properties when the external fields are removed. This 

class includes oxygen, platinum and manganese (II) salts [1, 4]; 

 

- Ferromagnetic materials ( >> 0): exhibit a strong attraction to magnetic 

fields due to the alignment of the spin magnetic moments and retain their 

magnetic properties even after removal of the external field. Metals, such as iron, 

cobalt, nickel and many alloys containing these elements, are some examples [4]; 

 

- Antiferromagnetic materials ( > 0): exhibit regular pattern of parallel and 

antiparallel atoms aligned when a magnetic field is applied, resulting in a small 

magnetization that increases further with temperature, but evanish when the 

magnetic field is removed. Examples of this type of materials are chromium and 

nickel oxide [1, 5]; 

 

- Ferrimagnetic materials ( >> 0): are identical to antiferromagnetic materials but 

the regular pattern of parallel and antiparallel atoms alignment has a higher value 

of magnitude. The most common example is magnetite (or ferrous ferrite) [1, 5]. 

 

Additionally, there is a special case of magnetism, the superparamagnetism. 

Superparamagnetism occurs in ferromagnetic or ferrimagnetic nanoparticles, generally 

below 100 nm, with a single magnetic domain, short relaxation time and no magnetic 

memory. Once the external field is removed, their magnetic moment is quickly reoriented, 

leading to a loss of energy that heats the surrounding environment. After that, the particles 

re-disperse and behave like a non-magnetic material [1, 4, 6].   

These special characteristics make them ideal candidates for biomedical applications, such 

as enhancement contrast agent in magnetic resonance imaging (MRI), drug delivery therapy, 

cell and tissue targeting and especially, for magnetic hyperthermia therapy [3, 7].  
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2.1.1 Magnetic hyperthermia, biological principle and heating mechanism  

Hyperthermia, also called thermotherapy, is a technique used for cancer 

treatment that consists in heating tumour organs or tissues to temperatures between 41 and 

45 ºC [8, 9], promoting thermal apoptosis of these abnormal cells by exceeding their 

physiological tolerance [10].  

The concept of hyperthermia as a medical practice can be tracked down to many centuries 

ago, as being present in ancient Egyptian, Greek and Roman civilizations [11]. However, only 

recently, on the 1970s, hyperthermia was taken more seriously as a treatment for cancer 

with controlled clinical trials. During that time, it was discovered that tumour cells have 

greater sensitivity to mild temperatures compared to healthy cells [12].  

On a general biological perspective, this different response has been attributed to the 

disorganized and compact vascular structure, anaerobic metabolism and nutrient depletion 

of the abnormal tumour tissues, when compared to healthy ones [13].  In contrast, healthy 

cells are capable to survive, even when exposed to temperatures around 46 ºC, mainly due 

to the capability to dissipate heat through their normal vascular system and to maintain a 

normal physiological temperature [10, 13].  

While the exact biomolecular mechanism behind hyperthermia to kill tumour cells is not yet 

fully understood, it is known that local heat generated by the hyperthermia treatment has 

the cancer cells proteins as predominant target, especially, regulatory proteins involved in 

cell growth and differentiation, and proteins involved in the expression of certain receptor 

molecules, such as the signal transduction pathways. Thereby, hyperthermia seems to act 

on the cellular membrane destabilization by denaturing intracellular proteins, which in turn 

has great influence in cytoskeleton, enzymes, signal transduction, macromolecular synthesis 

and cell nucleus, by interfering with DNA repair system and leading to apoptosis [9, 14]. 

Additionally, other effects have been also observed at the tissue level, namely changes in 

the microvasculature, which result in alterations on blood flow, tumour oxygenation and 

energy supply [9, 14]. These later phenomena have been identified as the cause for the 

synergistic effect of hyperthermia with chemotherapy during clinical trials [15, 16]. Thus, 

the increase of local temperature promoted by thermotherapy allows (i) an increase in drug 

concentration in the tumour area, (ii) an increase of intracellular drug uptake, and (iii) an 

enhancement on the DNA damaging [11], when compared to the effect of chemotherapy 

alone.  

Although a wide range of heat sources and treatments based on hyperthermia concept have 

been developed for clinical applications ─ including microwave (in the range of wavelengths 
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from 433 to 2450 MHz), radiofrenquency (ranging from 100 KHz to 150 MHz), laser and 

ultrasonic wave-based treatments, hot water perfusion, among others [3, 14]; magnetic fluid 

hyperthermia (MFH) is the one that is considered to have the best potential to selectively 

target the tumour cells [3].  

MFH therapy consists on a colloidal suspension of MNPs that are capable to reach and 

internalize tumour cells, and thus, generate local heat when subjected to an external 

alternating magnetic field (AMF). Differently from other hyperthermic therapies, MFH 

heating effect is based on the conversion of magnetic energy to thermal energy, due to 

several mechanisms that are intrinsically dependent on the size of the nanomaterial that is 

used [11, 17].  

In the case of multi-domain NPs (ferri- or ferromagnetic material), the amount of energy 

dissipated as heat during magnetisation is mainly due to hysteresis losses [3, 18]. Thus, when 

an external AMF is applied, all the magnetic domains tend to align in the direction of the 

applied field, reaching their saturation magnetisation (Ms) once all the domains are aligned 

toward this direction. After the external AMF is removed, the magnetisation does not revert 

to zero, and it is called as remanence magnetisation (Mr). The precise intensity needed to 

be applied to reduce the magnetisation back to zero is called coercivity (Hc). These 

parameters can be measured from the hysteresis loops (M-H) of the material (Figure 2.2(a)), 

and the hysteresis losses measured by integrating the area of the hysteresis loop [3, 11, 18, 

19]. 

 

Figure 2.2. Schematic representation of a typical hysteresis loop (M-H) of: (a) multi-domain 
ferromagnetic material and (b) single-domain superparamagnetic material.  

However, when MNPs are very small, below a critical diameter (typically about 10-100 nm 

for a wide range of materials [18]), the material is not able to support more than one domain 

and, thereby, called as single-domain. Single-domain NPs comprise a giant magnetic moment 
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composed off all magnetic moments of the atoms that form the NP [11]. In the case of single-

domain superparamagnetic NPs, the M-H curve does not show hysteresis, and the forward 

and backward magnetisation curves tend to overlap [18]. As a result, the remanence 

magnetisation and coercivity are negligible (Figure 2.2(b)), offering advantages for 

biomedical applications by reducing the risk of particles aggregation after removal of the 

external AMF.     

In this case, the heat dissipation mechanism is mainly caused not by the hysteresis losses, 

but due to the delay in the relaxation of the magnetic moment, i.e., Néel relaxation 

(rotation within the particle) and/or Brownian relaxation (rotation of the particle itself),  

[3, 18].  

Néel, N, and Brownian, B, magnetic relaxation times are given by the Equations (2.2) and 

(2.3), respectively [3]:  

𝜏𝑁 = 𝜏0𝑒𝑥𝑝 (
𝐾𝑉

𝑘𝐵𝑇
) 

 

𝜏𝐵 =
3𝑉𝐻

𝑘𝐵𝑇
 

where 0 = 10-9 s, K is the anisotropy constant, V the volume of the MNP, kB the Boltzmann 

constant, T the temperature,  the viscosity of the liquid carrier and VH the hydrodynamic 

volume of the particle.  

Néel relaxation is strongly size-dependent, as smaller NPs require less energy for the rotation 

of its magnetic moment [11, 18]. On the other hand, Brownian relaxation, besides size-

dependent, is also strongly viscosity-dependent, as NPs can slow down their rotation at high 

viscose liquid medium [11, 18]. Therefore, for hyperthermia applications, the Néel 

relaxation mechanism is preferred, since NPs should be internalised on cells with higher 

viscosities and its ideal free rotation can be reduced on it.   

The combination of Equation (2.2) and (2.3) gives the effective relaxation time, , of the 

MNPs, shown as Equation (2.4): 

𝜏 =
𝜏𝐵 𝜏𝑁

𝜏𝐵 + 𝜏𝑁
 

The quantification of the power dissipation of MNPs under an AMF, known as specific 

absorption rate (SAR) and expressed as W g-1, is given by Equation (2.5) [3, 11, 18]:  

(2.2) 

(2.3) 

(2.4) 
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𝑆𝐴𝑅 =
𝐶 𝑚𝑚𝑒𝑑𝑖𝑢𝑚

𝑚𝑁𝑃𝑠

∆𝑇

∆𝑡
 

where C is the specific heat capacity of the medium, mmedium and mNPs are the mass of medium 

and NPs in the dispersion, respectively, and ΔT/Δt is the initial slope of the time-dependent 

heating curve.  

The SAR parameter allows the determination of heating in biological tissues, by estimating 

the rate at which electromagnetic energy is absorbed by unit mass [3].  

It is important to bear in mind that SAR is not only dependent on particle features (i.e., size, 

size distribution, shape, chemical composition, saturation magnetization), but also on the 

amplitude, H, and frequency, f, of the applied magnetic field. Thus, in order to apply 

hyperthermia in a safer manner, without affecting healthy tissues or produce excessive 

heating in the patients, it is important to consider an Hf factor that should not exceed the 

threshold of 4.85 × 108 A m-1s-1, also known as Brezovich criterion [20]. For this purpose, 

MNPs should be designed with optimized characteristics, including high Ms, which allows the 

maximization of their heating effect without need to exceed this biological threshold or the 

administration of high dosages of nanoheaters.   

Among different nanomaterials, magnetite (Fe3O4) was the first used to obtain a magnetic 

fluid in 1960 by NASA [18]. Afterwards, other ferrites, MFe2O4 (M = Fe, Mn, Ni, Co, Zn), some 

alloys as FePt, NiPt and NiPd, as well as pure metals (Fe, Co, Ni), where synthesized and 

tested for hyperthermia application [7, 12, 18, 21, 22]. Although pure metals have the 

highest Ms, these NPs are very toxic and extremely susceptible to oxidation after synthesis 

[18]. On the other hand, iron oxide NPs, as magnetite (Fe3O4) and maghemite ( − Fe2O3), 

are less sensitive to oxidation and possess lower toxicity to cells. In addition, these 

nanomaterials can be simultaneously used as contrast agents for magnetic resonance imaging 

(MRI), combining therapeutics and diagnosis, the so-called theranostics [11]. However, bare 

MNPs present in general several limitations, such as their inherent tendency to aggregate 

and precipitate inside blood vessels, low colloidal stability and low biocompatibility [23]. 

Thus, to achieve a safer application of these nanomaterials in nanomedicine, it is highly 

recommended that MNPs are covered by an organic or inorganic biocompatible coating. 

Among these coatings, the most common are dextran-based coatings [24], polyethythylene 

glycol [25], chitosan [26], silica [27], gold [28] and carbon-based nanomaterials [27, 29]. 

(2.5) 
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2.2 Magnetic carbon nanostructures 

Magnetic carbon-based nanostructures are composite nanomaterials comprising 

magnetic and carbon structures conjugated in different configurations [30]. Carbon-based 

materials like graphite, fullerenes, nanotubes and nanoribbons have been used for various 

applications, such as electronic, optics, catalysis, biomedical engineering, tissue 

engineering, medical implants, medical devices and sensors, due to their unique chemical  

and physical properties [31]. Particularly, graphene-based nanomaterials (cf. Figure 2.3) ─ 

graphene and its derivatives ─ have accomplished impressive achievements in nanomedicine 

and biomedical applications thanks to the combination of their unique properties, such as 

high chemical and thermal stability, high charge carrier mobility, enhanced biocompatibility 

and large surface area, which are ideal for biofunctionalizations [32, 33].  

The graphene-based family is classified based on their number of layers and chemical 

modification. Among the most widely used graphene-based nanomaterials are the monolayer 

graphene, bilayer graphene, multilayer graphene, graphene oxide (GO) and reduced 

graphene oxide (rGO). Each graphene-based member differs from the other in terms of 

number of layers, surface chemistry, purity, lateral dimensions, defect density and 

composition [34]. 

 

Figure 2.3. Schematic chemical structures of graphene-based nanostructures: graphene, graphene 
oxide and reduced graphene oxide. Reprinted from [35]. Copyright © 2016, with permission from 
Intech. 

Graphene, or monolayer graphene, is defined as a single atomic layer of sp2 carbon atoms 

arranged in a honeycomb lattice of nanometer dimensions, and it is the building block of 

other carbon-based materials, including 0D fullerenes, 1D carbon nanotubes or 3D graphite 

[36, 37].  

Derived from graphene, GO is a highly oxidized form of chemically modified graphene with 

a large amount of oxygen-containing groups, essentially epoxy, carbonyl and hydroxyl groups 
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[23, 38]. The peripheral carboxylate group provides pH-dependent negative surface charge 

and colloidal stability, while epoxide and hydroxyl groups allow weak interactions, hydrogen 

bonding and other surface interactions [34]. In addition, the free surface  electrons 

promotes − stacking interactions for drug loading and non-covalent functionalization [39]. 

These features enable the functionalization of a variety of molecules, including metals, 

chemotherapeutic drugs, DNA and/or RNA, aptamers, fluorescent probes and/or cells [40, 

41]. Therefore, GO nanomateriais are ideal platforms for anti-cancer drugs/gene delivery, 

biosensing, bioimaging, cell culture and tissue engineering [37].  

Instead, reduced graphene oxide (rGO) is the reduced form of GO treated under reducing 

conditions, such as high-temperature or reducing-chemical treatment. These treatments 

promote the reduction of oxygen content, introduction of defects in the carbon lattice (due 

to the liberation of CO/CO2)  and increase of hydrophobicity [23].  

Remarkably, the possibility to functionalize graphene-based nanomateriais with polymers, 

small molecules, magnetic nanoparticles, among others, makes this new class of 

nanomaterials ideal candidates to enhance or alter its properties accordingly to the 

requirements of specific applications. Indeed, functionalization is a very important strategy 

that allows to improve specific properties of magnetic nanocomposites, namely increasing 

colloidal stability, reducing toxicity, enhancing NP and drug permeability/accumulation into 

a tumour, among others. In this context, the combination of graphene-based nanostructures 

with MNPs, i.e., graphene-based magnetic nanoparticles (GbMNPs), allows to overcome some 

important MNP limitations, such as low biocompatibility and high self-aggregations, and 

exploit the best properties of both materials. 

2.1.2 Graphene-based magnetic nanoparticles (GbMNPs) in nanomedicine 

Multifunctional nanoparticles can have an important impact in medicine, by 

allowing the simultaneous detection, treatment and prevention of cancer. Indeed, the 

design of multifunctional nanoparticles for nanomedicine is one of the most promising and 

exciting research areas nowadays, since it is expected to revolutionize the medical field in 

the next few decades [42]. Taking into consideration the synergistic properties of GbMNPs, 

which can gather the excellent magnetic performance of MNPs with the high specific surface 

area of graphene-based materials, these magnetic nanocomposites have the potentiality to 

represent a new clinical platform that fulfil all the requirements for theranostic applications 

(i.e., simultaneous diagnosis and therapy), as exemplified in Figure 2.4.  
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Figure 2.4. Schematic diagram of possible theranostic applications, from diagnosis to therapy, by 
using magnetic carbon nanostructures, such as graphene-based magnetic nanoparticles. 

2.1.2.1 Therapeutic applications 

(i) Drug delivery 

Chemotherapy is one of the standard treatments used to eliminate tumour 

tissues. However, selective targeting of tumours is a long standing issue caused by the low 

specificity of drugs that cause severe side-effects by attacking healthy tissues [31].  

Magnetic drug delivery systems (MDDS) allow the transport and delivery of chemotherapeutic 

drugs into a tumour target site, after being guided by a magnetic field [30]. During the design 

of MDDS, the release mechanism is an essential question that should be addressed. Ideally, 

the designed MDDS should retain the therapeutic cargo until reaching the tumour target, 

and release the drug through specific trigger-response mechanisms, such as environmental 

factors (e.g. pH variation and enzymatic action) and/or involving properties of the 

nanocarrier (e.g. temperature-induced release and light irradiation) [30, 43]. This strategy 

holds several advantages over the free drug approach, namely: (i) minimization of the drug 

amount needed for chemotherapy, (ii) enhancement of drug efficiency, (iii) prevention of 

severe side-effects by increasing target specificity, and (iv) possibility to combine therapies.  

Recently, GbMNPs are being explored as one of the most interesting strategies for bottom-

up drug delivery system design. The high specific surface area of graphene-based materials 

allied to − stacking and electrostatic interactions allows to achieve high drug loading of 

poor soluble drugs without compromising the clinical efficiency [30, 32, 34, 35]. Remarkably, 
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magnetic carbon nanostructures also show the intrinsic ability to release the drug cargo 

under specific trigger-response mechanisms, such as pH-variation [43-45], temperature-

induced release and/or light irradiation [40, 41, 46-48]. These features are especially 

important since the majority of the designed DMMS ─ comprising magnetic nanoparticles 

with non-carbon shell materials, such as polymers, silica or metals ─ are unable to combine 

high loading contents of the therapeutic cargo with trigger-response release [42]. 

Particularly, some recent studies using GO structures as drug nanocarrier have shown the 

outstanding ability to use this graphene-based nanomaterial as pH stimuli-responsive 

triggered by the abnormal acidic pH values (around 4.5 – 5.5), found in tumour 

endosome/lysosome microenvironments, but not by physiological pH (around 7.4) [43, 49]. 

(ii) Magnetic hyperthermia 

Another advantage of GbMNPs is the ability to incorporate superparamagnetic 

nanoparticles in its structure, which under an external AMF generate heat that leads to the 

death of cancer cells, by the so-called magnetic hyperthermia (additional details in Section 

2.1.1). This possibility opens the door to a combined treatment of cancer, with simultaneous 

magnetic hyperthermia and controlled drug delivery. In fact, the combination of both 

treatments has so many advantages that it has been proposed the extension of the concept 

of hyperthermia, to cover both hyperthermia and magnetically modulated controlled drug 

delivery through heating triggers [11]. This new treatment concept relies on the possibility 

to load the drug in stimulus-sensitive shells that protect the cargo until reaching the target 

site. Then, by slightly increasing the temperature of the magnetic core (e.g. by external 

AMF), the thermo-sensitive shell suffers structural/conformational changes (e.g. breaking of 

covalent or non-covalent chemical bonds), which leads to the local release of the drug into 

the tumour cells [3]. Overall, this last concept seems to use the heat only as a trigger for 

drug release. However, hyperthermia and chemotherapy can be combined in the same 

nanosystem, to use hyperthermia as both a treatment and a trigger for controlled drug 

delivery. In fact, some in vitro and in vivo studies have already demonstrated that the 

combination of magnetic hyperthermia and chemotherapy has a synergistic effect on the 

cancer therapy response [50-52]. These same studies also show that even when lower doses 

of therapeutic drugs are combined with mild-hyperthermia (40-43 ºC), the anticancer effects 

are more effective than when traditional hyperthermia and chemotherapy are applied alone. 

The enhancement of the chemotherapy effect with the application of hyperthermia is known 

as thermo-chemosensitisation [11]. Among this advantage in the combination of both cancer 

therapies, hyperthermia has also demonstrated the potential to reduce the risk of 

treatment-induced secondary cancer, due to the decrease of oncogenic transformations 
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frequently induced by chemotherapy [11, 53]. One possible explanation to this phenomenon 

is that the heat produced by hyperthermia inhibits the DNA repair of damaged tumour cells 

treated with anticancer drugs, thus reducing the expression of chemo-mutations [54].  

In this context, for an effective design of smart multifunctional systems, the amount of heat 

produced by the magnetic core has to be optimized, since the heating mechanism and 

efficiency strongly depends on the magnetic behaviours of the material. For that, several 

factors have to be taken into account, namely strength and frequency of the AMF, 

concentration and depth of the magnetic nanosystem in tissues, as well as their size, shape 

and composition [3].  

GbMNPs have the encouraging advantage to be designed as smart multifunctional 

nanosystems able to combine magnetic hyperthermia and controlled drug delivery (triggered 

by changes in the pH- and/or temperature). Also, it is noteworthy to mention that anticancer 

thermo-chemotherapy performed with GbMNPs is not just restricted to magnetic induced 

heating. In fact, graphene-based materials have already shown strong potentiality to 

generate heat by absorbing near infrared (NIR) light, the so-called phototherapy [49, 55].  

(iii) Gene therapy 

Gene therapy is another therapeutic application that can be combined both with 

hyperthermia and drug delivery. This therapy has the potentiality to treat genetic disorders, 

such as cystic fibrosis, Parkinson’s disease and cancer. However, it requires efficient and 

safe gene nanovectors able to protect the genetic content from nuclease degradation, as 

well as enabling the genomic uptake with high transfection efficiency [34]. Graphene-based 

materials have been recently explored and described in literature as exceptional vehicles 

for this application [30, 34, 56], showing promising properties that fit the requirements to 

the design of non-viral vectors for gene delivery, namely (i) facile and versatile chemical 

functionalization, (ii) ability to condense genetic material, (iii) protection of nucleic acid 

from enzymatic degradation, (iv) cellular internalization, and (v) low toxicity [56]. Although 

these studies have emphasized the potential of graphene-based materials as exceptional 

nanocarriers for gene therapy, the design of such vectors is still in its infancy. There is 

therefore a need for more systematic studies, especially in vivo studies, focusing on their 

safety, biodistribution and efficacy [34, 56].  
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2.1.2.2 Diagnostic applications 

The possibility to use nanomaterials for bioimaging alongside with therapeutic 

applications is one of the ultimate goals of nanomedicine. In this regard, graphene-based 

nanomaterials, with intrinsic photoluminescence and NIR responsive properties, have been 

also exploited for bioimaging of cells and tissues [57].  

Altogether, graphene-based materials can be grouped in two major bioimaging categories: 

optical and non-optical. Among optical bioimaging, graphene based-materials can be used 

in fluorescence imaging, two-photon fluorescence imaging and Raman imaging, while for 

non-optical bioimaging, magnetic resonance imaging (MRI), photoacoustic imaging (PAI) and 

computed tomography (CT) are the most used [58]. 

(i) Magnetic resonance imaging (MRI) 

Among all the bioimaging technics, MRI is widely and the most valuable technique 

used for imaging and diagnosis in medicine, by allowing a non-invasive visualization of organs 

and tissues in a quantitative manner [30, 57]. It provides excellent soft tissue contrast 

without involving ionising radiation, which allows both diagnosis and longitudinal treatment 

response monitoring [59]. This technique is based on the detection of the relaxation of water 

protons as they came back to their equilibrium state after being perturbed by a 

radiofrenquency pulse along with a strong external magnetic field [60]. Although an external 

contrast agent is not required for image acquisition in MRI, the low sensitivity of the 

technique makes the use of contrast-enhancing very desirable. Thus, the main task of a 

contrast agent is to decrease the relaxation time of water protons. In MRI, two main families 

of contrast agents can be used, T1 or longitudinal relaxation (the positive contrast, usually 

preferred for radiologists) and T2 or transverse relaxation (the negative contrast that can 

disrupt the homogeneity of the magnetic field in their surrounding) [30, 59]. For 

characterization of contrast agents, relaxivity r1 and r2 are the most used parameters, which 

are related with the change of the relaxation rate of water protons per molar concentration 

of a given contrast agent [30]. 

Although until today the T1 paramagnetic Gadolinium (Gd3+) is clinically the most used 

contrast agent, its high toxicity boost the clinical need to find alternatives [30, 60].  

Magnetic nanoparticles, especially superparamagnetic iron oxide nanoparticles (SPIONs), 

have been developed and explored as contrast agents with relaxivities much higher than 

those obtained by Gd-chelates and with lower toxic effect [30, 54]. In general, SPIONs are 

composed by nanosize nanoparticles of magnetite or maghemite with predominantly T2 

relaxation effects, which creates negative dark contrast [60]. However, these nanomaterials 
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suffer from the same issues that drawback their safe use in therapeutic techniques like 

magnetic hyperthermia, i.e., low colloidal stability, tendency to aggregate and precipitate 

inside blood vessels and low biocompatibility [23]. To overcome these issues, a new 

generation of coated SPIONs or Gd3+ with different nanomaterials are being investigated.  

Graphene-based nanomaterials, such as carboxyphenylated graphene nanoribbons chelated 

with Gd3+ ions, have shown the ability to enhance MRI relaxivity, r1 and r2, 16 and 21 times 

greater than the current clinically available Gd3+-based T1 agents [61]. Also, SPIONs 

combined with GO nanosheets were explored with success as a composite for MRI 

enhancement contrast with better results compared with single SPIONs [62]. Although carbon 

materials without the incorporation of magnetic nanoparticles do not show MRI contrast 

enhancement, recent studies revealed that fluorinated graphene oxide can be used as 

efficient MRI contrast agent [63].  

These studies show that additionally to the ability of using graphene-based materials as 

protective shells/platforms for SPIONs or paramagnetic transition metal ion chelates for MRI 

contrast agents, the combination of both materials allows to overcome toxic and/or 

agglomerative issues of MNPs. Also, the high specific area of carbonaceous shells allows the 

additional functionalization with active tumour targeting ligands, such as oligosaccharides, 

oligopeptides, folic acid or antibodies, to increase the cellular uptake of nanoparticles. This 

approach can allow the selective targeting of cancer cells to simultaneous detect and 

destroy them with combined therapeutic techniques (e.g. drug delivery, magnetic 

hyperthermia and/or gene therapy), even when they are disseminated as metastatic cells 

[54].  

2.2.2 Classification and synthesis techniques  

Magnetic carbon nanostructures are hybrid nanomaterials categorized, in 

general, in two main classes: (i) carbon encapsulated MNPs and (ii) carbon nanostructures 

decorated with MNPs [30], as shown in Figure 2.5.  

(i) Carbon encapsulated MNPs 

This combined structure is mainly composed by a carbonaceous shell covering a 

magnetic nanomaterial with spherical or oblong (e.g. nanotubes) geometries that can be 

designed with core-shell or yolk-shell configurations.   

Yolk-shell nanostructures (YSNs), as shown in Figure 2.5 (a), are a special class of core-shell 

structures composed by a core@void@shell configuration. 
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Figure 2.5. Representation of the two main general classes of magnetic carbon nanostructures: (a) 
carbon encapsulated MNPs (yolk-shell configuration), and (b) carbon nanostructures decorated with 
MNPs. 

YSNs have been received great attention due to its hollow space, which shows great potential 

to be used as optimized nanocarriers for drug/gene delivery applications, nanoreactors, 

biosensors, among others [64]. 

These heterogenic structures can be synthesized by direct routes (also known as in situ 

encapsulation), such as chemical vapor deposition (CVD), or by indirect routes, mostly using 

wet chemical techniques [30]. In the second route, a multistage synthesis is required, 

generally divided by a first step, where the magnetic core is synthesized and followed by a 

second step, where the magnetic core is encapsulated with the carbonaceous shell.  

Overall, the main advantage of the encapsulation technique is the ability to protect the 

magnetic core from corrosion, as well as to avoid the toxic side-effect of the magnetic core. 

Additionally, the carbonaceous shell allows the possibility to functionalize the combined 

nanostructure accordingly with specific needs of the final application.   

