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ABSTRACT  
 

Superparamagnetic iron oxide nanoparticles (SPIONs) and in general magnetic nanoparticles 

(MNPs) have attracted great interest in the cancer therapy as nanocarriers. SPIONs can be 

multifunctionalized and manipulated by an external gradient magnetic field (GMF) and an alternating 

magnetic field (AMF), mediating targeting of different classes of biologically active molecules 

(chemotherapeutics, antibodies, nucleic acids) and hyperthermia, respectively. SPIONs can also be 

used not only to target cancer cells, but also the tumor microenvironment (TME), by modulating the 

activities of the infiltrating host 's cells residing there to restore an anti-tumor response. Indeed, tumor-

associated macrophages (TAMs) are the major cell population in the TME and play a prominent role 

in favoring tumor progression, displaying an M2 phenotype. Macrophages are highly plastic cells, 

which can acquire different phenotypes according to the microenvironmental stimuli they receive, 

and can be polarized towards two extreme phenotypes, the classically-activated M1 pro-inflammatory 

one and the alternatively-activated M2 anti-inflammatory and pro-tumor one. TAMs display an 

irregular unfolded protein response (UPR) in their endoplasmic reticulum (ER) to endure the 

surrounding environment stress and ensure the pro-tumor activity. Recent studies have suggested that 

the protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) arm of the UPR is uniquely 

upregulated in TAMs to contribute to the metabolic adaptation necessary to support tumor growth; 

while other studies have shown that the arm inositol-Requiring Protein 1 (IRE-1) induces the 

macrophage polarization towards pro-inflammatory phenotype (M1) by activating the XBP1 protein. 

In this contest, the re-education of TAMs from the M2 immunosuppressive to the M1 tumoricidal 

phenotype by modulating UPR with nanotechnology represents an alternative and effective anti-

cancer strategy.  

Herein we showed that: i) magnetic nanoparticles (MNPs) provided by Laboratory of 

Microbiology of the Facultad de Ciencias, Universidad de Granada and shown to be fully 

cytocompatible (MTT assay, ROS production, ER-stress induction), with their intrinsic properties 

polarize primary macrophages isolated from peritoneal exudate (PEMs) toward the pro-inflammatory 

M1 phenotype (CD 86+; CD 80+); ii) PEMs can be polarized towards the M1 phenotype and the M2 

phenotype (CD 206+) by culturing them in the presence of LPS/IFN-γ and IL-4, respectively; iii) 

siRNA/PERK coupling to MNPs required the coating of MNPs with polydopamine (PDA);  iv) PDA-

MNPs/siPERK were internalized by PEMs and could inhibit the expression of PERK, as well as of 

other proteins of its pathway (ATF4, CHOP) and affect the activity of other components of the UPR 

response (XBP1s, ATF6) (q-RT-PCR and immunoblotting experiments); v) TAMs obtained by PEMs 

polarized toward M2 phenotype with IL-4, and treated with the ER-stressor tunicamycin to activate 

the UPR response could be to re-educated toward the M1 phenotype by treatment with PDA-

MNPs/siPERK (expression of gene markers and activation of signaling pathways of the two 

phenotypes evaluated by q-RT-PCR and by immunoblotting, respectively); vi) finally, the phenotypic 

switch of TAMs-like macrophages to M1 phenotype after 3 days incubation with PDA-

MNPs/siPERK was confirmed by cytofluorimetric analysis for CD206 and CD86, the specific 

markers of the M2 and of the M1 phenotype, respectively.  

Taken together, the results of this study indicate that TAMs-like macrophages can switch from 

the M2 phenotype supporting tumor growth to the M1 inflammatory anti-tumor phenotype by the 

inhibition of ER-stress sensor PERK. These studies would be the basis for possible future in vivo 

translational applications for cancer therapies.  

 

 

 

 

 

 

 



SOMMARIO 
 

Le nanoparticelle di ossido di ferro superparamagnetiche (SPIONs), e in generale le 

nanoparticelle magnetiche (MNPs), hanno suscitato un grande interesse nella terapia del cancro come 

nanovettori. Gli SPIONs possono essere multifunzionalizzati ed essere manipolati esternamente da 

un campo magnetico a gradiente (GMF) e da un campo magnetico alternato (AMF), mediando 

rispettivamente il targeting di diverse classi di molecole biologicamente attive (chemioterapici, 

anticorpi, acidi nucleici) e l’ipertermia. Le SPIONs possono essere utilizzate non solo per attaccare 

le cellule tumorali, ma anche per indebolire il microambiente tumorale (TME) modulando le attività 

delle cellule infiltranti il TME così da ripristinare una risposta antitumorale. La principale 

popolazione cellulare del TME sono i macrofagi associati al tumore (TAMs), che svolgono un ruolo 

fondamentale nella progressione del tumore, e mostrano un fenotipo M2. I macrofagi, infatti, sono 

cellule caratterizzate da un’elevata plasticità, che tendono ad acquisire differenti fenotipi a seconda 

degli stimoli micro-ambientali che ricevono. In particolare, essi possono essere polarizzate verso due 

fenotipi estremi, quello pro-infiammatorio M1 attivato classicamente e quello antinfiammatorio e 

pro-tumorale M2 attivato alternativamente. I TAMs mostrano una risposta proteica irregolare (UPR) 

nel loro reticolo endoplasmatico (ER) in modo da contrastare lo stress dell'ambiente circostante e 

garantire l'attività pro-tumorale. Infatti, studi recenti suggeriscono che il braccio protein kinase R 

(PKR)-like endoplasmic reticulum kinase (PERK) della risposta UPR tende ad essere sovra-regolato 

nei TAMs così da contribuire all'adattamento metabolico necessario per sostenere la crescita del 

tumore; mentre da altri studi emerge che il braccio dell’UPR inositol-Requiring Protein 1 (IRE-1) 

attivando il fattore di trascrizione XBP1 tende a favorire la polarizzazione dei macrofagi verso un 

fenotipo infiammatorio (M1). In questo contesto, la rieducazione dei TAMs dal fenotipo 

immunosoppressivo M2 al fenotipo tumoricida M1 modulando l’attività dell’UPR mediante l’uso 

della nanotecnologia rappresenta una strategia anticancro alternativa ed efficace.  

Qui abbiamo mostrato che: i) le MNPs, fornite dal Laboratorio di Microbiologia della Facultad 

de Ciencias, 'Universidad de  Granada, e dimostrate citocompatibili (saggio MTT, produzione ROS 

e induzione di ER-stress), con le loro proprietà intrinseche polarizzano i macrofagi primari isolati 

dall'essudato peritoneale (PEMs) verso il fenotipo pro-infiammatorio M1 (CD 86+; CD 80+); ii) i 

PEMs possono essere polarizzati verso il fenotipo M1 e il fenotipo M2 (CD 206+) coltivandoli 

rispettivamente in presenza di LPS/IFN-γ e IL-4; iii) l'accoppiamento del siRNA/PERK alle MNPs 

richiede che queste ultime siano rivestite di polidopamina (PDA); iv) PDA-MNPs/siPERK vengono 

internalizzate dai PEMs e inibiscono l’espressione di PERK, così come di altre proteine della sua via 

di segnalazione (ATF4, CHOP) influenzando anche l’attività di altri componenti  della risposta UPR 

(XBP1s, ATF6) (q-RT-PCR e immunoblotting); v) i TAMs, ottenuti da PEMs polarizzati verso il 

fenotipo M2 con IL-4 e trattati con l’induttore di ER-stress tunicamicina per attivare la risposta UPR, 

possono essere rieducati al fenotipo M1 mediante trattamento con PDA-MNPs/siPERK (espressione 

di geni markers insieme con l’attivazione delle vie di segnalazione dei due fenotipi valutate 

rispettivamente mediante q-RT-PCR e immunoblotting); vi) infine, lo switch fenotipico di macrofagi 

simili a TAMs al fenotipo M1 dopo 3 giorni di incubazione con PDA-MNPs/siPERK è stato 

confermato dall'analisi citofluorimetrica per CD206 e CD86, i marcatori specifici rispettivamente del 

fenotipo M2 e M1.  

Nel loro insieme, i risultati di questo studio indicano che macrofagi simili a TAMs possono 

passare dal fenotipo M2 che sostiene la crescita del tumore al fenotipo M1 con attività antitumorale 

e pro-infiammatoria mediante l'inibizione del sensore di ER-stress PERK. Questi studi potrebbero 

porre la base per future applicazioni traslazionali per le terapie del cancro.  

 

  



ACRONYMS  
 

Ap, apatite 

AMF, alternating magnetic field  

ATF4, Activating Transcription Factor 4 

ATF6α, Activating Transcription Factor 6α 

BIP, binding Ig protein 

CHOP,C/EBP homologous protein 

DA, dopamine 

DOXO, Doxorubicin  

eif2-α, Eukaryotic translation initiation factor 2-α 

EPR, enhanced permeation and retention 

ER, endoplasmic reticulum 

ERAD, ER-associated degradation  

FITC, Fluorescein-5-isothiocyanate 

GMF, gradient magnetic field 

H2O-DEPC, diethylpyrocarbonate - treated water 

IFN-γ, Interferon-γ 

IL-4, Interleukin-4 

IRE1α, inositol requiring protein 1α 

LPS, liposaccharide 

MAPK1/2, mitogen-activated protein kinase 1/2 

m-CSF, macrophage-colony stimulating factor 

MDR, multi-drug resistance 

MNP, magnetic nanoparticle 

NP, nanoparticle 

PDA, polydopamine 

PE, phycoerythrin  

PE-Cy7, phycoerythrin-Cyanine7 

PEMs, peritoneal macrophages 

PERK, protein kinase R (PKR)-like ER kinase 

ROS, Reactive Oxygen Species   

SPIONs, superparamagnetic iron oxide nanoparticles 

TAMs, tumor associated macrophages 

TME, tumor microenvironment 

TRITC, Tetramethylrhodamine 

UPR, unfolded protein response 

  



CHAPTER I 
 

Introduction and Scientific background 

1.1. Cancer  

1.1.a Cancer: The Modern Disease per Excellence 

Cancer is a complex and heterogeneous disease in which various etiological factors, such as 

hereditary, environmental factors and lifestyle are involved (Hanahan and Weinberg, 2011). 

Scientists have identified more than 250 different types of cancers and evidenced that molecular 

mechanisms at the basis of the pathogenesis and pathophysiology of these diseases are related with 

genetic and epigenetic changes and also to inflammation (Takeshima and Ushijima, 2019). In fact, 

tumorigenesis is caused by different genetic mutations, which inactivate so-called tumor suppressor 

genes and/or activate oncogenes promoting the progression of cancer. These genetic alterations can 

be frameshift mutations, missense mutations or nonsense mutations and their main gene targets are 

genes normally involved in the control of cell proliferation, genes that regulate programmed cell death 

(apoptosis) and/or genes involved in DNA repair (Hassanpour and Dehghani, 2017).  

This genomic instability causes the dysregulation of various cell processes, such as uncontrolled cell 

growth, insensitivity to antigrowth factors, evasion of apoptosis, sustained angiogenesis and cell 

invasiveness, resulting in spreading to other organs (metastasis) (Bielenberg et al., 2015), chronic 

inflammation (Zhao et al., 2021) and, moreover, evasion from the patient's immune system (Chow et 

al., 2012). All these features are considered hallmarks of the oncologic diseases. Although genetic 

mutations have been the focus of cancer research for many years, it has been recognized that 

epigenetic changes, referring to heritable changes in gene expression occurring without alteration in 

the DNA sequence, contribute to the pathogenesis of cancer by altering gene expression. Furthermore, 

it is well-known that both genetics and epigenetics cooperate at all stages of cancer development 

(Hanahan, 2022). 

Interestingly, chronic inflammation is also involved in cancer pathogenesis; in particular, 

inflammatory mediators act in an autocrine and/or paracrine manner on both malignant and non-

malignant cells contributing peculiar properties to the so called tumor microenvironment (Labani-

Motlagh et al., 2020). During the past decades several achievements have been made in in treating 

cancers, nevertheless nowadays cancer is still a serious health problem, since it is an important cause 

of morbidity and mortality worldwide (Siegel et al., 2020). In fact, the World Health Organization 

(WHO) has reported that 9.6 million people worldwide died from cancer in 2020, which still makes 

it the second leading cause of death in the world (Ahmad et al., 2022; Kocarnik et al., 2022). Hence, 

even after the epidemiology of COVID-19, cancer is still referred to as the “Pathology of the Century” 

or to “the quintessential product of modernity”; for this reason, the drug discovery in oncology is a 

constantly evolving field. 

 

1.1.b Cancer Treatments 

Currently, the main approaches used to treat tumors are still surgery, radiotherapy and chemotherapy 

even if innovative treatments, such as hyperthermia, phototherapy are under active development. 

Nevertheless, cancer research is trying to develop new therapeutic approaches, which aim to the 

personalized medicine or the correction of genetic aberrations responsible for neoplastic 

transformation using the genomic editing with the CRISPR/Cas9 technology (Falzone et al., 2018). 

Surgery is the “gold standard” in cancer treatment because it is associated with high levels of success 

in terms of remission and cure, as it attempts to excise 100% of the malignant cells. However, this is 

highly dependent on the type of cancer, location, and stage of the cancer development. Surgery is 

very common in the treatment of breast cancer (partial or full mastectomies), ovarian cancer, some 



intestinal cancers, and lung cancers (pneumonectomy, lobectomy). In any case, this approach may be 

associated with other co-morbidities, psychological problems and poor quality of life for patients. 

Molecular radiotherapy is a well- known therapeutic approach used in clinical practice since many 

decades, based on the use of radioactive compounds (radiopharmaceuticals), which with their 

ionizing radiation cause DNA damage in malignant cells. Generally, radiopharmaceuticals are 

administered by ingestion or injection and their action is expressed toward the target cells recognized 

by specific carrier or depends on the radioisotope properties.  

Radiotherapy is often given as an adjuvant to chemotherapy to treat approximately 60% of all cancers, 

or after surgery to eliminate any remaining malignant cells (Urruticoechea et al., 2010). 

Chemotherapy is the standard cancer therapy, which can be carried out alone or in combination with 

radiotherapy and surgery. In last case before surgery the chemotherapy is used to shrink the tumor 

size or after it to prevent metastasis diffusion. The classical/conventional chemotherapy includes 

drugs with high cytotoxic activity and they can be classified according to their mechanism of action 

in alkylating agents, antimetabolites, antibiotics, natural products and microtubule inhibitors. Due to 

their lack of specify for tumor cells, these drugs can also interact with healthy tissues causing severe 

side effects. In particular, the non-selective action of anticancer drugs results in substantial toxicity 

to many normal rapidly dividing cells (e.g. bone marrow cells, hair follicles and epithelial cells in 

general) (Malam et al., 2009; Sanna et al., 2014). Therefore, these chemotherapeutic agents are 

administered at the maximum tolerated dose (MTD), which may not eradicate completely tumors and 

at the same time causes a severe morbidity of the patient. Besides to the immediate side effects, 

traditional chemotherapeutics can also damage permanent cells such as cardiac cells, kidneys and 

brain causing a chronic toxicity. Moreover, chemotherapy is associated with the frequent 

complication called multi-drug resistance (MDR) that is developed upon the treatment of the cancer, 

so that tumor cells can evade the therapy. In the evolution of cancer therapies, a major impulse has 

arrived from the advances in the field of molecular biology and immunology, which resulted in the 

development of new cancer drugs, which started the era of precision medicine applied to cancer.  

These are monoclonal antibodies and small molecules, which target specific mutations responsible 

for the oncogenic behavior of tumor cells, such as tyrosine kinase inhibitors (Zeng et al, 2021; Unnisa 

et al., 2022). Finally starting from the 2010 immune checkpoint inhibitors, monoclonal antibodies 

which act by enhancing immune system response by blocking suppressive signals through the PD- 

1/PD-L1 and CTLA-4 pathways are been used (Le Saux et al., 2021) (Fig. 1.1). 

 

Figure 1.1. Timeline of epochal turning point in modern oncology. After the development of radiotherapy in 

the early 1900, the modern oncology began with the discovery of the first chemotherapeutic drugs around 1940. 

Then a breakthrough occurred with the development of targeted therapy in 1980, which determined an improvement 

in the effectiveness of cancer treatments, and finally, the latest advance took place in 2010 with the introduction of 

immune checkpoints inhibitors for the treatment of advanced and metastatic tumors (from Falzone et al., 2018).  

 

 

 



1.1.c Drug classes in the cancer therapy 

Nowadays, treatments based on single chemotherapeutic drugs generally face lack effectiveness in 

cancer therapy, whereas new therapeutic approaches (see Fig. 1.2) or the combination of more 

therapeutic methods involving different mechanisms of action are needed to achieve higher 

effectiveness (Van der Meel et al., 2019). 

 

Doxorubicin: a traditional chemotherapeutic drug 

Doxorubicin belongs to the anthracycline family, a big group of anti-proliferative antibiotics; it was 

first extracted from Streptomyces peucetius var. caesius in the 1970’. The anthracycline Doxorubicin 

(DOXO) is one of the most effective chemotherapeutics used for treatment of solid tumors, such as 

hepatoma, sarcomas, osteosarcomas, lymphomas and adenocarcinomas of the stomach and of the 

breast. DOXO acts on target cells with different mechanisms (Xiao et al., 2019). Its interaction with 

cells begins with passive diffusion through the cell membrane; within the cells, it generates reactive 

oxygen species (ROS), causing free radical formation and oxidative stress. It can enter the 

mitochondria, causing DNA damage and energetic stress, by activating the caspase cascade, leading 

to cell death by apoptosis and triggering autophagy as a consequence of cell energy depletion. Finally, 

it can translocate into the nucleus, where it intercalates between double-stranded DNA helices and 

inhibits the enzymes topoisomerases I and II, provoking lethal changes in chromatin structure and the 

generation of free radicals which, when combined with iron ions, induce oxidative damage to cellular 

membranes, DNA, and proteins (Aubel-Sadron et al., 1984). However, DOXO treatments can induce 

severe cardiotoxicity due to DOXO accumulation in cardiac tissue (Elliott, 2006), which then imposes 

a narrow therapeutic dose, thus limiting DOXO effectiveness (Thorn et al., 2012). DOXO efficiency 

is also compromised by the generation of resistance in cancer cells and by the reduction of drug 

activity due to physicochemical or physiological conditions in the tumor microenvironment, e.g., 

hypoxia, acidity, defective vasculature, and the presence of lymphatic vessels.  