(ii) Carbon nanostructures decorated with MNPs 

In this magnetic composite nanostructure, MNPs can decorate a broad variety of 

carbonaceous nanostructures. In contrast with the previous heterogenic structure, MNPs are 

not protected against the environment nor is the environment protected against their 

possible toxicity. In this case, the carbon platform acts as a nanocarrier for nanomagnets 

and other biomolecules [30]. Also, in this case, additional functionalization of the 

nanoparticles is restricted to the space occupied by these magnetic nanoparticles. 

Depending on the type of composite nanostructures and final application, several synthetic 

routes were developed in the last decade envisioning an efficient shape-control, colloidal 

stabilization and well-defined magnetic carbon hybrid nanostructure. Among them, the most 

popular includes filling processes, template-based synthesis, chemical vapor deposition, 

hydrothermal/solvothermal method, pyrolysis, sol-gel process, detonation induced reaction 

and self-assembly method [31]. 
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Independently on the type of synthesis that is selected to produce these hybrid 

nanostructures, it is mandatory for biomedical applications that those structures are well 

characterized, with especial concern regarding their toxicity, biocompatibility and 

interaction with human cells (i.e. blood cells, different tissues and organs). In fact, despite 

of all the progress made in the last decade for the development of efficient nanoplatforms 

for theranostic applications, in general the biocompatibility and haematological effect of 

these multifunctional structures are not reported or fully investigated [65]. The main reason 

for this lack of biological studies can be attributed to the difficulty to obtain good models 

that allow the collection of easier and readable data. Typically, the screening of such 

materials involves 2D cell/tissue cultures or the sacrifice of small animal (e.g. mice, rats 

and rabbits) [66]. In this last alternative, besides the ethical concern that rises from the use 

of animals, these models have shown to be inefficient to predict human response, creating 

a slow pace for the translation of these nanosystems for clinical applications [67]. 

As an alternative to these models, microfluidic devices have been explored as useful tools 

capable to give new insight into chemical, physical and biological response of cells. Indeed, 

microfluidics have been considered a technology that has the potentiality to significantly 

change the way modern biology is performed and an optimal platform capable to improve 

diagnosis and clinical research [68].  

  

2.3 Microfluidic devices 

Microfluidic devices (Figure 2.6) can be defined as the set of technologies 

handling and processing small fluid volumes (e.g., µL, nL and pL) through microchannel 

geometries, with dimension of tens to hundreds of micrometres embedded in a chip [69-72]. 

Related with these characteristics, since small amounts of reagents and samples are used, 

microfluidic devices are suitable for analytical purposes with several advantages, such as 

short times for analysis, reduction of reagent costs, low fabrication cost, miniaturization, 

sensitivity, selectivity, repeatability, portability and biocompatibility [70, 72]. Furthermore, 

microfluidic devices can be used as an integrative multiple processes device, called as lab-

on-a-chip (LoC) or micro total analysis system (µTAS). This concept of “miniaturized total 

chemical analysis system”, known in our days as µTAS or LoC, was introduced by Andreas 

Manz and co-workers in 1990 [73]. Since then, the scientific expectations on this technology 

and analytical possibilities have increased as analytical tool [72], but also as a tool capable 

to improve the global health [74, 75]. Some application examples at the laboratory scale are 

found in clinical diagnosis, such as point-of-care testing [76-78], environment monitoring  
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[79-81], food industry [82, 83], microelectronics [84, 85] and in numerous biochemical and 

biological processes (e.g., analysis of blood samples [86], drug screening [87], cell counting 

and sorting [88], cell culture studies [89], polymerase chain reaction (PCR) [90], DNA 

sequencing [91], among others). 

 

Figure 2.6. Representation of a microfluidic device combining red blood cells separation and 
deformation for clinical diagnosis applications. 

2.3.1 Microfluidics in biomedical research 

More than a decade ago, Beebe and co-workers [93] declared that, “microfluidics 

have the potential to significantly change the way modern biology is performed”. This 

optimism around microfluidics was supported by several remarkable advantages that this 

microscale approach has over traditional assays used in cell biology, offering a better 

representation of the physiological and pathological conditions of complex biological systems 

[68, 94]. In addition to this biomimetic capability, microfluidics allow the possibility to 

integrate micro-electrochemical systems (MEMS), automatization systems and/or culture 

cells. In this way, the versatility of microfluidic devices promotes the investigation of a 

variety of biological systems from single-cell biophysical characterization, to miniaturization 

of an entire laboratory onto a single chip (i.e., lab-on-a-chip), and more recently, the 

recapitulation of the organs physiological parameters into a chip (i.e. organ-on-a-chip). All 

these possibilities make possible a dramatic shift in the way that diagnosis and treatment 

are performed in medicine and thus, in human health.  

2.3.1.1 Single-cell biophysical studies 

Biophysical properties of cells (i.e. cell size, mechanical and electrical 

properties) have important roles in several biological processes, such as metabolic activities, 
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regulation of gene expression, differentiation, migration, among others [95]. Changes in 

these biophysical and/or biochemical properties can help to identify pathological cells and 

precociously diagnose several diseases. On the contrary of conventional techniques that are 

time-consuming with tedious operation procedures and very low measurement throughput, 

microfluidic techniques, with inherently small sample volumes, integration capability and 

fast response, are very attractive for the study and analysis of cells [95, 96].  However, the 

great advantage of this technology for cell studies lies on the physiological phenomena that 

happens at the microscale. Is important to remind that at the microscale level, different 

forces become dominant over those experienced at the macroscale. Among the most 

important effects that become dominant at the microfluidic scale are the laminar flow, 

diffusion, fluidic resistance, surface area to volume ratio and surface tension [96]. 

Therefore, the design of new microfluidic chips should have those phenomena into account 

to take advantages of such forces to enhance microscale devices. 

At the microscale level, the structure of cells (e.g. cell wall, nucleus and cytoskeleton) and 

its mechanical properties are the fundamental basis for the understanding of cell’s biology. 

For instance, it is well known that many pathologies can alter the cytoskeleton composition 

of cells, by reorganizing their network structure and changing their protein density [95]. This 

results in the change of cell deformability, which plays a crucial role in the mobility of 

cancer cells [97], and in the deformability of blood cells [98, 99]. Indeed, the decrease in 

the deformability of red blood cells (RBCs) has been proven to be relevant in the 

identification of several human diseases, such as malaria [100], diabetes [101], hereditary 

spherocytosis [102], among others.  

For the measurement and characterization of the mechanical properties of cells, several 

microfluidic techniques based on cell-deformation can be used, namely optical stretcher, 

DEP-induced deformation, aspiration-induced deformation, electroporation-induced, and 

fluid-induced deformation based on constriction channels [95].  

For the assessment of the deformability of RBCs, microfluidic devices based on fluid-induced 

deformation are the most used. Unlike other microfluidic techniques that promotes the 

deformation of cells by using external triggers, such as electrical voltages or laser beam, 

cells submitted to fluid-induced deformation change their conformation by fluid shear stress 

[94, 106].  Since RBCs are highly deformable in small blood vessels under fluid shear stress, 

most of the microfluidic devices designed for deformability studies are based on transient 

high shear stress in a sudden-contraction microchannel [103]. However, besides shear stress, 

extensional flow or the combination of both can be found in the human body at the 

microvascular level [103]. Indeed, microfluidic channels designed with hyperbolic 
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contractions that promote extensional flow, have shown the ability to deform RBCs in a more 

efficient way than sudden contraction by high shear stress, with the advantage to avoid 

tumbling and rolling motions of cells [95, 104]. This efficient microfluidic technique with 

the aid of high-speed imaging or electrical impedance measurements is also recognized to 

allow multiple parameter outputs along with the deformability of cells, such as transit time, 

elongation and recovery time [94, 104]. 

At the microfluidic level, RBCs when subjected to high shear and extensional effects tend to 

elongate into ellipsoid shapes, aligning their major axis with the flow direction. Then, when 

the fluid shear forces created by the walls are removed, RBCs tend to return to their normal 

biconcave disc shape [103]. Due to these merits, fluid-induced deformation channels have 

been widely used not only to assess the deformability of RBCs [105], but also leukocytes [99, 

106] and cancer cells [107]. The quantification of the degree of deformability, known as 

deformation index (DI) or elongation index, is conventionally calculated using the expression 

(X – Y)/(X + Y), where X and Y represent the major and minor lengths of the cell in ellipsoid 

shape, respectively (cf. Figure 2.7 (a)). Nevertheless, if a sudden contraction channel is used 

with a dimension lower than those of cells, RBCs tend to deform in a parachute shape, and 

the degree of deformability should be measured in this case, as the ration between X and Y 

[103], as exemplified in Figure 2.7 (b).  

 

Figure 2.7. Blood flow and RBC deformability equation used for different microfluidic induced-fluid 
contractions: (a) Hyperbolic contraction and (b) Sudden contraction.  

Additional information about the visualization and measurements of RBCs under fluid-

induced deformation can be found in Appendix A, where a review published in the journal 

Micromachines details these topics. Moreover, in Appendix B, a study published in the 

journal Biomedical microdevices reports the use of a microfluidic device developed for 

continuous blood cells separation (i.e., RBCs and leucocytes) and deformation assessment 

using hyperbolic contraction.   
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2.3.1.2 Lab-on-a-chip  

After the pioneering paper of Manz et al. in 1990 [73], where the new concept 

of TAS was introduced by using silicon chip analysers to combine sample pre-treatment, 

separation and detection, many companies found new applicability of these systems for life 

science purposes [108]. Few years later, this new concept provided a novel approach to 

integrate separated standard laboratory-based assays into a single microdevice, called as 

LoC, as referred above [109]. With the additional advantage of miniaturization that enhance 

its analytical performance, these small size devices present other advantages such as short 

times for analysis, reduction of reagent, low fabrication cost and portability, which allow 

them to be used as point-of-care (PoC) diagnostic devices for global health applications [76-

78]. Due to these advantages, the appropriate development of PoC devices for high-impact 

diseases, such as malaria, HIV/AIDs, tuberculosis, cancer, diabetes or cardiac diseases, is 

seen as a technology that will allow a significant reduce on the global health burden [110]. 

Therefore, PoC tests are seen as able to short diagnosis and prompt accurate treatments, 

especially in settings where timing is critical (such in emergency cases), where low or non-

existent laboratory facilities are presented and/or when professional and financial resources 

are low [111].   

Although in the past decade many achievements have been done on TAS technologies, with 

outstanding improvements in the field of microfluidics and integration of monitoring 

techniques, just few TAS devices have been successfully adopted for clinical applications. 

The main reason of the low spreading of this technology for clinical purposes is the inability 

to fabricate low cost disposable automatized microdevices, without the need of benchtop 

assays. Therefore, microfabrication and miniaturization of microelectromechanical systems 

have a crucial role on the development and spreading of these technologies in the near 

future [68, 108, 111].   

An exceptional case of PoC success, is the microfluidic-based device i-STAT Portable Clinical 

Analyser system from Abbot diagnostics, shown in Figure 2.8. This handling device allows 

the quantification of biological parameters in blood sample, by using microfluidic disposable 

cartridges with integrated electrochemical sensors, thus reducing the sampling and result 

time to around 5 min [112]. 
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Figure 2.8. Images and handling procedure of i-STAT Portable Clinical Analyser system from Abbot 
diagnostics. Reprinted from [112]. Copyright © 2010, with permission from Royal Society of Chemistry. 

2.3.1.3 Organ-on-a-chip  

Organ-on-a-chip platforms, as represented in Figure 2.9, are a new class of 

microfluidic devices that have emerged in the recent years, alongside with the development 

of new 3D printing techniques and tissue engineering, with the purpose to fulfil the limitation 

of animal studies in predicting clinical outcomes [113, 114]. Although animal trials are the 

conventional method applied in early-stage tests to determine biocompatibility and 

toxicological effect of new drugs, biomaterials and biomedical devices (such as 

nanoparticles, prosthesis, among others), this methodology is considered exceedingly 

expensive, time-consuming and most of the times inadequate to represent human physiology 

[113, 115]. Therefore, the development of microphysiological systems ─ i.e, microfluidic 

devices able to mimic in vivo human biology, have been captivating scientists and receiving 

a significant financial support, especially from pharma-industries and government agencies 

[113].  

In this context, organ-on-a-chip have emerged as a lab-on-a-chip platform combined with 

tissue culture techniques, able to produce fluid shear stress, mechanical stress, biochemical 

concentration gradient and other physical stimuli, with the goal to recapitulate human 

physiology at lower cost and higher reproducibility [116]. Also, this new methodology 

overpasses the ethical concern regarding the use of animals for human testing products, 

which is in line with the 3 Rs’ animal principle (reduce, refine and replace animal testing) 

[113].  

In recent years, a variety of human organ models have been developed to mimic different 

human physiological conditions and organs, such as bone [117], brain [118], eye [119], heart 

[120], liver [121], lung [122], skin [123], vasculature system [124], among others. But, the 

ultimate goal for biomedical applications is still the development of multiorgan-on-a-chip 
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systems for pharmacology tests and personalized body-on-a-chip for diagnosis and treatment 

[113]. Alongside with these clinical applications, organ-on-a-chip platforms can play an 

important role in the boost of nanomaterials developed for nanomedicine [115].  

 

Figure 2.9. Representation of the principal design concept and applications of organ-on-a-chip 
platforms. 

 

Although the apparent success of nanoparticles developed and tested at laboratory scale is 

high, the translation of nanomedicine products to clinical applications has been limited and 

slow [115, 125]. In fact, it is estimated than less than 200 nanomedicine products have been 

commercialized so far [125]. Moreover, a recent study reported that only 0.7% of the 

injected nanoparticles developed for cancer theranostics, are able to reach and accumulate 

into tumours, which has caused the stagnation of the delivery efficiency of these 

nanocarriers in medicine over the past decade [126].  

Cancer-on-a-chip systems, which are organ-on-a-chip platforms where healthy tissues are 

replaced by cancer ones, can have a dramatic impact in cancer medicine by mimicking the 

complex 3D microstructures and extracellular matrix of tumour microenvironment [115]. 

Due to the close mimic to in vivo cell biology and physiology, these platforms are able to 

surpass the low accuracy of conventional planar and static cell culture models. Additionally, 

the potential to couple these platforms with human cells make these systems much more 

attractive than animal models, especially by its possibility to develop personalized medicine 

[67, 113]. Overall, cancer-on-a-chip systems can have a dramatic impact in drug screening, 



CHAPTER II: THEORETICAL CONCEPTS 

Microfluidic devices 

34 

 

therapy efficiency assessment, metastasis studies, personalized medicine and nanomedicine 

[115].  

Surprisingly, although the remarkable potentiality to use these platforms to assess 

theranostic nanosystems, cancer-on-a-chip platforms have not been intensively 

implemented. One of the first studies where it was implemented a simple microfluidic device 

coated with a monolayer of cancer cells goes back to 2005, when Farokhzard and co-workers 

studied the dynamic interaction of different size nanoparticles with cancer cells [127]. Since 

then, some prototypes of 3D cancer-on-a-chip platforms have been developed for 

nanoparticle assessment [128-130]. Although their merits, the effective application of those 

platforms to assess nanomedicine has been limited, and some challenges are still needed to 

be addressed: (i) necessity to combine healthy and cancerous organoids interconnected by 

body or media flow, in order to develop a representative cancer-patient-on-a-chip system; 

(ii) integration of a functional vasculature network to achieve an accurate testing of the 

pharmacokinetics and pharmacodynamics of nanoparticles; (iii) incorporation of blood cells 

and immunocompetent microenvironments to study their interaction with nanoparticles; (iv) 

design of the proper location and scaling of the different organoids to ensure the human 

effect; (v) efficient real-time miniaturization of the organs/tissues in the microbioreactors 

along with extensive period of time [114, 115].  

2.3.2 Microfabrication techniques of microfluidic devices 

Whereas glass and silicon have dominated the early years of TAS, polymers have 

emerged as a better substrate material for the microfabrication of the microfluidic devices 

due to its several advantages, such as good optical transparency, biocompatibility, chemical 

and mechanical properties as well as a friendly system integration (e.g., interconnection 

with inlets/outlets) [109, 131]. Therefore, these materials enable a high volume of 

production with good reproducibility, lower cost of fabrication and versatility in the design. 

These properties are of utmost importance to the creation of disposable microfluidic chips 

for biomedical and clinical applications. Nevertheless, polymers have some limitations 

regarding their properties or processing techniques in comparison to glass, such as limited 

operation-temperature range, higher auto-fluorescence and limited surface modification 

techniques [132]. Nevertheless, the versatility of polymers and microfabrication techniques 

can help to address those limitations. Among the most popular polymers to make microfluidic 

devices are polymethylmethacrylate (PMMA), cyclic olefin copolymer (COC), polystyrene 

(PS), polycarbonate (PC), polyethyleneterephthalateglycol (PETG) and polydimethylsiloxane 
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(PDMS) [67, 69-72]. Depending on the polymer substrate as a matrix in a microfluidic device, 

different microfabrication techniques can be applied, namely injection moulding [132], hot 

embossing [133], soft-lithography [86], direct laser plotting [134], laser photoablation or 

laser micromachining [135], photolithography [136], X-ray lithography [137], among other 

more recent and low-costly microfabrication techniques, as is the case of print-and-peel 

techniques, such as xurography [138]. 

Additional details over the microfabrication techniques and polymers most used on the 

development of microfluidic devices, can be found in Appendix C. Here, a mini-review 

published in the U. Porto Journal of Engineering details the current fabrication techniques 

used with polymer materials, as well as the recent low-cost techniques that are gaining 

interest in the field.   

Other important aspect to consider in the fabrication of TAS devices, is the integration of 

interfaces and interconnections. In general, the following elements should be well 

integrated for a “plug and play” system: (i) fluid handling unit, (ii) mixing/dilution unit, (iii) 

sample concentration unit, (iv) filtration/purification unit, (v) sorting unit, (vi) incubation 

unit, and (vii) detection unit. Among all, detection unit is one of the most important 

integrated elements, by allowing the possibility to quantify and monitor the target in 

continuous and real-time [108, 109]. For the quantification purpose, many available sensors 

ranging from electrochemical detection, optical detection, mass spectrometry to magnetic-

based detection techniques can be used [74, 108, 139]. The selection of the detection unit 

is based on the bioanalytical application. The analytes detected include nucleic acids, 

proteins, small molecules and cells. 

2.3.3 Bioanalytical analysis and applications of microfluidic devices 

2.3.3.1 Nucleic acid analysis 

Nucleic acid analysis (DNA or RNA) is one of the leading applications using 

microfluidic devices. Since nucleic acids are the building blocks of live, this class of analytes 

can be used in prenatal diagnosis of disorders, clinical disease diagnosis (i.e., infections, 

genetic diseases and disease staging) and forensic investigations [111]. Additionally to DNA 

on-chip detection, another significant application is the DNA amplification using PCR on-chip 

system [139].  
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2.3.3.2 Proteins analysis 

Proteins analysis covers a wide range of clinical applications, including 

immunoassays such as Enzyme-Linked Immunosorbent Assay (ELISA) tests, enzyme assays, 

separation of amino acids and peptides. For clinical diagnosis and monitoring diseases, 

protein specimens can be found in a variety of sample matrices such as whole blood, 

serum/plasma, saliva and urine [111].  

2.3.3.3 Small molecules analysis 

Small molecules analysis, such as electrolytes from body fluids, is another class 

of analyte that can be used to monitor health parameters in disease prevention. In general, 

these analytes are detected based on electrochemical or optical sensing [111].  

2.3.3.4 Cellular analysis 

Cellular analysis is often required for disease diagnosis and haematological 

analysis in PoC testing. For heterogeneous cell suspension, such as whole blood, two main 

categories for sorting can be used: size- and density-based techniques and affinity-based 

techniques. Other approach involves the lysing of undesired cells and preservation of target 

cells in the reaction chamber. These methods are, in general, easily implemented on 

microfluidic devices and are followed by downstream analysis such as fluorescence 

microscopy or proteomic/genomic analysis [111, 139]. 
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3 Superparamagnetic nanoparticles for theranostic 

applications 

3.1 Introduction 

The development of superparamagnetic nanoparticles for nanomedicine has 

attracted much attention in the last decades, especially due to their remarkable 

physicochemical properties acquired at the nanoscale. In particular, superparamagnetic iron 

oxide nanoparticles have gained increasing importance in the field due to the possibility to 

combine diagnosis and therapy of cancer, i.e. as contrast agents for MRI and as nanoheaters 

in magnetic hyperthermia. Nevertheless, the poor heating efficiency of most reported MNPs, 

together with the lack of biocompatibility and haemodynamic studies, and imprecise 

experimental determination of the temperature field during hyperthermia treatment, have 

hamper the spread of multifunctional nanoparticles as the next generation of theranostic 

bio-agents in medicine.  

In this Chapter, the synthesis and optimization of superparamagnetic nanoparticles for 

nanomedicine are described. For this purpose, the co-precipitation method was selected 

due to the high yield of nanoparticles synthesized and the respective low toxicity. By ranging 

synthesis temperatures, different bare MNPs were obtained. These MNPs were fully 

characterized regarding their chemical, physical and magnetic properties.  

In Section 3.2, a new microfluidic methodology for the haemocompatibility assessment of 

superparamagnetic nanoparticles synthesized for theranostic applications is detailed. The 

proposed microfluidic tool aims to add a new dimension into the field of nanomedicine, 

allowing to be applied as a high-sensitivity technique capable of bringing a better 

understanding of the biological impact of nanoparticles developed for clinical applications. 

This study was published in the Journal of Nanoparticle Research [1]. 

In Section 3.3, thermal infrared image processing was considered to assess the heat 

generated by the developed magnetic nanoparticles during hyperthermia using a home-made 

AMF apparatus. The imaging processing methodology described in this section, is proposed 

to be used as a screening tool to evaluate the potentiality of MNPs synthesized for 

hyperthermia. The results of this study were published as a book chapter in Advances in 

Visual Computing: Lecture Notes in Computer Science [2].   
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3.2 Haemocompatibility of iron oxide nanoparticles synthesized for 

theranostic applications: a high-sensitivity microfluidic tool 

The poor heating efficiency of most reported MNPs, allied to the lack of 

comprehensive biocompatibility and haemodynamic studies, hamper the spread of 

multifunctional nanoparticles as the next generation of therapeutic bio-agents in medicine. 

Despite the large number of reports on the development of MNPs for theranostic applications 

[3-10], just a few of them report biocompatibility studies [6, 8, 10, 11] and even less report 

their haemocompatibility [6, 8]. In fact, the determination of haemocompatibility is crucial 

to understand the real in vivo potential of any nanomaterial envisioned for systemic 

administration, due to its potential toxicological reactions (e.g., embolization, haemolysis 

and coagulation). In addition, haemocompatibility studies have shown to be more sensitive 

than animal cell toxicity assays to this purpose [6]. Curiously, there is a lack of reports 

regarding the complex nanoparticle-RBCs membrane interaction, possibly due to the small 

size of the nanoparticles, which makes very challenging to explore, even in vitro, the 

haemodynamic and the complex vascular environment [12]. In this context, this section 

presents, besides the development and characterization of superparamagnetic nanoparticles 

for theranostic applications, the development of a new microfluidic tool capable to 

evaluate, in mimicked environments (close to in vivo microvessels), the biocompatibility and 

toxicity impact of biomedical-oriented MNPs. By combining this microfluidic tool with a high-

speed video microscopy system, multiple parameters such as transit time, recovery time and 

cell deformability, which cannot be easily assessed via conventional approaches, can be 

quantified with great detail.  

In the past, constriction channel-based microfluidic geometries based on sudden and narrow 

channels, were adopted to determine the rheological and hydrodynamic effect of these 

structures over the elasticity and deformation of the RBCs. Hence, it was observed that this 

constriction geometries had the ability to early characterize diseases (i.e., malaria, 

diabetes, anaemia, among others) in blood cells, by determining differences in their natural 

deformations index (DI) [13]. However, these close-fitting geometries, in the form of long 

constrictions, also promote the clogging of the channel when the blood cells increase their 

rigidity [13]. To overcome this limitation, microfluidic devices with a hyperbolic channel 

based on extensional flow approach were adopted with great success by Lee, et al. [14], 

Yaginuma, et al. [15] and Faustino, et al. [16]. In these pioneering works, the mechanical, 

rheological and haemodynamic environment created by the hyperbolic-shaped contractions 

were exhaustively tested, allowing to conclude that hyperbolic converging microchannels 

are a more accurate technique to determine the DIs of the flowing RBCs, than shear flow-
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based methodologies. Additionally, it was demonstrated that the deformability of blood cells 

could be detailed and quantitatively described under a controlled homogeneous extensional 

flow, without the cell’s tumbling and rotational motions usually observed in the shear flow 

based methodologies [14, 15, 17].  

In line with the aforementioned studies, the proposed microfluidic tool described in this 

section adds a new dimension into the field of nanomedicine, by allowing a new application 

of this high-sensitivity technique capable to bring a better understanding of the biological 

impact of nanoparticles developed for clinical applications.  

Overall, this section aims to (1) develop MNPs suitable for the combined diagnosis and 

treatment of cancer, known as theranostics; (2) determine the haemocompatibility of the 

designed MNPs using a conventional analysis technique (i.e., haemolysis test); and (3) 

propose a new microfluidic tool capable to bring a new concept to assess with higher 

accuracy the haemocompatibility and toxicity effect of MNPs developed for clinical 

applications. Moreover, and to the best of our knowledge, this was the first time that an 

experimental microfluidic methodology was tested with the purpose of gaining new insights 

over the complex nanoparticle-RBCs membrane interaction, mimicking micro-rheological 

conditions as those observed in in vivo microvascular environments. 

3.2.1 Materials and methods 

3.2.1.1 Chemicals 

Ammonium hydroxide solution (NH4OH, 25 wt% in H2O) was purchased from Merck 

(NJ, USA). Iron (II) chloride tetrahydrate (FeCl2.4H2O, 99%), Dextran 40 ((C6H10O5)n) and 

ethanol absolute (C2H6O, 99.8%) were purchased from Sigma-Aldrich (MO, USA). Iron (III) 

chloride hexahydrate (FeCl3.6H2O, 97%) was supplied by Panreac (Barcelona, Spain). 

Alendronic acid (Al, C4H13NO7P2, 98.0%) and acetone (C3H6O, 99.5%) were purchase from TCI 

Europe. Physiological salt solution (PSS) with 0.9% NaCl was supplied by B. Braun Medical 

(Germany). All chemicals were of analytical grade and used as received without further 

purification. All aqueous solutions were prepared in deionized water. 