Small interfering RNAs (siRNAs) in cancer therapy 

Recently, much attention has been paid to therapeutic approaches based on gene functionality, such 

as the potential application of RNA interference (RNAi) for cancer treatment (Tatiparti et al., 2017). 

RNAi is a natural defense mechanism against the invasion of exogenous genes, and it was discovered 

in the nematode Caenorhabditis elegans in 1998 (Fire et al., 1998). RNAi is an endogenous post-

transcriptional regulation process that consists of small regulatory RNAs including microRNAs 

Figure 1.2. Anticancer drug classes from standard chemotherapeutics to small molecules. Here reported 

a typical chemotherapeutic, nucleic acids, small molecules, such as tyrosine kinase inhibitors, and monoclonal 

antibodies. While Doxorubicin is an effective traditional chemotherapeutic drug with important side effects, 

the other three types of molecules represent novel approaches in the so called personalized medicine. These 

molecules can also be administered in combination and loaded on nanoparticles (nanomedicine) (modified 

from Van der Meel et al., 2019). 

 

 

 

  

 

 



(miRNAs) and small interfering RNAs (siRNAs) which are able to silence target messenger RNAs 

(mRNAs) in a sequence-specific way. RNAi mechanism is triggered initially by the enzyme Dicer 

which cleaves double-stranded RNAs (dsRNAs) into short double-stranded siRNAs of 21–25 nt. A 

siRNA molecule is composed by a siRNA passenger strand, which is then unwound, and by a siRNA 

guide strand. This latter is loaded into the RNA-induced silencing (RISC) complex, leading to 

cleavage of the target mRNAs by Argonaute 2 (Ago2) when the guide strand sequence is paired with 

an mRNA complementary sequence causing the downregulation of this target protein (Fig.1.3). 

 

 

 

  

 

 

 

 

 

 

 

 

Once that siRNA activity was demonstrated also in mammalian cells, this important mechanism has 

been exploited for novel therapeutic approaches for different diseases including cancer, by designing 

oligonucleotide molecules specific for the mRNA and its corresponding protein to be downregulated 

(Hu et al., 2020; Fakhr et al., 2016). The first siRNA-based drug, ONPATTROTM, targeting liver 

transthyretin amyloidosis, was approved by the U.S. Food and Drug Administration (FDA) in the 

2018 and many siRNA drugs have then been proposed in different clinical trials (Ledford et al., 2018). 

The application of siRNA technology in therapy still faces multiple obstacles regarding efficient 

delivery and effectiveness; in fact, siRNAs are a class of double-stranded RNAs with high 

hydrophilicity and numerous negative charges. These features make them membrane impermeable 

and highly unstable in biological systems besides conferring them immunogenicity (Rutz and 

Scheffold, 2004). Therefore, the use of siRNA technology as novel therapeutic approach for different 

diseases requires that siRNA molecules are subjected to chemical modification or co-formulated with 

lipids, polymers, or nanoparticles to shield the negative charges in order to facilitate their transport 

across cell membranes and also, to protect them from enzymatic degradation. In this scenario, 

siRNA 

Figure 1.3. (A) Structure and (B) siRNA pathway. Long double-stranded RNA (dsRNA) is processed by 

Dicer to form a small interfering RNA (siRNA), which associates with RNA-induced silencing protein complex 

(RISC) and mediates target sequence specificity for subsequent mRNA cleavage (from Tatiparti et al., 2017).  

 

 

 

  

 

 



nanomedicine has a crucial role allowing to overcome all these challenges (Mahmoodi Chalbatani et 

al., 2019). 

1.2. Nanomedicine in cancer therapy 

1.2.a What is the nanomedicine? 

Nanomedicine can be defined as the medical applications of nanotechnology (Ouyang et al., 2022). 

To date, the International Organization for Standardization (ISO) defines all nanomaterials as 

materials with dimensions in the nanoscale (1–200 nm), whose behavior can be described with neither 

classical physics nor quantum mechanics (Soetaert et al., 2020). In fact, at dimensions substantially 

greater than 100 nm, classical physics adequately describes most material properties; whereas 

quantum mechanical properties dominate at dimensions smaller than 1 nm (Rahman et al., 2022). 

Nanomaterials are characterized by a high surface area- to-volume ratio with properties that are 

significantly influenced by both classical and quantum effects. Consequently, these materials have 

unique chemical, physical, and biological properties unlike their bulk (large dimensions) or 

atomic/molecular counterparts. These unique properties can be exploited for novel applications 

ranging from the materials science to biomedicine, including oncology (Pelaz et al., 2017). In this 

scenario, nanomedicine which comprises chemistry, physics and biology, offers many advantages 

providing smart nanoplatforms, which are able to move within biological membranes by carrying and 

delivering the drug into specific tissues and cells (Van der Meel et al., 2019). Nanomaterials with a 

diameter range from 10 up to 200 nm are generally considered suitable for cancer therapy; in fact, 

thanks to their nanometric size they can escape the capture from cells of the reticuloendothelial system 

(RES) and thus they can circulate within the blood stream for longer periods of time. In contrast, 

smaller particles can easily leak from the normal vasculature (less than 1–2 nm) to damage normal 

cells and can be easily filtered by kidneys (less than 10 nm in diameter) (Venturoli and Rippe, 2005), 

while particles larger than 200 nm are cleared from circulation by phagocytes. Moreover, thanks to 

their surface characteristics these nanomaterials can be functionalized with a large number of cancer 

drugs, such as traditional chemotherapeutics, but also monoclonal antibodies (Sarup et al., 1991; 

Iafisco et al., 2013; Le Saux et al., 2021), small molecules (Zeng et al. 2021; Unnisa et al., 2022) and 

nucleic acids (Zhou et al., 2020) or diagnostic agents resulting in a theranostic effect. 

 Thus, nanomaterial based platforms are very efficient drug delivery systems, which, by increasing 

the half-life of chemotherapeutics, can reduce the amount of administered drugs and, at the same 

time, can reduce their systemic toxicity (Wolfram and Ferrari, 2019) Furthermore, they can allow 

minimally invasive therapies minimizing side effects (Ouyang et al., 2022). Although there are 

several difficulties for such nanoformulations to advance in the clinical development and to satisfy 

all stages of regulatory processes, the application of nanotechnology in cancer therapy represents an 

evolution of the “magic bullet” concept and can reasonably constitute a suitable platform to develop 

a next generation of programmable and personalized nanomedicine to be used in clinical practice 

(Sanna and Sechi, 2020).   

 

1.2.b Nanoparticles 

Nanoparticles (NPs) are key actors of the nanomedicine, and currently, a large variety of nanoparticle 

types exist both for therapeutic and diagnostic applications. These synthetic structures can be 

generally divided into two categories: organic, such as liposomes, polymeric micelles or inorganic 

NPs (iron oxide NPs, calcium phosphate NPs) (Jurj et al., 2017). 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First nano-scale particles approved as drug-carriers for clinical application were organic NPs, such 

as liposomes, which consist of an outer lipid layer and a core entrapping hydrophobic and hydrophilic 

drugs (Itani et al., 2019). In fact, organic NPs have been more successful compared to inorganic NPs 

in their translation into the clinic, since they are characterized by high biocompatibility reducing long-

term side effects. They are mainly being developed for applications like vaccination, long-lasting 

depot delivery systems, hemostasis, and topical agents for systemic delivery through the skin (Izci et 

al., 2021). Translation of inorganic NPs into the clinic has been more limited, despite major successes 

on a preclinical level due to their lower biocompatibility and lack of knowledge and consensus 

pertaining to their safety and long-term deposition in different organs such as the liver and spleen 

(Sousa De Almeida et al., 2021). Nevertheless, inorganic NPs also have many advantages, such as a 

high surface area to volume ratio, a wide and easily modified surface conjugation chemistry and easy 

preparation. Herein I will briefly report on two types of inorganic nanoparticles: nanocrystalline 

apatite (Ap), on which I have published two papers reported in appendix and superparamagnetic iron 

oxide nanoparticles (SPIONs), which have been topic of my PhD thesis project, but also of another 

published work I have contributed during this PhD period. 

 
Crystalline apatite nanoparticles (Ap NPs) 
 

Apatite (Ap) NPs, which consist of calcium phosphate and closely mimic bone apatite nanocrystals 

both from chemical and structural points of view (Gómez-Morales et al.,2013) are particularly suited 

for therapeutic and diagnostic applications, especially in bone pathologies. They present the following 

advantageous properties: high biocompatibility, good biodegradability, high loading capacity with 

the ability to bind moieties through both surface calcium and phosphate groups by isothermal 

adsorption. Moreover, because of their good stability at physiological pH with partial solubility at 

acidic pH they behave as smart complexes sensitive to local stimuli, e.g., binding drugs at 

physiological pH and releasing them at acidic pH (Haque et al., 2020), as the one found in inflamed 

or tumor tissues (Iafisco et al., 2013; Gómez-Morales et al., 2021). Ap NPs have already been shown 

to be valuable nanocarriers for different types of molecules, including nucleic acids, proteins, 

antibiotics, chemotherapeutics, fluorophores, and luminescent moieties (Munir et al., 2021). Indeed, 

more recently they have been doped with lantanides such as Tb3+ to prepare luminescent apatite-based 

nanomaterials for drug release and bioimaging applications (Gómez-Morales et al., 2021). Moreover, 

Tb3+-doped citrate-coated Ap were functionalized with the non-steroidal anti-inflammatory drug 

Figure 1.4. Scheme showing the different types of nanoparticles used in drug delivery for 
the treatment of the various types of cancers (from Itani et al., 2019) 

 

 

 

 

  

 

 



sodium diclofenac (Cano Plá et al., 2022). The maximum adsorbed amounts at 37 °C were higher 

than at 25 °C, and particularly when using the Tb3+ -doped particles. Diclofenac-release efficiencies 

were higher at pH 5.2, a condition simulating a local inflammation. The luminescence properties of 

diclofenac-loaded Tb3+ -doped particles were affected by pH, being the relative luminescence 

intensity higher at pH 5.2 and the luminescence lifetime higher at pH 7.4, but not influenced either 

by the temperature or by the diclofenac-loaded amount. Both undoped and Tb3+-doped nanoparticles 

were cytocompatible. In addition, diclofenac release increased COX-2 expression and decreased 

PGE2 production in an in vitro inflammation model. These findings evidence the potential of these 

nanoparticles for osteo-localized delivery of anti-inflammatory drugs and the possibility to localize 

the inflammation, characterized by a decrease in pH, by changes in luminescence.  

Superparamagnetic iron oxide nanoparticles (SPIONs)  

Besides the general properties of NPs, superparamagnetic iron oxide nanoparticles (SPIONs) have 

generated important prospects in nanomedicine, because of their fascinating physicochemical and 

magnetic properties (Mulens-Arias et al., 2020). Magnetic iron oxides, e.g. magnetite (Fe3O4) and 

maghemite (γ-Fe2O3) are the most common SPIONs used for biomedical applications. They have an 

inverse spinel crystalline structure with sub-lattices containing Fe having tetrahedral and octahedral 

coordination with oxygen, respectively (Soetaert et al., 2020). Magnetism arises from quantum 

mechanical interactions among orbital and spin motions of electrons in atoms; in the case of iron 

oxide nanoparticles there are the unpaired 3d electrons in Fe3+ and Fe2+ cations, from which the 

magnetic moments of the NPs derive. In particular, they inherently possess a nonzero net magnetic 

moment in the absence of a magnetic field. In these conditions, SPIONs display only weak reciprocal 

attractive magnetic interactions that keep them well dispersed, avoiding aggregation due to the 

magnetic dipole particle interaction (Tong et al., 2019). Due to their nanosizes SPIONs behave as a 

single magnetic domain, so when an external field is applied they rapidly rotate to align their magnetic 

moments promoting a net magnetization, which allows to control movement of these nanocarriers by 

external stimuli (Oltolina et al., 2020). Thanks to their supermagnetism effects, iron oxide 

nanoparticles can be also hyperthermic agents. Hyperthermia is a cancer therapy having the objective 

to raise the local tumor temperature (42 - 46°C) either to kill cancer cells, which are more sensitive 

to heat than normal healthy cells or to sensitize them to other treatments (Torres et al., 2019). When 

SPIONs are subjected to an efficient alternating magnetic field (AMF), they can develop magnetic 

energy, which is then translated into heat. This behavior is governed by Neel and Brown's relaxation. 

Heat is a pleiotropic damaging agent, so hyperthermia can inhibit or abrogate DNA damage repair, 

initiate apoptosis or other programmed cell death, or cause severe disruption of cell membranes 

leading to cell lysis (ZibaHedayatnasab et al., 2017; Zhu et al., 2017).  SPIONs can be also used for 

diagnostic purposes, for example as targeted so as to allow diagnosis of cancer diseases in their early 

stages (Dadfar et al., 2019). As for all NPs, SPIONs can be functionalized with several 

chemotherapeutics and radiotherapeutics allowing drug delivery approaches exploiting both the 

passive and active targeting. Increasing applications of SPIONs have also been found in the areas of 

gene delivery and delivery of peptides and antibodies to their site of action. Therefore, SPIONs are 

multifunctional platforms, thus allowing multimodal therapy (Defu et al., 2020). As opposed to other 

magnetic nanoparticles (MNPs), such as nickel, cobalt, SPIONs are characterized by low toxicity in 

humans due to their involvement in iron metabolism. Indeed, FDA-approved applications of iron 

oxide nanoparticles not only include the cancer therapy, but also the iron deficiency anemia. Recent 

preclinical and clinical evidence showed that iron oxide NPs have the potential to activate anti-tumor 

immune processes. The mechanism(s) of this anti-tumor immune stimulation are unknown and 

complex; however, early indications suggest that phagocyte ingestion of iron oxide nanoparticles may 

stimulate ‘pro-inflammatory’ cell phenotypes, similarly to infection by pathogens that reverse cancer-

induced immune suppression (Soetaert et al., 2020). For all these features SPIONs is opening up 

broad horizons in the current cancer research. In the same way, it is possible to exploit physical-



chemical aspects, as magnetic properties of some chemical elements (iron, nickel, cobalt) to engineer 

smart nanosystems (Fig.1.5). 

 

 

 

 

 

 

 

 

 

 

 

In this perspective, it is important to combine all the desired properties into one single nanosystem, 

thus appropriate modifications of the surface of NPs are often required in order to endow the 

nanoplatform with specific features, such as biocompatibility, various functionalization, colloidal 

stability. In recent years, the innovative discovery of a versatile biomaterial for surface modification, 

such as polydopamine (PDA), has attracted great attentions for the surface functionalization of 

nanoparticles (Wang et al., 2018). 

Nanoparticles coated by polydopamine (PDA) 

 

PDA was first reported in the pioneering work by Lee et al. in 2007, where these researchers identified 

that the adhesive versatility of proteins secreted by mussels is due to a derivative of dopamine (DA) 

called polydopamine (PDA). They carried out the polymerization of this catecholamine by means of 

stirring dopamine hydrochloride in a Tris-HCl buffer saline solution under alkali condition. Then, 

they showed that DA was able to polymerize and attach to almost all material surfaces (Fig.1.6), 

including metals, ceramics, semiconductors, and synthetic polymers via both covalent and 

noncovalent bonds. Numerous researchers have thus been pursuing the fabrication of multifunctional 

PDA-modified nanoparticles for different biomedical applications during the past decade; 

nevertheless, the specific synthetic mechanism of PDA polymerization still remains unclear ( Jin et 

al., 2020). Intriguingly, the surface functionalization of nanoparticle with PDA offers many 

advantages: primarily, the chemical synthesis of PDA is simple and mild with no need for organic 

solvent owing to its unique adhesion property. In addition, via altering the essential parameters such 

as pH, temperature, concentration of DA, oxidants and reaction time, the PDA coating is highly 

Figure 1.5. SPIONs as nanoparticle platform for multimodal tumor therapy. SPIONs can be functionalized 

with various cargos such as cytotoxic agents for chemotherapy, diagnostic agent, nuclei acid for gene therapy 

and/or immune modulators for immunotherapy. The application of gradient magnetic field can guide them to 

tumor site., while in alternating magnetic fields magnetic hyperthermia can be induced to increase treatment 

efficacy. 

 

 

  

 

 



controllable in term of particle size, film thickness and so on. Secondly, the drug loading ability of 

the nanoparticles can be significantly improved by PDA coating because of its richness of 

catechol/quinone moieties, which offers the potential to anchor functional molecules onto the 

nanoparticles by physical (π-π stacking or hydrogen bond) or chemical bonding (Michael addition or 

Schiff base reactions). Lastly, the intriguing properties of PDA coating provide the nanoparticles with 

increased hydrophilicity, excellent biocompatibility, appropriate biodegradability, strong 

photothermal conversion capacity and Reactive Oxygen Species (ROS) scavenging properties. As a 

result, PDA modification enhances multifunctionality of NPs including targeting, imaging, 

photodynamic therapy (PDT) and also the tissue regeneration ability. Therefore, PDA-modified 

nanocarriers have aroused great interests in cancer therapy, antibacterial application, theranostic, 

tissue repair and so on (Gu et al., 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6. Various proposed reaction mechanisms and structures for PDA (Kohri et al., 2016). 
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1.2.c Mechanisms of Targeting  

To successfully achieve targeted delivery of drugs to tumor site, an effective cancer therapy requires 

a consistent knowledge of the role of various physiological barriers and their patho-physiological 

state, along with the understanding the targeting strategies (Yao et al., 2020)., which can be broadly 

divided into two categories, passive and active targeting (Fig.1.7). 

Passive targeting  

In passive targeting mechanisms, the drugs are delivered to the target site exploiting the different 

anatomic-physiological properties of tumor, inflamed and normal tissues. In fact, the high 

proliferation of cancer cells induces neovascularization with the formation of leaky, and poorly 

differentiated blood vessels with enhanced vascular permeability to ensure sufficient supply of 

nutrients and oxygen to tumor tissues for rapid proliferation. This phenomenon is well-known as 

enhanced permeation and retention (EPR) effect, which was first reported by Matsumura and Maeda 

(Maeda et al., 2013). Hence, the passive targeted delivery refers to NPs circulating in the bloodstream 

that enter via passive diffusion the interstitial fluid through an abnormal vascular wall characterized 

by pores large up to about 400 nm and their accumulation in neoplastic tissues. In addition to the EPR 

effect, other biological effects can promote the passive targeted delivery of drugs to tumor cells. For 

example, the poor lymphatic drainage associated with cancer supports the retention of NPs in tumor 

site increasing the possibility that nanocarriers release their contents to tumor cells. The tumor 

microenvironment also affects the passive mechanisms of targeting carried on by nanomedicines. An 

evident example is the glycolysis, the main source of energy for cancer cell proliferation, which yields 

an acidic environment and reduces the pH of the tumor microenvironment allowing the activation of 

pH-sensitive NPs and consequently the release of drugs within the vicinity of cancer cells (Lim et al., 

2018). However, there are some limitations of the passive targeting. Interestingly, the EPR effect is 

a very heterogeneous phenomenon, varying dramatically from tumor to tumor and from patient to 

patient (Jain and Stylianopoulos, 2010). Moreover, the abnormal structure of tumor blood vessels can 

cause an uneven distribution of NPs, which often accumulate at the edge of the tumor, resulting in 

limited anticancer activity of nanocarriers.  

Active targeting  

Starting from the Paul Ehrlich’s concept of “magic bullet” proposed in the early 20th century 

(Schwartz, 2004), the targeted drug delivery in cancer research has emerged as an effective strategy 

to enhance selectivity of the anticancer agents for tumor cells allowing to overcome problems of 

conventional therapies (Sanna and Sechi, 2020). Next to the passive targeting mechanisms based on 

the use of patho-physiological properties of the tumor site, different active targeting strategies were 

developed, which are still under intensive investigation for their optimization. The first category of 

active strategies is the use of ligand-loaded nanosystems. In this strategy, the surface of NPs contains 

ligands or antibodies that recognize specific biomarkers, which are overexpressed on the surface of 

cancer cells. Accordingly, these interactions allow to NPs to discriminate tumor cells from healthy 

cells and to successfully release the carried therapeutic drugs to tumors. Biomarkers on targeted cells 

can be tumor -specific antigens or receptors for growth factors, such as transferrin receptor, folate 

receptor, and the epidermal growth factor receptor (EGFR), the hepatocyte growth factor receptor 

(HGFR) glycoproteins, which promote the internalization of NPs. The second category comprise 

stimulus-response systems. These use specific stimulus signals to promote the directional delivery of 

NPs to tumors and to boost the anticancer activities of NP-carried drugs. The signals can be tumor 

intrinsic, such as an increased glutamine level (Iyer et., 2020) and hypoxia (Zhou et al., 2021), or 

tumor extrinsic, such as a light source (Shakeri-Zadeh et al., 2021), a magnetic field (Oltolina et al, 

2020), or ultrasound (Paproski et al.,2016).  



The third method involves biological systems for targeted delivery, as NPs loaded in cell membranes 

(Zhen et al.,2019), extracellular vesicle, or even in live cells. In this latest case, research mainly 

focuses on immune cells, for example a series of studies have demonstrated that macrophages can be 

exploited as cell carriers to actively transport NPs into tumor cells (Li et al., 2019). All these active 

targeting strategies play a significant role in overcoming drug resistance.  

 

 

Indeed, multi-drug resistance is problem frequently encountered in traditional chemotherapeutic 

treatments of cancer, resulting in a failure of the cancer therapy and thus poor prognosis. One of more 

common mechanisms of tumor drug resistance is the presence of efflux transporters, such as the 

family of the ABC transporters, which reduce intercellular drug concentration by pumping the drug 

out of the cell. Many studies have demonstrated that some chemotherapeutics-loaded NPs can bypass 

the exposure of anti-tumor drugs to efflux transporters, since NPs largely enter the cell through 

endocytosis instead of diffusion and release the drug at a perinuclear site within the cell, away from 

cell membranes and efflux pumps (Murakami et al., 2011). Combination therapy is another strategy 

to treat drug-resistant cancers. To this end, the assembling of multiple therapeutic agents within a 

single drug nanocarrier can fight drug resistance and improve the therapeutic effect of cancer therapy. 

 

 

Figure 1.7. Passive and active targeting of NPs to cancer cells. Targeting of NPs enhance therapeutic 

efficiency and reduce systemic toxicity. Passive targeting of NPs is mainly achieved by the enhanced 

permeability and retention (EPR) effect, which exploits the increased vascular permeability and weakened 

lymphatic drainage of cancer cells and enable NPs to target cancer cells. Active targeting is achieved by the 

interaction between ligands and receptors. The receptors on cancer cells include, for example, transferrin 

receptors, folate receptors, glycoprotein (such as lectin), and epidermal growth factor receptor (EGFR) (from 

Yao et al., 2020). 

 

 

  

 

 



1.3. Nanomedicine and cancer immunotherapy  

Nanomedicine in cancer therapy does not only enhance the conventional chemotherapies, but it has 

also become a hotspot for immunotherapy. Cancer immunotherapy is a promising therapeutic 

strategy, which has attracted extensive attention in the last decades, because it aims to awaken the 

patients’ innate or adaptive immune systems to combat tumors. In fact, it is well-known that cancer 

cells are able to silence the host's immune system in order to escape the body’s immune surveillance 

and to induce tumor progression. For this reason, several approaches were developed to stimulate the 

host’s antitumor immune response removing the cancer immunosuppression (Le Saux et al., 2021). 

Despite excellent therapeutic outcome in some hematological and solid cancers, the regular clinical 

use of cancer immunotherapies reveals major limitations, such as off target effects, autoimmunity and 

nonspecific inflammation. Nevertheless, the application of nanotechnology can overcome some of 

the challenges that currently limit cancer immunotherapy (Irvine and Dane, 2020). In particular, 

nanomedicine with its targeting mechanisms enhances the efficacy of immunotherapies allowing to 

deliver immunotherapeutic drugs in target sites of the human body ensuring the high specificity. In 

addition, nanoparticles, being multiplatform, are able to deliver to tumor cells different molecules 

facilitating both the combination therapy and theranostic effects. Strikingly, nanoparticles can also 

serve as immune modulators by mimicking or enhancing immune cell functions (Gandhapudi et al., 

2019). This nanoparticle-mediated immune modulation can be employed along with 

immunotherapies as part of multifaceted, combinatorial treatment strategies. Given the advances in 

nanotechnology and the clinical success of cancer immunotherapy, the convergence of these two 

disciplines is surely generating substantial momentum for improving cancer treatment (Bockamp et 

al., 2020). 

 

1.3.a Tumor Microenvironment (TME): The Main Player that Shapes the Immune Response 

At the beginning, targets of cancer immunotherapies were cancer cells themselves or cancer stem 

cells without focusing on tumor microenvironment (TME), which is one of the major obstacles 

limiting the therapeutic effectiveness. TME is a complex tissue environment (Fig.1.8), which plays a 

critical role in protecting the tumor cells from body repair mechanism and promoting tumor 

progression, invasion and metastasis (Kashfi et al., 2021). Cancer cells in the TME are a minority, 

while the noncancer components account for the majority. These are tumor-associated macrophages 

(TAMs), stromal cells, tumor-associated fibroblasts (CAFs), bone marrow-derived inhibitory cells 

(MDSCs), extracellular matrix, blood and lymphatic vessel, and other infiltrating immune cells 

(Cassim and Pouyssegur, 2020). All the above non-tumorigenic cells mentioned are co-opted in the 

TME and educated to promote the tumor growth by secreting soluble factors including chemokines 

and cytokines as well as growth factors. For this reason, cancer research is significantly focusing on 

the understanding of TME in order to give new therapeutic strategies to enhance the antitumor 

immunity and avoid the drug resistance of conventional therapies. Currently, several strategies were 

proposed to manipulate and enhance anti-tumor responses in TME, including the following: (1) The 

use of immune checkpoint inhibitors; (2) Targeting regulatory cells in TME, such as TAMs and 

MDSCs; (3) Modifying the chemokine and the cytokine profile of TME, because they heavily 

influence the cellular composition of tumors; (4) Modulating toll-like receptors (TLRs), since TLR 

agonists can trigger rapidly both the innate and the adaptive immunity; (5) The use of virus-like 

particles (VLPs) as immune modulator of TME (Jin et al., 2020). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the precise composition of the TME varies in an organ-dependent manner and it also 

depends on the nature of tumor, the most numerous cells in TME are always TAMs, so they are 

attractive targets for cancer immunotherapy (Lin et al., 2021). 

 

1.3.b Tumor-associated macrophages (TAMs) 

TAMs are vital elements of the TME (Ke Li et al., 2020), since they are the main tumor infiltrating 

immune cells, which account about 50% of tumor mass and they are present in all stages of tumor 

development, where they provide a beneficial effect on the tumor progression, angiogenesis, 

invasiveness and immunosuppression; moreover, they are also involved in chemoresistance (Ruffell 

et al., 2015). As a matter of fact, high levels of TAMs are often associated with a poor clinical 

prognosis in different types of cancer (Lin et al., 2021). For this reason, TAMs have attracted more 

and more attention in cancer immunotherapy over the years. At the beginning, the targeted 

elimination of TAMs has represented an interesting strategy for new anticancer drug development, 

but the TAMs depletion has brought no clinical benefits causing a quick tumor growth once the 

therapy was finished (Kowal et al., 2019; van Dalen et al., 2019). On the contrary, the re-education 

of TAMs in the tumor microenvironment is becoming a promising immunotherapeutic approach to 

trigger antitumor immune response and eliminate tumor immune escape (Kowal et al., 2019; Xu et 

al., 2020). 

Figure 1.8. The updated landscape of tumor microenvironment (TME). TME comprises cancer cells, 

stromal cells, blood vessels, nerve fibers, extracellular matrix and associated acellular components. TME 

is home for cancer cells and serves as a bridge connecting cancer with the whole organism. TME can be 

classified into six specialized microenvironments, namely, hypoxic niche, immune microenvironment, 

metabolism microenvironment, acidic niche, innervated niche, and mechanical microenvironment (from 

Jin et al., 2020). 

 

 

  

 

 



Macrophages as perfect cells for reprogramming 

Macrophages are key effectors in innate immunity; they were discovered at the end of 19th century 

by Ilya Mechnikov and at these times they were designated as simple scavengers of cellular debris 

and other cellular wastes (Poltavets et al., 2020). Today, it is well established that macrophages play 

an indispensable role in a variety of physiologic and pathologic processes, including organ 

development, host defense, acute and chronic inflammation, and tissue homeostasis and remodeling 

(Wang et al., 2018). In contrast with many other cell types, macrophages cannot be traced to a single 

origin and they have been identified in all tissues. Some macrophages reside in tissues and they are 

known as tissue -resident macrophages, such as Kupffer cells in liver, pulmonary macrophages or 

peritoneal macrophages (Cassado et al., 2015). They originate from progenitor cells generated in the 

yolk sac, they have a long lifespan, and they are essential components to maintain tissue homeostasis 

(Gomez et al., 2015). Others are monocyte-derived macrophages that originate from bone marrow 

hematopoietic stem cells and differentiate into macrophages after they are recruited to inflammatory 

tissues (Ding et al., 2022). Plasticity of macrophages, i.e. the fact that these cells can acquire different 

phenotypes according to the microenvironmental stimuli they receive, is a hallmark and their 

phenotypic changes are often referred to as "polarization" (Kowai et al., 2019). Because of its 

complexity, the polarization of macrophage phenotype remains controversial. To simplify, the 

functional spectrum of macrophages (Fig.1.9) can be divided in two extreme poles: classically-

activated macrophages (M1) and alternatively-activated macrophages (M2) (Lin et al., 2021). M1 

macrophages, which can be activated by exogenous inducers, such as lipopolysaccaride (LPS), 

interferon gamma (INF-γ) as well as other factors, participate in antigen presentation and they can 

have tumoricidal activity. They contribute to the inflammatory immune response by producing type 

I pro-inflammatory cytokines, such as Il-1β, tumor necrosis factor-α (TNF-α), etc; killer molecules, 

such as nitric oxide (NO), reactive oxygen species (ROS); chemokines (CCL2, CXCL-10) and they 

express on their surface high levels of the major histocompatibility complex class II (MHCII) and 

other co-stimulatory molecules, such as CD80 and CD86. These type I membrane proteins work in 

tandem and they are considered specific markers of the M1 phenotype (Rhee et al., 2016). On the 

contrary, M2 macrophages, which arise in response to interleukin-4 (IL-4), promote anti-

inflammatory responses producing type II cytokines, such as IL-10, TGF-β; pro-angiogenic and 

matrix remodeling factors, such as vascular endothelial growth factor (VEGF), matrix metal protease 

(MMPs). There are three subtypes of M2 macrophages: M2a, M2b, M2c according to the stimuli 

received; they are involved in the tissue repair and they have pro-tumorigenic functions. M2 

macrophages can be recognized by their markers: 1) high levels of arginase I (ArgI) that mediates the 

collagen production; 2) the activation of peroxisome proliferator-activated receptor gamma (PPARγ) 

with its metabolic downstream effects; 3) the presence of specific surface proteins, such as CD206. 

CD206 is also known as mannose receptor C type 1 (MRC1), which is the receptor for various 

pathogens including viruses, fungi, and bacteria (Gionfriddo et al., 2020; Nielsen et al., 2020). The 

polarization of macrophages is a complex process regulated by multiple interactions and a variety of 

signaling pathways, such as NF-kB, STAT3 and MAPK1/2 (Sun et al., 2016). It is well established 

that the p65 subunit is the primary mediator of NF-kB transcriptional activity for proinflammatory 

genes inducing the M1 macrophage polarization (Biswas and Lewis, 2010), while the activation of 

STAT3 is linked to the transcription of M2-specific genes (Zi Yin et al., 2018). In addition, it has 

been widely shown that the activation of MAPK, in particular kinase 1/2, has a crucial role in the 

differentiation into M2 macrophages (Neamatallah et al., 2019). Hence, macrophages can continually 

oscillate between these two phenotypes to respond and accommodate to different physiological 

conditions. It is well-known that the imbalance of macrophage polarization can lead to a variety of 

diseases, such as atherosclerosis, tumors and asthma (Lin et al., 2021). Under the influence of cancer 

cell-derived signals in TME, TAMs mainly exhibit an M2-like phenotype, which promote the 

formation of blood and lymphatic vessels, enhance tumor cell proliferation and migration, and 

immunosuppression (Sun et al., 2016). Therefore, the repolarization or reprogramming of TAMs from 



M2 to M1 phenotype may represent a breakthrough for cancer immunotherapy (Kumari and Choi, 

2022). Nevertheless, it is important to highlight that the M1/M2 classification of macrophages 

proposed in the early 21st century is a simplified approach, so it should be used with caution in in 

vivo studies, especially in the context of cancer, where the landscape is much more complex (Poltavets 

et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Use of Iron Oxide Nanoparticles to Reprogram Macrophage 

Macrophages are highly active phagocytes and they are the first cells to encounter external 

substances, including nanoparticles. Thus, these nanocarriers could affect the polarization states of 

macrophages depending on their physicochemical properties (Dukhinova et al., 2019). Indeed, many 

studies have shown that iron oxide nanoparticles have strong effects on macrophage polarization 

favoring the M1 phenotype (Ke Li et al., 2020). These biological effects of SPIONs are probably the 

result of intrinsic features of their iron oxide core, which affects several signaling pathways linked to 

the iron metabolism and the production of reactive oxygen species altering the intracellular redox 

balance (Reichel et al., 2019). The precise molecular mechanisms governing the interactions of 

macrophages with SPIONs are still unclear, but at the same time their impact on macrophage 

reprogramming has enhanced the interest in studying them not only as nanocarriers, but also as 

immunomodulator agent in cancer therapy (Mulens-Arias et al., 2021a; Nascimento et al., 2021). 
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native proteins can provoke an undesired immune response due to protein misfolding upon their

binding to the NP surface. Other commonly used stabilization agents, such as polyethyleneimine (PEI)

and poly(lactide-co-glycolide) (PLGA), can also be responsible for MF activation [43]. Furthermore,

surface coating with serum proteins (i.e., protein corona e↵ ect) is known to alter immunogenic

properties and clearance of NPs [44]. Considering the fact that protein corona largely depends on size,

surface charge, and shape of NPs, its chemical composition is not important [45].

Not only single-metal NPsbut also polymetal lic NPs likeZnMgO havebeen reported [1]. The latter

materials showed a lesser tendency to aggregate in biological fluids and an increased antibacterial

activity [1]. Complexes of MONPs with metal-organic frames have been described for gas storages

and separators, catalysis platforms, sensors, and drug delivery platforms [46,47]. Thus, MONPs can be

synthesized by a variety of methods. Regardless of this variabi lity, MONPs enter the body through the

lungs or with food, or as drugs and primarily interact with the immune system.

3. M acrophage Polarization as an Essential Response for Altered Cell M icroenvironment

MF s are a heterogeneous cell population of the myeloid lineage that exhibits phagocytic activity

and participates in innate and adaptive immune reactions. MF populations include blood-circulating

monocytes derived from the bone marrow in adult mammals and tissue-resident MF s that have

exclusive routes of embryonic development and may also arise from mononuclear cells that populate

theorgans. Resident MF sare found in all tissues, with theexamples including alveolar MF s, liver MF s

named Kup↵ er cells, brain resident microglia, etc. [48]. Major local or systemic changes in the organism,

such as microbial or protozoan pathogens, trauma, or tumor growth, cause activation and infiltration

of blood monocytes and polarization of tissue-resident MF s. Activated MF s are commonly divided

into two subsets, that is, the classical (M1; pro-inflammatory) and alternative (M2; anti-inflammatory)

(Figure 1).

 
Figure 1. Macrophage polarization: M1 (classical, pro-inflammatory) and M2 (alternative,

anti-inflammatory). M1 polarization can be triggered by lipopolysaccharides (LPS) and/or interferon

gamma (INFγ). M1 macrophages express high CD80 and MHCII and produce pro-inflammatory

cytokines to stimulate the innate and adaptive immune activity of monocytes, neutrophils, T- and

B-lymphocytes. M2 cells are characterized by surface markers Ym1, CD206, and mannose receptor,

as well as by cytokines that have a potential for immunosuppression and tissue regeneration.

Tumor-associated macrophages develop an M2 phenotype and promote the immune escape of

tumor cells.

Figure 1.9. Macrophage polarization: (M1) classical, pro-inflammatory phenotype and (M2) alternative, 
anti-inflammatory phenotype. M1 polarization can be triggered by lipopolysaccharides (LPS) and/or interferon 

gamma (INF-γ). M1 macrophages express high levels of CD80 and MHCII and produce pro-inflammatory 

cytokines to stimulate the innate and adaptive immune activity of monocytes, neutrophils, T-and B-lymphocytes. 

M2 cells are characterized by surface markers Ym1, CD206, and mannose receptor, as well as by cytokines that 

have a potential for immunosuppression and tissue regeneration. Tumor-associated macrophages develop an M2 

phenotype and promote the immune escape of tumor cells (from Dukhinova et al., 2019). 