3.2.1.2 Synthesis of magnetic nanoparticles  

Briefly, FeCl3.6H2O (134 mM), FeCl2.4H2O (67 mM) and NH4OH (1 M) solutions were 

prepared in deionized water at room temperature. Two samples of magnetite were 
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synthesized by alkaline co-precipitation, mixing in 100 mL of deionized water, the iron 

precursors in the stoichiometric ratio 1:2 of iron (II) and iron (III) salts under vigorous 

magnetic stirring (C-Mag HS7, IKA). Then, the resultant mixture was heated until the desired 

temperature (30 or 55 ºC). At that point, a basic NH4OH (1 M) solution was added drop-wise 

until pH ~ 9, promoting the co-precipitation of the magnetite nanoparticles. The black 

solution formed in this process was maintained for 30 min at the same temperature and 

stirring conditions, ensuring the complete magnetite crystal formation. After that, the 

samples of MNPs were subjected to repeated washing steps with deionized water to remove 

impurities; the last washing step was carried out with absolute ethanol and these particles 

were dried at 60 ºC overnight. The resulting materials were labelled as MAG30 and MAG55, 

depending on the heating temperature used (30 or 55 ºC, respectively). 

In this study, hydrophilic MNP ferrofluids were obtained after addition of a solution of 

alendronic acid (Al, 50 mM, pH 10) into the colloidal suspensions of MAG30 or  

MAG55 (1 mg mL-1), by using a ratio 4:1 (v/v). The mixtures were sonicated during 15 min 

and vigorously stirred for 48 h at room temperature. The resulting suspensions were 

centrifuged at 6000 rpm for 5 min (Allegra 64R, Beckman Coulter) and washed with acetone 

to remove free alendronate from the coated MNPs. The purification procedure was repeated 

twice. The resulting MNPs@Al (MAG30@Al and MAG55@Al) were dispersed in water, sonicated 

for 30 sec and stored at room temperature. 

3.2.1.3 Characterization of magnetic nanoparticles 

(i) Size, crystal structure and chemical composition 

Transmission electron microscopy (TEM, LEO/ZEISS 906E) was used to analyse 

individually the morphology and particle size distribution, MAG30 and MAG55, employing an 

ImageJ software (1.46r, NIH). For each sample, 120 individual MNPs were randomly 

measured and the results shown as mean. The crystalline phases of these materials were 

analysed by X-ray diffraction (XRD) in a PAN'alytical X'Pert PRO equipment (CuKα radiation) 

equipped with an X’Celerator detector and a secondary monochromator, in /2 geometry. 

The diffractograms were analysed by Rietveld refinement using PowderCell software. 

Crystallite sizes were calculated applying Williamson-Hall model for the refinement of 

results. An inductively coupled plasma – optical emission spectrometer (ICP-OES, ICPE-9000, 

Shimadzu) was employed to determine the iron content on the MNPs@Al hydrophilic samples. 

 



CHAPTER III: SUPERPARAMAGNETIC NANOPARTICLES FOR THERANOSTIC APPLICATIONS 
Haemocompatibility of IONPs synthesized for theranostic applications: a high-sensitivity microfluidic tool 

49 

 

(ii) Magnetic and hyperthermia properties 

The magnetic properties of the powder samples, MAG30 and MAG55, were 

investigated with a superconducting quantum interference device (SQUID-VSM) 

magnetometer from Quantum Design. Hysteresis curves were recorded for magnetic fields 

between -20 kOe and +20 kOe at room temperature (300 K corresponding to 26.9 ºC). The 

temperature dependent magnetization was recorded under a magnetic field of 50 Oe in the 

temperature range between - 271.2 ºC (2 K) and 26.9 ºC (300 K), in both (ZFC) and field-

cooled (FC) samples. The MNPs@Al heating efficiencies were evaluated in a hyperthermia 

equipment (DM 100 system, nB nanoscale Biomagnetics) by using 1 mL of MNPs@Al water 

dispersion (0.4 g Fe3O4 L
-1) under an applied oscillating magnetic field of 15.95 kA m-1 at a 

resonant frequency of 688 kHz. The temperature increase was measured with an optical 

fibre and recorded as a function of time for 10 min.  

(iii) Magnetic resonance relaxivity studies 

The MRI contrast enhancement efficiency of MNPs@Al was studied by the 

determination of the T1 (longitudinal) and T2 (transversal) relaxation times with a fixed field 

relaxometer (Minispec NMR spectrometer mq60, Bruker Instruments) at a magnetic field 

strength of 1.41 T. To this purpose, three different Fe concentrated solutions were prepared 

of each sample (MAG30@Al and MAG55@Al), with Fe concentrations of 0.00, 0.04 and  

0.08 mM. The r1 and r2 relaxivities were determined from the slopes of a linear fitting of 

1/T1 or 1/T2 vs. the Fe content of the samples. 

3.2.1.4 Conventional haemolysis analysis 

Haemolysis induced by nanoparticles treatment was assessed photometrically 

with a UV–Vis spectrophotometer (T70 spectrometer, PG Instruments Ltd.). Human whole 

blood from healthy donors were collected into 2.7 mL tubes (S-Monovette®, Sarstedt) 

containing ethylenediaminetetraacetic acid (EDTA), followed by dilution in a ratio 1:4 (v/v) 

in PSS. MNPs@Al were further suspended in the diluted whole blood in order to obtain a final 

concentration of 17.4 and 34.8 g Fe3O4 mL-1. Positive control was obtained using the whole 

blood diluted in a ratio 1:4 (v/v) in PSS buffer and the negative control by adding to the 

diluted whole blood the same volume of deionized water (1:1, v/v). The solutions with 

MNPs@Al and controls were incubated at 37 ºC during 1 h in a shaking water bath. The 

released haemoglobin was determined after centrifugation at 3000 rpm for 5 min, followed 
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by photometric analysis of the supernatant at 540 nm. The haemolysis ratio (HR) was 

calculated from the optical density (OD) using Equation (3.1) [8]: 

HR (%) = (100 x (ODtest sample – ODnegative control))/(ODpositive control – ODnegative control) 

The data was calculated from three independent experiments (mean ± standard deviation).  

3.2.1.5 Microfluidic studies 

(i) Microfluidic device, experimental setup and parameters 

The polydimethylsiloxane (PDMS) microchannels evaluated in this work were 

fabricated by using a soft-lithographic technique, as previously reported by Lima, et al. [18]. 

Figure 3.1 shows the main channel of the microfluidic device that was designed to have the 

following dimensions: 20 × 400 × 26 389 m (height × width × length).  

 

Figure 3.1. Microfluidic device fabricated in PDMS with a hyperbolic-shaped contraction to assess the 
haemocompatibility of the RBCs in contact with MNPs. Reprinted from [1]. Copyright © 2016, with 
permission from Springer Nature. 

In the centre of this main channel, a hyperbolic-shaped contraction with a Hencky strain of 

~ 3 (also called as logarithmic strain, εH = ln(Ww/Wn) [17]), was designed to have the 

following dimensions: 400 m of length and widths of 400 m and 20 m, respectively at the 

wide (Ww) and narrow sizes (Wn). As consequence, the high Hencky strain imposed on this 

geometry allows an almost linear velocity increase with the axial position, x, without 

suffering entrance or exit effects [17].  

The microscopy system used in this work consisted on an inverted microscope (IX71, 

Olympus) combined with a high-speed camera (Fastcam SA3, Photron, USA). In the inverted 

microscope, the PDMS microchannel was placed and fixed, and the flow rate of the working 

(3.1) 
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fluids kept constant at 5 L min-1 by means of a syringe pump (PHD Ultra, Harvard Apparatus, 

USA) with a 2 mL syringe (Terumo, Japan). At the same time, the images of the flowing 

blood cells, at the established flow rate, were captured by the high-speed camera with a 

frame rate of 2000 frames s-1 and a shutter speed ratio of 1/75 000 s. These parameters 

allowed the minimization of some possible image distortions caused by the high flow rate.  

Table 3.1 shows the experimental parameters used to perform the haemodynamic study of 

RBCs as biophysical markers, by assessing their DIs in the described hyperbolic channel. 

Table 3.1. Experimental parameters used to perform the haemodynamic study of RBCs, as 
natural biophysical markers to evaluate the MNPs biocompatibility by assessing their Dis. 
Reprinted from [1]. Copyright © 2016, with permission from Springer Nature 

Experimental parameters 

Maximum width of the microchannel 400 m 

Minimum width of the microchannel 20 m 

Total length of the contraction region 400 m 

Depth of the microchannel 20 m 

Inlet flow rate 5 L min-1 

Mean diameter of the human RBC at rest 8 m 

Shear viscosity of the Dextran 40 4.5 × 10-3 Pa s-1 

Density of the Dextran 40 1046 Kg m-3 

Haematocrit of the working fluid 2% 

MNPs concentration 17.4 and 34.8 g Magnetite mL-1 

Temperature of the working fluid 37 ºC 

Magnification (M) 20 × (Optical zoom 1.6 ×) 

Frame rate 2000 frames s-1 

Exposure time 500 s 

(ii) Working fluid protocol 

A Dextran 40 solution (10%, w/v) containing 2% of haematocrit (RBCs, v/v) was 

used as the working fluid to perform the deformability tests in the microfluidic devices. The 

amount of MNPs@Al was studied at 0.0, 17.4 and 34.8 g Fe3O4 mL-1. The working fluid 

prepared without MNPs@Al (0.0 g Fe3O4 mL-1) was used as positive control.  

Briefly, venous human blood samples from healthy donors were collected into 2.7 mL tubes 

(S-Monovette®, Sarstedt) containing EDTA to avoid coagulation, and centrifuged at 2500 rpm 
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for 10 min at 4 ºC. The buffy coat and plasma were removed and the packed RBCs re-

suspended and washed twice in PSS with 0.9% NaCl, in a ratio 1:1 (v/v). The final working 

fluid was prepared immediately before the experiments by mixing together the collected 

RBCs with the desired amount of MNPs@Al in the Dextran 40 solution (10%, w/v). Dextran 40 

solution was used as carrier fluid instead of the blood plasma to avoid the clotting and 

jamming of the blood cells in the in vitro microfluidic studies, which are generally promoted 

by some components, i.e. immunoglobulins, clotting factor, albumin and fibrinogen proteins. 

The working fluid samples were incubated at 37 ºC during 15, 30 and 60 min in a shaking 

water bath, allowing the evaluation of the time-contact effect between the MNPs and the 

deformability of RBCs.  

(iii) Image analysis 

The experimental images recorded in each test were transferred to a computer, 

processed and analysed by an image handling software, ImageJ (1.46r, NIH, USA). Using this 

software, DI of the blood cells was calculated using Equation (3.2) [15]: 

DI = Lmajor - Lminor / Lmajor + Lminor 

For each deformability test performed with three amounts of MNP@Al (0.0, 17.4 and  

34.8 g Fe3O4 mL-1), the DI of 56 red blood cells were assessed along the microfluidic channel 

with a hyperbolic-shaped contraction followed by a sudden expansion. The results were 

displayed as mean ± standard deviation. 

3.2.1.6 Ethical approval 

Ethical approval for human blood handling and analysis was given by the medical 

ethics committee of the Unidade Local de Saúde do Nordeste, E.P.E. (Bragança, Portugal). 

3.2.2 Results and discussion 

3.2.2.1 Characterization of the developed MNPs 

(i) Size, crystal structure and chemical composition 

The results obtained by TEM analysis of MAG30 and MAG55 are shown in Figure 

3.2, revealing that the magnetic core of the synthesized nanoparticles is nearly spherical for 

both samples. The increase of the synthesis temperature lead to a growth in the average 

diameter of the magnetic core, from 11.1 (MAG30) to 17.7 nm (MAG55), which is in good 

(3.2) 
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agreement with the crystallite sizes obtained by XRD analysis (Table 3.2). These sizes are 

expected for particles within the single-domain superparamagnetic region.  

 

Figure 3.2. Histogram and mean diameter ( ) of the nanoparticles following the Log-normal 
distribution of (a) MAG30 and (b) MAG55. Inset shows the corresponding TEM images. Reprinted from 
[1]. Copyright © 2016, with permission from Springer Nature. 

The determination of the nanoparticle size distribution reveals that the average of 

nanoparticle diameter and size polydispersion grows as synthesis temperature increases. 

Nevertheless, for the higher synthesis temperature used in this study (55 ºC), none of the 

measured MNPs were found to be larger than 50 nm. 

Table 3.2. Physicochemical properties of the synthesized nanoparticles: diameter determined by 
TEM (dTEM), crystallite size calculated from XRD (dhkl), lattice constant and crystalline core phase 
obtained by XRD analysis. Reprinted from [1]. Copyright © 2016, with permission from Springer 
Nature 

Sample 
Synthesis 

method 

dTEM 

(nm)a 

dhkl 

(nm)b 

Lattice 
constant, a 

(Å) 

Crystalline core phases, % 
(v/v) 

MAG30 Co-precipitation, 30 ºC 11.1  12.8  8.3652 100% Magnetite (Fe3O4) 

MAG55 Co-precipitation, 55 ºC 17.7  18.5 8.3653 100% Magnetite (Fe3O4) 

a Estimated by using ImageJ software as mean (n=120); b Calculated by using the Williamson-Hall equation [19]. 

 

All the reflection peaks of the XRD patterns of MAG30 and MAG55 were indexed by 

considering magnetite phase. No reflection peaks were observed as impurities or secondary 

phases. The cubic cell lattice parameter resulted to be a ~ 8.37 Å, in good agreement with 

the values reported for nanosized magnetite [20]. Also, Table 3.2 shows the crystallite size, 

which was calculated from the 5 most intense peaks of the XRD patterns through the 

Williamson-Hall formula [19]. For comparison purposes, the particle diameter observed by 

TEM is also shown, that resulted to be very similar to that obtained from the XRD data. Thus, 

co-precipitation method, under mild experimental conditions, revealed to be a suitable 

synthesis method for biomedical applications. 
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(ii) Magnetic and hyperthermia properties 

The main magnetic parameters of MAG30 and MAG55, namely saturation 

magnetization, coercivity and remanence, were calculated from the analysis of the 

magnetization curves as a function of the applied magnetic field obtained for powdered 

samples (cf. Table 3.3 and Figure 3.3). The specific absorption rate (SAR, W g-1
Fe3O4) values 

were calculated according to Equation (2.5). In addition, the intrinsic loss power (ILP), 

independent of the magnetic field amplitude and frequency used, and allowing a direct 

comparison between different reported values, was calculated using Equation (3.3) [21]: 

𝐼𝐿𝑃 =
𝑆𝐴𝑅

𝐻2𝑓
 

where H is the field amplitude and f the frequency used in the hyperthermia experimental 

setup. 

Table 3.3. Magnetic properties of the Fe3O4 nanoparticles synthesized by co-precipitation at 
different synthesis temperatures (30 and 55 ºC): saturation magnetization (Ms), coercivity 
(Hc), saturation remanence (Mr), SAR and ILP. Reprinted from [1]. Copyright © 2016, with 
permission from Springer Nature 

Sample 
Ms 

(emu g-1
Fe3O4) 

Hc 

(Oe) 

Mr 

(emu g-1
Fe3O4) 

SARa 

(W g-1
Fe3O4) 

ILPb 

(nHm2 kg-1) 

MAG30 56.19 ± 0.02 33.65 3.77 100.18 0.57 

MAG55 77.68 ± 0.03 18.33 1.94 565.68 3.23 

a Specific absorption rate (SAR) calculated for H = 15.95 kA m-1, f = 688 kHz, C = 0.40 g Fe3O4 L-1; b Intrinsic 
loss power (ILP) independent of the magnetic field parameters, allowing direct comparison between 
experiments under different experimental conditions. 

Both MAG30 and MAG55 hysteresis loops show a superparamagnetic-like behaviour. Whereas 

MAG30 (11.1 nm of particle size) showed a saturation magnetization, Ms, of 56 emu g-1, the 

increase of the synthesis temperature in MAG55 led to an increase of the particle size  

(17.7 nm) that subsequently resulted in an increase of Ms, which is near to the bulk value of 

magnetite, i.e. 90 emu g-1 [22]. Nevertheless, MAG55 exhibits lower remanence (Mr) and 

coercive forces (Hc) at room temperature compared to MAG30, despite the higher particle 

size of the individual particles (cf. Table 3.2). This unlike result had been previously reported 

[21] and explained to be caused by the effect of the dipolar magnetic interactions caused 

by the presence of clustering in small nanoparticles.   

On the other hand, the zero-field-cooling – field-cooling  (ZFC–FC) magnetization curves 

shown in Figure 3.3 indicate a shift of the blocking temperature (TB), defined as the 

temperature above which the MNPs show superparamagnetic behaviour [23], from - 98.2 to 

(3.3) 
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26.9 ºC (or higher) for MAG30 and MAG55, respectively. In both cases, the flatness of the FC 

curve below TB is indicative of significantly strong dipolar magnetic particle interactions. 

Hence, the confirmation of a superparamagnetic state for both MAG30 and MAG55 at room 

temperature make these samples suitable for MRI and hyperthermia applications.   

 

Figure 3.3. Magnetic characterization of MAG30 and MAG55. (a) Hysteresis loops at room temperature 
up to ± 20 kOe; the inset is a zoom in the low-field region; (b) ZFC-FC magnetization curves measured 
at 50 Oe. Reprinted from [1]. Copyright © 2016, with permission from Springer Nature. 

The hyperthermia performance of MAG30@Al and MAG55@Al nanoparticles was determined 

in water solution at a concentration of 0.40 g Fe3O4 L
-1.  

Both nanoparticle dispersions were evaluated in terms of SAR and ILP, which are shown in 

Table 3.3. Figure 3.4 shows the temperature profiles as a function of time for both samples 

under the same hyperthermia conditions (H = 15.95 kA/m; f = 688 kHz).  

 

Figure 3.4. Temperature versus time curves for MAG30@Al and MAG55@Al water colloidal dispersions 
at 0.40 g Fe3O4 L

-1, under an oscillating magnetic field of 15.95 kA m-1 and 688 kHz. Reprinted from [1]. 
Copyright © 2016, with permission from Springer Nature. 

As expected, SAR increases with the increasing size of the magnetic core of the iron oxide 

nanoparticles. Indeed, many works compiled by Deatsch and co-workers in 2014 [24] 
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indicated that the optimal diameter for magnetite nanoparticles to be applied in magnetic 

hyperthermia fall somewhere between 12 and 20 nm. However, the comparison between 

different studies is very difficult since SAR results strongly depend on the magnitude and 

frequency of the applied magnetic field. Thus, to overcome this issue, ILP was proposed as 

a measure of heating efficiency that normalizes SAR with respect to field strength, H, and 

frequency, f. ILP results revealed a remarkable heating efficiency for the MAG55 

nanoparticles (3.23 nHm2 kg-1) when compared with ILP values found for coated magnetite 

(e.g., mPEGs, chitosan, 2,3-dimercaptosuccinic acid, (3-amino-propyl)triethoxysilane, 

dextran, among others) [25, 26], or reported for commercial ferrofluids, which are in the 

range between 0.20 and 3.10 nHm2 kg-1 [27]. In fact, it should be noted that the hyperthermia 

tests performed in this work were made with an extremely low concentration of colloidal 

suspension (0.40 g Fe3O4 L
-1), which is at least 10 times lower than the typical values used in 

other published magnetic hyperthermia tests [7, 27]. Even at this low concentration, the 

sample MAG55@Al showed a temperature increment of 12 ºC after just 10 min of exposure 

to the applied magnetic field. The good ILP result obtained for MAG55@Al is likely due to 

the combination of narrow size distribution of the synthesized MNPs, good colloidal stability 

and strong magnetic response caused by the Néel and Brownian power loss mechanisms, 

dominant and comparable in superparamagnetic nanoparticles.  

(iii) Magnetic resonance relaxivity studies 

The contrast enhancement efficiency of MNPs@Al was evaluated in water through 

relaxivity measurements by plotting the relaxation rates (R1 = 1/T1 and R2 = 1/T2) of water 

protons in the presence of the nanoparticles, against the Fe content. Upon linear fitting, the 

relaxivity values, r2 and r1 were obtained from the respective slope and listed in Table 3.4, 

as well as the corresponding R2 of the linear fit, which shows good fitting results. 

Table 3.4. Longitudinal (r1) and transverse (r2) relaxivity of MAG30@Al and MAG50@Al. The 
corresponding coefficient of the linear fit (R2) and relaxivity ratio (r2/r1) are also shown. 
Reprinted from [1]. Copyright © 2016, with permission from Springer Nature 

Sample 
r2 

a 

(mM-1s-1) 

R2  

(r2) 

r1 
a 

(mM-1s-1) 

R2  

(r1) 
r2/r1 

MAG30@Al 226.08 0.9986 4.02 0.9990 56.24 

MAG55@Al 248.17 0.9992 4.42 0.9999 56.15 

a Relaxivity values measured at B = 1.41 T and 37 oC. 

Both MAG30@Al and MAG55@Al ferrofluidic samples showed a similar r1 of  4 mM-1 s-1, which 

is higher than other superparamagnetic iron oxide nanoparticles [7]. More importantly, 
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enhanced r2 values of 248.17 mM-1 s-1 for MAG55@Al and 226.08 mM-1 s-1 for sample MAG30@Al 

were achieved, which are in good agreement with other results with surface modified Fe3O4 

nanoparticles [28], and far superior than currently available intravenous iron oxide 

nanoparticle contrast agents [29]. Moreover, and as expected, these results indicate that 

the relaxivity values r1 and r2 increase with the MNPs growth, very likely due to the increase 

in saturation magnetization.  

In MRI, two main families of contrast agents can be used, T1 or agents that affect mainly the 

longitudinal relaxation (positive contrast, brightening of the image) and T2 or agents that 

have an effect predominantly on the transverse relaxation (negative contrast, darkening of 

the image) [30]. The r2/r1 ratio is considered a suitable indicator to assess the efficiency of 

MNPs as a T1 or a T2 contrast agent. The r2/r1 ratio of MAG30 and MAG55 resulted to be higher 

than that of some commercial iron oxide nanoparticles contrast agents [29, 31], indicating 

that both samples are promising candidates for high-efficiency T2-weighted MR imaging. 

3.2.2.2 Conventional haemolysis analysis 

Haemolysis analysis is one of the most common studies performed to evaluate 

the haemocompatibility of nanomaterials for biomedical applications [8, 32], especially 

when they are intended to be applied directly into the blood stream. In fact, previous in 

vitro studies demonstrated that several nanoparticles induced haemolysis, the extent of the 

effect being directly related to particle size, surface properties and experimental conditions 

[32].  

In the present study, two different contents of MAG55@Al (the sample that shows better 

performance in both MRI and hyperthermia) were suspended in diluted whole blood and 

tested, namely 17.4 and 34.8 g Fe3O4 mL-1. The selection of these concentrations was based 

on the recommended dosage (15 µmol(Fe).kg-1 of individual) for the commercial 

superparamagnetic iron oxide-based MRI enhancer (ENDOREM®, Guerbet S.A.) in individuals 

with a weight of 75 and 150 kg, respectively. This choice was made since there are no 

guidelines available concerning the optimal concentration of iron oxide nanoparticles to be 

applied systemically for magnetic hyperthermia treatment. Thus, the absorbance results of 

the supernatant fluids, treated with different concentrations, were compared and 

normalized with the result from lysed RBCs in the presence of deionized water (taken as 

100% lysed, negative control) and the blood in PSS buffer without MNPs (taken as 0% lysed, 

positive control), using for this purpose Equation (3.1). 
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According to the standard ISO 10993–4 for the evaluation of biological medical devices 

suitable for blood contact, the material should have haemolysis rates lower than 5% [8]. In 

this work, the haemolysis rates were found to be lower than 2% for all tested concentrations. 

More precisely, it was found to be 1.08 ± 0.73% for the lowest content of nanoparticles  

(17.4 g Fe3O4 mL-1) and 1.63 ± 0.28% for the highest (34.8 g Fe3O4 mL-1). Therefore, and 

according to the guide for the evaluation of biological materials, the synthesized MNPs 

developed in this work proved to fulfil the requirements of conventional haemolysis test and 

suitable to be applied as medical materials for blood contact, even at the highest tested 

concentration. 

3.2.2.3 Microfluidic studies 

In this study, and for the first time, a high-sensitivity microfluidic tool capable 

to assess the deformability of blood cells was used to evaluate the impact of nanoparticles 

on the human RBCs. This methodology comprises a microfluidic device having a hyperbolic-

shaped contraction microchannel and a high-speed video microscopy system. This combined 

system enables the recording, in real time, of the biomechanical microfluidic phenomena, 

which can be then further analysed to obtain valuable toxicological data.  

Figure 3.5 shows a schematic view of the experimental setup, the microfluidic device with 

the hyperbolic channel and the fluid-induced deformation profiles occurring at the 

hyperbolic channel, making this technique ideal for DI assessment. 

Figure 3.5 (a) represents the high-speed video microscopy system used to perform the 

microfluidic studies. Moreover, Figure 3.5 (b) and (c) show the fluid-induced deformation 

profiles that attests that the hyperbolic channel approach is ideal to assess RBC’s DI. As 

previously referred, this extensional flow technique has already shown to be more efficient 

in deforming and assessing RBC’s DI than other techniques based in shear flow [14, 15, 33]. 

Taking advantage of these previous studies, this extensional flow technique was used for the 

first time as a microfluidic concept capable of gaining new insights over the complex 

nanoparticle-RBCs interaction designed for theranostic applications. The main reason for 

this ability is the promotion of the homogeneous extensional flow along the centreline of 

the hyperbolic channel with a high Hencky strain. In this type of microfluidic devices, the 

velocity increases almost linearly and the strain rate is maintained approximately constant, 

even with the increment of the shear rate [17]. As a result, the technique allows the 

deformation of the blood cells along the microchannel, causing the RBC stretching by the 

larger fluid shear stress, without tumbling and rotational motions of the cells, providing a 
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more accurate way to determine the DI of the blood cells, mimicking in vitro microvascular 

environments. 

 
Figure 3.5. Microfluidic studies for the haemocompatibility of the RBCs in contact with MNPs. (a) 
schematic view of the experimental setup; (b) microchannel device geometry with the zoom of the 
hyperbolic channel; (c) graphical representation of the fluid-induced conditions profiles that occur in 
the hyperbolic channel, which has proven to be a more efficient way for the determination of the DI 
of the RBCs. Reprinted from [1]. Copyright © 2016, with permission from Springer Nature. 

Figure 3.6 shows a healthy RBC flowing along the axial position, x, of the microchannel with 

a hyperbolic-shaped contraction followed by a sudden expansion, which was subdivided in 

four sections to assess the DI evolution of the RBCs along the microchannel.  

 

Figure 3.6. Representation of a healthy RBC flowing along the axial position of a microchannel with 
a hyperbolic-shaped contraction followed by a sudden expansion, subdivided in four sections with 

equal distances between them (125 m). This approach allows the assessment of the RBCs’ DIs, as an 
indicator of the physiological effect of MNPs on the RBCs membranes. Furthermore, the DI equation 
is represented, as well as the typical values found for a healthy RBC subjected to a hyperbolic-shaped 
contraction (section 2) and to a recuperation section (section 4), under a controlled homogeneous 
extensional flow field. Reprinted from [1]. Copyright © 2016, with permission from Springer Nature. 
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Additionally, this figure shows the typical DI values found for healthy RBCs when exposed to 

a hyperbolic contraction (section 2, ~ 0.50) followed by sudden expansion region (section 4, 

~ 0.15), under a controlled homogeneous extensional flow field [14, 15]. 

Using the set of data listed in Table 3.1, the DIs of the RBCs (control versus MNPs) were 

measured flowing along the centreline of the microchannel that was subdivided in four 

sections (cf. Figure 3.6). The results are displayed in Figure 3.7. Furthermore, in order to 

compare the deformability behaviour of the tested samples, the average shear rate and 

particle Reynolds number (Rep) were calculated for the four different sections represented 

in Figure 3.6 and listed in Table 3.5. The average or pseudo shear rate is given by equation 

(3.4): 

𝛾̅ =
𝑈

𝐷ℎ
 

where U is the mean velocity of the blood cells obtained at each region and Dh is the 

hydraulic diameter of each microchannel section [34]. Additionally, the particle Reynolds 

number (Rep) was defined as equation (3.5): 

𝑅𝑒𝑝 =
𝜌 𝑈𝐷𝑅𝐵𝐶

µ
 

where DRBC  is the diameter of the human RBC at rest, and  the density of the Dextran 40 

solution and  the shear viscosity of the same solution [15]. Table 3.5 shows the  

mean ± standard deviation values calculated for the Rep and average shear rate along the 

microchannel.  

Table 3.5. Flow characteristics obtained for the four sections of the microchannel in the 
haemodynamic study. Reprinted from [1]. Copyright © 2016, with permission from Springer 
Nature 

Flow characteristics Section 1 Section 2 Section 3 Section 4 

Particle Reynolds number  0.08 ± 0.01 0.29 ± 0.02 0.05 ± 0.01 0.02 ± 0.00 

Average shear rate (s-1) 990.03 ± 141.95 5966.77 ± 482.56 505.02 ± 35.99 215.13 ± 26.29 

The Rep is a useful tool to assess the behaviour of the flowing cells suspended in the working 

fluid, taking into account the inertial and viscous forces that occur through the interactions 

of the blood cells with the fluid. The results listed in Table 3.5 show that this interaction is 

higher in section 2, where the average shear rate is also higher, and decreases in the 

recuperation sections (section 3 and 4), where the average shear rate becomes lower. Note 

(3.4) 

(3.5) 
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that in microfluidic channels with a low aspect ratio h/w (where h refers to the depth  

(20 m) and w refers to the width (20 – 400 m) of the microchannel), as those presented in 

our study, the RBC deformability is strongly affected by both extensional and shear flow 

conditions. Moreover, since the shear stress is usually reported in literature for the in vivo 

physiological flow conditions, the average shear rate was assessed and compared with values 

obtained in human vascular systems [35, 36].  

 

 

Figure 3.7. Deformation index of blood cells flowing along the axial position of the hyperbolic 
channel, as well as the average shear rate at each hyperbolic region: (a) control RBCs versus RBCs in 

contact with MNPs at a final concentration of 17.4 g Fe3O4 mL-1 during 15, 30 and 60 min; (b) control 

RBCs versus RBCs in contact with MNPs at a final concentration of 34.8 g Fe3O4 mL-1 during 15, 30 and 
60 min. Error bars show a 95% confidence interval (n = 56 blood cells). Reprinted from [1]. Copyright 
© 2016, with permission from Springer Nature. 

In addition, the low standard deviation obtained between all the samples along the 

microchannel sections for the measured Rep, shows the maintenance of the same flow 

conditions, which is crucial for the further comparison between the DI results. As expected, 

the maximum DI obtained with all tested RBCs samples were measured in the hyperbolic 
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contraction region, where the width is minimum (section 2, axial position 250 m) and the 

average shear rate is higher (~ 6000 s-1). Indeed, this value of shear rate is very close to that 

of the arterioles in the human vascular system (~ 8000 s-1) [35, 36] and thus, ideal to test 

the DI of RBCs at mimicked microvascular conditions. Overall, the higher DI, in this section 

2, was measured for the RBCs control (not exposed to MNPs), reaching a DI of 0.45 ± 0.02. It 

is worth mentioning that this result is in good agreement with the results found by Lee, et 

al. [14] for healthy RBCs submitted to higher shear rates (0.42 to 0.60, for 0.6 to 9.0 Pa of 

extensional stress).  

The DI results for the RBCs samples in contact with MNPs show that the incubation time 

influences directly the deformability of those blood cells. Hence, the DI results allow to 

conclude that the increase of the incubation time between RBCs and MNPs, lead to the 

decrease in DI, or in other words, to the increase of rigidity of those cells. This observation 

is even more obvious for the sample with the higher content of MNPs and exposure time 

(34.8 g Fe3O4 mL-1, 60 min), where the DI decreased to 0.34 ± 0.02, which is a significant 

difference when compared with the control DI (0.45 ± 0.02). 

The rigidity promoted by the MNPs into the RBCs membranes is also observed in the 

recuperation section (section 4, axial position 500 m), where the average shear rate is 

minimum (~ 215 s-1). In this section 4, and comparing the results obtained between the 

control sample and the samples of RBCs that were placed in contact with the MNPs, it can 

be observed that RBCs incubated in the presence of MNPs become more rigid than the control 

RBCs, even when they are almost at rest. In the latter case, the control RBCs had ellipsoid 

shapes due to applied shear flow, whereas RBCs in contact with MNPs had geometries closer 

to a circular shape which corresponds to the behaviour of rigid cells. 

Recently, Lin, et al. [32] were able to measure the RBCs DI after the blood cells have been 

in contact with nanodiamond nanoparticles at several shear stress, using a laser 

aggregometer-deformometer device. This study has shown that large nanoparticles (100 nm 

average size) in contact with RBCs promote the reduction of the RBCs deformability, or the 

increase of their rigidity. Furthermore, using a confocal microscope and observing the blood 

samples in contact with the nanoparticles, the authors concluded that large nanodiamonds 

were located around the external environment of the RBCs, whereas smaller nanodiamonds 

(5 nm average size) penetrated inside the RBCs. As a result, it was established in this study 

that the deformability of RBCs decreases significantly for higher concentration of large 

nanodiamonds. This effect was ascribed to changes in the membranes of RBCs, probably 

caused by modifications in the structure and activity of their proteins, which may also lead 

to variations in the oxygenation-deoxygenation dynamics. More recently, similar conclusions 
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were obtained by Curtis, et al. [37] through numerical simulations with hydrophilic 

nanoparticles with diameters ranging between 1 and 25 nm, in a bilayer membrane (such as 

the RBCs membranes). The results have shown that hydrophilic nanoparticles with diameters 

greater than 2 nm become wrapped (the lipid head groups of a membrane form a vesicle 

around the nanoparticle), while smaller nanoparticles became embedded in the bilayer 

surface, penetrating into the membrane with minimal disruption to the structure. It is 

noteworthy that none of these studies can be directly correlated with the deformability 

results obtained in this work, and thus proving that the DI changes observed are due to the 

MNPs wrap and uptake by the blood cells membranes. This direct correlation cannot be done 

since the size, shape and composition also plays an important role in this cellular uptake. 

Therefore, further studies are required to clarify the complex interaction MNPs-RBCs. 

However, this work highlights the accuracy of the proposed microfluidic method, as a new 

and accurate tool to investigate the haemocompatibility of MNPs, where other conventional 

haematological methods, such as haemolysis tests, cannot show any specific alteration.  

3.2.3 Conclusions  

MNPs for theranostic applications were synthesized, characterized and tested for 

magnetic hyperthermia and MRI. The different heating behaviour of the synthesized MNPs 

shows the importance of the temperature as a synthesis parameter that allows the growth 

of the magnetic core and subsequently allows the increment of the saturation 

magnetization, while the nanoparticle size remains in the single domain region with 

superparamagnetic behaviour. As result, the iron oxide nanoparticles were produced through 

a cost efficient and industry friendly scalable procedure, proven to be suitable for 

theranostics application. Nevertheless, in order to be suitable for biomedical applications, 

the synthesized MNPs should be haematological safe. Thus, and since there is a lack of 

studies in literature regarding this issue, a high-sensitivity microfluidic tool was tested to 

gain insights into the complex nanoparticle-RBCs membrane interaction. This novel 

toxicological and haematological concept was based on the proven fact that the natural 

deformability of the RBCs can be used as biophysical marker to assess haematological 

pathologies or disorders. Hence, for the first time, it is presented a microfluidic tool capable 

to evaluate with high accuracy the impact of multifunctional nanoparticles designed for 

theranostic applications in contact with RBCs, by using the proved extensional flow approach 

to measure with high accuracy the RBCs’ DIs.  
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The results obtained in this section suggest that magnetite nanoparticles, with diameter 

around 18 nm, are suitable for biomedical applications without showing haemolytic effect 

in the blood samples, even at the higher content of nanoparticles tested (34.8 g Fe3O4 mL-1). 

On the other hand, the applied microfluidic tool shows that small MNPs can influence the 

rigidity of RBCs in a time dependent manner, where other and more traditional 

biocompatibility tests (such as the haemolysis analysis) do not show any influence. Moreover, 

it demonstrates that this influence is directly related to the concentration of MNPs in the 

blood fluid. In fact, the tested microfluidic tool has shown a higher sensitivity to detect 

small changes in the RBC deformability, which is unreachable using conventional techniques. 

Due to this unique ability, this is the first experimental test reported in the literature that 

subscribe the numerical work performed by Curtis, et al. [37], which refers to the uptake of 

the surrounding MNPs by the RBC membranes, as the main reason for the increasing  rigidity 

observed in the RBCs. In this recently numerical study, it was also predicted a dependency 

on the MNP size, shape and composition with the RBC membrane interaction.  

It should be noticed that to gain a further understanding of the haemo-rheological and 

biological interaction between the MNPs and RBCs, other studies should be performed to 

complement this one. Nevertheless, the presented haematological and toxicological results 

confirm that it is highly desirable that blood properties, including the effect of the MNPs on 

the deformability of RBCs, and other rheological properties, should be controlled and tested 

together with the traditional biocompatible tests. These new achievements and the 

effective understanding of the interaction between MNPs and the blood cells, can help to 

promote the use of nanomedicine to the next level. For instance, the MNPs-RBCs interactions 

revealed in this study, can be in the future investigated as a new approach to deliver MNPs 

directly into the tumours, by using the RBCs as biocarriers that naturally escape from the 

mononuclear phagocyte system. Hence, the proposed microfluidic methodology represents 

a new concept for the multidisciplinary nanomedicine field with proven benefits to evaluate 

the haemocompatibility of MNPs that are being developed for clinical applications.
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3.3 Thermal infrared image processing to assess heat generated by 

magnetic nanoparticles for hyperthermia applications 

Alongside with the lack of haemocompatibility tests, the poor heating efficiency 

of most MNPs [38] and the imprecise experimental determination of the temperature field 

during hyperthermia, are still major drawbacks of magnetic hyperthermia. Indeed, the 

imprecise quantification of the heat generated by MNPs under an AMF, can result either in 

insufficient heating to destroy cancer cells or in the over-heating with collateral damage of 

the healthy ones [39]. Usually, the temperature field is measured during the treatment using 

optic fibre probes. Nevertheless, these captors cannot be precisely implanted in the tumour 

tissues and they only give local temperature information [39].  

Infrared thermography, based on the physical phenomenon that all bodies at temperatures 

above absolute zero generate heat by radiation in the infrared portion of the 

electromagnetic spectrum [40], can overcome the weaknesses of the optic fibre probes. This 

methodology allows the creation of a thermal map emitted from the body (both healthy and 

tumour tissues), as well as from the agglomerated MNPs.  

In this section, an infrared thermography device was used to assess the heat released by 

different sets of MNPs when subjected to a home-made AMF apparatus. For this purpose, the 

thermal images acquired by the infrared camera were calibrated and processed using 

MATLAB. The study presented in this section shows the ability to use this methodology as a 

screening tool to evaluate the potentiality of novel synthesized MNPs to be further applied 

in hyperthermia.  

3.3.1 Materials and methods 

3.3.1.1 Chemicals 

Ammonium hydroxide solution (NH4OH, 25 wt% in H2O) was purchased from Merck 

(NJ, USA). Iron (II) chloride tetrahydrate (FeCl2.4H2O, 99%), Dextran 40 ((C6H10O5)n) and 

ethanol absolute (C2H6O, 99.8%) were purchase from Sigma-Aldrich (MO, USA). Iron (III) 

chloride hexahydrate (FeCl3.6H2O, 97%) was supplied by Panreac (Barcelona, Spain). All 

chemicals were of analytical grade and used as received without further purification. All 

aqueous solutions were prepared in deionized water. 
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3.3.1.2 Synthesis of magnetic nanoparticles  

Samples MAG30 and MAG75 were synthesized through the co-precipitation 

method by using the same procedure described in section 3.2.1.2, but using as synthesis 

temperatures 30 and 75 ºC, respectively.  In addition, a set of bare MNP was synthesized in 

a similar way at room temperature (MAG25). In this case, after co-precipitation, MAG25 was 

transferred to a teflon-lined stainless-steel autoclave (125 mL) and maintained at 180 ºC 

under its autogenous pressure during 24 h. The resulting MAG25 sample was further coated 

with graphene oxide (GO)1 by using a simple electrostatic self-assembly process 

(MAG25@GO), with a method similar to that described by Wei et al. (2012) [41]. 

3.3.1.3 Physicochemical characterization of MNPs 

The crystallite phases and core sizes of the synthesized MNPs (MAG25, MAG30, 

MAG75 and MAG25@GO) were analysed by X-ray powder diffraction (XRD, PAN'alytical X'Pert 

PRO, Netherlands) by using the Bragg’s law. 

3.3.1.4 Experimental setup 

The adequate heat release promoted by MNPs when subjected to an AMF is one 

of the most important key-points for the success of magnetic hyperthermia. Heat release is 

directly dependent on three main parameters: (1) the crystalline microstructure of the 

MNPs, (2) the intensity of the AMF and (3) the method for temperature acquisition. 

In order to study these three features, the experimental work was divided in two main 

experimental setups: (i) calibration of the infrared camera and (ii) thermal imaging 

acquisition of MNPs under an AMF. 

(i) Calibration of the infrared camera 

For the calibration of the infrared camera, the surface of the containers 

(beakers) and the solutions used for the dispersion of MNPs were assessed. As containers, 

two beakers of 100 mL fabricated in two different materials, borosilicate glass and 

polypropylene (PP) polymer with the same dimensions, 5 cm × 7 cm (outer diameter × 

height), were used. Each beaker was filled with 100 mL of the working fluid, deionized water 

and glycerine 70%, respectively. These containers were further heated at increments of  

                                            
1GO was kindly supplied by Luisa Pastrana-Martínez, Associate Laboratory LSRE-LCM, Faculty of Engineering, 
University of Porto 
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5 ºC between 20 and 50 ºC, by using a magnetic heating stirrer plate with an integrated 

thermocouple (C-Mag HS7, IKA, Germany). The temperature increase was confirmed by using 

a second individual thermocouple. During this temperature increase, several thermal images 

were acquired with the infrared camera (E30, FLIR, USA) placed at 50 cm of the experimental 

setup and transferred to a PC for posterior analysis using MATLAB (R2015a, Mathworks, USA). 

The experimental tests and the parameters considered in the infrared camera calibration 

are shown in Table 3.6. 

Table 3.6. Calibration experimental tests and the parameters considered in the 
infrared camera. Reprinted from [2]. Copyright © 2015, with permission from 
Springer Nature 

Calibration test Object material Working fluid Temperature range 

1 Glass Deionized water 20 – 50 ºC 

2 PP Deionized water 20 – 50 ºC 

3 PP Glycerine 70% 20 – 50 ºC 

(ii) Thermal imaging acquisition of MNPs under an AMF 

After the calibration of the thermography method, the experimental setup for 

the assessment of the heat released by the synthesized MNPs was assembled as shown in 

Figure 3.8. The AMF apparatus used in this work was a home-made non-adiabatic device, 

designed to work at a maximum intensity of 1.10 kA m-1 and with a frequency of 200 kHz. 

To investigate the influence of the working fluids in the heat released by the MNPs under an 

AMF, different fluids were considered to perform the infrared camera calibration (deionized 

water and glycerine 70%). The infrared camera was placed at 50 cm of the samples, which 

were involved by the coil-shaped heating station (detail shown in Figure 3.8), generating the 

AMF.  

The experimental assays and the parameters considered to assess the heat released by the 

different synthesized MNPs (MAG30, MAG50 and MAG25@GO) are shown in Table 3.7. 

Additionally, the thermal imaging assays shown in Table 3.7 were repeated with controls 

(working fluids without MNPs). These controls allowed the correction of the heat generated 

by the MNPs by removing the heat generated by the coil (Joule heating) during the 

experimental tests, since was employed as a non-adiabatic AC magnetic apparatus. Periodic 

infrared images were taken in all thermal image assays at 0, 60, 120, 300 and 600 sec, 

recorded in the format .JPEG and further processed in MATLAB. 
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Figure 3.8. Experimental setup for the assessment of heat generated by MNPs under an AMF, 
monitored by the infrared camera (E30, FLIR, USA). Copyright © 2015, with permission from Springer 
Nature. 

Table 3.7. Experimental assays and the parameters considered to assess the heat 
generated by the different MNPs under an AMF. Copyright © 2015, with 
permission from Springer Nature 

Assay Carrier Fluid 
Fluid density 

(g cm-3) 
MNPs concentration 

(mg mL-1) 
Magnetic field 
(kA m-1 @ kHz) 

1 Deionized water 1.00  5.0 1.10 @ 200  

2 Glycerine 70% 1.18  5.0  1.10 @ 200  

3 Glycerine 70% 1.18  5.0 0.80 @ 250  

3.3.1.5 Thermal infrared image processing in MATLAB 

The thermal infrared images acquired in the calibration and experimental tests 

were recorded in the format .JPEG with 160×120 pixels. Then, the images were transferred 

to a PC and converted into MATLAB readable files with the extension .MAT by using the 

software ThermaCAM Researcher (trial version 2.10 Pro, FLIR, USA). This new format allows 

the use of the original information captured by the infrared camera, where each pixel 

corresponds to a temperature captured in Kelvin (K). 

(i) Calibration of the infrared camera 

The thermal images acquired during the calibration tests with extension .MAT, 

ands matrix 120×160 corresponding to temperatures in K, were converted to Celsius degrees 

(ºC) by using the following code [42]: 

name='Ir_0323'; %Name of the thermal image 
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t=sprintf('%s.mat', name); %Format data into string 

O=load(t); %Load variables from file into workspace 

I1=O.(name); 

a=I1-273.15; %Kelvin into Celsius 

After the creation of the new matrix (a), with the temperature in ºC/pixel, the APP Image 

Viewer of MATLAB (version R2015a) was used to open a with the following command:  

File > Import from workspace > a > ok. Then, by selecting the icon contrast, each image was 

displayed, zoomed to 200% and the desired part of the image containing the heated fluid 

was selected using the icon crop image. The region of interest was further transferred to 

the workspace of MATLAB with the menu File > Export to Workspace > Image variable name 

> I. Finally, calling the (I), the mean temperature of this matrix was calculated as following: 

>> mean(mean (I)) 

 

(ii) Heat released by the MNPs under an AMF 

In a similar way to the image processing described above for the calibration of 

the infrared camera, the infrared images obtained from the thermal imaging assays (assays 

1, 2 and 3, as shown on Table 3.7), were transferred to MATLAB with the extension .MAT. In 

a similar way, the temperature displayed in K was converted to a matrix in ºC. The new 

matrix (a), was open in the APP Image Viewer of MATLAB (version R2015a), using the 

following command: File > Import from workspace > a > ok. Then, by selecting the icon 

contrast the image was displayed, zoomed to 800% and the desired parts of the image (R1, 

R2, R3 and R4), containing the fluid heated by the MNPs under the AMF (within the loops of 

the coil), were selected with the icon crop image, as shown in Figure 3.9. 

 

Figure 3.9. Representation of an infrared image captured during the heat release of MNPs under an 
AMF: (a) thermal image obtained as .JPEG with the infrared camera; (b) thermal imaging processing 
showing the four regions of interest (R1, R2, R3 and R4). Copyright © 2015, with permission from 
Springer Nature. 
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3.3.2 Results and discussion 

3.3.2.1 Physicochemical characterization of MNPs 

The synthesized MNPs were characterized by XRD, as summarized in Table 3.8. 

Table 3.8. Physicochemical properties of the synthesized nanoparticles: 
crystallite size calculated from XRD (dXRD), lattice constant and crystalline core 
phase obtained by XRD analysis. Copyright © 2015, with permission from Springer 
Nature 

Sample 

Synthesis 
temperature 

(ºC) 

dXRD  

 (nm) 

Lattice 
constant, a  

(Å) 

Core phases  

 (v/v) 

MAG30 30 ºC 12.80 ± 0.20 8.3652 100% Magnetite  

MAG75 75 ºC 32.20 ± 0.30 8.3770 100% Magnetite  

MAG25@GO 180 ºC 63.05 ± 1.00 5.0345 49.9% Hematite  

  30.04 ± 0.30 8.3683 50.1%  Magnetite  

Table 3.8 puts in evidence the influence of the synthesis temperature on the growth of the 

crystallite size of the synthesized MNPs, as already observed in the study made in section 

3.2. As observed before, the increase of the synthesis temperature allows the growth of the 

crystallite core of MNPs. The XRD analysis also shows that the hydrothermal treatment at 

180 ºC during 24 h of MAG25@GO, leaded to an additional growth of the magnetic core, as 

well as to a partial oxidation to hematite (as observed in the lattice constant, a). It is worth 

mentioning that hematite is a form of iron oxide with less magnetic saturation [43] and 

therefore, with lower heating power than magnetite under the same AMF.   

3.3.2.2 Calibration of Infrared camera  

As previously shown in Table 3.6, the calibration of the infrared camera was 

performed through three tests. On these tests, different materials of the containers and 

different working solutions were taken into account to determine their influence in the 

acquisition of the thermal images, as well as to obtain the correlation between inner and 

outer temperatures.   

Overall, as shown in Table 3.9, the local temperature given by the pointer of the infrared 

camera (FLIR) is in good agreement with the mean temperature obtained from the region of 

interest obtained by using MATLAB (MAT). The good agreement between the local and mean 

temperatures of the region of interest can be explained by the magnetic stirring of the liquid 
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samples that allowed the homogenization of solutions, and thus the homogenization of the 

heating transfer along the thermal tests. 

Table 3.9. Temperature results obtained with the TC 
(Thermocouple temperature), FLIR (Infrared camera pointer 
temperature) and MAT (mean temperature of the region of interest 
obtained in MATLAB) during calibration tests. Copyright © 2015, with 
permission from Springer Nature 

Calibration test 1 
(Glass, DW) 

Calibration test 2 
(PP, DW) 

Calibration test 3  
(PP, Glycerine 70%) 

TC 
(ºC) 

FLIR 
(ºC) 

MAT 
(ºC) 

TC 
(ºC) 

FLIR 
(ºC) 

MAT 
(ºC) 

TC 
(ºC) 

FLIR 
(ºC) 

MAT 
(ºC) 

19.3 18.4 18.7 20.0 19.6 20.1 21.7 21.7 21.7 

25.0 24.0 24.1 25.0 24.2 24.4 25.0 24.8 24.9 

30.0 28.3 28.5 30.0 29.1 29.6 30.0 29.5 29.5 

35.0 32.9 32.8 35.0 34.7 34.7 35.0 33.8 33.8 

40.0 37.2 37.1 40.0 39.3 39.4 40.0 38.9 38.7 

45.0 41.8 41.7 45.0 46.1 46.2 45.0 43.3 43.3 

50.0 46.3 46.1 50.0 49.8 50.1 50.0 48.8 48.8 

Additionally, Table 3.9 also shows a discrepancy between the temperatures recorded by the 

thermocouple (TC) (placed inside the fluids) and the FLIR temperatures (obtained at the 

outer surface of the beakers). Thus, calibration curves and linear fits (data not shown) 

between the temperatures acquired by the TC and the MALTAB analysis, for the three 

calibration tests, were determined. These correlations allowed the true acquisition of the 

heat release caused by the MNPs under the AMF tests. By using equation 3.6, the relative 

errors from these tests were also calculated: 

Relative error = 
∑ (Inlet temperature (Thermocouple) - Outlet temperature (MATLAB))n

i=0

n
 

where n is the total number of measures and i the measurement number. 

As a result, the relative error was found to be 2.19 ºC for the calibration test 1, 0.23 ºC for 

the calibration test 2, while for the calibration test 3, an error of 0.86 ºC was obtained. 

These results show that the use of polypropylene polymer (PP) containers brings a more 

accurate thermal measurement between the inner and the outer surface of the materials. 

Therefore, PP was found to be a better choice than glass in this type of experiments. 

Interestingly, the difference in the results obtained between the use of PP and glass cannot 

be explained by the thermal conductivity of the materials. In fact, borosilicate glass has a 

higher thermal conductivity than PP. A possible explanation for the results can be attributed 

to some glass reflection that was experienced during the acquisition of the thermal images. 

(3.6) 
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3.3.2.3 Heat released by MNPs under an AMF 

One of the crucial steps to perform hyperthermia tests is the colloidal 

stabilization of the MNPs within the working fluid, also known as ferrofluid. Therefore, in 

order to compare the influence of two working fluids with different densities (deionized 

water and glycerin 70%), two thermal imaging assays (thermal assays 1 and 2, respectively) 

were performed using an AMF with 1.10 kA m-1 and 200 kHz, during 600 sec (cf. Table 3.7). 

Additionally, thermal assay 3, was performed to check the influence of the frequency 

increase (250 kHz) in the heat generated by the MNPs. 

As shown in Figure 3.10, the thermal assay 2, performed with glycerine 70% as working fluid 

and an AMF of 1.10 kA m-1 and 200 kHz, was the one that provided the best conditions to 

generate heat from the synthesized MNPs.  

 

Figure 3.10. Comparison of the heat released by the different synthesized MNPs (5 mg mL-1), during 
three thermal assays. The mean temperature values are corrected by the respective calibration curves 
calculated during the calibration of infrared camera and normalized with the heat generated by the 
coil (blank tests). Error bars correspond to the standard deviation obtained from the four regions of 
interest (R1-R4) in each thermal experiment. Copyright © 2015, with permission from Springer Nature. 

Comparing the heating results of the thermal assays 1 and 2, performed at the same AMF 

conditions, it is also observed that the stabilization of the MNPs in the proper working fluid 

is a crucial step for the performance of hyperthermia tests. The importance of this 

stabilization is related to the homogenization of the ferrofluid under the AMF, which reach 

a maximum magnetic intensity within the coil. Without this stabilization, the MNPs tend to 

sediment in the bottom of the vials. This fact is especially critical when the AMF apparatus 

generate a maximum magnetic field intensity that is 20 times lower (~ 1.10 kA/m, like in 

our case) than a commercial apparatus, where these hyperthermia tests are normally 

performed at around 20 kA m-1. Nevertheless, the home-made AC magnetic apparatus used 

in this work allowed, even with a very low AMF, a maximum temperature increase of  
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3.45 ± 0.54 ºC for sample MAG75, after 600 sec under the AMF. In fact, this result is in good 

agreement with the literature, where it is reported that MNPs under the single-domain size 

and superparamagnetic properties increased their heating power as they grow in size [10]. 