. 

 

 

 

  

 

 



1.3.c ER Stress Responses: An Emerging Modulator for Innate Immunity  

The environmental stress imposed to TAMs in TME is translated in an increase of intracellular 

energetic demands, such as high need of new proteins provoking a stress in the endoplasmic reticulum 

(ER). Indeed, it is widely reported that TAMs display an irregular unfolded protein response (UPR) 

in their ER, an adaptive signaling pathway aiming at restoring ER homeostasis. Therefore, the 

modulation of UPR in TAMs can be seen as a promising strategy to re-educate them toward M1 

phenotype in the tumor microenvironment (Conza and Ho, 2020; Siwecka et al., 2019). 

ER Stress and the Unfolded Protein Response 

The endoplasmic reticulum (ER) is a multifunctional organelle, which contributes to the maintenance 

of cellular calcium homeostasis, lipid synthesis and, moreover, it is the primary site for synthesis, 

folding and post-translational processing of proteins (Sicari et al., 2020). ER constantly monitor the 

quality of proteins in order to ensure that only properly folded proteins are exported to other 

compartments; thus, the accumulation of unfolded or misfolded proteins in the ER lumen rapidly 

results in a stress condition known as ER stress, which consequently activates the Unfolded protein 

response (UPR) process (Obacz et al., 2017). The UPR is a cytoprotective mechanism to alleviate 

stress of ER and restore cellular homeostasis. The activation of UPR combines several intracellular 

signaling pathways (Fig.1.10) to slow down ongoing protein synthesis and to increase the folding 

capacity of the ER. If the adaptive UPR is successful, the cellular protein synthesis resumes, and the 

cellular homeostasis is restored. By contrast when ER-stress persists, UPR induces oxidative stress 

and activates cell death pathways (Schmitz et al., 2018). The UPR signaling cascade is primarily 

initiated by three sensors that are inserted into the ER membrane: protein kinase R (PKR)-like ER 

kinase (PERK), inositol-requiring protein 1α (IRE1α) and ATF6α (also called cyclic AMP-dependent 

transcription factor 6α) (Sicari et al., 2019). PERK and IRE1α share similar luminal domains and 

possess cytosolic ser/thr kinase domains. In non-stressed cells, the major ER chaperone binding-

immunoglobulin protein (BIP), also called 78 kDa glucose-regulated protein (GRP78), binds to the 

ER luminal domains of PERK and IRE1α and keeps them in a monomeric inactive state. Increased 

binding of BIP/GRP78 to misfolded proteins in ER relieves both PERK and IRE1α and facilitates 

their activation by dimerization (or oligomerization) followed by trans(auto)phosphorylation. 

Phosphorylated IRE1α activates its RNAase domain to catalyze the excision of 26 nucleotides of 

XBP1 mRNA, thereby generating a spliced XBP1 mRNA. This transcript is translated into the active 

XBP1 protein, a multifunctional transcriptional regulator, which modulates the expression of genes 

involved in glycosylation, protein folding, lipid synthesis and ER-associated degradation (ERAD) 

(Conza and Ho, 2020). In the meantime, active PERK phosphorylates the eukaryotic translation 

initiation factor 2 (eIF2) subunit α to attenuate the global protein synthesis and at the same time it 

also activates the ATF4 transcription factor. ATF4 mediates many adaptive responses, such as 

autophagy or the amino acid metabolism, but it also induces the CCAAT/enhancer binding protein 

(C/EBP) homologous protein (CHOP, encoded by DDIT3). CHOP can redirect the UPR response 

toward cell death (Sheshadri et al., 2021). Finally, ATF6α is a transcription factor that is processed 

into its mature form by Golgi-associated proteases upon relief from BIP/GRP78 interactions. The 

released cytoplasmic domain contains the basic-region leucine zipper (bZIP) transactivation domain, 

which regulate the transcription of different genes involved in the ERAD and in the protein folding, 

known as UPR genes. These three branches of the UPR often act in concert but can also be activated 

sequentially; in any case they work in a coordinate way to compensate ER stress (Chang et al., 2018). 

Hence, it is apparent that the ER stress and the UPR play an important role in physiology and in the 

development of numerous diseases including cancer. In this regard, recent findings have shown that 

the activity of PERK in TAMs plays a pivotal role promoting their immunosuppressive effects 

(Raines et al., 2022). On the contrary, other studies have reported that the over-activation of IRE-1 is 

involved in the macrophage polarization during inflammatory diseases (Batista et al., 2020). 



Therefore, it is becoming increasingly clear that the modulation of UPR in macrophages may offer 

therapeutic potential both in cancer and autoimmune diseases. 

 

 

  

Figure 1.10. Three major branches of the Unfolded Protein Response (UPR) signaling pathway and their 

interconnections. Activation of the UPR arms—IRE1, PERK, and ATF6 activate the downstream signaling 

cascade driven by transcription factors XBP1s, ATF4, and ATF6f, respectively. The integration of these outputs 

trigger a large number of biological effects, which can contribute to the development of various disease (from 

Siwecka et al., 2019). 

 

 

 

General roles of unfolded protein response (UPR) pathways endoplasmic reticulum (ER) stress sensors inositol-

requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK), and activating transcription factor 6 (ATF6) deliver 

ER stress signals from the ER lumen into cytosol. 

Activation of the UPR arms—IRE1, PERK, and ATF6 activate the downstream signaling cascade driven by 

transcription factors XBP1s, ATF4, and ATF6f, respectively.  The integration of these outputs trigger a large 

number of biological effects, which contribute to the development of various disease (from Siwecka et al., 2019). 

 

 

 IRE1 pathway: ER stress induces IRE1 oligomerization and autophosphorylation, then the splicing of XBP1 is 

triggered by activated IRE1. As a transcription factor, X-box binding proteins 1 (XBP1s) activate UPR-related 

genes. PERK pathway: The activated PERK phosphorylates elF2a and further stimulates ATF4, which will 

regulate its target gene expression. ATF6 pathway: ATF6 is cleaved by proteases S1P and S2P to produce ATF6-

N. ATF6-N then migrates to the nucleus to initiate the transcription of its target genes. IRE1-XBP1, PERK, and 



Aim of the thesis 
 
 
To cure cancer new therapeutic strategies are required. Nanoparticles (NPs), in particular magnetic 

NPs (MNPs), which are stimulus-sensitive (in this case to an external gradient magnetic field) are 

efficient multifunctional platforms for drug delivery, able to target tumor cells and the tumor 

microenvironment (TME), making real the old concept of the magic bullet proposed by P. Ehrlich.  

The re-education of the tumor-associated macrophages (TAMs), which have a prominent role in the 

development and progression of cancer in the TME could represent a new potential approach for 

cancer therapy. In this regard, TAMs were shown to display an irregular unfolded protein response 

(UPR) in their endoplasmic reticulum (ER) to endure the environmental stress and ensure pro-cancer 

activity. Recent studies have suggested that two UPR signal activators, PERK and IRE-1, contribute 

to the metabolic adaptation of TAMs in opposite ways. In particular, protein IRE1α-mediated X-box-

binding protein (XBP1) signaling promotes a M1 phenotype and it is involved in the pathogenesis of 

inflammatory diseases, while the PERK arm of the UPR is a critical metabolic hub for the 

immunosuppressive function of TAMs (M2 phenotype). Therefore, the modulation of UPR response 

represents an attractive strategy to re-educate TAMs in TME. 

Based on these evidences, we propose to re-educate in an in vitro model pro-tumorigenic M2-like 

macrophages into an anti-tumor M1-like phenotype by modulating UPR with magnetic nanocarriers, 

which with their intrinsic properties also affect the macrophage polarization toward M1 phenotype. 

Hence, the main goals of this PhD thesis are: 

i) to develop and test MNPs functionalized with small interfering RNAs (siRNA) to down-

regulate the PERK expression in macrophages derived from murine peritoneal exudate 

(PEMs);  

ii) to induce the macrophage polarization in PEMs towards either the M1 or the M2 phenotype 

by administering pro- and anti-inflammatory stimuli, respectively. The macrophages 

obtained after the treatments will characterized analyzing specific surface markers along with 

gene expression profile of polarized macrophage phenotypes;  

iii) to evaluate whether PERK silencing induced by siRNA-loaded nanoparticles can re-educate 

TAMs-like macrophages from the M2 to the M1 phenotype. 

Therefore, the overall goal is to examine the ability to induce in vitro PEMs polarization and to 

modulate their polarization by siRNA-loaded magnetic nanocarriers. These studies would be the basis 

for possible future in vivo translational applications for cancer therapies. 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER II 
 

Materials and Methods 

2.1 Cell culture  

Cell line 

RAW264.7 cells are monocyte/macrophage-like cells, established from a tumor induced in BALB/c 

mice with the Abelson murine leukemia virus and they were purchased from ATCC. Cells were 

maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum 

(FCS), 100 U/mL penicillin, and 100 μg/mL streptomycin (here referred as complete medium) at 

37°C and in a humidified 5% CO2 atmosphere. Cells were sub-cultured twice a week, when they were 

at 80–90% confluence.  

Isolation of peritoneal macrophages 
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 Figure 2.1. Isolation (a) and polarization (b,c) of peritoneal macrophages (PEMs). 

 

 



Primary macrophages were isolated from male and female BALB/c mice, 12–16 weeks of age. One 

mL of 3 % thioglycollate solution was injected into the peritoneal cavity of the mouse and after 6 

days, macrophages derived from murine peritoneal exudate were isolated according to the method 

described by Rios et al. (2017). Briefly, mice were killed, and 10 ml of complete medium with few 

heparin drops was injected into the abdomen. The fluid was withdrawn, centrifuged (1000 rpm for 5 

min at 4°C), and the cell pellet was resuspended in 10 ml of complete medium; cells were then washed 

twice by centrifugation in the same conditions. The pellet was resuspended in complete medium, and 

cells were plated in 6-well plates (2 × 106 cells/well). After 16h culture at 37 °C, non-adherent cells 

were removed, adherent cells were washed with phosphate buffered saline (PBS), pH 7.2, and new 

medium was added. These cells, called from now on PEMs, were maintained in culture in the presence 

of macrophage-Colony Stimulating Factor (rm m-CSF, Cat. 12340042, ImmunoTools GmbH, 

Friesoythe, Germany) for some days until use (Fig. 2.1a,b). All procedures were carried out in sterile 

conditions and in accordance with the Animal Care and Use Committee of UPO, the European 

Community Directive for Care and Italian Laws on animal experimentation (Law by Decree 116/92).  

 

2.2. Synthesis of Magnetic Nanoparticles 

Purely inorganic magnetite nanoparticles (MNPs) were prepared in the Laboratory of Microbiology 

of the Facultad de Ciencias at the Universidad de Granada under the supervision of Prof. Concepción 

Jiménez López using the experimental protocol of Valverde-Tercedor et al. (2015). Briefly, the 

synthesis of MNPs was carried out at 25 °C and 1 atm total pressure from a solution containing 3.5 

mM NaHCO3, 3.5 mM Na2CO3, 2.78 mM Fe(ClO4)2, and 5.56 mM FeCl3 at a pH value of 9. All 

solutions were prepared from oxygen-free Milli-Q water deoxygenated and all steps were performed 

inside an anaerobic chamber filled with an atmosphere of N2 with 4% of H2 to prevent magnetite 

oxidation. After an incubation of 30 days inside the anaerobic chamber at 25 °C, the resulting 

magnetite nanoparticles were washed three times with deoxygenated Milli-Q water (50 mL) and 

stored until use at room temperature. 

 

2.3. Nanoparticles functionalization with the polydopamine (PDA-MNPs) 

PDA-MNPs were prepared via dopamine (Sigma-Aldrich, St. Louis, MO, USA) solution oxidation 

according to the method described by Mu et al. (2018). First, 1 mg of MNPs were resuspended into 

0.5 mL Tris-buffered saline solution (TBS), pH 8.5 containing 1 mg/mL dopamine (DA). After 

stirring for 3 h at room temperature, with the color of the suspension turning to dark brown, the DA 

molecules were oxidized and self-polymerized on the surface of MNPs (Fig.2.2a). The PDA-loaded 

MNPs were then recovered by magnetic decantation, washed three times with TBS, resuspended in 

TBS and stored at 4 °C until use. All solutions were prepared with diethylpyrocarbonate-treated water 

(H2O-DEPC). The amount of adsorbed DA was calculated from the difference between the 

concentrations of the DA in solutions before and after the adsorption on MNPs (the so-called 

supernatant) and was measured by UV−vis spectroscopy at a wavelength of 550 nm (Nieto et al., 

2018), using as reference a standard curve of known concentrations of DA solutions. More than three 

replicas were performed for experiment.  

2.4. Stability of the PDA adsorbed on MNPs 

The stability of the PDA adsorbed on MNPs was monitored at different time points (1, 3, 5, 7 days) 

on suspensions maintained at 37 °C. Supernatants were collected after the magnetic decantation of 

PDA-MNPs and their absorbances were analyzed by the UV-Vis spectroscopy at a wavelength of 550 

nm, and then they were compared to the absorbance of a reference solution of PDA. Each sample was 

analyzed in triplicates and the experiment was repeated three times.   
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2.5. Cytocompatibility  

MTT assay  

RAW 264.7 and PEMs (1×104 and 2×104 cells/microwell of 96-well plates, respectively) were 

seeded for 24 hours and incubated for 72 h with different concentrations of nanoparticles, ranging 

from 0.1 to 100 μg/mL, which were added in 100 μL of fresh medium. In another series of 

experiments, cells were incubated with 100 μg/mL of PDA-MNPs for 24, 48,72h. At the end of the 

incubation time, cell viability was evaluated by MTT (Sigma-Aldrich) colorimetric assay. Briefly, 20 

μL of MTT solution (5 mg/mL in a PBS solution) were added to each well. The plate was then 

incubated at 37 °C for 2-3 hours. After the removal of the solution, 125 μl of isopropanol-0.2 N HCl 

were added to dissolve formazan crystals. One hundred μl were then removed carefully and the optical 

density was measured in a multi-well reader (2030 Multilabel Reader Victor TM X4, PerkinElmer) 

at 570 nm. The experiments were carried on in triplicates at least three times. 

 

Figure 2.2. Scheme of the preparation of siRNA coupling to MNPs and its delivery to cells by these 

functionalized MNPs. 

 

 

 

General roles of unfolded protein response (UPR) pathways endoplasmic reticulum (ER) stress sensors 

inositol-requiring enzyme 1 (IRE1), PKR-like ER kinase (PERK), and activating transcription factor 6 (ATF6) 

deliver ER stress signals from the ER lumen into cytosol. 

Activation of the UPR arms—IRE1, PERK, and ATF6 activate the downstream signaling cascade driven by 

transcription factors XBP1s, ATF4, and ATF6f, respectively.  The integration of these outputs trigger a large 

number of biological effects, which contribute to the development of various disease (from Siwecka et al., 

2019). 

 

 

 IRE1 pathway: ER stress induces IRE1 oligomerization and autophosphorylation, then the splicing of XBP1 

is triggered by activated IRE1. As a transcription factor, X-box binding proteins 1 (XBP1s) activate UPR-

related genes. PERK pathway: The activated PERK phosphorylates elF2a and further stimulates ATF4, which 

will regulate its target gene expression. ATF6 pathway: ATF6 is cleaved by proteases S1P and S2P to produce 

ATF6-N. ATF6-N then migrates to the nucleus to initiate the transcription of its target genes. IRE1-XBP1, 

PERK, and ATF6 pathways, if protracted, can contribute to the development of various disease (from Siwecka 



 

Detection of Reactive Oxygen Species (ROS) Production  

 

To measure the potential oxidative stress in living cells, as a consequence of the presence of the PDA-

MNPs, the CellROX Green Reagent (Thermo Fisher Scientific, Waltham, MA, USA) was used 

following the protocol recommended by the manufacturer. Briefly, cells (approximately 60 × 103 

RAW264.7/well and 4× 105 PEMs/well) were seeded on glass coverslips in 24-well plates. After 

cells were incubated with 100 μg/mL of PDA-MNPs for different times (from 4h to 24h), cells were 

washed with PBS and CellROX Green Reagent was added to a final concentration of 5 μM in 300 μL 

of DMEM medium without serum and the plate was incubated in the dark at 37 ◦C for 30 min. The 

combination of bacterial lipopolysaccharides (LPS; Sigma-Aldrich) plus interferon gamma (IFN-γ; 

Immunotools) was used as a positive control. At the end of the incubation, the coverslips were washed 

with PBS, pH 7.2, fixed with 4% paraformaldehyde (PAF, Thermo Fisher Scientific) in PBS, washed 

again, and permeabilized with 0.1% Triton-X100 (Sigma-Aldrich) for 10 min. Finally, the coverslips 

were stained and mounted on specimen slides (Biosigma, Cona, Italy). The cytoskeletal actin was 

stained with Tetramethylrhodamine (TRITC)-phalloidine (1/200, Sigma-Aldrich excitation at 543 

nm; emission at 560–620 nm), and the cell nuclei were stained with DAPI (catalog # 62248, Thermo 

Fisher Scientific, 1/50). The CellROX Green Reagent is only fluorescent in the oxidized state because 

of ROS production. Therefore, the emission of green fluorescence (at 485/520 nm) is stable and is 

produced after DNA binding, and thus, its signal is mainly located in the nucleus. Fluorescence was 

detected at fluorescence microscope (Spectral Confocal Leica TCS SP2 AOBS) and images were 

taken at 200x magnification. The ImageJ software was used for the analysis. 

 

Detection of ER stress and the activation of Unfolded protein response (UPR) 

 

The stress of endoplasmic reticulum (ER) caused into cells by PDA-MNPs was detected indirectly 

by measuring the levels of specific UPR factors. Briefly, cells (approximately 3×105 RAW 264.7/well 

and 2× 106 PEMs/well) were seeded in 6-well plates and after 24h they were incubated with 100 

μg/mL of PDA-MNPs for different times (from 4h to 24h). Tunicamycin (2μg/mL, T7765_Sigma-

Aldrich) was used as a positive control. The transcriptional expression of UPR proteins (Bip, XBP1s, 

ATF4, ATF6) was evaluated by q-RT-PCR, as described beyond. 