For the case of the MNPs synthesized at 180 ºC and coated with GO (MAG25@GO), the 

presence of almost 50% of hematite (with lower Ms than magnetite) and higher core sizes 

(around 100 nm in total), puts these MNPs into the ferromagnetic materials. In fact, the 

ferromagnetic materials are considered in literature inappropriate materials to be used in 

biomedical applications, since these MNPs remain magnetized for a long period of time, even 

after removal of the applied magnetic field (high coercivity). Additionally, these materials 

released heat mainly by the hysteresis heating mechanism. Once again, these screening 

results obtained with a home-made AC magnetic equipment are in good agreement with the 

characterization results and the literature in the field, which shows the ability to use this 

optical methodology to perform the assessment of the heat generated by MNPs under 

magnetic hyperthermia. 

3.3.3 Conclusions 

Hyperthermia is a promising therapeutic technique for the treatment of cancer, 

but the clinical successful application is intrinsically linked to the development of new 

nanomaterials and the improvement of new methodologies to determine the temperature 

during treatment. In this section, MNPs with different sizes were synthesized at different 

synthesis temperature (30, 75 and 180 ºC), and their heating efficiency assessed through the 

use of a home-made AMF apparatus and an infrared camera. The acquired thermal images 

were transferred to a PC and the images processed in MATLAB. In order to correlate the 

inner and outer temperatures of different containers and working fluids, calibration tests 

were performed with deionized water and glycerine 70%, as well as with different materials 

(glass and PP). These calibrations were used to correct and normalize the experimental data. 

The screening hyperthermia assays revealed that the MNPs synthesized by co-precipitation 

at 75 ºC (MAG75) were those providing higher heating power at the tested conditions. These 

results are related to the fact that this set of MNPs present single-domain size and 

superparamagnetic properties, which increase their heating power as they grow in size. 

Therefore, the main conclusion of this section is that the use of an infrared camera is a 

promising technique to assess the heat released by MNPs during magnetic hyperthermia, 

even when the AMF system is not able to create high magnetic fields, as in the case of the 

home-made AC magnetic apparatus used in this work. Moreover, this infrared methodology 

can be a very effective tool to assess the thermal map of 3D tissues to test MNPs. 
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4 Graphene-based magnetic nanoparticles for the 

treatment of cancer 

4.1 Introduction 

The frontiers of cancer research are currently focused on the design of 

multifunctional magnetic nanoparticles capable to achieve the synergistic cancer treatment, 

by combining the heat effect induced by hyperthermia and their unique drug delivery 

properties [1-3]. For this purpose, many magnetic nanoparticle-based drug delivery systems 

have been developed in the last decade [4, 5]. However, the major bottleneck for their 

combined clinical achievement has been the low drug loading capacity and poor controlled-

drug release of the developed magnetic nanoparticles [6], as well as the low heating 

efficiency of the composite nanosystems in magnetic hyperthermia. 

In this Chapter, the synthesis and optimization of graphene-based yolk-shell magnetic 

nanoparticles for nanomedicine are described, as well as its efficiency as multifunctional 

nanosystems in nanomedicine.  

For this purpose, Section 4.2 details the development of a tailor-made protocol to synthesize 

graphene-based yolk-shell magnetic nanoparticles (GYSMNPs) for nanomedicine. The 

developed protocol shows the capability to synthesize several GYSMNPs sets with very 

distinctive physicochemical and toxicological properties, by just adjusting the amount of 

carbon precursors. The resulting sets of GYSMNPs were fully characterized regarding their 

chemical, physical and magnetic properties, envisioning their screening as efficient 

nanocarriers for combined biomedical applications. Study published in the journal C – 

Journal of Carbon Research (https://doi.org/10.3390/c4040055). 

In Section 4.3, the GbMNP set developed in Section 4.2 that has revealed better combined 

physicochemical, magnetic and biocompatible properties, was selected to be tested as dual 

exogenous (AC field) / endogenous (pH) stimuli-responsive actuators for targeted thermo-

chemotherapy, combining magnetic hyperthermia and controlled drug release triggered by 

the abnormal tumour environment.  

The presented strategy and findings can represent a new way to design and develop highly 

stable added-value graphene-based nanostructures for the combined treatment of cancer.  

The compilation of this later study was published in the journal Material Science Engineering 

C (https://doi.org/10.1016/j.msec.2018.07.060). 
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4.2 Development of a tailor-made protocol to synthesize graphene-

based yolk-shell magnetic nanoparticles for nanomedicine 

In order to overcome magnetic nanoparticle limitations, such as toxicity, self-

aggregation and low functionalization, many composite magnetic systems have been 

developed in the last decade for nanomedicine [4, 5]. These nanostructures are usually 

designed with a magnetic core coated with a metal or a non-metal structure, such as gold 

or silica. In general, this core-shell approach allows, beside the protection of the magnetic 

core, the anchoring of various therapeutic drugs or biomolecules for targeted drug delivery, 

improved biocompatibility and prolonged blood circulation half-life [3, 7]. Nevertheless, 

these systems also have some drawbacks, such as low drug loading capacity and lack of 

stimuli-responsive controlled release, when developed for drug delivery applications. 

Furthermore, the laborious synthetic protocols associated to these systems hinders the 

technology transfer to industry. Thus, additional efforts are necessary to add capping 

scaffolds on the nanoparticles surface (e.g., inorganic nanoparticles, polymers and 

biomacromolecules) that will act as gatekeepers to perform the drug controlled release in 

response to endogenous (i.e. pH, enzymes, among others) or exogenous (i.e. light, 

temperature changes, among others) stimuli [2, 8].  

Carbon-based magnetic nanoparticles offer high chemical and thermal stability, large 

surface area, biocompatibility and can be easily functionalized [8, 9]. Recent studies, such 

as those published by Huang et al., 2016 [2] and Sasikale et al., 2016 [1], have shown that 

graphene-based materials, including graphene derivatives such as graphene oxide (GO), can 

be used as pH stimuli-responsive controlled release systems. This promising capability of 

graphene-based materials is due to − stacking interactions that allow the adsorption of a 

variety of aromatic biomolecules, and to the presence of oxygen and hydrogen-containing 

surface groups that promote hydrogen bond interactions. However, the synthesis of magnetic 

nanoparticles combined with graphene derivatives demands, in general, toxic chemicals 

(e.g., those employed in the Hummers’ method to produce GO [10]), or complex 

techniques/methods (e.g., in chemical vapour deposition [11]), often producing small 

quantities of nanoparticles. Moreover, the majority of the magnetic drug nanocarriers 

reported in literature, revealed a very low saturation magnetization (Ms) profile [1, 8, 9, 12, 

13], limiting the utility of these magnetic nanocomposites. 

To overcome these limitations, a simple protocol to synthesize tailor-made hydrophilic 

graphene-based yolk-shell magnetic nanoparticles (GYSMNPs) is herein detailed by adjusting 

the amount of carbon precursors in the coating of superparamagnetic magnetite 



CHAPTER IV: GRAPHENE-BASED MAGNETIC NANOPARTICLES FOR THE TREATMENT OF CANCER 

Development of a tailor-made protocol to synthesize GbMNPs for nanomedicine 

81 

 

nanoparticles (developed and characterized in Section 3.2). These tailor-made GYSMNPs 

were further characterized regarding their physical, chemical and magnetic properties with 

the aim to be further applied in nanomedicine.  

4.2.1 Materials and methods 

4.2.1.1 Chemicals 

Ammonium hydroxide solution, NH4OH (25 wt.% in H2O), was purchased from 

Merck (NJ, USA). Ethanol absolute, C2H6O (99.8%), nitric acid, HNO3 (70 wt.%) and sodium 

hydroxide, NaOH (98 wt.%), were obtained from Sigma-Aldrich (MO, USA). Formaldehyde  

(37 wt.% stabilized with methanol) was supplied by Panreac (Barcelona, Spain). Resorcinol 

(98 wt.%) was supplied by Fisher chemicals (MA, USA). Tetraethyl orthosilicate, TEOS  

(98 wt.%), was obtained from Fluka (MO, USA). RPMI 1640 medium, hank’s balanced salt 

solution (HBSS), fetal bovine serum (FBS), L-glutamine, trypsin-EDTA and 

penicillin/streptomycin solution were purchased from Gibco Invitrogen Life Technologies 

(Carlsbad, CA, USA).  All aqueous solutions were prepared using ultrapure water (18.2 MΩ.cm 

at 25 °C), produced in a Milli-Q system (Millipore), or deionized water. 

4.2.1.2 Synthesis of GYSMNPs 

The synthesis procedure of GYSMNPs was divided in two main steps: (i) synthesis 

of the superparamagnetic core, and (ii) formation of the graphene-based yolk-shell 

architecture.  

In the first step, the superparamagnetic magnetite (Fe3O4) core, with mean diameter of  

18 nm, was synthesized through co-precipitation of Fe2+ and Fe3+ (with a molar ratio of 1:2) 

in a basic solution of ammonium hydroxide, at 55 ºC, adapting the procedure described 

elsewhere [14], and as detailed in Section 3.2.1.2.  

Afterwards, in the second step, the graphene-based yolk-shell architecture was achieved via 

one-pot strategy of hydrolysis and polymerisation of the precursors resorcinol, formaldehyde 

and TEOS. Different GYSMNPs, with different hollow cavities between the shell and magnetic 

core, were obtained using different amounts of the precursors resorcinol, formaldehyde and 

TEOS, in relation to a fixed mass of the magnetic core, adapting the procedure described 

elsewhere [15] (c.f. Table 4.1). In brief, an ultra-sonicated mixture of 0.25 g of magnetite 

with 150 mL of ethanol and 50 mL of deionized water was transferred into a 250 mL two-
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necked round-bottom flask. Resorcinol and ammonium hydroxide were further added to the 

mixture and magnetically stirred for 1 h at 30 ºC. After that, the formaldehyde solution and 

TEOS were added dropwise and maintained under stirring at 30 ºC for 6 h. The mixture was 

then heated at 80 ºC for another 8 h under constant stirring. The resulting magnetic product 

was washed by centrifugation several times with deionized water and absolute ethanol, and 

dried overnight at 60 ºC. The obtained samples were annealed under a N2 flow (100 cm3 min-

1) in a tubular vertical oven at 120 and 400 ºC during 60 min at each temperature, and then 

at 600 ºC for 240 min, defining a heating ramp of 2 ºC min-1. Lastly, silica (positioned between 

the magnetic core and the outer shell) was removed by an etching process in a strong basic 

solution of sodium hydroxide (10 mol L-1
, 16 h at room temperature with stirring), resulting 

in different sets of GYSMNPs.  

4.2.1.3 Hydrophilization of GYSMNPs 

To ensure the colloidal stabilization of the GYSMNPs in aqueous solutions, the 

graphene-based shells were chemically functionalized with the incorporation of carboxylic 

acid groups. For this purpose, an acid treatment at mild conditions was performed without 

compromising the magnetic core. In brief, the functionalization run was conducted in a  

250 mL round-bottom flask at 65 ºC under vigorous magnetic stirring (C-Mag HS7, IKA). The 

samples of GYSMNPs (5 mg mL-1) were oxidized with HNO3 (1 mol L-1) during 6 h. The 

activated GYSMNPs were washed several times in deionized water to remove impurities. The 

last washing step was carried out with absolute ethanol, and the resulting material was dried 

overnight at 60 ºC. 

4.2.1.4 Characterization of GYSMNPs 

The phase formation and crystallographic state of the materials were 

investigated in an Expert Pro Philips X-Ray diffractometer. Wide angle powder X-ray 

diffraction (XRD) analysis was carried out using a CuKα radiation (λ=1.54°). 

The Raman spectra of the samples were recorded at ambient temperature with a  

20× objective, using a micro-Raman spectrometer apparatus (Micro-Raman DXR, Thermo 

scientific) with a 532 nm laser excitation. Curve fitting for the Raman data was carried with 

Origin 8.0 software using the Lorentz function. 

The morphology and microstructure of the GYSMNPs was evaluated using a probe Cs 

corrected High-Resolution Scanning Transmission Electron Microscope (HR-STEM), model Jeol 

ARM 200 CF. 
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The amounts of carbon and magnetic core of the as-synthesized GYSMNPs were determined 

by thermogravimetric (TG) analysis (STA 449 C Jupiter, Netzsch), heating the samples in air 

flow from 50 to 950 °C, at 20 °C min-1. 

The pH at the point of zero charge (pHPZC) of the materials was determined adapting the 

methodology described elsewhere [16]. Briefly, solutions with varying initial pH (2 - 12) were 

prepared using HCl (1.0 mol L-1) or NaOH (1.0 mol L-1) and 20 mL of NaCl (0.01 mol L-1) as 

electrolyte. Each solution was contacted with 0.05 g of the material and the final pH was 

measured after 48 h of continuous stirring at room temperature. The pHPZC was determined 

by intercepting the obtained final pH vs. initial pH curve with the straight line final  

pH = initial pH. 

The magnetic properties of the superparamagnetic core (Fe3O4) and GYSMNPs were 

investigated with a superconducting quantum interference device (SQUID-VSM) 

magnetometer from Quantum Design. Hysteresis curves were recorded for magnetic fields 

between -20 kOe and 20 kOe at 27 ºC. 

4.2.1.5 In vitro biostudies 

(i) Cell culture 

Porcine liver primary cells (PLP2), established in a previous study [17], were used 

for the biocompatibility assays. Prior to the in vitro studies, cell lines were cultured in RPMI-

1640 medium containing 10% foetal bovine serum (FBS), 1% of glutaraldehyde, 1% of 

penicillin and 1% of streptomycin, under a humid atmosphere containing 5% of CO2, at 37 ºC. 

The culture medium was replaced every two days, after the evaluation of the normal cell 

growth and morphology. 

(ii) Biocompatibility assay 

In vitro biocompatibility was assessed by using sulforhodamine B (SRB) 

colorimetric assay, as described elsewhere [18]. Briefly, the cell lines were seeded in  

96-well plates, at an initial cell density of 1.0 × 104 cells/well. The biocompatibility of the 

GYSMNPs was assessed with the primary cell culture, PLP2, using different concentrations of 

the developed GYSMNPs (0.12 to 30.0 g mL-1). All the assays were performed in two 

individual tissue-culture plates and in duplicate wells (n = 4). Statistical analysis were 

performed using Microsoft Office Excel (version Professional Plus 2013). 
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4.2.2 Results and discussion 

4.2.2.1 Synthesis and characterization of GYSMNPs 

Figure 4.1 illustrates the protocol that was followed for the synthesis of the 

superparamagnetic core and the formation of the graphene-based yolk-shell architecture.  

 

Figure 4.1. Schematic representation of the synthesis steps involved in the development of the 
hydrophilic graphene-based yolk-shell magnetic nanoparticles (GYSMNPs). 

HR-STEM images (Figure 4.2) confirm the formation of yolk-shell magnetic nanoparticles, 

namely a small cluster of magnetite cores covered by a graphene-based layer. As expected, 

the increment of the amount of yolk-shell precursors (resorcinol, formaldehyde and TEOS), 

in relation to a fixed mass of the magnetic core, allowed the increase of the void and 

graphene-based shell thickness, as determined using ImageJ software (Table 4.1). Thus, 

three different types of GYSMNPs were synthesized with different hollow cavities and 

graphene-based shell thicknesses.  
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Figure 4.2. High resolution scanning transmission electron microscopy (HR-STEM) bright field images 
of: (a) sample GYSMNPs-1; (b) sample GYSMNPs-2; (c) sample GYSMNPs-3; (d) detail of the magnetic 
core of magnetite covered by few graphene layers of sample GYSMNPs-2. 

Interestingly, the graphene-based shell thickness increased in the same proportion as the 

amount of precursors used. Thus, by doubling the carbon precursors from GYSMNPs-1 to 

GYSMNPs-2 and GYSMNPs-3, the shell thickness was successively doubled, as shown in Table 

4.1.  

Table 4.1. Effect of the amount of the precursor resorcinol, formaldehyde and TEOS, over the shell 
and void thickness of GYSMNPs 

Material 
Magnetic core 

(g) 
Resorcinol 

(g) 
Formaldehyde 

(mL) 
TEOS 
(mL) 

Void thickness 
(nm)a 

Shell thickness 
(nm)a 

GYSMNPs-1 0.25 0.05 0.075 0.10 Not detected 1.41 ± 0.44 

GYSMNPs-2 0.25 0.10 0.150 0.21 0.70 ± 0.30 3.55 ± 1.27 

GYSMNPs-3 0.25 0.20 0.300 0.41 2.07 ± 0.92 7.07 ± 1.88 

a Estimated by using ImageJ software from HR-STEM images as mean ± standard deviation (n=60) 

HR-STEM images also allowed the determination of the lattice spacing of 0.48 nm, suggesting 

that the magnetic core consists of Fe3O4 (Figure 4.2 (d)), as further confirmed by XRD analysis 

(Figure 4.3(a)). 

 



CHAPTER IV: GRAPHENE-BASED MAGNETIC NANOPARTICLES FOR THE TREATMENT OF CANCER 

Development of a tailor-made protocol to synthesize GbMNPs for nanomedicine 

 

86 

 

 
Figure 4.3.  (a) Wide angle powder X-ray diffraction (XRD) patterns of Fe3O4 nanoparticles and 
GYSMNPs-2; (b) Thermogravimetric analysis of the as-synthesized graphene-based yolk-shell magnetic 
nanoparticles (GYSMNPs). 

Results from thermogravimetric (TG) analysis are shown in Figure 4.3(b). The first significant 

weight loss below 150 ºC can be attributed to the desorption of water molecules at the 

surface of the GYSMNPs samples. Above 300 ºC, the weight loss can be ascribed to the 

desorption of stable oxygen functional groups in the graphene-based shells, at such 

temperatures typically assigned to acidic carboxylic groups [19]. The sharp mass loss 

observed around 450 to 600 ºC, corresponds to the combustion of the carbon material, 

suggesting a mass percentage of the graphene-based shells in the samples of 0.5%, 9.7% and 

18.2% for GYSMNPs-1, GYSMNPs-2 and GYSMNPs-3, respectively. The mass percentage of 

magnetic core was calculated to be 97.7%, 88.0% and 77.8%, respectively for GYSMNPs-1, 

GYSMNPs-2 and GYSMNPs-3. 

Figures 4.4(a) and (b) show the Raman spectra of GYSMNPs-2 and GYSMNPs-3, respectively.  

 

Figure 4.4. Raman spectra of as-synthesized GYSMNPs: (a) sample GYSMNPs-2 with inset 
corresponding to the deconvolution of the observed D and apparent G (Gapp) bands into actual G and 
D; (b) sample GYSMNPs-3 with inset corresponding to the deconvolution of the observed D and G 
bands. 
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The presence of graphene oxide (GO) is suggested by the D peak at 1350 cm-1, the 

conventional G peak at 1582 cm-1 and the 2D peak at 2816 cm-1 [20]. On the other hand, the 

Raman spectrum of sample GYSMNPs-1 did not show any of these peaks (data not shown), 

possible due to the very low amount of graphene-based shell (0.5%, determined by TG 

analysis). For this reason, sample GYSMNPs-1 was not considered in the following studies.  

To confirm the type of graphene-based material, the three peaks (D, G and 2D) were 

analysed regarding their intensities, shapes, widths, positions and inter-correlations [21]. 

The G band corresponds to an E2g mode of hexagonal graphite and the vibration of  

sp2-hybridized carbon domain, while the D and 2D peaks are assigned to structural defects 

[8, 9]. The integrated peak intensity between ID and IG was found to be 1.61 for sample 

GYSMNPs-2, corresponding to a disordered GO structure [20, 22], and 0.43 for sample 

GYSMNPs-3, indicating the presence of a defective multi-graphitic-layer shell [23] further 

supported by HR-STEM observations (Figure 4.2(c)). Moreover, by the deconvolution of the 

conventional G band ─ or the apparent G band (Gapp), actual G (1546 cm-1) and  

D´(1594 cm-1) bands can be assigned in sample GYSMNPs-2, but not clearly in sample 

GYSMNPs-3. The presence of the D´ band was ascribed by Kaniyoor and Ramaprabhu [24] as 

proof of the presence of a highly defective structure comprising few layers of wrinkled 

graphene-based structures, which is similar to the shell nanostructure found in GYSMNPs-2 

(cf. Figure 4.2 (d)).  

The main textural properties of the synthesized GYSMNPs are given in Table 4.2. The specific 

surface area (SBET) of GYSMNPs-2 and GYSMNPs-3 materials was found to be 156 and  

245 m2 g-1, respectively. These relatively high values obtained in comparison with 56 m2 g-1 

for uncoated magnetite (data not shown), are ascribed to the presence of the graphene-

based shell in the GYSMNPs structure. Thus, it seems that the SBET increased with the shell 

thickness. The analysis of the Vmicro/Vtotal ratio (0.041 and 0.105 for GYSMNPs-2 and  

GYSMNPs-3, respectively), reveals that the samples mainly contain mesoporous. In addition, 

a decrease of the average pore diameter was observed from GYSMNPs-2 to GYSMNPs-3  

(8.2 to 5.4 nm, respectively). Overall, GYSMNPs samples, in comparison with uncoated 

magnetite, exhibit large surface areas and mesoporous nature, which is very advantageous 

for the encapsulation, transport and release of guest molecules such as chemotherapeutic 

drugs for drug delivery applications.  
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Table 4.2. Textural properties of the synthesized materials: specific surface area (SBET), 
non-microporous surface area (Smeso), micropore volume (Vmicro), total pore volume (Vtotal), 
ratio between micropore and total pore volume (Vmicro/Vtotal) and average pore diameter 
(daverage) 

Material 
SBET  

(m2 g-1) 

Smeso 

 (m2 g-1) 

Vmicro  

(cm3 g-1) 

Vtotal 

 (cm3 g-1) 

Vmicro/Vtotal daverage  

(nm) 

GYSMNPs-2 156 123 0.013 0.318 0.041 8.2 

GYSMNPs-3 245 160 0.035 0.333 0.105 5.4 

Figure 4.5 shows the magnetic hysteresis curves obtained for Fe3O4 and GYSMNPs. The 

determined magnetic properties of these samples are listed in Table 4.3. Fe3O4 exhibits a 

saturation magnetization (Ms) of 77.7 emu g-1
(Fe3O4), but, as expected, the magnetic 

susceptibilities of the GYSMNPs suffer a decrease with the increase of the graphene-based 

shell thickness, 69.8 and 61.2 emu g-1
(Fe3O4), respectively for GYSMNPs-2 and GYSMNPs-3. 

However, and impressively, the Ms for these magnetic nanoparticles are much higher than 

determined in other yolk-shell nanoparticles reported in literature [1, 8, 9, 15], possible due 

to the presence of superparamagnetic magnetite clusters as magnetic core, as suggested by 

HR-STEM images. More interesting, the superparamagnetic-like behaviour of the GYSMNPs 

was maintained, as revealed by the low-field data (Table 4.3 and inset in Figure 4.5), with 

negligible saturation remanence (Mr) and low coercivity (Hc). 

 

Figure 4.5. Magnetization curves of (a) Fe3O4, (b) GYSMNPs-2 and (c) GYSMNPs-3. Hysteresis loops at 
27 ºC up to ± 20 kOe; the inset is a zoom in the low field region. 

 

Table 4.3. Magnetic properties of the uncoated Fe3O4 and as-synthesized GYSMNPs: saturation 
magnetization (Ms), coercivity (Hc) and saturation remanence (Mr) 

Sample 
Ms 

(emu g-1 magnetite) 

Hc 

(Oe) 

Mr 

(emu g-1 magnetite) 

Fe3O4 77.7  18.33 1.94 

GYSMNPs-2 69.8 3.54 1.16 

GYSMNPs-3 61.2 41.33 5.08 
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4.2.2.2 In vitro biocompatibility assays 

Biocompatibility of nanomaterials is a key parameter for its potential application 

in biological systems, where an ideal nanocarrier should ensure low or negligible toxicity. 

GYSMNPs biocompatibility at different concentrations (from 0.12 to 30.0 g mL-1) was 

determined in PLP2 cells and normalized to the cell viability in cell culture for 48 h, at  

37 ºC (Figure 4.6). 

 
Figure 4.6. In vitro biocompatibility study of GYSMNPs in primary cell culture cells (PLP2). Error bars 
represent a 95% confidence interval. 

The biocompatibility assays reveal a very distinct behaviour between the developed 

nanosystems, GYSMNPs-2 and GYSMNPs-3, tested in PLP2 cells. GYSMNPs-2, characterized by 

few layers GO yolk-shell magnetic nanoparticles (cf. Figure 4.4(a)), exhibits good 

biocompatibility even at the highest concentration of 30.0 g mL-1. On the other hand, 

GYSMNPs-3, characterized as a yolk-shell magnetic nanostructure coated with a defective 

multi-graphitic-layer shell (cf. Figure 4.4(b)), show a severe cell inhibition behaviour at the 

highest concentrations tested. Indeed, these results are in line with others reported in the 

literature, where the cytotoxicity of different graphene-based nanomaterials has been 

discussed [6, 25, 26]. According to the available information, the lateral size, shape, number 

of layers, stiffness, hydrophobicity, surface functionalization, concentration dose and 

chemistry of the graphene-based materials, all play an important role in the interaction of 

this type of materials with cell membranes, intracellular uptake and its cytotoxicity [26]. 

For instance, good biocompatibility results, similar to those obtained with GYSMNPs-2, were 

obtained by Sasidharan and co-workers [27], after the functionalization of GO nanostructures 

with carboxyl groups that supressed its cytotoxicity by weakening hydrophobic interactions 

between cell membranes and GO. This ability to functionalize carbon-based nanomaterials 

can then be used to improve the biocompatibility of these nanosystems for biomedical 

applications.  
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Overall, among the three different GYSMNPs that were developed on this Section 4.2, 

GYSMNPs-2 exhibits better combined features to be applied in nanomedicine (i.e., magnetic 

hyperthermia, drug delivery and gene delivery, among others). 

4.2.3 Conclusions 

In this section, hydrophilic graphene-based yolk-shell magnetic nanoparticles 

were developed envisioning biomedical applications, such as magnetic hyperthermia and/or 

drug delivery applications, by using a simple tailor-made coating protocol. The results show 

the capability to synthesize GYSMNPs with very distinctive physicochemical and toxicological 

properties, just by adjusting the amount of carbon precursors. Among the three distinct 

materials developed in this study, a hybrid magnetic nanomaterial labelled as GYSMNP-2, 

has shown exceptional characteristics to be applied in nanomedicine. Impressively, this 

hybrid nanomaterial exhibited: (1) high surface area; (2) exceptional magnetic saturation 

value of 69.8 emu g-1; (3) superparamagnetic behaviour; and (4) biocompatibility. The 

combination of these features suggests a high potentiality to apply these magnetic 

nanocomposites as combined nanosystems for the treatment of cancer, such as by combining 

magnetic hyperthermia with drug delivery applications, as investigated in the next section.  
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4.3 Multifunctional graphene-based magnetic nanocarriers for 

combined hyperthermia and dual stimuli-responsive drug delivery 

Graphene-based magnetic nanoparticles, due to their unique properties, such as 

high chemical and thermal stability, high charge carrier mobility and large surface area for 

functionalization [6, 9], have the potentiality to be designed as efficient multifunctional 

nanocarrier systems with enhanced capability to protect the magnetic core from oxidation 

or dissolution in acidic environment [1, 28]. Moreover, its unique sp2 carbon structure with 

− stacking and negative surface charge, enables the adsorption of a variety of molecules, 

e.g., chemotherapeutic drugs, DNA and/or RNA, which can be specifically accumulated into 

tumours, either by active targeting or by the enhanced permeability and retention effect 

[1, 8]. In addition, this non-covalent interaction mechanism allows the use of graphene-

based yolk-shell magnetic nanoparticles as pH stimuli-responsive controlled drug release 

systems, triggered by the abnormal acidic pH values (around 4.5 – 5.5) that are found in 

tumour endosome/lysosome microenvironments [29]. On the other hand, the 

superparamagnetic core of these nanocomposites allows heat generation in the tumour 

under an AC magnetic field that induces cancer cells death, by the so-called magnetic 

hyperthermia, and can simultaneously boost the drug release on those abnormal tissues. In 

fact, the combination of magnetic hyperthermia and chemotherapy has been demonstrated 

in clinical trials to have a synergistic effect on the cancer therapy response compared to the 

therapeutic effect achieved when these treatment procedures are applied alone [30]. In this 

regard, graphene-based magnetic nanomaterials, developed as multifunctional 

nanocarriers, are able to have a dramatic impact in medicine and in the treatment of cancer. 

However, the majority of the magnetic drug nanocarriers reported in the literature revealed 

a low saturation magnetization (Ms) profile [1, 8, 9, 12, 13], limiting the utility of these 

magnetic nanocomposites for magnetic hyperthermia. Also, the possible aggregation and 

precipitation of graphene-based materials in the presence of electrolyte solutions, such as 

the body fluids [31], is an issue that needs to be addressed.  

With the aim to overcome these limitations, the sample graphene-based yolk-shell magnetic 

nanoparticles (GYSMNP-2) developed in Section 4.2, was selected to be optimized and tested 

as dual-nanosystem for combined hyperthermia and controlled-drug delivery. In order to 

improve its biocompatibility and colloidal stabilization, the GYSMNP material was 

functionalized with the copolymer pluronic F-127 (GYSMNP@PF127). Pluronic copolymers 

have been investigated for the development of thermo-responsive hydrogels and drug 

delivery systems [32]. Particularly, pluronic F-127, with the non-proprietary name 

poloxamer 407, is a water-soluble and biocompatible triblock copolymer – containing 
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hydrophilic poly(ethylene oxide) (PEO) blocks and hydrophobic poly(ethylene oxide) (PPO) 

blocks arranged as PEO-PPO-PEO, and it is approved by the U.S. Food and Drug 

Administration (FDA) for use as food additive and in pharmaceutical formulations [33]. The 

grafting of nanoparticles with pluronic F-127 allows the incorporation of a hydrophilic PEO 

corona that reduces the aggregation of nanoparticles and the adsorption of blood proteins, 

as well as enhance the biocompatibility of the nanosystems and its colloidal stability, 

prolonging blood circulation [32, 34]. Additionally, the terminal hydroxyl functional groups 

allow the conjugation with selected ligands for the development of multifunctional 

nanosystems with high potential for active tumour targeting and therapeutic efficiency 

enhancement [34]. In this section, GYSMNP@PF127 was conjugated with doxorubicin (DOX), 

a highly potent chemotherapeutic drug clinically used against a broad spectrum of cancers. 

The developed therapeutic nanosystem was thoroughly characterized and investigated as 

multifunctional nanocarrier to combine magnetic mild hyperthermia and stimuli-responsive 

drug release for thermo-chemotherapy.  

4.3.1 Materials and methods 

4.3.1.1 Chemicals 

Nitric acid, HNO3 (70 wt.%), copolymer pluronic F-127, PEO106PPO70PEO106  

(Mw = 12 600), sodium chloride, NaCl (99.5 wt.%), sodium phosphate monobasic, NaH2PO4 

(99.0 wt.%), potassium chloride, KCl (99 wt.%), sodium phosphate dibasic, Na2HPO4  

(99.0 wt.%) and sodium hydroxide, NaOH (98 wt.%), were obtained from Sigma-Aldrich (MO, 

USA). Doxorubicin hydrochloride, DOX (98 wt.%), was purchased from Discovery Fine 

Chemicals (Wimborne, UK). Physiological salt solution (PSS) with 0.9% NaCl was supplied by 

B. Braun Medical (Germany). Hoechst dye (BisBenzimide) and monoclonal anti-α-tubulin 

antibody produced in mouse (B512) was obtained from Sigma-Aldrich (Sant Louis, MO, USA). 

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 was 

obtained from Invitrogen (USA). The cell line HepG2 was purchased from Deutshe Sammlung 

von Mikroorganismen and Zellkulturen Gmbit (DSMZ). RPMI 1640 medium, hank’s balanced 

salt solution (HBSS), fetal bovine serum (FBS), L-glutamine, trypsin-EDTA, 

penicillin/streptomycin solution were purchased from Gibco Invitrogen Life Technologies 

(Carlsbad, CA, USA). All chemicals were used as received, without further purification. All 

aqueous solutions were prepared using ultrapure water (18.2 MΩ.cm at 25 °C), produced in 

a Milli-Q system (Millipore), or deionized water. 
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4.3.1.2 Synthesis and colloidal optimization of GYSMNPs 

GYSMNP material was synthesized in two main steps: (i) synthesis of the 

superparamagnetic core, and (ii) formation of the graphene-based shell architecture, as 

previously described in Section 4.2.1.2.  

The colloidal stabilization of GYSMNP (previously labelled in Section 4.2 as GYSMNPs-2) was 

performed by chemical functionalization of the graphene-based shell. For this purpose, an 

acid treatment at mild conditions was performed to incorporate carboxylic and hydroxyl 

groups, without compromising the magnetic core, and followed by grafting the copolymer 

pluronic F-127 (PF127) onto the surface of GYSMNP. PF127 was used as enhancer for both 

colloidal stabilization and biocompatibility of GYSMNP [35]. Briefly, the initial surface 

functionalization of GYSMNP was conducted in a 250 mL round-bottom flask at 65 ºC under 

vigorous magnetic stirring (C-Mag HS7, IKA). The as-synthesized GYSMNP material  

(5 mg mL-1) was oxidized with HNO3 (1 mol L-1) during 3 h, washed and dried overnight at  

60 ºC, as previously reported in section 4.2.1.3. Once the surface was activated, GYSMNP  

(2 mg mL-1) was functionalized with PF127 (40 mg mL-1) for 5 h in magnetic stirring, at room 

temperature. The resulting solution was washed by centrifugation (13 000 rpm, 20 min) with 

deionized water to remove unbounded copolymer, and the final GYSMNP@PF127 pellet 

redispersed in a phosphate buffer solution or deionized water at desired concentration. The 

obtained hydrophilic GYSMNP@PF127 material was further used to encapsulate the 

chemotherapeutic drug doxorubicin (DOX). 

4.3.1.3 Characterization of GYSMNPs 

The average hydrodynamic diameter and surface charge of GYSMNP@PF127 were 

determined by dynamic light scattering (DLS) and zeta potential (ZP) measurements 

(Zetasizer Nano, Malvern Instruments) at a concentration of 0.1 mg mL-1 dispersed in Milli-Q 

water at room temperature (n = 3).  

The organic content of functionalized GYSMNP@PF127 was determined employing TG 

analysis under N2 atmosphere by heating the samples from 50 to 550 ºC at a rate of  

10 ºC min-1, and comparing the results with those obtained with the as-synthesized GYSMNP, 

analysed under the same conditions and used as reference.  

The pH at the point of zero charge (pHPZC) of the nanomaterials was determined adapting 

the methodology described elsewhere [16]. Briefly, solutions with varying initial pH (2 - 12) 

were prepared using HCl (1.0 mol L-1) or NaOH (1.0 mol L-1) and 20 mL of NaCl (0.01 mol L-1) 
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as electrolyte. Each solution was incubated with 0.05 g of the material and the final pH was 

measured after 48 h of continuous stirring at room temperature. The pHPZC was determined 

by intercepting the obtained final pH vs. initial pH curve with the straight line final  

pH = initial pH. 

Fourier transform infrared (FTIR) spectroscopy was performed with a Perkin Elmer Spectrum 

equipment using KBr pellets.  

4.3.1.4 Drug loading studies 

The drug loading experiments were carried out by mixing a given amount of DOX 

(from 50 to 500 g mL-1) and a fixed amount of GYSMNP@PF127 (500 g mL-1) in a phosphate 

buffer solution with pH 7.4. The suspensions were kept in a shaking incubator at room 

temperature during 48 h in darkness, and the loading tests were performed in triplicate. At 

the end of each experiment, the GYSMNP@PF127 material loaded with the drug (referred as 

GYSMNP@PF127-DOX) was collected by centrifugation at 15 000 rpm for 30 min. The 

supernatant (containing the free drug) was used to monitor the absorbance at 480 nm 

(characteristic of DOX), and to determine the drug concentration. The drug loading 

efficiency and drug loading capacity were calculated using Equations (4.1) and (4.2), 

respectively. 

Drug loading efficiency (%) =
Inicial concentration of drug−Drug content in the supernatant

Inicial concentration of drug
× 100  

 

Drug loading capacity (μg mg−1) =
mass of drug loaded 

mass of GYSMNP@PF127
       

 

4.3.1.5 pH and temperature-dependent drug release 

The pH and temperature dependent drug release of DOX loaded on 

GYSMNP@PF127 were evaluated in the absence of AMF (AC magnetic field). For this purpose, 

freeze-dried GYSMNP@PF127-DOX samples (2.0 mg) suspended in phosphate buffer solution 

(20 mL) at physiological (pH 7.4) and acidic pH levels (pH 6.0 and 4.5), were incubated at 

37 ºC (physiological body temperature) and 45 ºC (hyperthermia temperature). At selected 

time intervals (0.5, 1, 2, 3, 4, 6, 8, 24 and 48 h), samples were collected, centrifuged, and 

the supernatant used to monitor the absorbance at 480 nm to determine the pH and 

temperature-dependent release of DOX.  

(4.1) 

(4.2) 
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4.3.1.6 DOX release kinetics analysis 

First-order (release dependent of concentration), Higuchi (release by diffusion) 

and Korsmeyer-Peppas (log (cumulative drug release) vs log (time)) models were fitted to 

drug release data in order to understand the drug release kinetics. The kinetic model that 

best fitted the drug release data was selected by comparing the respective regression 

coefficients (R2) of the different models. The Korsmeyer-Peppas model is used to 

characterize different release mechanisms from polymeric systems by using the n (release 

exponent) value. For cylindrical shaped matrices, values of n < 0.45 means quasi-Fickian 

diffusion, n = 0.45 means Fickian diffusion, 0.45 < n < 0.89 means anomalous diffusion 

(diffusion + erosion), n = 0.89 means non-Fickian case II (zero order) and n > 0.89 means 

non-Fickian supercase II [36]. 

4.3.1.7 Validation of GYSMNP@PF127-DOX as dual pH- and AMF/temperature-

responsive drug nanocarrier 

GYSMNP@PF127 heating efficiencies were first evaluated in a hyperthermia 

equipment (Fives Celes, France) under an oscillating magnetic field of H = 21.0 kA m-1 and 

340 kHz. For this purpose, 0.3 mL of GYSMNP@PF127 was dispersed in water at a 

concentration of 1.5 mg mL-1 and placed in the mid-point of a cupper coil. Then, the 

temperature increase was logged as a function of time during the external AMF application 

using an optical fibre probe centred in the nanoparticle dispersion. The heating 

measurements started at stabilized room temperature and were limited to 10 min. The 

specific absorption rate (SAR, W g (Fe)
-1) was calculated according to Equation (2.5). In 

addition, the intrinsic power loss (IPL, nHm2 Kg-1), which is independent of the magnetic 

field parameters and allows direct comparison between different experiments, was 

calculated using Equation (3.3). 

On another set of experiments, the dual pH and AMF/temperature-responsive drug release 

of GYSMNP@PF127-DOX were determined under the same AMF conditions (H = 21.0 kA m-1 

and f = 340 kHz) at a concentration of 3.0 mg mL-1. For this purpose, freeze-dried 

GYSMNP@PF127-DOX nanocarrier was dispersed in 0.3 mL of phosphate buffer at pH 7.4 or 

4.5, and maintained under AMF for 30 min. After that, the supernatant was centrifuged and 

used to monitor the absorbance at 480 nm to determine the pH- and AMF/temperature-

dependent release of DOX under magnetic hyperthermia.  
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4.3.1.8 In vitro cell tests 

(i) Haemocompatibility studies 

The blood-nanocarriers biocompatibility was tested by haemolysis assay 

according to previous reports [14, 37]. Briefly, human whole blood from healthy donors was 

collected into 2.7 mL tubes (S-Monovette, Sarstedt) containing ethylenediaminetetraacetic 

acid (EDTA). The whole blood was diluted in a ratio 1:2 (v/v) in PSS (physiological salt 

solution) and centrifuged twice at 2 500 rpm for 10 min to isolate the red blood cells (RBCs). 

The isolated RBCs were diluted in 15 mL of PSS 0.4 mL of diluted RBCs suspension was 

exposed to 1.6 mL of GYSMNP@PF127 at different concentrations (10, 50, 100, 200, 400,  

500 g mL-1).  Positive control was obtained using the 0.4 mL of RBCs diluted 1.6 mL of PSS 

buffer and the negative control by adding to the diluted whole blood, deionized water in 

the same volume of (1:1, v/v). Samples were incubated on an orbital shaker at 37 ºC during 

3 h. The released haemoglobin was determined after centrifugation at 2 500 rpm for 10 min, 

followed by photometric analysis of the supernatant at 570 nm. The haemolysis ratio (HR) 

in percentage was calculated from the optical (OD) density using Equation (3.1) [14], from 

two independent experiments in triplicates (mean ± standard deviation). 

(ii) Cell culture 

Two cell lines were used for the cytotoxicity assays, namely porcine liver primary 

cells (PLP2), established by some of the authors [17], and a human liver cancer cell line 

(HepG2). HepG2 was used for cellular uptake of drug nanocarriers. Prior to the in vitro cell 

studies, both cell lines were cultured in RPMI-1640 medium containing 10% foetal bovine 

serum (FBS), 1% of glutaraldehyde, 1% of penicillin and 1% of streptomycin, under a humid 

atmosphere containing 5% of CO2, at 37 ºC. The culture medium was replaced every two 

days, after the evaluation of the normal cell growth and morphology. 

(iii) Cell cytotoxicity assays and cellular uptake of drug nanocarriers 

The cytotoxicity of GYSMNP@PF127 and GYSMNP@PF127-DOX was assessed in 

PLP2 and HepG2, respectively, using the sulfurhodamine B (SRB) colorimetric assay as 

described elsewhere [18]. SRB assay has been widely used for drug-toxicity testing in 

different types of cancerous and non-cancerous cell lines [38]. Practical advances makes the 

SRB assay very sensitive to measure drug-induced cytotoxicity and cell proliferation even at 

large-scale drug-screening applications [39]. Briefly, 100 L of RPMI-1640 complete medium 

containing different concentrations of GYSMNP@PF127 or GYSMNP@PF127-DOX, ranging from 
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0.05 to 50 g mL-1, were seeded in 96-well plates. Immediately after, 100 L of RPMI-1640 

complete medium containing the respective cell lines in test were added to each well, at an 

initial cell density of 1.0 × 104. In addition, control wells containing just cells with cultured 

medium were seeded and used as blank and control. All the assays were performed in two 

individual tissue-culture plates in duplicated wells (n = 4) and cultured in 5% CO2, at 37 ºC 

for 48 h.  The percent cell viability was calculated considering the untreated cells as 100% 

viability. The results were used to determine the GI50, as the concentration that inhibits 

the growth of cells by 50%.  

Moreover, immunostaining experiments to observe drug internalization on cells were 

performed with cancer cell line. HepG2 cell line was incubated with 5 µg mL-1 of 

GYSMNP@PF127-DOX during 2, 4 and 6 h. Cells were fixed in 4% paraformaldehyde. Hoechst 

dye was used to stain DNA. Microtubules were immunolabeled with the monoclonal anti-

tubulin antibody (B512) that was recognized by a secondary goat anti-mouse immunoglobulin 

G (IgG) conjugated Alexa Fluor 488. Confocal microscopy images were obtained with a Carl 

Zeiss inverted microscope attached to the LSM 780 confocal system (software; ZEN 2010). 

4.3.2 Results and discussion 

4.3.2.1 Synthesis and characterization of GYSMNP@PF127 

Figure 4.7 illustrates the whole protocol of synthesis that was implemented in 

this study (including the steps represented in Figure 4.1).  

 

Figure 4.7. Schematic overview of the steps involved in the development and grafting of the 
hydrophilic graphene-based yolk-shell magnetic nanoparticles (GYSMNP@PF127).  
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The GYSMNP material with the best physicochemical, magnetic and biocompatible properties 

(previously labelled in Section 4.2 as GYSMNP-2), was functionalized with PF127, envisioning 

the optimization of the colloidal and biocompatible features. 

It is important to note that for nanomedicine, the proposed nanosystem has to show 

excellent colloidal stabilization in the presence of electrolyte solutions, optimal average 

hydrodynamic dimension (DH), low haemotoxicity and good biocompatibility. In this context, 

the GYSMNP@PF127 nanosystem was further characterized taking into account those 

properties. DH of GYSMNP@PF127 was found to be 180 nm (Figure 4.8), with polydispersion 

index (PDI) of 0.14 (Table 4.4). Due to the enhanced permeability and retention (EPR) effect, 

nanoparticles with size range of 10 – 200 nm are ascribed to be preferentially accumulated 

into tumour rather than in healthy tissues [30]. Particles in the range of  

100-200 nm are large enough to avoid uptake by the liver and splenic filtration [40]. Thus, 

the DH of GYSMNP@PF127 shows an optimal dimension for suitable intravenous 

administration and EPR effect with prolonged blood circulation.  

 

Figure 4.8. DLS measurements with average hydrodynamic diameter (DH).  

Additionally, the zeta potential of GYSMNP, before and after functionalization with nitric 

acid and pluronic F-127 (PF127), was determined. A higher negative value, around - 37 mV, 

was determined for the functionalized samples with respect to as-synthesized GYSMNP, with 

zeta potential around - 17 mV (data not shown). 

These results indicate the incorporation of carboxylic acid groups and negative charged 

PF127 on the surface of GYSMNP, with a consequent increase in the colloidal stability. 

Moreover, negative surface charge is ascribed to increased nanoparticle circulation by 

avoiding opsonisation phenomenon and their elimination from blood by macrophage cells 

[41].  
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Table 4.4. Colloidal and dimensional properties of GYSMNP@PF127: void thickness, hydrodynamic 
diameter (DH), polydispersion (PDI) and zeta potential.  

Material 
Void thickness 

(nm)a 

Shell thickness 
(nm)a 

DH 

(nm)b 
PDIb 

Zeta Potential 

(mV)b 

GYSMNP@PF127 0.7 ± 0.3 3.6 ± 1.3 180.0 ± 25.4 0.14 ± 0.02 - 36.8 ± 2.0 

a Estimated by using ImageJ software from HR-STEM images as mean ± standard deviation (n = 60) 
b Estimated by DLS and zeta potential measurements, in deionized water at 0.1 mg mL-1, represented as 
mean ± standard deviation (n = 3)   

Figure 4.9 (a) shows the Fourier transform infrared (FTIR) spectra of the samples collected 

at different stages of the preparation process. All samples have various oxygen-containing 

functional groups in their structure including hydroxyl, namely C-OH (3050-3800 cm-1 and 

1070 cm-1), carboxyl (COOH, 1650-1750 cm-1), ketonic (C=O, 1600-1650 cm-1 and  

1750-1850 cm-1) and epoxide (C-O-C, 1230-1320 cm-1) species, as well as sp2-hybried C=C 

(1600-1680 cm-1) and alkanes (C-H, 1460 cm-1 and 1370-1385 cm-1), which are in accordance 

with previous reports for graphene oxide (GO) samples [37]. Moreover, a peak at 570 cm-1, 

which is characteristic for the stretching vibration of Fe-O bond from magnetite [38], was 

observed in all samples. Particularly, an additional peak at 1106 cm-1 (C-O, 1085-1300 cm-1) 

was verified for GYSMNP@PF127 (sample (iii) in Figure 4.9 (a)), as a result of the 

incorporation of PF-127 onto its structure. FTIR characterization of GYSMNP@PF127 shows a 

variety of oxygen-containing functional groups that are favourable for the encapsulation, 

transport and release of guest molecules, such as chemotherapeutic drugs for drug delivery 

applications. 

 
Figure 4.9. (a) FTIR spectra of (i) as-synthesized GYSMNP, (ii) GYSMNP after activation with nitric 
acid, (iii) GYSMNP after grafting with pluronic F-127 (GYSMNP@PF127); (b) Thermogravimetric analysis 
of the as-synthesized and functionalized GYSMNP materials under N2 atmosphere.  

The organic content of the samples was determined by TG analysis under inert atmosphere, 

ranging the temperature from 50 to 550 ºC. Figure 4.9 (b) shows two sharp weight losses for 

GYSMNP@PF127. The first, occurring between 100 and 270 ºC, can be ascribed to the 
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decomposition of same surface oxygen groups [39], whereas the second, between 300 and 

500 ºC, corresponds to the thermal decomposition of PF-127 [40], with a weight loss of 21% 

in comparison to GYSMNP. 

Thus, the successful incorporation of PF127 into the graphene-based shell of the magnetic 

nanosystem was achieved, which improved the structural and colloidal features of the as-

synthesized GYSMNP in order to be applied in nanomedicine.  

4.3.2.2 DOX loading studies 

Doxorubicin (DOX) is a cationic chemotherapeutic drug and one of the most 

commonly used against cancer [42]. However, it presents lethal side effects on healthy cells 

too [43]. Targeted drug delivery can be an effective method to overcome this issue by 

delivering the cargo specifically into tumours after being triggered by its abnormal acidic 

microenvironment. Thus, DOX was chosen to explore the drug delivery properties of 

GYSMNP@PF127, which shows promising potential to carry high payloads of cationic drugs 

due to its negative surface charge, optimal size range, large surface area, mesoporous 

nature and hollow cavity. The drug loading efficiency and drug loading capability were 

assessed by mixing DOX concentrations between 50 to 500 g mL-1 with a fixed amount of 

nanoparticles (500 g mL-1). The loading data are shown in Table 4.5. 

Table 4.5. Drug loading on GYSMNP@PF127 at different initial DOX concentrations (50 – 500 g mL-1) 
in phosphate buffer pH 7.4. Standard deviation of triplicate drug loading tests (n = 3).  

 
Initial DOX concentration (g mL-1) 

50 100 200 300 400 500 

Drug capacity 

(g mg-1) 
96.0 ± 1.0 196.5 ± 0.4 394.1 ± 1.0 587.0 ± 0.5 771.2 ± 9.0 910.5 ± 11.0 

Drug efficiency 
(%) 

96.0% 98.3% 98.5% 97.8% 96.4% 91.1% 

Impressively, the drug loading capacity of GYSMNP@PF127 increases with the initial DOX 

concentration, reaching an outstanding 910 g DOX mg-1 GYSMNP@PF127 when the initial 

DOX concentration is 500 g mL-1, which represents a 91% of drug loading efficiency  

(1:1, w/w). These drug loading results show the extraordinary capability of GYSMNP@PF127 

to load high contents of DOX. This ability can be ascribed to the − stacking interactions 

between the aromatic rings of DOX and the carbonaceous structure of graphene-based 

nanoshells [47], as well as to some surface groups. The post-synthetic functionalization of 

GYSMNP allowed a high negative surface charge (zeta potential values ca. - 37 mV  

(Table 4.4)) with pHPZC around 2 (i.e., pH at which the surface charge is zero), which also 
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allows electrostatic interactions with positively charged DOX (pKa = 8.3) at pH 7.4 [48]. 

Thus, besides the − stacking between the aromatic rings of DOX molecules and the 

graphene-based nanoparticles, the high DOX loading on GYSMNP@PF127 is also a 

consequence of the electrostatic interactions and the mesoporous structure of the graphene-

based shell. 

4.3.2.3 Dual pH- and temperature-dependent drug release 

It is well-known that tumour microenvironment presents a weak acidic pH value, 

around 6.0 – 7.2, at the tumour tissue due to the Warburg effect, which dramatically 

decrease to severe acidic pH values, around 4.5 – 5.5, in tumour endosome/lysosome 

environment [29]. The pH differences between the tumour microenvironment and normal 

tissues, with pH around 7.4, motivate the development of pH-dependent/responsive 

nanocarriers that can be specifically designed as smart drug delivery systems triggered by 

acidic pH values. Therefore, the cumulative pH-dependent DOX release of  

GYSMNP@PF127-DOX was studied under different pH conditions (7.4, 6.0 and 4.5, 

corresponding to the mimicked physiological pH, tumour microenvironment and intracellular 

tumour endosome/lysosome pH conditions, respectively) either at 37 ºC (physiological 

temperature) or 45 ºC (hyperthermia temperature), cf. Figure 4.10. 

 

Figure 4.10. pH and thermo-responsive release of doxorubicin (DOX) from drug loaded 
GYSMNP@PF127 under different pH values (7.4, 6.0 and 4.5) and temperatures (37 and 45 ºC). 
Standard deviation of triplicate drug release tests (n = 3).  

Figure 4.10 reveals that GYSMNP@PF127 has a pronounced pH- and temperature-dependency 

drug delivery behaviour. The drug release at these conditions takes place in two stages: (I) 

a rapid DOX release in the first 8 h, followed by (II) a slower rate release till 48 h.  

Analysis of stage (I) shows that just a very low amount of DOX was released at physiological 

pH conditions (i.e. pH 7.4), both at 37 and 45 ºC. The drug release was slightly higher at pH 
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6.0 than at pH 7.4, i.e., 20% versus 12% at 37 ºC, and 31% versus 18% at 45 ºC. But remarkably, 

at pH 4.5, the drug nanocarriers show an increase of the released DOX around 47% at 37 ºC, 

and an impressive 76% at 45 ºC.  

For the long-period drug release, stage (II), just a maximum of 20% of DOX was released 

under physiological conditions. Under pH 6.0, a maximum drug release of 25% and 36% was 

achieved for 37 and 45 ºC, respectively, whereas at pH 4.5 a remarkable 91% of the 

encapsulated drug was released at 45 ºC.  