 

2.6. Interactions of PDA-MNPs with Cells in the Absence/Presence of a GMF  

Prussian Blue Staining  

Cells (approximately 60 × 103 RAW 264.7/well and 4× 105 PEMs/well) were seeded on glass 

coverslips in 24-well plates, and after 24 h, 100 μg/mL PDA-MNPs were added. After incubating at 

37 ◦C for different times (from 0.5 to 30 min) in the absence (-GMF) and presence (+GMF) of a 

gradient magnetic field, the coverslips were washed with fresh PBS, pH 7.2, and fixed with PAF (2% 

in PBS). Then, the Prussian blue solution (1:1 of 2% potassium ferrocyanide and 2% HCl, both in 

H2O) was added to the coverslips. In these conditions, any ferric ion (+3) present in the samples 

combines with the ferrocyanide and results in the formation of bright blue pigments called Prussian 

blue or ferric ferrocyanide. After two other washes with fresh PBS, Nuclear Fast Red (Sigma-Aldrich) 

was added to stain cell nuclei. Finally, the coverslips were washed with H2O and mounted on slides 

by using one drop of Eukitt quick-hardening mounting medium for each sample. The interaction of 

the stained PDA-MNPs with cells was analyzed by optical microscopy at 100×. Experiments were 

performed in triplicates at least 3 times.  

 

 



Iron Quantification by Potassium Thiocyanate  

 

RAW264.7 and PEMs were seeded in 6-well plates and, after 24 h incubation at 37 ◦C 100-μg/mL 

PDA-MNPs suspensions in complete DMEM medium were added for different times (0.5, 5, 30 min) 

in the presence and absence of a GMF (Mag0201, Nanoeast, Nanjing, China). At the end of the 

treatments the supernatants were removed, cells were washed with fresh PBS, trypsinized, transferred 

to 0.5 mL Eppendorf tubes, and centrifuged at 1000 rpm for 5 min. Then, the cell pellets were 

dissolved in 37% HCl, mixed with 10% H2O2, and incubated for 20 min at room temperature. Samples 

were then reacted with 1 mL 1% potassium thiocyanate in Milli-Q water, and their absorbance was 

measured at 490 nm. The concentration of ferric ions in the samples was calculated referring to the 

absorbance obtained from a standard curve calculated from known amounts of PDA-MNPs following 

the same protocol (Oltolina et al., 2020). The endogenous iron of the cells was subtracted from the 

treated samples normalized by the untreated control cells. Experiments were performed in triplicates 

at least 3 times.  

 

Internalization of PDA-MNPs in PEMs 

 

Cells (8× 105 PEMs/well) seeded in 12-well plate in complete medium were incubated after 24 h with 

20 μg/mL of PDA-MNPs for 30 min in presence/absence of a gradient magnetic field and then 

incubated for further 24 h. Cells were then harvested after trypsinization, centrifuged, fixed in 2% 

PAF in PBS with FBS (20%) and NaN3 (0.02%), and then flow cytometry analysis was performed to 

assess the physical parameters (side-scatter and forward scatter) of cells. Data were analyzed by 

FlowJo™️ v10 Software (Bioscience). 

 

2.7. Loading of siRNA on MNPs 

Small interfering RNA (siRNA; 10μM) was incubated with different amounts of MNPs and PDA-

MNPs (5, 20, 50 μg in a final volume of 50 μL under ultrasonic stirring for 30 min at 4 °C. Non-

targeting siRNA-MOCK (sc-37007; Santa Cruz Biotechnology, Heidelberg, Germany) was used for 

these experiments. Nanoparticles/siRNA were then separated from their supernatants by magnetic 

decantation, nanocomplexes were resuspended in 50 μl of DEPC-water and 10 μl of each sample was 

run into a 3% w/v agarose gel electrophoresis in tris-acetate-EDTA running buffer (TAE 1X) at 120V 

for 20 min. Also the supernatants were analyzed with this method. siRNA bands were visualized by 

staining with SYBR. Images were captured under UV illumination and the densitometric analysis 

was done using ImageJ software.  

 

In another series of experiments the fluorescent Alexa 488/siMOCK (sc-3890, Santa Cruz 

Biotechnology) was added to 100 μg/mL PDA-MNPs at a ratio of 50nM, and the mixture was 

sonicated for 30 min at 4 °C. The amount of absorbed fluorescent siMOCK on PDA-MNPs was 

calculated using a reference calibration curve obtained from the fluorescence intensity of standard 

solutions of siMOCK with concentrations ranging from 12 to 70 nM measured by multiwell reader 

fluorescence spectrophotometry (excitation 490 nm and emission 530 nm; 2030 Multilabel Reader 

Victor TM X4, PerkinElmer).  

 

2.8. Interaction of siRNA-functionalized PDA-MNPs with cells: cell uptake and gene silencing 

Next experiments were performed to evaluate the cellular uptake of the PDA-MNPs/siRNA, as well 

as its effects in silencing PERK and in the reprogramming of PEMs from the M2 phenotype to the 

M1 phenotype.  



In all cases cells were treated with the PDA-MNPs/siRNA (Fig.2.2b). Briefly, PEMs (2 × 106 

cells/well and 4× 105 PEMs/well) were seeded in a 6 well plate and 24 well plate, respectively, with 

complete DMEM for 24 h. Then, they were incubated at 37 °C with PDA-MNPs/siRNA for 30 min 

under the magnetic field (Mag0201, Nanoeast) and then under normal conditions for 24 or 48 h. 

Alexa488/siMOCK and siPERK (Cat. sc-36214, Santa Cruz Biotechnology) were used. siPERK 

duplex was purchased as a solution of three specific siRNA. In general, 20 μg of nanoparticles and 

100 pmol of siRNA were diluted in 50 μL of Opti-MEM Reduced Serum Medium separately and 

then mixed together. The mixtures were sonicated at 4°C for 30 min and then added to the cells. 

PEMs were also transiently transfected with 100 pmol siRNA using the Lipofectamine 2000 

transfection reagent (Invitrogen Life Technologies, Monza, Italy) at 2:1 (lipid/siRNA) ratio following 

the manufacturer’s instructions for siRNA transfection. The transfection mixture was added to cells 

in Opti-MEM Reduced Serum Medium (Thermo Fisher Scientific) and incubated at 37 ̊C for 6 h 

before the medium was replaced with complete DMEM. Lipofectamine 2000 and PDA-MNPs (20 

μg), as well as tunicamycin (see beyond) were internal controls. The results of the treatments with 

PDA-MNPs/siRNA were analyzed in immunofluorescence and flow cytometry for cellular-uptake, 

q-RT-PCR for gene expression and immunoblotting for protein expression. 

 

Cell uptake 

 

PEMs were incubated with Alexa488/siMOCK either coupled to PDA-MNPs or administered 

through Lipofectamine 2000 on glass coverslip in 24 well plates for fluorescence and directly in 6 

well plates for flow cytometry analysis. In case of PDA-MNPs cells were subjected to a gradient 

magnetic field for 30 min. All the samples, including the controls of PDA-MNPs and Lipofectamine 

2000 alone, were incubated for 24h, before being analyzed for the uptaken fluorescence and, after 

being detached by trypsin, by flow cytometry, which was analyzed with the Attune flow cytometer 

(Invitrogen Life Technologies). For each group, the fluorescence (Ex/Em: 480/520 nm) of Alexa 

488/siMOCK per 1 × 105 cells was acquired. The untreated cells were used as the control. Data were 

analyzed by FlowJo™️ v10 Software (Bioscience). 

 

Gene silencing by siPERK  

 

PEMs seeded in a 6 well plate were incubated with siPERK either coupled to PDA-MNPs (Fig.2.2b,c) 

or administered through Lipofectamine 2000 and the selective inhibitor of PERK GSK2606414 

(GSK-414; Sigma-Aldrich) and then +/- tunicamycin for 8 h. Cells were harvested after 24 h and 48 

h to analyze both the transcriptional and translational regulation of PERK gene and other genes of 

UPR by q-RT-PCR and immunoblot analysis, respectively. Tables 1 and 2 report the list of the 

primers and the antibodies used. 

 

2.9 Polarization of PEMs  

Peritoneal macrophages were incubated for 5 days with 5 ng/mL recombinant murine macrophage 

colony-stimulating factor (m-CSF) as described by Hamidzadeh et al. (2020). Next, the cells were 

cultured for 48 h in complete DMEM supplemented with 20 ng/ml IL-4 (Cat.12340042, 

Immunotools) to polarize them towards the M2 phenotype, or with 100 ng/ml LPS (Sigma-Aldrich) 

and 5 ng/ml IFN-γ (Cat.12343112, Immunotools) to polarize them towards the M1 phenotype (Feito 

et al., 2019) (Fig.2.1 b, c).  The expression of genes associated with the M1 phenotype (iNOS, TNF-

α, COX-2) and with the phenotype M2 (Arg-1, TGF-β and PPAR-γ) was used as proof that the 

treatments with the cytokines induced the two phenotypes. The possibility that PDA-MNPs by 

themselves could polarize PEMs towards an M1 phenotype was also assessed, in line with what 

reported in the literature (Reichel et al., 2019). The properties induced by the treatments with the 



LPS/IFN-γ were also tested by examining the expression of cell surface markers, i.e. CD80 and CD86 

both in flow cytometry and immunofluorescence.  

 

2.10 Reprogramming of PEMs 

PEMs, which were pretreated with IL-4 to induce an M2 phenotype, were then added with PDA-

MNPs/siPERK, LIPO/siPERK and the GSK-414 drug to reprogram cells to the M1 phenotype and 

incubated for 24 or 48h. Eight h before the end of the incubation tunicamycin (2 µg/mL) was added.   

Reprogramming was assessed by analyzing the level of expression of genes associated the M2 

phenotype (ATF4, CHOP, Arg-1, TGF-β and PPAR-γ) and the M1 phenotype (iNOS, TNF-α, COX-

2)(Jablonski et al., 2015). Moreover, the level of phosphorylation of molecules involved in pathways 

leading to the two phenotypes (eiF2α, STAT, MAPK 1/2, NF-κBp65) was analyzed in extracts from 

cells treated for 48 h by immunoblotting. Also in these series of experiments the immunophenotype 

of the cells was assessed for the expression of the M1 CD86 marker and the M2 CD206 marker.  

 

2.11 Quantitative Real-time PCR 

The mRNA levels of genes were analyzed by quantitative real-time PCR (q-RT-PCR). Total RNA 

was extracted with Trizol (Invitrogen Life Technologies). The RNA concentration and quality were 

determined by NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, 

USA). After RNA purification and treatment with DNAse I (Thermo Scientific) 1 μg was 

retrotranscribed in cDNA with the RevertAidTM H Minus First Strand cDNA Synthesis Kit 

(K6022_Thermo Fisher Scientific) using oligo(dT) primers. Gene assays were performed in triplicate 

for each treatment in a 12 μL reaction volume containing 1 μL of RT products, 6 μL Sso-Fast EVA 

Green SMX (Bio-Rad, Hercules, CA, USA), 500 nM each forward and reverse primers. The 

sequences of primers are listed in Table 1. Automated CFX96 real-time thermocycler (Bio- Rad) was 

used and the reaction conditions were 95 °C for 1 min, followed by 45 cycles at 98 °C for 5 s and 

anneal/extend step for 5 s at 60 °C, with data collection. At the end of these cycles, a melting curve 

(65 °C to 95 °C, with plate read every 0.5 °C) was performed to assess the specificity of the 

amplification product by single peak melting temperature verification. Results were analyzed with 

Bio-Rad CFX Manager and the gene expressions were calculated by the ∆∆Ct method and β-actin 

served as an internal control.  

  



Table 1. Primer sequences for quantitative real-time PCR. 

 

2.12 Immunoblotting  

The protein levels were determined by the western blotting assay. After the different treatments, cells 

were washed twice in cold PBS and lysed in iced with RIPA Lysis Buffer (20 mM Tris-HCl pH 7.5, 

150 mM NaCl, 50 mM HEPES, 0.1% SDS, 1 mM Ethylene glycol-bis(2-aminoethylether)-N,N,N′ 

(EGTA), 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, and 10% glycerol) 

supplemented with protease inhibitors cocktail (Sigma-Aldrich). Cell lysates were centrifuged at 

13,000 rpm at 4 °C for 15 min. Clarified cell extracts (30 μg of protein) were denatured by heating 

for 5 min at 95 °C in reducing Laemmli buffer; proteins were separated in SDS-PAGE and transferred 

onto polyvinylidene difluoride (PVDF) filters. Filters were blocked with 5% non-fat dry milk for 2 

h, rinsed in water, and probed with different antibodies in TBS, pH 8.0, 5% BSA, overnight at 4°C. 

The list of primary antibodies used is reported in Table 2. After extensive washing, 

immunocomplexes were detected with appropriate horseradish peroxidase-conjugated secondary 

anti-IgG antibodies (diluted 1/5000, Sigma-Aldrich), followed by enhanced chemiluminescence 

(ECL kit; Biorad), and were analyzed in a Versadoc instrument (Bio-Rad Laboratories S.r.l, Segrate, 

Milan, Italy). Bands were subjected to densitometric analysis using ImageJ software.  



Table 2. Primary antibodies used for immunoblotting. 

 

2.13 Flow cytometry 

PEMs were seeded in 12-well plates and underwent the different treatments described. After 

detachment and centrifugation, cells were incubated in 100 μl of staining buffer (PBS, 20% FBS and 

0.1% sodium azide) with 20 μl of inactivated normal mouse serum for 30 min at 4 °C to block the Fc 

receptors on the macrophage plasma membrane, before adding the primary antibody, and to prevent 

non-specific binding. Cells were incubated for further 30 min in the dark with a single and/or a 

combination of the antibodies conjugated with single fluorophores (phycoerythrin, Fluorescein-5-

isothiocyanate, phycoerythrin-Cyanine7, PE, FITC, PE-Cy7) listed in Table 3. Then, cells were 

washed with 1 mL of FACS buffer (PBS, 20% FBS and 0.1% sodium azide) and centrifuged at 1500 

rpm for 5 min. The cell pellets were resuspended in 300 μl of FACS buffer and were analyzed on the 

Attune flow cytometer (Invitrogen Life Technologies). The conditions for data acquisition and 

analysis were established using the unlabeled cells as negative control. Each experiment was carried 

out three times and single representative experiments are displayed. For statistical significance, at 

least 100,000 cells were analyzed in each sample and the mean of the fluorescence emitted by these 

single cells was used. 



Table 3. Primary antibodies used for flow cytometry. 

 

 

2.14 Immunofluorescence microscopy 

PEMs were seeded on glass coverslips (12 mm diameter) in 24-well plates, and, after the different 

treatments, they were fixed with 4% PAF for 20 min at 25 °C. The cells were washed three times 

with PBS, permeabilized with TBS-5% BSA-0.1% Triton-X100-5% FCS for 1h and then they were 

incubated in the dark for 2h with primary antibodies reported in Table 4. After three washes with 

TBS-5% BSA-0.1% Triton-X100, samples were incubated with Alexa Fluor 488-labelled secondary 

antibodies (1:500, Sigma) and PE-labelled streptavidin (1:500, Sigma-Aldrich), while the cell nuclei 

were stained with DAPI (1/50, Thermo Fisher Scientific). Finally, coverslips were washed twice in 

PBS Triton X-100 and mounted with mowiol_4-88 (Sigma-Aldrich). Fluorescence was detected at 

the fluorescence microscope (Leica DM 2500), in particular the fluorescence of Alexa Fluor 488 was 

excited at 488 nm and the emitted fluorescence was measured at 491–586 nm. PE fluorescence was 

excited a 488 nm and measured at 575–675 nm. DAPI fluorescence was excited at 405 nm and 

measured at 420–480 nm. Images were taken at 200x magnification and analyzed by the ImageJ 

software.  



Table 4. Primary antibodies used for immunofluorescence. 

 

2.15 Statistical Analysis  

Data are expressed as mean ± standard error of at least 3 triplicates. Statistical analyses were 

performed using a two-way ANOVA, with a Bonferroni’s multiple comparisons test for grouped 

analyses using GraphPad Prism version 7 for Mac, GraphPad Software (GraphPad Prism, San Diego, 

CA, USA). Statistical differences between the treatments were considered significant when p values 

were p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).  

  

Antigen Species Dilutions Source

F4/80-BIOTIN Mouse 

monoclonal

1/400 eBioscience

CD206-Alexa488 Rabbit

polyclonal

1/50 eBioscience

CD86-Alexa488 Rat 1/50 eBioscience

CD80-Alexa488 Rat 1/50 eBioscience



CHAPTER III 
 

Results and discussion 

 

3.1. Synthesis of magnetic nanoparticles (MNPs) 

MNPs were synthetized, characterized, and provided by the group Laboratory of Microbiology of the 

Facultad de Ciencias at the Universidad de Granada with which we have a collaboration. 

These MNPs, shown in Fig. 3.1a, were obtained by a co-precipitation method mixing aqueous 

solutions of FeCl2 and FeCl3 with the addition of NaOH and NaHCO3. MNPs consist of a core of iron 

oxide, which confers them the typical magnetic features that could be exploited to drive them when 

a magnetic field is applied (Shubayev et al., 2009). In detail, MNPs are composed by magnetite 

crystals (Fe3O4) with sizes ranging from 10 to 30 nm and their morphology is poorly defined. In 

addition, they have a small magnetic moment per particle and their isoelectric point (iep), determined 

from the ζ-potential calculations, is 7.0 (García Rubia et al., 2018). 

 

3.2. Coupling of Polydopamine on iron oxide nanoparticles (MNPs) 

MNPs were coated with polydopamine (PDA), a polymer produced by self-oxidation of dopamine 

under alkaline condition, and thus becoming black-brown, which has adhesive properties similar to 

proteins of mussels (A. Jin et al., 2020). As shown in Fig. 3.1a, upon incubation with dopamine MNPs 

acquired a black color, which is due to the adsorption of PDA at their surfaces. By contrast, the 

colloidal suspension of MNPs at the same concentration, but in the absence of PDA remains 

significantly clearer. The concentrations of PDA were quantified by UV-Vis spectroscopy (λ = 550 

nm); in particular, after 3 washes with DEPC-H2O the amount of PDA absorbed on MNPs was 1.2 

mg/mg of MNPs, which represents about 80% of the originally incubated soluble dopamine (Fig. 

3.1b). Moreover, the coating of PDA on iron oxide nanoparticles surfaces was found not to affect the 

magnetic properties of MNPs and to increase only slightly nanoparticle size (Ge et al., 2016). 

 

3.3. Stability of the PDA-MNPs 

The stability of PDA-MNPs was tested at different times (from 1 to 7 days), by evaluating the amount 

of PDA released from the MNPs in the soluble fraction at 37 °C. MNPs were separated from the latter 

by magnetic decantation. Around 98% of the PDA remained stable at the surface for all this period, 

revealing the high stability of the PDA-MNPs. Moreover, the same amount of the PDA (98% of the 

amount detected at day 7) was still detectable after 5 months at 4°C, showing the strong interaction 

of the polymer with the MNPs. 

 

3.4. Cytocompatibility of PDA-MNPs on macrophages 

The cytocompatibility of any kind of NP is the first parameter to be ascertained before their eventual 

biomedical application and macrophages are the first cells involved in the uptake of foreign 

substances, such as nanoparticles can be. Thus, the cytocompatibility of PDA-MNPs on these cells 

was tested in MTT assays. In a first series of experiments, RAW 264.7 cells were incubated with 

increasing concentrations of PDA-MNPs and MNPs (up to 100 μg/mL) and PDA at comparable 

concentrations for 72h. Results (Fig. 3.2a) did not show a significant reduction in viability compared 

to untreated cells in all assessed concentrations, except at 100 μg/mL, where viability was reduced to 

about 80%, which, anyway, is a value above the cut off of 70% indicated by ISO 10993-5:2009. PDA 

by itself was highly cytocompatible, so the coupling of PDA on MNPs still improved the 

cytocompatibility of nanocarriers as also reported other works (Ge et al., 2016b; Siciliano et al., 

2022). MTT assays were also performed on cells incubated for 24 and 48 h with the highest PDA-



MNPs concentration used in all these experiments (100 μg/mL) and similar results were observed 

(Fig. 3.2b); in fact, >80% of the cells survived confirming the biocompatibility of these nanoparticles 

on this macrophage-like cell line. Given that primary cells are more sensitive than immortalized cell 

lines, we also evaluated the viability of macrophages isolated from murine peritoneal exudate (PEMs; 

see beyond and Fig. 3.11 for their characterization) after 3 day incubation with PDA-MNPs, MNPs 

at different concentrations and PDA at comparable concentrations. Also in this case no significant 

toxicity was observed in any condition; only when cells were incubated with the two highest PDA-

MNPs concentration of 10 and 100 µg/mL cell viability was decreased, but it was always around 90 

and 80% (Fig. 3.2c) It can thus be concluded that PDA-MNPs are endowed of a good 

cytocompatibility on macrophages.  

 

Different types of nanoparticles including those containing graphene have been reported to induce 

the cytotoxicity by increasing the cellular oxidative stress through the generation of reactive oxygen 

species (ROS) (Oltolina et al., 2020).Therefore, we also analyzed the cytocompatibility of PDA-

MNPs by assessing the level of ROS possibly induced in the two macrophage models. RAW 264.7 

cells were incubated with the highest dose of PDA-MNPs (100 μg/mL) for different periods of time 

and ROS production was evaluated as a virtual green color (CellROX® Green Reagent) under 

confocal microscopy. Indeed, a significant production of ROS was detected in cells incubated with 

PDA-MNPs for 4 and 8h (Fig. 3.3a); this cell response was however extinguished afterwards, 

suggesting that cells can control the oxidative stress. In the positive control cells stimulated with 

LPS/INF- for 24h produced a noticeable amount of ROS. Since the oxidative stress is closely 

connected with the protein-folding homeostasis in the Endoplasmic Reticulum (ER)(Khan et al., 

2020), we examined also whether PDA-MNPs could affect pathways linked to ER stress, collectively 

called the unfolded protein response (UPR). In cells treated as above (100 μg/mL of PDA-MNPs for 

the four different time points) the ability of PDA-MNPs to induce the UPR response was analyzed 

by quantitative real-time PCR (q-RT-PCR) for the ER chaperone BiP and XBP1s, ATF4, ATF6 (Fig. 

3.3b). These proteins are downstream effectors of the ER-stress sensors IRE-1, PERK and ATF6, 

respectively (Sicari et al., 2020). As positive control, we used tunicamycin (TM), a well-known ER-

stressor (Zhong et al., 2017). With the exception of XBP1s, the other three genes are only barely 

affected by the incubation of cells with PDA-MNPs. In the cases of BiP and ATF4 the genes appear 

to undergo downregulation with time after being activated at shorter times. Only in the case of XBP1s 

a late and quantitatively significant activation was observed. This finding is in line with the report 

that XBP1s plays a crucial role in macrophages during inflammatory diseases (Raines et al., 2022).  

 

When the same experiments were performed on PEMs, it was found that ROS production was high, 

but only after 4 h of incubation of the cells with PDA-MNPs and thus was completely extinguished 

afterword (Fig. 3.4a). The UPR response displayed a patter somehow different from the one observed 

for RAW 264.7 cells. The major difference is a higher ER response (Fig. 3.4b). In the cases of BiP 

and XBP1s, ATF6 the response is strong at 8 h (BiP and ATF6) or at 16 h (XBP1s), but then it is 

down regulated at 24 h, showing that cells can control the ER stress. Only in the case of ATF4 gene 

upregulation is maximal at 24h. Thus, with the exception of one of the four ER stress marker, both 

cell types can control and downregulate the ER-stress, which was fully dismissed. Taken together, 

these results indicate that PDA-MNPs, being xenobiotic agents, affect both the cellular redox balance 

and the normal functioning of the ER, but they do not alter the cellular homeostasis for a prolonged 

time causing cell damage, thus PDA-MNPs are highly cytocompatible. 

 

3.5 Interaction of PDA-MNPs with cells  

After confirming the full cytocompatibility of PDA-MNPs, we tested their ability to interact with 

macrophages in the presence/absence of a magnet. In fact, it is well known that the apposition of a 

GMF enhances the interaction of the magnetic nanoparticles with cells (Oltolina et al., 2020). Both 



RAW 264.7 and PEMs macrophages plated on coverslips were incubated for different times with 100 

μg/mL PDA-MNPs in the presence or absence of a magnet, were fixed, washed, and stained with 

Prussian blue in order to detect iron oxide nanoparticles. As shown in Figs. 3.5a and 3.6a, when a 

magnetic field was applied both to RAW 264.7 and to PEMs, PDA-MNPs were already clearly visible 

after 30 seconds of incubation, the earliest time point analyzed. By contrast, PDA-MNPs were 

detectable only after 5 min incubation in the absence of a magnetic field in the two macrophage 

models. However, when increasing the time incubation to 30 min PDA-MNPs were more detectable 

both in the absence and presence of a GMF, even if there was always a significant difference between 

samples treated with the magnet and untreated samples. Similar results were also confirmed by the 

quantification of iron internalized in the cells detectable through Potassium Thiocyanate (Figs. 3.5b 

and 3.6b). In fact, in the absence of a GMF, the amount of iron associated with macrophages is very 

low after 0.5 min of incubation with PDA-MNPs. Nevertheless, this concentration increased in a 

time-dependent way reaching after 30 min a value of 50 μg/mL for RAW 264.7 and 30 for PEMs. 

When the same experiment was performed in the presence of a GMF, the iron concentration 

associated to the cells was 60 for RAW 264.7 and 45 for PEMs. At any time point, the application of 

a GMF enhanced the interactions between the nanoparticles and the cells, and this effect was time-

dependent. At the latest time of 30 min the difference between sample treated with GMF or not was 

less evident probably because of the sedimentation of nanoparticles on the cell surface. The 

internalization of the PDA-MNPs into PEMs was also evaluated by a series of experiments in flow 

cytometry. After cells were incubated 24h with a low amount of PDA-MNPs (20ug/mL), the analysis 

of the physical parameters was performed in order to reveal variation in the cell parameters in terms 

of increased size and granularity. Results showed that the cell interaction with PDA-MNPs affected 

the granularity of cells (side scatter), but no their sizes (forward scatter). In fact, the histograms 

(Fig.3.7a) report that the cellular complexity in term of the granularity increased 80% compared to 

the untreated samples. Given that the apposition of a GMF enhances the interaction of PDA-MNPs 

with cells, the same experiment was performed in the presence of a GMF. Likewise, the cellular sizes 

did not change, but the granularity further increased of about 16%. (Fig.3.7b) Therefore, we 

considered the increase of the cellular complexity as an indirect measure of the cellular uptake of 

nanoparticles confirming the internalization of PDA-MNPs into PEMs. 

3.6 Loading of siRNA onto MNPs requires the presence of PDA on MNPs  

PDA has numerous surface functional groups, which can facilitate the functionalization of PDA-

MNPs with biomolecules, such as nucleic acids Thus, these magnetic nanocarriers were used to 

deliver to cells oligonucleotides, such as small interfering RNA (siRNA) (A. Jin et al., 2020). 

 

siRNA (10 μM) was thus incubated with 5, 20, 50 μg of MNPs and PDA-MNPs under ultrasonic 

stirring for 30 min and then, nanocomplexes were analyzed in agarose gel electrophoresis.  

The siRNA associated to nanoparticles could not be visualized, because these nanocomplexes did not 

migrate under the electric field in the agarose gel, unlike the naked siRNA used as control (Fig. 3.8a).  

Moreover, the ratio MNPs/iRNA, which was in favour of MNPs, did not allow to visualize the siRNA, 

because of the interference of the MNPs (Jin et al., 2019). 

Thus, the capability of NPs to bind siRNA molecules was evaluated by an indirect method, by 

visualizing on agarose gel the amount of unbound siRNA left in the sample after magnetic decantation 

of the nanoparticles. The amount of siRNA in the soluble fractions obtained after incubation with 

PDA-MNPs was clearly decreased in a dose dependent way, as confirmed also by the densitometric 

analysis of the bands (Fig. 3.8b). These data clearly show that siRNA can be loaded on PDA-MNPs. 

In contrast, in the case of siRNA incubated with naked MNPs, the same original amounts of siRNA 

were present in the soluble fractions after magnetic decantation of the nanoparticles. It can thus be 

concluded that PDA coating is necessary to bind to siRNA molecules on MNPs. Probably, siRNA 

molecules bind to the surface of PDA-MNPs by π−π stacking interactions between the aromatic 



groups of the PDA and the nucleobases of siRNA (Mu et al., 2018). To quantify the adsorption 

efficiency of PDA-MNPs/siRNA, we measured the fluorescence intensity of a FITC-labeled siRNA 

(50 nM) after coupling with PDA-MNPs (100μg/mL). In this case, the FITC-siRNA concentration 

associated with PDA-MNPs after ultrasonic stirring for 30 min was about 70% of the amount present 

in the original solution.  

 

3.7 Cellular uptake of siRNA-PDA-MNPs 

The efficiency of the siRNA-coated nanocomplexes to deliver siRNA to target cells was first 

examined in HeLa cells, a well-recognized in vitro model with high sensitivity for RNA interference 

(Tatiparti et al., 2017). In particular, the use of these cells, which were incubated with different 

amounts PDA-MNPs coated with siRNA specific for the housekeeping Cortactin, were used to 

confirm that the functionalized PDA-MNPs/siRNA could induce the knock-down of a target protein, 

which was detected by western blot (data not shown). To visualize the uptake of the siRNA-PDA-

MNPs by PEMs, PDA-MNPs functionalized with a FITC-labelled siRNA (Alexa488/siMOCK) were 

used and cells plated on coverslips and incubated with the nanocarriers for 24h were analyzed by 

fluorescence microscopy. Cells in which fluorescent-siRNA was transfected through lipofectamine 

were used as positive control (Fig. 3.9a). When cells were incubated with siRNA/PDA-MNPs the 

green fluorescent signal was slightly detectable, but if a GMF was applied to cells for 30 min before 

the 24 h incubation a significant number of green spots were detectable within the cytoplasm. Thus, 

the application of a magnet enhances the cellular uptake of PDA-MNPs. As expected, no green 

fluorescent signals were detectable when cells were incubated with equal amount of PDA-MNPs.  

 

Flow cytometry analysis were performed to quantify the cellular uptake of PDA-MNPs in PEMs both 

in the absence and presence of GMF. In the absence of the GMF siRNA/PDA-MNPs was up-taken 

only by 17% of the cells (Fig. 3.9b); however, in the presence of a GMF more than 30% of the cells 

displayed a green fluorescence signal. By comparison, more than 92% of the PEMs stained positively 

if they were transfected through lipofectamine. All together these results indicate that PDA-MNPs 

could be promising candidates to delivery siRNA molecules to cells, especially when they are 

exposed to an external magnetic field. 

 

3.8. PERK gene silencing in PEMs  

To alter the unfolded protein response (UPR) in the endoplasmic reticulum (ER) of PEMs, the 

downregulation of PERK, one of three ER transmembrane sensors (Di Conza and Ho.,2020), was 

induced through the RNA interference (RNAi) mechanism. Thus, PEMs were transfected for 24h or 

48h with lipocomplexes (LIPO/siPERK) as control, or were incubated for 24h or 48h with siPERK 

molecules coupled to PDA-MNPs. Lipofectamine 2000 and PDA-MNPs at the same concentrations 

were used as internal controls. The times were chosen on the basis of the experiments read-out, i.e. 

24h if the effects were evaluated as gene expression by q-RT-PCR and 48h if the effects were 

evaluated as protein expression by immunoblotting. 

 

Upon incubation of PEMs with PDA-MNPs/siPERK or LIPO/siPERK for 48h the expression of 

PERK protein is silenced in the case of LIPO/siPERK and down-regulated in the case of PDA-

MNPs/siPERK in respect to cells incubated with their control complexes without siPERK and to 

untreated cells (Fig. 3.10a). Then, since the active PERK phosphorylates the downstream mediator 

eif2- (Eukaryotic translation initiation factor 2), we assessed the activation (i.e. the phosphorylation) 

of this protein. Indeed, we found that the silencing of PERK reduced significantly the phosphorylation 

of eif2- in respect to the untreated cells and control cells treated with nanocomplexes and 

Lipofectamine without siPERK. In this series of experiments we also treated cells with tunicamycin 

(TM), a well-known ER-stressor. Indeed, we found that tunicamycin abrogated the expression of the 



PERK protein, but significantly increased the phosphorylation of eif2-. Overall, these results 

confirm the ability of the nanocarriers to induce the silencing of a target gene into cells.  

The downregulation of the PERK gene in PEMs was then evaluated by q-RT-PCR analyzing the 

expression levels of PERK downstream targets ATF4 and CHOP. In this case PEMs incubated with 

siPERK containing complexes and GSK-414, which is a selective inhibitor of PERK, were then 

treated in the last 8h with tunicamycin, which increased the expression of these two target genes, 

which were down-regulated if cells were incubated with siPERK associated with PDA-NPs and LIPO 

(Fig. 3.10b).  

 

Under ER-stress the UPR signal activators act in a coordinated way to detect misfolded proteins in 

ER and to re-establish the cellular homeostasis. Therefore, the activities of IRE-1 and ATF6, other 

ER-stress sensors along with PERK (Chang et al., 2018), were examined after the knockdown of the 

PERK. After 24h from PERK inhibition with PDA-MNPs/siPERK and LIPO/siPERK, the expression 

of ATF6 and the spliced form of XBP1, a downstream effector of IRE-1 (Sicari et al., 2020), was 

analyzed by q-RT-PCR. GSK-414 was used as further internal control in these experiments. Results 

(Fig. 3.10b) indicate that in all cases the PERK inhibition increased the activity of other ER-stress 

sensors compared to untreated cells, but not at the same way of the positive control, which was 

represented by tunicamycin. In particular, it was observed a significantly increase of the splicing of 

XBP1 when cells were treated with lipo-complexes or GSK-414, less in the case of nanoparticles. As 

already discussed, it is worth highlighting that XBP1s is involved in promoting the M1 phenotype, 

which is associated with inflammatory diseases. 

 

3.9. Characterization and in vitro differentiation of PEMs  

The primary macrophages derived from murine peritoneal exudate (PEMs) were used for most of the 

experiments, since they represent better than the RAW 264.7 cell line the properties of the in vivo 

macrophages, also in view of the possibility to extend these studies in vivo. PEMs were isolated as 

described in the materials and methods section; in particular they were recovered from BALB/c  mice, 

which received the local administration of thioglycolate to increase the yield of the peritoneal cells 

from 2-3 to 9-12 million for mouse without altering the physiological characteristics of the cells (Zhao 

et al ., 2017). The size and granularity of the adherent cells recovered after 16h culture were analyzed 

by flow-cytometry: these peritoneal cells were dispersed among a minimum of two populations 

highlighting their heterogeneity (Fig. 3.11a). Indeed, the peritoneal cavity is a common source not 

only of macrophages, but also of different immune cell types, such as B- and T-cells, dendritic cells 

(DCs) and natural killer (NK)(Cassado et al.,2015). Therefore, PEMs for the expression of the surface 

markers CD45(Altin and Sloan., 1998), CD11b and F4/80 by flow cytometry to confirm their 

macrophage identity. About 47% of population were hematopoietic cells, being CD45-positive, 

whose 70% also expressed CD11b with high levels of F4/80+ (Fig. 3.11b).  Both CD11b and F4/80+ 

are macrophage markers, but while CD11b receptors are also expressed on the surface of other 

leukocytes, the glycoprotein F4/80+ is exclusively expressed on macrophages (Cassado et al.,2015) . 

Overall, these data clearly show that about 60% of recovered cells are macrophages. It is well-known 

that these cells can acquire distinct functional phenotypes in response to their local 

microenvironment.  

 

This dynamic process of macrophage functional change is defined as macrophage polarization 

characterized by two extreme poles referred as classically activated macrophages (M1) and 

alternatively activated macrophages (M2) (Kasfi et al., 2021). In particular, M1 macrophages are 

responsible for ongoing immune surveillance against pathogenicity; while M2 macrophages assume 

a predominantly anti-inflammatory role, attenuating the host immune response. Interestingly, the 

phenotype of polarized M1 and M2 macrophages can be also achieved in in vitro experiments using 

specific cytokines and growth factors (Hörhold et al., 2020; Poltavets et al., 2020). Thus, we also 



investigated whether primary peritoneal macrophages (PEMs) could be induced to differentiate in 

vitro towards either the M1 or the M2 phenotypes. PEMs were isolated on the basis of their adherence 

properties and cultured for 5 days with the macrophage colony-stimulating factor (m-CSF) to promote 

their survival and the proliferation of mature monocytes/macrophages (Otero et al.,2009; 

Hamidzadeh et al., 2020). Cells were then stimulated for 48 h with IFN-γ and LPS to differentiate 

M1 or treated with IL-4 to induce the M2 state. To evaluate whether the M1/M2 polarization in PEMs 

occurred, we analyzed the expression of CD86 and CD206 that are specific markers for M1 and M2 

phenotypes, respectively. Fig. 3.12a shows that nearly 30% of the F4/80+ cells expressed also the 

mannose receptor CD206 on their surface, whose levels reached a value of 60% when PEMs were 

stimulated with IL-4. In contrast, the expression of CD206 decreased from 48% in untreated cells to 

about 13% after LPS/ IFN-γ treatment. In the mirror experiments, the basal expression of CD86 

protein, which was low in untreated macrophage population (2%), was significantly increased (48%) 

following the stimulation with LPS/IFN-γ, treatment able to switch PEMs into a pro-inflammatory 

state. The data obtained in flow cytometry were confirmed in immunofluorescence experiments with 

FITC-labeled CD86 and CD206 antibodies visualized at the confocal microscopy. Indeed, CD86 

staining was detected when macrophages were incubated with LPS plus IFN-γ (Fig. 3.12b), while 

CD206 expression was significantly increased in PEMs cells treated with IL-4 compared to untreated 

macrophages (Fig. 3.12c).  