Once again, the main reasons behind this promising pH/temperature-responsive drug release 

behaviour of  the graphene-based material comes from the - stacking between the 

graphene-based nanostructures and the aromatic DOX molecules, which can be easily 

disrupted under a mild acidic environment [8], but also due to the increased solubility of 

DOX caused by the protonation process [9]. In this particular example, this pH-dependent 

controlled release phenomenon can be also ascribed to the increased protonation of the 

GYSMNP@PF127 nanocarrier surface as the pH of the aqueous solution decreases from 7.4 to 

4.5, with the associated loss of negative surface charge. This will lead to a reduction of the 

electrostatic attraction between GYSMNP@PF127 and DOX protonated molecules, increasing 

the progressive drug release.  

Overall, the pH-responsive drug release results obtained in this work suggest the great ability 

of the designed graphene-based magnetic nanocarriers to be applied as efficient drug 

encapsulation and delivery systems, with an especial good pH sensitivity for an intelligent 

and on-demand drug release on acidic tumour microenvironments. 

4.3.2.4 Drug release kinetics 

The results of the kinetic modelling, performed with the drug release data 

obtained for GYSMNP@PF127 (at 37 and 45 ºC and different pHs), are listed in Table 4.6. In 

this study, three kinetic models, namely first-order, Higuchi and Korsmeyer-Peppas, were 

fitted to the drug release data obtained for each pH and temperature tested condition. The 

model with the higher R2 values (for each condition) was considered as the best model.  
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Table 4.6.  Drug release kinetic analysis of GYSMNP@PF127-DOX.  

Temperature pH 
First-order Higuchi Korsmeyer-Peppas 

K1 R2 Hh R2 Kkp n R2 

37 ºC 

7.4 0.001 0.556 1.456 0.743 0.009 0.20 0.932 

6.0 0.002 0.655 2.781 0.816 0.013 0.23 0.948 

4.5 0.005 0.734 6.074 0.827 0.033 0.22 0.962 

45 ºC 

7.4 0.001 0.575 1.346 0.758 0.016 0.13 0.977 

6.0 0.002 0.638 2.608 0.797 0.027 0.14 0.980 

4.5 0.014 0.849 6.676 0.818 0.066 0.14 0.984 

The first-order and Higuchi kinetic models have very low R2 values (slightly higher for the 

Higuchi model). These results suggest that the drug release, under the tested conditions, is 

not mainly concentration-dependent or total controlled by diffusion behaviour. The kinetic 

model that fits better (higher R2) is the Korsmeyer-Peppas model, as expected, since it 

considers two parameters instead of one. The n values calculated from the Korsmeyer-

Peppas model equation were found to be lower than 0.45, suggesting that the drug release 

is essentially controlled by simple quasi-Fickian diffusion mechanism.  

4.3.2.5 Validation of GYSMNP@PF127-DOX as dual pH- and AMF/temperature-

responsive drug nanocarrier 

The observed pH- and temperature-dependence drug delivery profiles highlight 

the convenience of exploiting the magnetic properties of the magnetite cores to induce a 

temperature increase by external application of an AMF (AC magnetic field). Thus, in 

addition to an endogenous stimuli (pH) that boosts the localized drug release on the tumour 

site, we can externally enhance this effect by inducing a temperature increase through 

magnetic hyperthermia.  

The response of GYSMNP@PF127-DOX as dual pH- and temperature-sensitive drug release 

nanocarrier was assessed under AMF (f = 340 kHz and H = 21.0 kA m-1) during 30 min. For this 

purpose, 3.0 mg mL-1 of GYSMNP@PF127-DOX, which corresponds to 1.6 mg mL-1 of unloaded-

DOX, GYSMNP@PF127, was dispersed in phosphate buffer at pH 7.4 and 4.5. Mild 

hyperthermia temperature (40 – 43 ºC) was reached between 10 and 13 min and maintained 

till the end of the hyperthermia experiment (30 min) (Figure 4.11).   
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Figure 4.11. Magnetic-induced thermal response curve of GYSMNP@PF127-DOX (3.0 mg GYSMNP-DOX 
mL-1) for dual pH- and thermal-responsive drug delivery: (a) dispersed in phosphate buffer at 7.4 to 
mimic physiological microenvironment, and (b) dispersed in phosphate buffer at 4.5 to mimic tumour 
microenvironment. Samples were subjected to an AMF (f = 340 kHz and H = 21.0 kA m-1) during 30 
min. Inset shows the drug-containing supernatant resulting from each hyperthermia experiment.  

From the initial slope of the heating curve, SAR (specific absorption rate) and IPL (intrinsic 

power loss) values were estimated to be 334 and 402 W gFe
-1, which correspond to 2.2 and 

2.7 nHm2 Kg-1, from samples dispersed in phosphate buffer 7.4 and 4.5, respectively. These 

results represent a much better heating efficiency than other magnetic nanomaterials 

synthesized for hyperthermia application [28, 30, 44], and are in agreement with IPL values 

(0.15 – 3.1 nHm2 Kg-1) of commercial ferrofluids [30, 45]. Moreover, these SAR and IPL values 

are similar to those obtained for the unloaded-DOX GYSMNP@PF127 (Figure 4.12), showing 

that the loading of the drug does not significantly change the original heating performance. 

 

Figure 4.12. Magnetic induced thermal response curve of unloaded-DOX GYSMNP@PF127 dispersed in 
water with a concentration of 1.5 mg mL-1 and subjected to an AMF (f=340 kHz and H= 21.0 kA m-1).  

After each drug release experiment under AMF, samples were centrifuged and the 

supernatants (cf. insets of Figure 4.11 (a) and (b)), analysed to determine the amount of 

DOX released. The results revealed that after 30 min under AMF, just 6.8% of DOX is released 

at pH 7.4, while 45.6% at pH 4.5. The percentage of DOX released under AMF at pH 4.5 is in 

the range of that obtained under external heating conditions at 45 ºC in the first 30 min, 
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i.e., 44.0% (Figure 4.10). Even though, under AMF conditions, the temperature reached was 

slightly lower (40 - 43 ºC) and the length of the test was shorter (17 min). These better drug 

release performances observed in AMF can be ascribed to the local heating effects in the 

vicinity of magnetic nanoparticles, which leads to an increase of the temperature on their 

surface, without bringing a significant increase in the surrounding medium [30]. Therefore, 

these results suggest that under an AMF, the local heat generated on the GYSMNP@PF127 

surface can help the selective diffusion of loaded DOX into the acidic tumour 

microenvironment through magnetic hyperthermia. Based on these results, the developed 

GYSMNP@PF127 material show high promise to act as dual endogenous pH- and exogenous 

AMF/temperature-responsive drug nanocarrier for controlled drug delivery.  

4.3.2.6 In vitro cell tests 

(i) Haemocompatibility assays 

The haemocompatibility of GYSMNP@PF127 was evaluated by haemolysis 

analysis, ranging the nanocarrier concentration between 10 and 500 g mL-1 in diluted RBCs 

(red blood cells) during 3 h at 37 ºC (Figure 4.13). 

 

Figure 4.13. Haemolytic percentages of GYSMNP@PF127 at different concentrations ranging from 10 

to 500 g mL-1 during 3 h at 37 ºC. Error bars represent the standard deviation of triplicate haemolysis 
tests of two blood donors (n = 6).  
 

GYSMNP@PF127 shows a very low dose-dependent haemolytic activity even at a very high 

concentrations (500 g mL-1) with less than 4% of haemolysis, as inferred by the colourless 

supernatant obtained after 3 h of incubation at 37 ºC (Figure 4.13). According to the standard 

ISO 10993–4 that evaluates biological medical devices suitable for blood contact, 

GYSMNP@PF127 is suitable to be applied directly into the blood stream by exhibiting 

haemolytic percentages lower than 5% [14, 46]. 
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(ii) Cell cytotoxicity assays and cellular uptake of drug nanocarriers 

The cell biocompatibility of GYSMNP@PF127 and cytotoxicological effect of 

GYSMNP@PF127-DOX were investigated by SRB colorimetric assay, where the growth 

inhibition of several concentrations of the nanocarriers (0.05 – 50 g mL-1) were assessed 

(Figure 4.14). GYSMNP@PF127 shows a good biocompatibility behaviour on healthy liver cells 

PLP2, even after a long exposition time (48 h) with a GI50 of 58.86 ± 0.69 g mL-1.  To assess 

GYSMNP@PF127-DOX as drug release nanocarrier, research was carried out in tumour liver 

cell line, HepG2. Figure 4.14 (b) illustrates a significant drop in the viability of the tumour 

cells that can be attributed to the increasing concentration of GYSMNP@PF127-DOX, showing 

a much lower GI50 of 7.34 ± 3.39 g mL-1 when compared to GYSMNP@PF127. This higher 

cytotoxicity observed for GYSMNP@PF127-DOX is attributed to the DOX released on the 

tumour cells.  

 

Figure 4.14. Cell cytotoxicity assays investigated by SRB colorimetric assay after incubation of (a) 
GYSMNP@PF127 in healthy liver cell line PLP2; (b) GYSMNP@PF127-DOX in tumour liver cell line 
HepG2, under different concentrations for 48 h.  

For a better understanding of the therapeutic effect of the DOX released by the 

GYSMNP@PF127 material over the tumour cells, HepG2 cells were incubated with the drug 

nanocarrier for 2, 4 and 6 h. In addition, the cell nuclei were stained with Hoechst and 

microtubules were immunolabeled with a monoclonal anti-α-tubulin antibody (B512) 

combined with a secondary goat anti-mouse IgG antibody conjugated with Alexa Fluor 488. 

Cells were observed using confocal microscopy images obtained with Zeiss Laser Confocal 

Scanning Microscope. Laser at 405 nm was used to observe the nucleus, 488 nm to observe 

the microtubules and 561 nm to get the imaging from DOX release. It can be observed (Figure 

4.15) that the red fluorescence intensity from DOX increases along the incubation time 

between the nanocarriers and the tumour cells. This observation reveals that the DOX is 

continuously released from GYSMNP@PF127-DOX nanocarriers. After 6 h, the cell nuclei 
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exhibit a strong DOX red fluorescence intensity, suggesting that a high content of DOX is 

released into the cell cytoplasm and reaches the nucleus after nanoparticle 

internationalization by endocytosis. The cellular uptake of drug nanocarriers is not only very 

important for enhancing the drug delivery efficiency, but it is also beneficial for magnetic 

hyperthermia therapy, allowing a combinatorial thermo-chemotherapeutic effect. 

This combined strategy represents an important step forward in the fight against cancer and 

highlight this new generation of responsive graphene-based nanocarriers as suitable 

therapeutic actuators on it. Furthermore, their ability to be further functionalized with 

targeting molecules opens new opportunities for the treatment of different tumour types. 

Also, the presented magnetic nanocarriers might be optimized with target molecules, for a 

more effective nanosystem for the in vivo cancer therapy. 

 

Figure 4.15. Confocal microscopy images of HepG2 cells incubated with GYSMNP@PF127-DOX at a 

concentration of 5 g mL-1 during 2 h (a), 4 h (b) and 6 h (c). (i) Cell nuclei stained with Hoechst and 
excited at 405 nm; (ii) DOX released in HepG2 cells and excited at 561 nm; (iii) Cell microtubules 
immunolabeled with the monoclonal anti-tubulin antibody (B512) combined with a secondary goat 
anti-mouse IgG antibody conjugated with Alexa Fluor 488 excited at 488 nm; (iv) HepG2 cells using 
bright contrast; (v) Cell merged images.  

4.3.3 Conclusions 

In this study, hydrophilic graphene-based yolk-shell magnetic nanoparticles 

(GYSMNP) functionalized with copolymer PF-127, were successfully developed as 

multifunctional nanocarriers for biomedical applications. To enhance stability and 

biocompatibility of the graphene-based nanomaterials, samples were chemically activated 
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with nitric acid and functionalized with copolymer PF-127. Impressively, this hybrid 

nanomaterial was found to be an efficient nanoheater at relatively low concentrations, with 

exceptional drug loading capacity and controlled drug release triggered by the acidic tumour 

microenvironment. In addition, the external application of an AMF (magnetic hyperthermia) 

was observed to further induce drug release, which was more significant at the lowest pH 

tested. The dual pH- and temperature-responsive drug delivery behaviour observed in these 

nanosystems show a burst release of the drug at mimicked acidic tumour environment, 

whereas at physiological pH and temperature, negligible amount of drug is released, 

confirming that the drug is efficiently retained in the nanocarrier. Furthermore, the 

developed nanocarriers show low cytotoxicity and nuclei drug internalization in a short 

period of time. The presented strategy can represent a new way to design and synthesize 

stable graphene-based materials with novel structures for targeted combinatorial thermo-

chemotherapy triggered by abnormal acidic cell microenvironments on tumour site, with the 

subsequent minimization of side effects on the healthy cells. 
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5 Organ-on-a-chip platform for bio-toxicity evaluation 

of graphene-based magnetic nanoparticles 

5.1 Introduction 

In spite of all the progress achieved in the last decade in nanomedicine, the 

translation of new therapeutic nanosystems for clinical application has been slow, especially 

due to the lack of robust preclinical tissue culture platforms able to mimic the in vivo 

conditions found in the human body and to predict the performance of the developed 

nanomaterials [1].  

Organ-on-a-chip platforms are novel microfluidic tools that mimic complex human organ 

functions at the microscale level. These integrated microfluidic networks, with 3D tissue 

engineered models, have shown the ability to reduce the discrepancies between the 

preclinical and clinical trials [1, 2]. Moreover, these 3D microfluidic platforms have several 

advantages over the in vivo animal models, such as lower costs and less time-consuming, 

ethical concerns, visualization of the theranostic agents in the target tissues and accuracy 

to predict human responses [1]. 

In this Chapter, a novel organ-on-a-chip platform to evaluate with high accuracy the 

performance of new drug nanocarriers, such as the developed GbMNP, as intelligent and on-

demand drug delivery system with pH-dependent controlled release, is described. This work 

was developed under the framework of a Fulbright Research Grant 2017, at the Harvard-MIT 

Division of Health Sciences and Technology (Cambridge, Massachusetts, USA), headed by 

Prof. Ali Khademhosseini and supervised by Dr Su Ryon Shin. This bioengineering leading 

group has a vast experience in developing organ-on-a-chip systems that aims to mimic human 

response to various chemicals.   

In Section 5.2, part of the study to design and test a dual-organ-on-a-chip platform, 

compressing cardiac and breast cancer organoids, with the aim to evaluate the effect of 

chemotherapy over those organs in continuous and during several days, is detailed. Due to 

the versatility of the proposed 3D tissue/organ platform, the evaluation of novel drug 

nanocarriers, such as the GYSMNP@PF127-DOX developed in Section 4.3, was assessed.  

A manuscript is under preparation with the complete study, and it will be submitted to an 

international journal with high reputation in the field, expected to be a new avenue for the 

development of 3D screening platform for drug delivery and nanomedicine. 
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5.2 Dual-organ-on-a-chip platform developed for drug screening 

studies in nanomedicine 

Among the 8.2 million cancer deaths occurred in 2012 worldwide, breast cancer 

is the leading cause of cancer-related death in females [3], and the most common cancer 

diagnosed in women in North America, Europe and Oceania [4]. Also, it is estimated that 

without major changes in prevention or treatment, more than 846 000 women will die in 

2035 from breast cancer worldwide [5].  

Chemotherapy is a vital part of the frontline attack of cancer, including breast cancer. But, 

although chemotherapeutic drugs have successfully treated many patients, the benefits of 

chemotherapy are tempered by its significant limitations. One of the most worrying 

limitations is the non-specific targeting that chemotherapeutic drugs have over the tumour 

cells, affecting  also the healthy ones [6]. Among the side effects, cardiac toxicity is gaining 

particular attention due to its high rate of occurrence. The term cardiotoxicity includes 

many possible pathological manifestations, but the most common is the reduction of the 

cardiac function, which can lead to heart failure and death [7]. Additionally, it has been 

estimated that about 30% of the drug candidates fail during clinical trials, due to its toxic 

side effects, which generates major costs to the pharmaceutical industry and slows down 

the drug development process [8]. This is partly due to the fact that many animal models 

fail to accurately reflect human physiology. Thus, there is an increasing need to develop 

human-based tissue/organ models to mimic the architecture and functionality of human 

tissues for drug toxicity assays before clinical trials [9].  

Another major limitation of chemotherapy is the physical nature of tumours, which blocks 

the penetration of drugs into the tumour tissues [10]. To address this issue, researchers have 

been pursuing ways to develop new systems, such as nanocarriers, able to increase the 

amount of drug internalized on cells after these nanosystems have reached their targets. 

Nevertheless, the translation of new therapeutic nanosystems for clinical applications has 

been also hampered by the lack of accurate 3D human models able to mimic the architecture 

and functionality of their respective counterparts. 

Organs-on-chips are advanced microfluidic devices able to miniaturize the complex 3D 

architecture and to reproduce the biomimetic stimuli, both dynamic mechanical and 

chemical, found in human tissues and organs [11, 12]. Due to their features, these in vitro 

models have emerged as viable platforms for personalized medicine, drug screening and 

nanomedicine studies [12, 13]. An additional advantage of these in vitro models is the 

possibility to integrate, in the same platform, multiple organoid models connected in a 
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similar manner as they are arranged in vivo, and thus able to analyse multi-organ 

interactions [12]. In spite of the several organ-on-a-chip models developed in the recent 

years, the integration of various organs has been limited due to the successful integration 

of multisensor systems. These multisensory systems play a crucial role in the continuous 

monitoring of the organ models in response to the drugs or therapeutic nanosystems tested 

over an extended period of time. 

In this context, the goal of this chapter is to address these challenges by developing a dual-

organ-on-a-chip platform, comprising human breast cancer and heart-on-a-chip, and 

equipped with a monitoring system that allows for long-term, the accurate measurement of 

biomarkers secreted by both tissues in response to free or encapsulated chemotherapeutic 

drugs. 

To accomplish this goal, herein is proposed an innovative approach that is based on a label-

free electrochemical (EC) biosensor in conjunction with human breast cancer-and-heart-on-

a-chip technology. The biosensor uses EC impedance spectroscopy which allows the 

measurement of a variety of bioassays with high sensitivity, as recently demonstrated by the 

Khademhosseini’s group [9, 12]. The microfabricated EC biosensors are amenable to scaling 

and allow synergistic integration of the sensors with a microfluidic platform. The EC sensor 

arrays can be functionalized with aptamers/antibodies for multiplexed detection of 

biomarkers secreted from both dual cancer-and-heart-on-a-chip model. The extended aim 

of the proposed biosensing platform is to be further equipped with a built-in capability of 

regenerating the sensor surface upon saturation for continual kinetic studies over extended 

periods of time, by combining it with an automated microfluidic system (work that is 

expected to be soon published). Particularly, in this section, the chemotherapeutic drug DOX 

is evaluated in situ via quantification of selected biomarkers, secreted by the cancer and 

human cardiac models. Additionally, the GYSMNP@PF127-DOX nanocarrier, developed in 

Section 4.3, is evaluated against the free DOX in order to assess its bio-toxicity and drug 

release efficiency on both cancer and healthy organoids. This novel in vitro platform can 

represent a potential avenue to promote the development of a highly efficient and robust 

preclinical tissue culture platform, able to achieve better prediction of efficiency/toxicity 

of drugs and nanomaterials developed for nanomedicine. 
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5.2.1. Experimental methods 

5.2.1.1 Chemicals 

Potassium ferricyanide, K2Fe(CN)6 (99 wt.%), sulfuric acid, H2SO4 (95 wt.%), 

Dulbecco’s phosphate buffered saline (DPBS), 11-mercaptoundecanoic acid, 11-MUA  

(95 wt.%), ethanol absolute, C2H6O (99.8 wt.%), N-ethylcarbodiimide, EDC (97 wt.%), and  

N-hydroxysuccinimide, NHS (97 wt.%) were obtained from Sigma-Aldrich (MO, USA). 

Doxorubicin hydrochloride, DOX (98 wt. %), was purchased from Discovery Fine Chemicals 

(Wimborne, UK). Polydimethylsiloxane (PDMS) and curing agent were obtained from Sylgard 

184, Dow Corning (MI, USA). PrestoBlue cell viability assay was obtained from ThermoFisher 

scientific (MA, USA). Live/Dead cell viability assays were purchased from Invitrogen (CA, 

USA). Human creatine kinase (CKMB), cardiac Troponin T and Human Epidermal growth 

factor Receptor 2 (HER2) ELISA Kits were purchased from Abcam (Cambridge, UK). All 

aqueous solutions were prepared using ultrapure water (18.2 MΩ.cm at 25 °C), produced in 

a Milli-Q system (Millipore), or deionized water. 

5.2.1.2 Preparation of microelectrodes 

Single and multi-array microelectrodes were designed and fabricated using the 

same procedure reported elsewhere [9]. Briefly, the microelectrode set was fabricated with 

a reference electrode (RE), a counter electrode (CE) and a working electrode (WE), and 

produced in gold (Au) to achieve a stable biosensing system. The WE diameter is 800 m, 

the CE and RE width are 150 m, the gap between the WE and the other two electrodes is  

200 m, and the diameter of detection area is about 1500 m. 20 nm thick titanium (Ti), 20 

nm thick palladium (Pd) and 500 nm thick Au were selectively deposited on cleaned glass 

using a shadow mask by an e-bean evaporator, creating WE and CE electrodes. A second 

shadow mask for RE patterning was attached to the Au-deposited glass subtract and 20 nm 

thick Ti, 20 nm thick Pd and 500 nm thick silver (Ag) were selectively deposited on the glass 

subtract. Lastly, the electrodes were annealed at 300 ºC for 6 h in a furnace.   

5.2.1.3 Electrochemical measurements 

Measurements of electrochemical impedance spectroscopy (EIS) were performed 

using an electrochemical workstation CHI660E (CH instrument, Inc.), with a conventional 

three electrode system. For the EIS technique, the initial potential was set to 0.1 V and the 
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frequencies ranging between 0.1 Hz and 100 kHz at 5 mV of amplitude. All measurements 

were carried out in 50 mM of potassium ferricyanide (K2Fe(CN)6) electrolyte solution.  

5.2.1.4 Design and fabrication of dual bioreactor chips 

The drawing of the dual bioreactor was performed with the software Solidworks 

and the PMMA mask produced with a laser cutting machine. To fabricate the PDMS mould, 

the PMMA mask was covered with PDMS prepared by mixing curing agent and base polymer 

(1:10, w/w), and the mixture cured in the oven at 80 ºC for 1h. The cured PDMS mould was 

peeled off from the mask. For each dual bioreactor chip, two pieces of the cured PDMS 

containing the dual-organ geometry were used. Finally, the PDMS moulds were placed 

between two PMMA plates and fixed with 8 screws to avoid leakages and contaminations, as 

shown in Figure 5.1. 

 

Figure 5.1. Schematic representation of the dual bioreactor chip used as microfluidic platform to 
contain the dual-organ system. 

5.2.1.5 Immobilization process for aptamer biosensors 

The immobilization process of the selected aptamers (cf. Table 5.1) in the 

biosensors was performed as described elsewhere [9]. Two cardiac biomarkers (CKMB and 

Troponin T), and one breast cancer biomarker (HER2) were exploited. Briefly, prior to self-

assembly monolayer (SAM) coating, the fabricated microelectrodes were first cleaned using 

H2SO4 (10 mM) and DPBS solutions three times. Then, the microelectrodes were coated with 

30 µL of 11-mercaptoundecanoic acid (11-MUA) solution (10 mM) for 1 h to generate a thiol 

terminated SAM. The microelectrodes were rinsed with ethanol and DPBS to remove the 

unbounded 11-MUA molecules. In the following step, 60 µL of the mixed solution of N-

ethylcarbodiimide (EDC) (50 mM) and N-hydroxysuccinimide (NHS) (50 mM) was applied to 
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the electrode surface and incubated for 15 min. In this process, the activated NHS ester 

reacts with the primary amine groups of aptamers by the formation of an amide bond. Then, 

the selected aptamer (10 g mL-1) was incubated for 30 min and the unbounded molecules 

rinsed with DPBS. The unspecific sites were blocked with cell culture media for 30 min, 

which also served as baseline. Finally, the antigens of the selected biomarkers were 

measured after flowed into the biosensors and being incubated for 30 min. The same 

procedure was used to perform the calibration curves of the selected biomarkers. In this 

case, different concentrations of the antigens (0.1 pg mL-1 to 1 ng mL-1) were successively 

incubated for 30 min and the Nyquist curves obtained. Then, to eliminate any 

electrochemical difference that could exist among the different electrodes, the electron-

transfer resistance (Rct) was normalized as Rct antigen/Rct media. Each experiment was 

performed in triplicate using independent biosensors. 

Table 5.1. Selected cardiac and breast cancer biomarkers and their clinical 
cut-off levels 

Tissue 
Biomarker Clinical cut-off levels 

(ng/mL) 
Specificity 

Cardiac Troponin T 0.05 – 0.1 High 

CKMB 0.6 Medium 

Breast cancer HER2 8.1 - 75 High 

5.2.1.6 In vitro 2D cellular studies using graphene-based magnetic nanoparticles 

(GYSMNP) 

Prior to the microfluidic bioreactor study using the organ-on-a-chip platform, the 

drug nanocarrier was tested in in vitro cellular 2D studies. These studies allowed to:  

(i) obtain the optimal concentration of the drug nanocarrier loaded with DOX 

(GYSMNP@PF127-DOX) in order to deliver equal amount of the free chemotherapeutic drug 

(DOX, 10 M); (ii) determine the biocompatibility of unloaded GYSMNP@PF127 in healthy 

induced pluripotent stem cardiomyocytes (iPSCs) and breast adenocarcinoma cell lines 

(SkBr3); and (iii) determine the toxicological effect of the GYSMNP@PF127-DOX on this same 

cell lines.  

(i) Determination of optimal concentration of drug nanocarrier 

The optimal concentration of GYSMNP@PF127-DOX to release equal amount of 

free DOX (10 M) was verified by ranging the drug nanocarrier concentrations between 15 

and 60 g mL-1, which correspond to a total loaded DOX of 10 and 40 M. SkBr3 cell line was 
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used to assess the cellular uptake of drug delivery by the nanocarriers. Briefly, 100 L of 

McCoy's 5a medium modified containing different concentrations of GYSMNP@PF127-DOX, 

was seeded in 96-well plates containing the cell line SkBr3, at an initial cell density of  

1.0 × 104. In addition, control wells containing just cells with cultured medium were seeded 

and used as blank. On another well seeded with cells, free DOX was added at 10 M, to be 

used as comparison drug control. All the assays were performed in two individual tissue-

culture plates in duplicated wells (n = 4) and cultured in 5% CO2, at 37 ºC for 24 h.   