 

To better characterize the two phenotypes acquired in vitro by PEMs upon cytokine treatments, cells 

were stimulated as above and the expression of genes specifically associated to the two phenotypes 

were evaluated by q-RT-PCR analysis. Based on the literature we choose to analyze the expression 

of some cytokines (TNF-α, COX-2, TGF- β), enzymes (iNOS, Arg-1) and the nuclear receptor PPAR-

γ (Jablonski et al., 2015). As shown in Fig. 3.12d the relative mRNA levels of TNF-α, COX-2 and 

iNOS were significantly higher in macrophages treated with LPS/INF-γ (M1 phenotype), while the 

expression of TGF- β, Arg-1 and PPAR-γ was increased in macrophages treated with IL-4 (M2 

phenotype). All together, these findings indicate that PEMs can be induced to differentiate into M1 

and M2 macrophages following stimulation with specific biomolecules. 

 

3.10 PDA/MNPs promote M1 polarization of PEMs  

Since the iron exposure of cells is correlated to an inflammatory macrophage phenotype (Mulens-

Arias et al., 2020, 2021a), we investigated the effects of PDA-MNPs on the macrophage polarization 

of PEMs. Thus, peritoneal macrophages derived from BALB/c mice, after 5 days cultivation in the 

presence of m-CSF, were incubated for different times with 100 μg/mL PDA-MNPs, and then the 

expression of the genes associated with the pro-inflammatory phenotype, such as iNOS, TNF-α, and 

COX-2, was analyzed by q-RT-PCR, using macrophages treated LPS/IFN-γ for 8h as positive control. 

The three genes considered were all upregulated; in particular, iNOS mainly after 8h treatment with 

nanoparticles, while TNF-α and COX-2 even after 4 and 16h treatment (Fig. 3.13a). All the genes 

were downregulated after 24 h treatment, switching back to nearly basal levels. Thus, the 

inflammatory response induced in PEMs is temporary and cells can control it (Fig. 3.4b). These data 

were confirmed in another series of experiments evaluated by flow cytometry. Upon incubation with 

m-CSF the original cell population obtained from the peritoneal exudate expressed the F4/80 marker, 

and after further incubation with PDA-MNPs (100 μg/mL) for three days PEMs increased the 

expression of the M1 phenotype markers CD86 and CD80 (from 9 and 34% to 59 and 67% 

respectively) (Fig. 3.13b). These values were even higher than the ones observed in samples 

stimulated with LPS/INF-γ. Finally, also immunofluorescence experiments confirmed the ability of 

PDA-MNPs to promote the M1 macrophage phenotype in PEMs. Indeed, the expression of CD86 

(Fig.3.13c) and CD80 (Fig. 3.13d), visualized as green signals, was increased after 3 days incubation 

with nanoparticles. From all these experiments it is thus clear that PDA-MNPs can induce M1 

macrophage polarization.  



3.11. Reprogramming TAMs-like macrophages toward the M1 phenotype 

Macrophages present in the tumor microenvironment (TME) are called tumor-associated 

macrophages (TAMs) and have a crucial role in the development and progression of cancer, with an 

immunosuppressive role (Lin et al., 2021). Indeed, it is well established that TAMs have a M2-like 

phenotype and display an irregular UPR response in their ER in order to endure the environment 

stress, to which they are subjected. We thus planned a series of experiments to examine the ability of 

PEMs induced to M2 phenotype to switch from the M2 to the M1 phenotype upon incubation with 

the PDA-MNPs/siPERK nanocomplexes. LIPO/siPERK along with GSK-414 inhibitor were used as 

positive controls. First, PEMs were polarized toward M2 phenotype with IL-4 as previously 

described, and then they were treated for 8h with ER-stressor tunicamycin in order to induce TAMs-

like macrophages with an M2 phenotype. Herein, PEMs will be named as M0, M1, M2, and M2/TM 

if untreated, treated with LPS/IFN-γ, treated with IL-4 and treated with IL-4 and tunicamycin (TAMs-

like macrophage), respectively.  In agreement with recent studies which reported that the PERK arm 

of the UPR is uniquely upregulated in TAMs (Raines et al., 2022; Sheshadri et al., 2021), we validated 

this observation in our model where the expression of PERK, as well as that of the downstream genes 

ATF4 and CHOP, were increased in PEMs treated with IL-4 and TM (M2/TM; Fig. 3.14a). When 

these cells were incubated for 24 or 48h with LIPO/siPERK, PDA-MNPs/siPERK and PERK 

inhibitor GSK-414, a significant inhibition of the expression of PERK, ATF4 and CHOP by q-RT-

PCR was evident (Fig. 3.14a). The treatment with LIPO/siPERK, PDA-MNPs/siPERK and GSK-414 

inhibited also the phosphorylation of eiF2α, as detected in immunoblotting (Fig. 3.14b). Thus, PEMs 

cells treated with IL-4 and TM represent a promising in vitro model to investigate the macrophage 

reprogramming from M2 to M1 phenotype. To evaluate the ability of PDA-MNPs/siPERK to re-

educate TAMs-like macrophages from the M2 to the M1 phenotype, the expression of gene markers 

of two phenotypes were examined by q-RT-PCR after cells were incubated for 24h with 

nanocomplexes, as well as with LIPO/siPERK and GSK-414. Notably, we found that in TAMs-like 

macrophages the downregulation of PERK enhanced the expression of M1 markers iNOS and TNF-

α, while it decreased the expression of the gene markers of the M2 macrophage phenotype Arg-1, 

TGF-β and PPAR-γ (Fig. 3.14c).  

The transcriptional reprogramming of macrophages is complex, and it is regulated by different 

signaling molecular pathways including the NF-𝜅B, MAPKs and STAT3 (Sun et al., 2016). It is well-

known that the activation of NF-𝜅B p65 is a hallmark of M1 macrophage activation regulating the 

expression of an array of inflammatory genes; in addition, its activation is associated with the 

overactivation of IRE-1, the ER-stress sensor, which collaborates with PERK (Jiang et al., 2021). The 

activation of the STAT3, instead, drives the transcription of many genes associated with M2 

macrophage phenotype, typical of TAMs (Riera-Borrull et al., 2017). Likewise, the ERK 1-2 

signaling activation facilitates the macrophage differentiation toward an M2 phenotype promoting 

angiogenesis, cancer cell migration, and invasion (Gao et al., 2018) . Therefore, we investigated how 

the inhibition of PERK in TAMs-like macrophages affected these molecular mechanisms. After 

PEMs were polarized toward M2 phenotype and incubated for 48h with siRNA-lipo-complexes and 

nanocomplexes, the phosphorylation levels of NF-𝜅Bp65, ERK1/2 and STAT3 were analyzed by 

immunoblotting. GSK-414 was used as a further control. Western blot results (Fig. 3.14d) along with 

the densitometric analysis of relative bands (Fig. 3.14e) showed that in all cases, the knockdown of 

the PERK protein into TAMs-like macrophages activated NF-kBp65 suggesting that the switch from 

the M2 to the M1 phenotype took place. Moreover, the phosphorylation of STAT3 and ERK1/2 was 

inhibited following the downregulation of PERK in macrophages confirming their polarization 

toward the M1 phenotype. To confirm that PDA-MNPs/siPERK and lipo-complexes induced the re-

polarization of TAM-like macrophages, we examined by flow cytometry the expression of CD86 and 

CD206, specific markers of the M1 and the M2 phenotypes, respectively. It is evident from 

histograms in Fig. 3.14f that the expression of the CD86 on the surface of macrophages was 



significantly increased after the inhibition of PERK, in particular in the case of PDA-MNPs/siRNA. 

By contrast, the expression of CD206 decreased of about 30% in the case of PDA-MNPs/siPERK. 

Taken together, the results of this study indicate that TAMs-like macrophages can switch to the M1-

inflammatory phenotype by the inhibition of ER-stress sensor PERK.   
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Fig. 3.1. Adsorption of PDA on MNPs. (a) Representative images of dopamine after polymerization reaction 

(PDA) and MNPs before and after coupling (PDA-MNPs). (b) Values of PDA (polymerized in situ) measured 

at 550nm. Percentage of ratio between PDA and PDA-MNPs or MNPs alone are shown. The results were 

obtained in three independent experiments made in triplicates. Differences between groups assessed by 2-way 

ANOVA with Bonferroni’s multiple comparison post-test (**** p < 0.0001).      
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Fig. 3.2. Cytocompatibility of PDA-MNPs on RAW 264.7 cells (a, b) and PEMs (c). Cells were incubated 

with PDA-MNPs at different concentrations (a,c) for 72 h. RAW 264.7 cells were incubated for different periods 

of time with MNPs at 100 µg/mL concentration (b). Cell viability was assessed with MTT assays at each time 

point. Untreated cells were taken as reference value (100%), while the exposure to H2O2 at 1 µM represented 

the positive control. Data are expressed as means ± SD of at least four independent experiments performed in 

triplicate. Statistical analyses were carried out using One-way ANOVA, with Bonferroni comparison post-test 

vs the untreated controls (* p ≤ 0,05; ** p ≤ 0,01; *** p ≤ 0,001; **** p < 0.0001).   

 

  

 

 



(a)         

 

 

 

 

 

 

 

 

 

(b) 

Fig. 3.3. ROS and ER-stress levels in RAW264.7 cells after exposure to PDA-MNPs. (a) Immunofluorescence 

images showing reactive oxygen species (ROS) production in cells incubated with PDA-MNPs (100 μg/mL) for 

different time points (from 4 to 24 h). Fixed and permeabilized cells were stained for actin with TRITC-phalloidin 

(red) and for nuclei with DAPI (blue), while the ROS production was visualized in green. LPS/INF- 24 h treated 

cells were used as positive control. Magnification, 200x. (b) Histograms showing the expression of ER-stress 

markers (Bip, XBP1s, ATF4 and ATF6) assessed by q-RT-PCR on cells incubated with PDA-MNPs (100 μg/mL), 

in the same conditions as above. ER-stress was mostly observed in cells treated with tunicamycin 2μg/mL for 8 

h, used as positive control. Gene expression is shown as fold-change relative to untreated cells. Data are expressed 

as mean ± SD of three independent experiments (*p ≤ 0,05; **p ≤ 0,01; ***p ≤ 0,001; **** p < 0.0001).  
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(b) 

Fig. 3.4. ROS and ER-stress levels in PEMs (peritoneal macrophages) after exposure to PDA-MNPs. (a) 

Immunofluorescence images showing reactive oxygen species (ROS) production in cells incubated with PDA-

MNPs (100 μg/mL) for different time points (from 4 to 24 h). Fixed and permeabilized cells were stained for 

actin with TRITC-phalloidin (red) and for nuclei with DAPI (blue), while the ROS production was visualized 

in green. LPS/INF- 24 hours treated cells were used as positive control. Magnification, 200x. (b) Histograms 

showing the expression of ER-stress markers (Bip, XBP1s, ATF4 and ATF6) assessed by q-RT-PCR on cells 

incubated with PDA-MNPs (100 μg/mL), in the same conditions as above. ER-stress was mostly observed in 

cells treated with tunicamycin 2μg/mL for 8 h, used as positive control. Gene expression is shown as fold-

change relative to untreated cells. Data are expressed as mean ± SD of three independent experiments (*p ≤ 

0,05; **p ≤ 0,01; ***p ≤ 0,001; **** p < 0.0001). 
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Fig. 3.5. Interaction of PDA-MNPs with RAW 264.7 cells in presence/absence of a gradient magnetic 

field (GMF). (a) Images showing cells treated with PDA-MNPs and stained Prussian blue staining and nuclear 

fast red counterstaining. Magnification 200x. (b) Amount of iron associated with cells as quantified with 

potassium thiocyanate: Cells were incubated with PDA-MNPs for different time-points (from 0.5 to 30 min) 

in absence (-GMF) or presence (+GMF) of a gradient magnetic field. Untreated cells were used as negative 

control. Results are expressed as mean µg/mL ± SD and were obtained from three independent experiments 

performed in triplicates. Data were analyzed by 2-way ANOVA with Bonferroni’s multiple comparison post-

test. (* p < 0.05; ** p < 0.01). 
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Fig. 3.6. Interaction of PDA-MNPs with PEMs in presence/absence of a gradient magnetic field (GMF). 

(a) Images showing PEMs treated with PDA-MNPs and stained Prussian blue staining and nuclear fast red 

counterstaining. Magnification 200x. (b) Amount of iron associated with cells as quantified with potassium 

thiocyanate: Cells were incubated with PDA-MNPs for different time-points (from 0.5 to 30 min) in absence 

(-GMF) or presence (+GMF) of a gradient magnetic field. Untreated cells were used as negative control. Results 

are expressed as mean µg/mL ± SD and were obtained from three independent experiments performed in 

triplicates. Data were analyzed by 2-way ANOVA with Bonferroni’s multiple comparison post-test. (*** p < 

0.001). 
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Fig. 3.7. Interaction of PDA-MNPs with PEMs in presence/absence of a gradient magnetic field (GMF). 

(a) Representative images showing the granularity and size of untreated control cells (left) or cells treated with 

PDA-MNPs 20μg for 24h (righ). Merge panels are shown below. (b) The apposition of a GMF increases the 

granularity of cells treated with PDA-MNPs (right), in respect to the lack of exposure to GMF (left). Merge 

panels are shown below and were used for calculations. 
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Fig. 3.8. Loading of siRNA onto MNPs requires the presence of PDA on MNPs. (a) Images show the 

amount of siRNA unbound after incubation with MNPs (left) and with PDA-MNPs (right), as examined 

by agarose gel electrophoresis. This assay does not allow the visualization of siRNA bound to either MNPs 

or PDA-MNPs, although present. Different ratios of nanoparticles with 10 µM siRNA were used in this 

typical experiment. (b) Quantification of percentage of siRNA bound to MNPs or PDA-MNPs, obtained 

by subtracting from the total siRNA the amount of unbound siRNA after magnetic decantation 

(densitometric analysis). Results are expressed as % absorption ± SD and were obtained from three 

independent experiments performed in triplicates. Data were analyzed by 2-way ANOVA with 

Bonferroni’s multiple comparison post-test. (*** p < 0.001). 
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(b)  

Fig. 3.9. Typical experiments showing cellular uptake of PDA-MNPs/siRNA. (a) Fluorescence 

microscopy to measure the delivery of siRNAs loaded on nanoparticles into PEMs in presence/absence of 

GMF. Cells were incubated with FITC-labeled siRNAs complexes (20 µg) for 24h. Images were acquired 

after fixation, permeabilization, and staining for nuclei with DAPI (blue). siRNA transfection with 

Lipofectamine 2000 (LIPO) and PDA-MNPs alone represented the controls. (b) Cell uptake efficiency in 

PEMs, measured by flow cytometry. Values of FITC-siRNAs are indicated for each treatment.  
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(a) 
Fig. 3.10. Gene silencing by siRNA delivered by nanoparticles in PEMs. (a) WB analysis of the silencing 

of PERK and its downstream effector phospho-eiF2-α in PEMs treated with PDA-MNPs/siPERK for 48h. 

Tunicamycin (TM, 2µg/mL) was used as positive inducer control for ER stress. The protein expression of -

Tubulin was used as internal control. (b) Histograms showing mRNA levels of phospho-eiF2-α downstream 

effectors and ER-stress sensors detected by q-RT-PCR following the silencing of PERK in PEMs cells with 

PDA-MNPs/siPERK. GSK-414 (5µM) and LIPO/siPERK were used as positive controls for gene silencing. 

Gene expression was expressed as fold-change relative to untreated cells. Data are expressed as the mean ± SD 

of three independent experiments (*p ≤ 0,05; **p ≤ 0,01; ***p ≤ 0,001; **** p < 0.0001). 
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Fig. 3.11. Characterization of primary macrophages from mice peritoneal exudate (PEMs) by flow 

cytometry analysis. (a) Representative flow cytometry images of the size (left) and granularity (right) of 

PEMs.  FSC: forward scatter (size); SSC: side scatter (granularity). (b) The population of PEMs were 

characterized using a combination of labeled antibodies for CD45 (leucocyte common antigen, 47,9 % 

positive). The CD45 positive population was further characterized by CD11b (macrophage and dendritic cells, 

79% positive). CD11b subset was further characterized by F4/80 (macrophages, 60% positive) Results are 

representative of three independent experiments.  
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Fig. 3.12. PEMs can be polarized in vitro towards the M1 or M2 phenotypes. PEMs were isolated and 

cultured for 5 days with the macrophage colony-stimulating factor (M-CSF) and then stimulated for 48 h 

either with LPS/IFN-γ or with IL-4 to induce the M1and M2 phenotype, respectively. (a) Histograms 

show the FACS analyses of the expression of F4/80 (FITC), CD 86 (PE) and CD 206 (PE/Cy7), markers 

of macrophage in M0, M1, and M2, respectively. (b, c) Immunofluorescence images of differentiated 

PEMs into M1 and M2 phenotypes. Cells were fixed, permeabilized and stained with FITC-streptavidin 

F4/80 antibody for the macrophage identification (red) and DAPI (blue) for nuclei. The separate 

expression of CD86 (b) and CD206 (c) was visualized by the green signal at 200x magnification. (d) 

Relative expression of specific genes for M1 and M2 phenotypes was determined by q-RT-PCR. Gene 

expression was expressed as fold-change relative to untreated M0 cells. Data are expressed as the fold 

change expression ± SD of three independent experiments (*p ≤ 0,05; **p ≤ 0,01; **** p < 0.0001). 