(ii) Biocompatibility and toxicological studies of drug nanocarrier 

The biocompatibility and toxicological studies of GYSMNP@PF127 and  

GYSMNP@PF127-DOX were conducted in cardiomyocytes and SkBr3 cell lines using PrestoBlue 

colorimetric assay. Briefly, 100 L of McCoy's 5a medium modified containing unloaded 

GYSMNP@PF127 (16.6 g mL-1), GYSMNP@PF127-DOX (30 g mL-1) and free DOX (10 M), were 

seeded in 96-well plates containing the respective organoid cell lines in test, at an initial 

cell density of 1.0 × 104. After 24 h (day 1), 30 L of PrestoBlue was added to each well and 

incubated for 30 min in 5% CO2, at 37 ºC in dark. The supernatant was collected and used to 

read the absorbance at 570 and 600 nm. The procedure was repeated in day 3 (72 h) and 

day 5 (120 h). In addition, control wells, containing just cells with cultured medium, were 

seeded and used as control. All the assays were performed in two individual tissue-culture 

plates in duplicated wells (n = 4). 

5.2.1.7 Culturing cardiomyocytes and breast cancer organoids in microfluidic 

bioreactor 

A high-throughput PDMS micro-well technique was used to form breast cancer 

spheroids (Figure 5.2, a-c). A negative silicon mould containing pillars (300 μm in diameter 

and 250 μm in depth) was used to form a PDMS replica against the silicon wafer by casting 

the PDMS in a mixture of 10:1 silicon elastomer and the curing agent (Sylgard 184, Dow 

Corning, MI, USA). The blend was then degassed and cured for 1 h at 80 ºC, and the PDMS 

mould formed. Micro-wells were washed with 70% ethanol under the vacuum to remove all 

the micro-bubbles. After trypsinization, SkBr3 cells were seeded at a concentration of  

1x 106 cells in 1 mL media (DMEM 1X medium with 10% FBS and 1% penicillin/streptomycin) 

per PDMS mould containing 24 × 24 micro-wells. The cells were allowed to settle in the wells 

by gravity for 30 min. The cells that were not settled into the micro-wells were washed with 

media (Figure 5.2 (g)) several times. The cells were kept in incubation with a daily supply 

of fresh media for 5 days until spheroids were formed. On day 5, spheroids were harvested 
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and collected for encapsulation in gelatin methacryloyl (GelMA), generating the organoid 

architecture.  

 

Figure 5.2. (a, b) Schematic representation of the fabrication of PDMS micro-well mould for cancer 
cell spheroid preparation; (c) optical images of cross-sectional and top view of PDMS micro-well 
moulds. (d-j) Optical images of PDMS micro-wells mould at different steps: (d) after adding cell media 
and formation of micro–air bubbles; (e) after vacuum–removing of air bubbles; (f) seeded with SkBr3 
cells (1×106 cells ml-1) and incubated for 30 min at 37 ℃ with 5% CO2; (g) washed with cell media to 
remove cells that did not settled into the micro-wells; and (h-j) changed cell media after 24, 72 and 

96 h incubation at 37 ℃ with 5% CO2, respectively. Insets show higher magnification of cancer spheroid 
morphologies; (k) histogram shows SkBb3 spheroid size distribution at day 4 (number of considered 
spheroids = 100). 

Cardiomyocytes and SkBr3 spheroids were individually embedded inside a GelMA hydrogel, 

dispensed, and photo-cross-linked to generate the human cell-based dual heart- and breast 

cancer-on-chip platform. The cardiac and breast organoids were cultured for up to 5 days in 

the bioreactors and the media used to monitor the amount of biomarkers secreted during 

the experiments (free DOX and GYSMNP@PF127-DOX). The viability of the cardiomyocytes 

and breast cancer were further analysed using a live/dead assay. The statistical analysis was 

performed with the Student’s t-test with a significance level of p < 0.05, represented as 
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asterisks (*) in comparison with the control test. All statistical analysis were performed using 

Origin 9.0 software 

5.2.2 Results and discussion 

5.2.2.1 Design and calibration of a label-free EC sensing method 

To monitor selected biomarkers, EIS measurements were used. Based on previous 

studies published by the Khademhosseini’s group (showing the high selectivity and stability 

of gold microelectodes to detect CKMB aptamers/antibodies [9, 14]), the same 

microelectrode set having a reference electrode (RE), a counter electrode (CE) and a 

working electrode (WE) (cf. Figure 5.3 (a-b), was tested to be applied as multiplexed label-

free EC sensing. The main goal is to design and fabricate, in a near future, a multiplexed 

biosensing method able to be further integrated with a microfluidic sensing platform and to 

measure for long periods of time up to 16 selected biomarkers secreted from different 

organoids.  

Although the recent advances in organ-on-a-chip platforms, the monitoring of biomarkers 

secreted from organoids in a non-invasive manner is still very challenging. Among those 

challenges are the limited sensitivity and selectivity to detect selected biomarkers that are 

dissolved in complex biological environments, such as cell culture medium, and also detect 

trace amounts of those secreted disease markers [15], such as the case of cardiac CKMB, 

troponins or HER2 breast cancer biomarkers. The current gold standard to measure these 

biomarkers relies on ELISA kits, which have insufficient sensitivity to detect trace amounts 

of biomarkers (pg mL-1) and requires significant sample volume. EIS based sensors have shown 

some advantages to overcome these drawbacks, such as low limit-of-detection (LOD), low 

sample requirements, compatibility with microfluidic techniques and possibility to be 

integrated with organ-on-a-chip platforms for continuous monitoring [9].   

Figure 5.3 (c) represents the immobilization steps of aptamers into the gold surface of the 

microelectrode. The first step starts with the immobilization of a self-assembling monolayer 

(SAM) of 11-mercaptoundecanoic acid (11-MUA) solution, containing thiol groups in one end 

and carboxyl groups in the other terminal.   

Then, by mixing EDC/NHS, the carboxyl-terminated alkyl surface of SAM is converted to an 

active NHS ester by reacting with 11-MUA. In this process, the activated NHS ester reacts 

with the primary amine groups of the aptamers by the formation of an amide bond. 

Aptamers, which are short single-stranded oligonucleotides capable of binding molecules 
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with high affinity and specificity [16], were used in this study to target specific antigens 

(troponin-T, CKMB and HER2), in a highly reproducible manner.  

 

 

Figure 5.3. (a) Image of the microfabricated electrode set containing a reference electrode (RE), a 
counter electrode (CE) and a working electrode (WE); (b) image of a single electrode as the one used 
in this study; (c) schematic diagram of the immobilization steps of the aptamers into the 
microelectrode. 

Cardiac troponin biomarkers represent a promising and valuable modality for detecting 

cardiac toxicity in patients undergoing chemotherapy. Monitoring cardiac troponin levels 

provide information regarding the development of cardiac toxicity long before cardiac 

dysfunction becomes apparent on echocardiography or via clinical symptoms.  

CKMB is another cardiac biomarker related to recurrence of myocardial infarction and 

cardiac vascular disease [17]. The low clinical cut-off level of this biomarker (0.6 ng mL-1) is 

a critical concern while selecting the suitable sensors. Therefore, a highly sensitive biosensor 

is required for in-line detection of secreted CKMB from the heart-on-a-chip platform, which 

can be employed for real-time monitoring of cardiotoxicity induced by drugs.  

On the other hand, the expression level of human epidermal growth factor receptor HER2 

increases in approximately 15–30% in breast cancer tumours [18]. For instance, breast cancer 

patients who are positive to HER2 have increased HER2 concentrations in blood  

(15–75 ng mL-1) compared to normal individuals (2–15 ng mL-1) [19]. Moreover, HER2 

overexpression has also been seen in other cancers like ovary, endometrium, bladder, lung, 

colon, and head and neck [18]. Thus, HER2 valuation may be of clinical relevance especially 

in the development of breast cancer-on-a-chip platforms for the evaluation of 

chemotherapeutic drugs. Due to these reasons, these biomarkers were selected to monitor 

the response of organoids to chemotherapy administrated via free or encapsulated DOX.  
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The calibration and sensitivity of the biosensors were evaluated for the selected biomarkers. 

After the incubation of the biosensors with the selected aptamers, different concentrations 

of Troponin-T, CKMB and HER2 antigens, ranging from 0.1 pg mL-1 to 1 ng mL-1, were 

measured by EIS (cf. Figure 5.4). 

 

 

 
Figure 5.4. Calibration curves and respective Nyquist curves obtained at 37 ºC for (a) cardiac 
Troponin-T aptamer; (b) human cardiac CKMB aptamer; and (c) breast cancer HER2 aptamer. 

The successful functionalization of each aptamer layer on bare electrodes is confirmed by 

the subsequent increase of the impedance signal, as shown by the Nyquist curves in  

Figure 5.4. In a similar way, the successively attachment of increasing amounts of antigens 

is shown by the increase of the electron-transfer resistance (Rct) value obtained from each 
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Nyquist curve, due to the redox probe [Fe(CN)6]
4-/3- by the antigens. To obtain the calibration 

curves of the biomarkers and eliminate possible variations from the individual 

microelectrodes, ΔRct was normalized as Rct antigen/Rct media, as reported above. In this 

study, Rct media is termed “as-prepared” signal and used as the baseline of the biosensors. 

The calibration curves were obtained by plotting the normalized ΔRct of the ranging 

concentration of the antigens (0.1 pg mL-1 to 1 ng mL-1) from the selected biomarkers. 

The slope of the calibration curves for Troponin-T, CKMB and HER2 prepared in medium and 

measured by the aptamer-based biosensor were 2.24, 0.68 and 0.78 (log (pg mL-1))-1, 

respectively. These values show the high sensitivity of this aptamer-based biosensor to 

detect trace amounts of the selected biomarkers, even when they are dissolved in complex 

biological environments, such as cell culture medium. Overall, these results indicate that 

this aptamer-based biosensor possesses much higher sensitivity to detect trace amounts of 

biomarkers (pg mL-1) than other methods, including immunochemiluminometric assays (ng 

mL-1), amperometric assays (g mL-1), or ELISA assays (ng mL-1) [9]. In this context, these 

aptamers-based biosensors show high potentiality to be used as an excellent biosensing 

platform to monitor with high sensitivity trace amount of several biomarkers produced by 

multi-organ-on-a-chip system during drug screening tests. 

5.2.2.2 In vitro 2D cellular studies of drug nanocarrier GYSMNP 

On a previous study using heart-on-a-chip systems [9], cardiomyocytes treated 

with 10 M of free DOX presented reduced beating rates, as well as reduced cellular viability. 

Thus, in this study, the concentration of 10 M of DOX was selected to perform the 

chemotherapeutic treatment of breast cancer organoids and to verify the effect of this drug 

on the healthy cardiac tissues.   

As detailed in Section 4.3, graphene-based yolk-shell magnetic nanoparticles functionalized 

with copolymer PF-127 (GYSMNP@PF127) were successfully developed as multifunctional 

nanocarriers for the treatment of cancer. This nanosystem revealed an exceptional 91% of 

drug loading capacity of DOX (1/1, w/w) and controlled drug release triggered by the acidic 

tumour microenvironment (cf. Figure 4.10). In order to determine the optimal concentration 

of GYSMNP@PF127-DOX that allows the release of equal amount of free DOX (10 M) in 24 h 

at 37 ºC, the breast cancer cell line SkBr3 was incubated with different concentrations of 

nanocarriers (15, 30 and 60 g mL-1, corresponding to 10, 20 and 40 M of total loaded DOX, 

respectively) and compared with those obtained with 10 M of free DOX (cf. Figure 5.5). 

After incubation, SkBr3 cells were stained with Calcein-AM, which is a membrane-permeable 
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live-cell labelling dye that shows living cells in green. DOX images show the red intensity 

from the DOX uptake by the cells.  

 

Figure 5.5. Confocal microscopy images of SkBr3 cells incubated during 24 h at 37 ºC: (a) without 

chemotherapeutic treatment; (b) free DOX (10 M); and (c-e) GYSMNP@PF127-DOX at different 

concentrations of 15, 30 and 60 g mL-1, corresponding to 10, 20, 40 M of loaded DOX, respectively. 
(i) cells stained with Calcein-AM excited at 495 nm; (ii) DOX released in SkBr3 cells and excited at 561 

nm; (iii) cell merged images. Scale bars represent 100 m.  
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By observing SkBr3 cells treated with free DOX, it can be seen that the number of living cells 

are lower in comparison with control images, which means that cell viability was affected. 

In this context, the nanocarrier concentration that has the most similar effect when 

compared to free DOX, was achieved with 30 g mL-1 (corresponding to 20 M of total loaded 

DOX). This result is in line with the in vitro drug release study shown in Figure 4.10, which 

shows that at 37 ºC and acidic tumour microenvironments (pH 4.5), the drug nanocarrier 

GYSMNP@PF127 is able to release 50% of the loaded DOX. Thus, the concentration of 30 g 

mL-1 of GYSMNP@PF127-DOX was selected to perform the chemotherapeutic treatment on 

the dual-organ-on-a-chip and compare its toxicological results on both organoids with free 

DOX (10 M). 

Another important parameter to be considered is the biocompatibility and toxicity effect of 

the nanocarriers over the healthy and tumour cell lines. The cell biocompatibility of 

GYSMNP@PF127 (unloaded with DOX, 16.6 g mL-1) and cytotoxicological effect of 

GYSMNP@PF127-DOX (loaded with DOX, 30 g mL-1) were investigated by PrestoBlue 

colorimetric assay, as shown in Figure 5.6. 

 

Figure 5.6. Cell cytotoxicity assays performed with GYSMNP@PF127, free DOX and GYSMNP@PF127-
DOX and investigated by PrestoBlue colorimetric assay during 5 days. (a) Breast cancer (SkBr3); (b) 
healthy cardiomyocytes (iPSCs). Data are presented as mean ± standard deviation of percentage 
viability compared with untreated cells (n = 4).  

As observed in Figure 5.6, free DOX has high toxicological effect over both cells lines (breast 

cancer and healthy cardiomyocytes). In the first three days, unloaded GYSMNP@PF127 has 

no apparent toxicity over both cells lines. However, in the fifth day, cardiac cells show a 

decrease of viability compared to the previous days. One explanation for this drop of viability 

in day 5 is the cumulative effect of the magnetic nanoparticles that stay trapped in the 

GelMA structure along the sequential treatments. This factor increases the final 

concentration of nanomaterial into the hydrogel structure, thus increasing its toxicity to the 
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cells. In any case, the overall results show that at least for three days of chemotherapeutic 

treatment, the developed nanocarriers are able to selectively deliver the anticancer drug in 

the tumour target and to protect the healthy cardiac tissue in comparison to free DOX. For 

a better understanding of this phenomenon, a dynamic microfluidic study using a dual-organ-

on-a-chip was used to assess the effect of DOX (free and encapsulated) over both organs in 

continuous.   

5.2.2.3 Monitoring of cell-secreted biomarkers from bioreactor samples 

The dual-organ-on-a-chip platform was obtained by embedded cardiac iPSCs and 

SkBr3 spheroids inside a gelation methacryloyl (GelMA) hydrogel photo-cross linked, 

generating the human cardiac- and breast cancer-organ-on-a-chip bioreactor (Figure 5.7).  

The development of the biomimetic dual-organ-on-a-chip system allows the simultaneous 

monitoring and investigation of the effect of chemotherapeutic drugs over aggressive breast 

cancer tumours (such SkBr3 cell line) and healthy cardiac tissues. This non-invasive 

continuous monitoring of multi-organ systems offers the possibility to obtain new insights 

over the cellular metabolic activity, as well as to develop new drug models or adjust 

chemotherapeutic doses in a personalized manner. To date, and to the best of our 

knowledge, this is the first study developed to determine the effect of anticancer drugs over 

multi-organs-on-a-chip platforms using biomolecular sensing.  

 

Figure 5.7. Schematic representation of the dual-organ-on-a-chip microfluidic bioreactor developed 
to monitor the effect of the chemotherapeutic drug doxorubicin (free or encapsulated in nanocarriers) 
over the breast cancer and cardiac healthy organoids. Life/dead confocal images from iPSCs and SkBr3 
spheroids showing the high viability of these organoids inside the GelMA hydrogel after UV photo-cross 
linking. Live cells stained green and dead cells stained red.  



CHAPTER V: ORGAN-ON-A-CHIP PLATFORM FOR BIO-TOXICITY EVALUATION OF GBMNPS 

Dual-organ-on-a-chip platform developed for drug screening studies 

130 

 

To determine the effect of the anticancer drug DOX over the dual-organ-on-a-chip, two 

individual experiments were performed, as listed in Table 5.2. 

Table 5.2. Anticancer drug induced experiments using dual-organ-on-a-chip 
microfluidic bioreactor 

Assay # Type Organs Drug test 

1 Dual-organ SkBr3 + iPSCs Free DOX 

2 Dual-organ SkBr3 + iPSCs GYSMNP@PF127-DOX 

The exposure to DOX, the anticancer drug model used in this study and known to induce 

cardiac injury and heart failure [20], is expected to increase the levels of the cardiac 

biomarkers Troponin-T and CKMB, as well as to decrease the amount of HER2 biomarkers, 

due to the toxicological effect over the breast cancer tissues, as observed during the 2D 

cellular studies (Figure 5.6 (a)). The monitoring of each biomarker was followed during  

5 days of successful culture of the organoids in the bioreactors without leakage or 

contamination. In selected days (1, 3 and 5), samples of co-culture media (StemPro + McCoy 

media, 1:1 (v/v)) were collected from the feedback loop system and analysed by 

electrochemical analysis using single microelectrodes (Figure 5.8 (a)). 

 

Figure 5.8. (a) Schematic representation of the feedback loop system used during the drug induced 
experiments on dual-organ-on-a-chip microfluidic bioreactor along 5 days. Electrochemical sensing of 
selected biomarkers released from dual organ-on-a-chip bioreactor: (b) cardiac biomarker Troponin-
T; (c) cardiac biomarker CKMB; (d) breast cancer biomarker HER2. Error bars show standard deviation 
of individual single microsensors (n = 3) and the asterisks (*) represent statistical significance in 
comparison with free DOX assay for p < 0.05 determined by Student’s t-test. 
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Samples collected from drug-induced experiments along 5 days were measured in individual 

aptamer-based biosensor for each biomarker by EIS (Figure 5.8 (b-d)). The results shown in 

Figure 5.8 reflect the normalized ΔRct data obtained from EIS measurements and correlated 

to each calibration curve (Figure 5.4). As expected, free DOX shows to induce a dramatic 

toxicity over the breast cancer tissue, as revealed by the decrease of HER2 biomarkers along 

the 5 days of chemotherapeutic treatment, but also reveals cardiac injury to the heart 

organoid with increasing detection of both cardiac diseases’ biomarkers (i.e., Troponin-T 

and CKMB). On the other hand, the encapsulated DOX released by the nanocarrier 

GYSMNP@PF127-DOX shows a more protective behaviour over the healthy cardiac organoids 

in comparison with the free DOX, and at the same time maintaining the severe toxicity over 

the breast cancer spheroids. These exciting results attest the previous screening results 

detailed in Section 4.3, where the developed graphene-based magnetic nanoparticles were 

tested as smart and on-demand drug nanocarriers triggered by the abnormal acidic pH found 

in tumour microenvironment.  

In addition to the aptamer-based biosensing analysis, the cell viability of the cardiomyocytes 

and breast cancer organoids after the chemotherapeutic treatment (day 5) were analysed 

by live/DOX assay (cf. Figure 5.9). 

 

Figure 5.9. Cell viability assays of cardiomyocytes (iPSCs) and breast cancer (SkBr3) spheroids 
obtained after 5 days of chemotherapeutic treatment (free or encapsulated DOX) in dual-organ-on-a-
chip bioreactors. Live cells stained with green Calcein-AM dye and red cells showing DOX uptake. 

Since DOX has the same fluorescence spectrum than that of red dye (that stain dead cells), 

the organoids were just stained with Calcein-AM dye (green dye for live cells). The red cells 

shown in Figure 5.9 reveals the DOX that was uptaked upon the chemotherapeutic treatment 

during 5 days. The confocal images subscribe the results obtained from the aptamer-based 
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biosensing analysis, showing that free DOX is delivered in the same proportion on both 

organoids (healthy cardiac tissues and breast cancer), which cause the damage of cardiac 

tissues and the release of the cardiac biomarkers (Troponin-T and CKMB). On the other hand, 

DOX encapsulated in the graphene-based nanocarriers shows high-target delivery over the 

breast cancer organoids compared to cardiac spheroids, as ascribed by the low amount of 

cardiac biomarkers detected with the biosensor system. Once again, the results confirm the 

potentiality of the developed GYSMNP@PF127 material as smart and on-demand drug 

nanocarriers for the treatment of cancer.  

These results also show the extraordinary ability to use the aptamer-based electrochemical 

biosensor to detect trace amounts (pg mL-1) of several biomarkers secreted from multi-organ 

systems, which were undetectable by using conventional methods, such as ELISA (ng mL-1). 

However, the presented study represents just the first steps to develop an integrated and 

automatized microfluidic platform comprising the dual-organ-on-a-chip system with EC 

multiplexed biosensor. This proposed platform (in final stage of development) will be able 

to detect and monitor up to 16 different biomarkers released from the dual-organ-on-a-chip, 

in continuous and for several days, during the drug screening tests (Figure 5.10).   

 

Figure 5.10. Schematic representation of the feedback loop of dual-organ platform (comprising 
breast cancer and cardiac organoids) integrated with multiplexed electrochemical analysis for the 
chemotherapy study effect of doxorubicin using the free or encapsulated drug.  
  

The development of this platform based on aptamer-based microfluidic electrochemical 

biosensors is expected to find widespread applications to monitor multi-organ-on-a-chip 

platforms and give new insights in many biomedical scientific fields, including nanomedicine.  
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5.2.3 Conclusions  

Organ-on-a-chip platforms are suitable 3D tissue/organ models with the 

potentiality to better predict the physiological response of the human body to 

pharmacological compounds. Although chemotherapeutic drugs are a standard therapeutic 

treatment of cancer, the non-specificity of the majority of anticancer drugs make them the 

cause of secondary diseases during the chemotherapeutic treatment. This is the case of 

doxorubicin, an anticancer drug widely used in chemotherapy with significant cardiotoxicity. 

To overcome this drawback, nanomedicine is devoting efforts to develop smart drug 

nanocarriers that selectively deliver drug compounds in the tumours sites.  

In this study, the results show the successful detection of trace amounts of cardiac 

biomarkers, such as Troponin-T and CKMB, as well as the breast cancer biomarker HER2. 

Those biosensing results ascribed the known side-effect of free DOX over the healthy cardiac 

tissue. Nevertheless, they also show that the chemotherapeutic treatment performed with 

graphene-based nanocarrier was able to protect the healthy cardiac tissue and selectively 

deliver the anticancer drug in the tumour organoid. These results were further confirmed by 

confocal imaging using life/DOX assays, which demonstrate the importance of performing 

dynamic microfluidic studies. The ultimate goal of this unique microfluidic electrochemical 

biosensor system is to be further integrated with multi-organ-on-a-chip platforms, creating 

in this way an integrated and automatized microfluidic platform comprising multi-organ-on-

a-chip system with electrochemical analysis. This multiplexed microfluidic platform is 

expected to find widespread applications in monitoring organ-on-a-chip platforms, and give 

significant insights in many biomedical scientific fields, including nanomedicine. 
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6 Conclusions and future perspectives 

The main objectives of this work are the development of carbon-based magnetic 

nanoparticles suitable for nanomedicine and their microfluidic study using new bio-

platforms, aiming new insights over the complex biophysical and toxicological interaction of 

these nanosystems with human cells (i.e. blood, healthy and tumour cells). The successful 

achievement of these objectives is involved in complex multidisciplinary approaches, namely 

chemistry, physics, materials science, biology, bioengineering and biomechanics, which 

were accomplished by subdividing these objectives in subsequent tasks and chapters.  

In the first task, described in Chapter III, superparamagnetic nanoparticles were synthesized, 

characterized and tested for theranostic applications (i.e., magnetic hyperthermia and MRI). 

Aiming new insights on the effect of these nanomaterials over the human body, a new 

microfluidic methodology for the haemocompatibility assessment was developed. This high-

sensitivity technique is expected to bring a better understanding of the biological impact of 

nanoparticles developed for clinical applications when applied directly into the 

bloodstream. Additionally, in this chapter, a thermal infrared image processing was 

considered to assess the heat generated by magnetic nanoparticles during hyperthermia. 

This imaging processing methodology can be used as a screening tool to evaluate the 

potentiality of MNPs synthesized for hyperthermia when a home-made AC magnetic field 

apparatus is used.  

In Chapter IV, a tailor-made protocol capable to synthesize graphene-based yolk-shell 

magnetic nanoparticles (GYSMNPs) for nanomedicine was developed. Particularly, a set of 

GYSMNP revealed outstanding features to be applied as dual exogenous  

(AC field)/endogenous (pH) stimuli-responsive actuators for targeted thermo-chemotherapy, 

combining magnetic hyperthermia and controlled drug release triggered by the abnormal 

tumour environment.  

Aiming new insights over this promising multifunctional magnetic carbon nanostructures, 

labelled as GYSMNP@PF127, Chapter V details a novel dual-organ-on-a-chip platform 

combined with electrochemical biosensing for drug screening tests. The electrochemical 

analysis from this 3D microfluidic tissue/organ model, allied to conventional 2D cellular 

studies, ascribed the potentiality of the developed graphene-based nanosystems to be used 

as smart drug delivery nanocarriers triggered by tumour microenvironments. The 

development of this platform based on aptamer-based microfluidic electrochemical 
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biosensors is expected to find widespread application to monitor multi-organ-on-a-chip 

platforms and give new insights in many biomedical scientific fields, including nanomedicine.  

Overall, the developed carbon-based nanosystems, as well as the proposed microfluidic 

platforms described in this work, allows to contribute to a better understanding of the 

biophysical and biological interaction of new biomedical nanoplatforms designed for 

nanomedicine.  

As future work, novel and advanced microfluidic devices comprising tissues/organs models 

with microenvironment biophysical and biochemical sensors (such as pH, temperature, O2 

and CO2 levels) are desirable to obtain multitude sensing data to better characterize and 

screen nanoparticles developed for biomedical applications. On the other hand, the 

multifunctional potentiality of the developed GbMNP for theranostic applications, i.e. as 

contrast enhancement in MRI to be combined with thermo-chemotherapy, can be further 

evaluated. Moreover, these advanced nanomaterials also show great potentiality to be 

functionalized with specific antibodies to enhance tumour targeting, or even with DNA/RNA 

for gene therapy. In this sense, the evolution of smart and multifunctional nanomaterials in 

nanomedicine could be very beneficiated by the parallel evolution of organ-on-a-chip 

platforms as 3D model systems to study their safety, bio-distribution and efficacy. 

Thus, it is my perspective that the understanding of such complex biophysical interactions 

has to be achieved with the force of multidisciplinary groups, working in close contact to fill 

the gaps between nanomedicine and clinical applications. On this demand, organ-on-a-chip 

platforms can have an important impact in the field. There are still many challenges to be 

addressed on the development and optimization of these advanced 3D microfluidic 

platforms, but the potential and possibilities are far more enthusiastic. Therefore, and as 

predicted by Professor Langer and Khademhosseini, pioneers in drug delivery and tissue 

engineering [1]: “with sufficient time and research the promise of nanotechnology based 

medicine may become a reality”.     
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