 

 

 

 

 

 

 

 

Analysis of reactive oxygen species (ROS) production in the presence of PDA-MNPs ( 100 μg/mL) for 
different times (from 0.5 to 30min) 

of reactive oxygen species (ROS) production in the presence of d 
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(d) 
  

Fig. 3.13. The effects of PDA-MNPs on the macrophage polarization of PEMs. (a) Relative expression 

of specific genes for M1 phenotype was determined by q-RT-PCR after incubation of cells with PDA-MNPs 

(100 μg/mL) for different time points. M0 cells (green) and LPS/ IFN-γ induced-PEMs (M1) (orange) were 

used as controls, and gene expression was expressed as fold-change relative to M0 cells. Experiments were 

performed in triplicates; data represent fold change ± SD of three experiments. (b,c,d) PEMs were incubated 

with PDA-MNPs (100 μg/mL) for 3 days and the percentage values of CD86 and CD80 expression were 

assessed by (b) flow cytometry and (c,d) visualised at fluorescence microscopy. Macrophages are visualized 

in red (FITC-Streptavidin-F4/80), nuclei in blue (DAPI), while the expression of CD86/CD80 are visualized 

as the green dots. Magnification 200x. Unlabeled M0 were used to set-up the measures in flow cytometry 

experiments. Statistical analyses were performed using One-Way Anova followed by Bonferroni ’s post-test 

(*p ≤ 0,05; ***p ≤ 0,001; **** p < 0.0001).  
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Fig. 3.14. Reprogramming of TAMs from M2 to M1 phenotype. PEMs were polarized to M2 

phenotype with IL-4, treated with ER-stress sensor tunicamycin (2µg/mL) and incubated with 

LIPO/siPERK, PDA-MNPs/siPERK and GSK-414 (5 µM). (a) After 24h incubation the mRNA levels 

of PERK, ATF4, CHOP were assessed by q-RT-PCR. (b) After 48h the expression and the state of 

phosphorylation of Eif2- was analyzed by immunoblot assay. (c) The relative expression of the genes 

specific for M1 or M2 phenotypes was determined by q-RT-PCR after M2 macrophages were incubated 

for 24h with LIPO/siPERK, PDA-MNPs/siPERK and GSK-414 for PERK silencing. (d) WB 

representing the expression and state of activation in M2/TM (TAMs-like) of NF-kB p65, STAT3 and 

MAPK1/2, 48h after silencing PERK mRNA. Vinculin was used as internal control and densitometric 

analysis are shown (e). (f) Histograms showing the expression of CD86 and CD206 determined by flow 

cytometry analysis after M2/TM were incubated for 3 days with LIPO/siPERK, PDA-MNPs/siPERK 

and GSK-414. Results for qRT-PCR are expressed as fold change ± SD respect to the untreated M2/TM, 

obtained in three independent experiments made in triplicates and analyzed by 2-way ANOVA with 

Bonferroni’s multiple comparison test (*p ≤ 0,05; **p ≤ 0,01;*** p ≤ 0,001; **** p < 0.0001). 

 

 

 

 

 

  

 

 

 



CHAPTER IV 
 

General conclusions and future perspective 

 

The application of nanotechnology in medicine and in particular in cancer therapy is already a reality 

(Cheng et al., 2021). The major advantage of NPs is that they are efficient multifunctional platforms 

for drug delivery, generally able to target tumor cells, thus allowing to decrease the dose of the 

chemotherapeutics and by consequence of the associated unwanted side effects. This strategy can be 

extended also to TME, where TAMs, which are the major cell population there, play a key role in the 

tumor progression, displaying an M2 phenotype. We have reproduced an in vitro system simulating 

the TAMs-M2 macrophages –which play a negative immunosuppressive activity– and the M1 

macrophages –which play a positive anti-tumor pro-inflammatory role– using PEMs and stimulating 

them by cytokines, in particular with IL-4 and LPS/IFNγ (Feito et al., 2019). The two macrophage 

populations, which represent the two extreme polarized phenotypes of the macrophages, differ for 

cell surface markers and gene profile and can thus be easily identified (Kasfi et al., 2021).  

Our aim was to reprogram pro-tumor M2 macrophages to anti-tumor M1 macrophages. This was 

done by using MNPs functionalized with siRNA/PERK, small interfering RNAs which can modulate 

the expression of the UPR in the endoplasmic reticulum (ER) of TAMs-M2 cells. 

MNPs were chosen as nanocarriers for their specific property of being sensitive to external gradient 

magnetic field and thus for the possibility to be re-directed on a wanted site by the application of a 

magnet for eventual in vivo studies; moreover, we found that also in in vitro studies they enhance 

their uptake by the cells in the presence of a magnet, in agreement with what already reported 

(Oltolina et al., 2020). In addition, we focused our attention on these magnetic nanocarriers, because 

they also stimulate the macrophage polarization favoring the pro-inflammatory and 

immunostimulatory M1 phenotype due to their intrinsic features (Mulens-Arias et al., 2021). 

 

We found that the coupling of siRNA to MNPs required previous coating of MNPs with PDA, to 

provide functional groups for siRNA binding (Mu et al. 2018). 

PERK was chosen as target gene to be silenced since the PERK arm of the UPR is a critical metabolic 

hub for the immunosuppressive function of TAMs-M2 macrophages (Raines et al. 2022). 

We showed that upon the administration of PDA-MNPs/siPERK the expression of PERK, as well as 

of other proteins of its pathway (ATF4, CHOP) and of the URP response (XBP1s, ATF6) were 

inhibited in TAMs-M2 cells. Moreover, upon 3 days incubation with PDA-MNPs/siPERK TAMs-

like macrophages switched to the M1 phenotype, as confirmed by cytofluorimetric analysis for 

CD206 and CD86, the specific markers of the two phenotypes. 

 

These are preliminary in vitro studies and thus have their limit, but they are proof of concept for the 

strategy to target TME for a positive anti-tumor response and put the basis for possible future in vivo 

translational applications for cancer therapies. Before in vivo experiments, in vitro experiments with 

organoids reconstituting the characteristics of the TME could be envisaged (Hong et al., 2021). The 

possibility to administer the silencing moiety (Jin et al., 2019) through lentiviral vectors coupled to 

MNPs (Borroni et al., 2017) should also be taken into consideration as an improvement of the 

strategy, since in this case the shRNA would be encapsulated in the highly stable lentiviral vector and 

also protected from possible degradation.  
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Simple Summary: The application of simultaneous and different strategies to treat cancer appears a
promising therapeutic approach. Herein we proposed the application of chemotherapy combined
with a magnetic nanocarrier delivery system to an in vitro and an in vivo experimental mammary
carcinoma model. Drug-loaded biomimetic magnetic nanoparticle can be directed and concentrated
on the tumor cells or site by the apposition of a magnet. Moreover, these nanoparticles can respond
to an alternating magnetic field by developing hyperthermia around 43 ◦C, a temperature at which
tumor cells, but not healthy cells, are particularly sensitive and thus induced to death. Indeed,
when this nanoformulation is injected in vivo in the tumor site, and hyperthermia is generated,
the combined chemo-thermal therapy mediated by these drug-loaded magnetic nanoparticles have
a stronger therapeutic benefit compared to that carried out by the chemotherapeutic alone. These
nanoformulation and strategy are thus promising tools for translational applications in cancer therapy.

Abstract: Biomimetic magnetic nanoparticles mediated by magnetosome proteins (BMNPs) are
potential innovative tools for cancer therapy since, besides being multifunctional platforms, they can be
manipulated by an external gradient magnetic field (GMF) and/or an alternating magnetic field (AMF),
mediating targeting and hyperthermia, respectively. We evaluated the cytocompatibility/cytotoxicity
of BMNPs and Doxorubicin (DOXO)-BMNPs in the presence/absence of GMF in 4T1 and MCF-7
cells as well as their cellular uptake. We analyzed the biocompatibility and in vivo distribution
of BMNPs as well as the effect of DOXO-BMNPs in BALB/c mice bearing 4T1 induced mammary
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carcinomas after applying GMF and AMF. Results: GMF enhanced the cell uptake of both BMNPs and
DOXO-BMNPs and the cytotoxicity of DOXO-BMNPs. BMNPs were biocompatible when injected
intravenously in BALB/c mice. The application of GMF on 4T1 tumors after each of the repeated
(6×) iv administrations of DOXO-BMNPs enhanced tumor growth inhibition when compared to
any other treatment, including that with soluble DOXO. Moreover, injection of DOXO-BMNPs in
the tumor combined with application of an AMF resulted in a significant tumor weight reduction.
These promising results show the suitability of BMNPs as magnetic nanocarriers for local targeted
chemotherapy and as local agents for hyperthermia.

Keywords: magnetic nanoparticles; tumor targeting; cytotoxicity; doxorubicin; hyperthermia

1. Introduction

With its high burden on lives and being the second most common cause of morbidity and
mortality in western countries, cancer represents a major public health problem. Although
substantial advancements in therapy have been reached with surgery, chemotherapy, radiotherapy, and
immunotherapy, there are still many drawbacks that require novel approaches [1,2]. Chemotherapy is
the most common treatment for the majority of tumors, although its limited specificity toward cancer
targets is responsible for important severe side effects [3–5]. The anthracycline Doxorubicin (DOXO)
is one of the most effective chemotherapeutics used for treatment of solid tumors and, in particular,
breast cancer. DOXO acts on target cells with different mechanisms. Its interaction with cells begins
with passive diffusion through the cell membrane; within the cells, it generates reactive oxygen species
(ROS), causing free radical formation and oxidative stress. It can enter the mitochondria, causing DNA
damage and energetic stress, by activating the caspase cascade, leading to cell death by apoptosis
and triggering autophagy as a consequence of cell energy depletion. Finally, it can translocate into
the nucleus, where it intercalates between double-stranded DNA helices and inhibits the enzymes
topoisomerases I and II, provoking lethal changes in chromatin structure and the generation of free
radicals which, when combined with iron ions, induce oxidative damage to cellular membranes,
DNA, and proteins [6–9]. However, DOXO treatments can induce severe cardiotoxicity due to DOXO
accumulation in cardiac tissue [10], which then imposes a narrow therapeutic dose, thus limiting
DOXO effectiveness [11]. DOXO efficiency is also compromised by the generation of resistance in
cancer cells and by the reduction of drug activity due to physicochemical or physiological conditions
in the tumor microenvironment, e.g., hypoxia, acidity, defective vasculature, and the presence of
lymphatic vessels [12].

It is then clear that new approaches need to be taken to overcome these limitations, so that
the effectiveness of DOXO treatments can be increased. One way to increase DOXO efficiency is to
optimize selective drug delivery to the tumor site, which could be done by means of nanocarriers that
allow external guidance and control. In this context, magnetic nanoparticles (MNPs) offer a series of
advantages that make them attractive candidates for this goal. On one hand, as with all nanoparticles
(NPs), they can carry high amounts of drugs and provide controlled release of the drug at the tumor
site [13–15]. NPs allow both passive and active targeting of the tumor. Passive targeting is possible
because of the nanometric size of the carrier, thus taking advantage of the enhanced permeability and
retention of the microvasculature in the tumor mass [16–18]. Active targeting can be achieved both by
functionalization of the nanoparticle with probes against tumor-associated markers [15,19,20] or/and,
as in the case of MNPs, by the application of a gradient magnetic field (GMF), usually a linear variation
in the static magnetic field, which can enhance NP accumulation within the tumor [5,21,22]. Moreover,
MNPs can also serve as magnetic hyperthermia (MH) agents, able to induce a local intratumor
temperature increase—around 43–46 ◦C, which is effective against tumor cells—when exposed to an
alternating magnetic field (AMF) [15,23,24]. Furthermore, MH also promotes the release or activation
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of therapeutic molecules coupled to the nanocarriers, thus locally increasing the concentration of the
chemotherapeutic drug at the tumor site and prompting the effectiveness of the treatment [15,25–27].

For biomedical applications, other than obviously being cytocompatible, MNPs should comply
with very specific requirements in order to display the advantages listed above, which are difficult to
meet in the already commercialized inorganic ones mainly because of their small size [22].

Firstly, MNPs should be superparamagnetic, i.e., they should show zero magnetization in the
absence of a magnetic field. In these conditions, MNPs display only weak reciprocal attractive magnetic
interactions that keep them well dispersed, avoiding aggregation due to magnetic dipole particle
interaction. Since their size is small (<100 nm), all MNPs behave as single magnetic domains and,
thus, are randomly oriented in the absence of an external magnetic field. However, they rapidly
rotate to align their magnetic moments to the external field once the external field is applied [22],
thus promoting a net magnetization responsible for their guidance [28,29]. These NPs can also
develop magnetic energy, which is then translated into heat if they are subjected to an efficient AMF.
This behavior is governed by Neel and Brown’s relaxation and depends on the frequency and intensity
of the applied magnetic field [30,31]. Therefore, the size of the nanoparticle becomes an important
parameter to control. An increase in the size of these MNPs would increase their magnetic moment per
particle [32], thus increasing targeting efficiency and the heating power generated per particle unit
mass in hyperthermia.

Secondly, the nanocarrier should expose functional groups that allow functionalization. Moreover,
ideally, its isoelectric point (iep) is an important parameter which should facilitate stable interactions
with loaded moieties at physiological pH while allowing their release at acidic pH conditions
found in the tumor microenvironment [14,15]. These properties are shared by the so-called smart
nanomaterials [24].

Functionalization may require the addition of a coating; this can be a disadvantage from many
points of view: (i) it requires further manipulations, (ii) it can increase the size, (iii) it increases the
overall cost of the synthetic procedure, and (iv) it may interfere with the magnetic response of the
MNPs [33].

Therefore, the “bottle neck” for clinical use of MNPs is pending upon the production of a good
nano-device that serves as a dual platform for drug delivery and hyperthermia. While their production
by chemical means is challenging, many of these drawbacks affecting synthetic MNPs are overcome in
biomimetic MNPs (BMNPs), for which production is mediated by magnetosome membrane-associated
proteins, mimicking magnetosome production by magnetotactic bacteria [32].

In this context, MamC-mediated BMNPs have been recently proposed as cytocompatible,
superparamagnetic NPs. In fact, they have demonstrated their potential as promising drug nanocarriers,
even when embedded in liposomes [14,15,34], and as hyperthermia agents [15,23,35], which opens
the possibility for combined therapy using the same nanoplatform. MamC modulates the nucleation
and growth of the crystal by both template and ionotropic effects [15,36] and remains attached to the
nanoparticles, forming a nanocomposite of 95 wt% magnetite + 5 wt% MamC. Such control of MamC
on magnetite synthesis in vitro results in magnetic nanoparticles of different sizes and morphologies
and thus magnetic properties, compared to those of chemically produced ones, and in nanoparticles
with novel surface properties. In fact, these BMNPs display larger sizes (approximately 40 nm)
compared to most commercial MNPs (≤30 nm) and show (i) a higher blocking temperature while being
superparamagnetic at room temperature and (ii) high saturation magnetization, with these features
indicating well-structured MNPs with large magnetic moments per particle, although MamC coating
of BMNPs could faintly interfere with their magnetic properties [15]. On the other side, MamC protects
BMNPs from oxidation and confers new surface properties to the BMNPs due to exposition of the
functional groups of the protein. In fact, these BMNPs have an iep at pH 4.4, which allows electrostatic
coupling to positively charged molecules such as DOXO at physiological pH and then drug release at
acidic pH [14,15]. In addition, this release can be significantly favored under hyperthermia conditions
triggered by AMF [15]. The presence of MamC, conferring a highly negative charge, contributes to
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electrostatic repulsion within particles and thus to their colloidal stability, which, however, is somehow
decreased upon loss of free functional groups after functionalization. Indeed, colloidal stability is one
of the major problems of NPs in general. BMNPs are thus potentially useful tools for magnetic drug
targeting combined with MH for local regional treatment in cancer.

In this study, we investigated the in vitro responses of BMNPs and DOXO-BMNPs to GMF
and AMF by using magnetic field strengths and frequencies physiologically tolerable to find the
best working conditions. Then, for the first time, we have described the in vivo distribution and
biocompatibility of BMNPs after intravenous injection to ensure a possible safe use in vivo. Finally,
the in vivo suitability of the use of DOXO-BMNPs for nano-targeted chemotherapy and MH elicitation
in a mammary carcinoma experimental model was evaluated.

2. Results and Discussion

2.1. In Vitro Cytocompatibility of BMNPs in the Absence/Presence of a GMF

The cytocompatibility of any kind of NP is the first parameter to be ascertained before their
eventual biomedical in vivo application [37]. BMNPs were fully characterized in previous studies.
In particular, X-ray diffraction (XRD) was run to determine the mineralogy of the solid precipitated
(>95% magnetite), and TEM and HRTEM were used to determine the mineralogy, the presence of
multiple domains, and/or the presence of organic matter inside the crystal. From TEM micrographs,
imageJ program was used to determine the size of the crystals, counting over 1000 crystals. The size
of the crystallites was also confirmed by XRD. The ζ-potential, thermogravimetry analyses (TGA)
and Fourier Transform Infrared spectrometry (FTIR) were used to determine the surface charge of
the nanoparticles and to further evidence functionalization. The hydrodynamic radius and stability
measurements were performed in order to determine aggregation and colloidal stability. BET specific
surface areas was done for surface area determination. The magnetic properties were determined by
means of hysteresis cycle, field coolong-zero field cooling (FC-ZFC) curves, and magnetic hyperthermia,
i.e., Specific Power Absorption and Intrinsic Loss Power (SAR and ILP) values [14,15,38]. Although
still not ideal, these BMNPs have improved colloidal stability compared to MNPs, even if they are
larger (36 ± 12 nm) than the latter (<30 nm). After functionalization with DOXO, their size is only
slightly increased (of about 4%) [39].

Moreover, BMNPs were already reported to be cytocompatible on many human cell lines
originating from tumors of different origins [14,15,23]. Herein, we tested their cytocompatibility on
two breast carcinoma cell lines, the mouse 4T1 and the human MCF-7, both in the absence and in
the presence of a GMF. Since the production of reactive oxygen species (ROS) is indicative of cellular
oxidative stress leading to cytotoxicity, we first analyzed the cytocompatibility of BMNPs by assessing
the level of ROS potentially induced in the two mammary carcinoma cell lines.

Cells were incubated with increasing concentrations of BMNPs (up to 100 µg/mL) and subjected
or not to GMF generated by the application of a neodymium magnet (1.8 kg pull) for 4 h. Under these
conditions, no ROS production was detected in any cell line. ROS production was observed as a virtual
green color (CellROX® Green Reagent) under confocal microscopy (Figure 1A,B) only in the positive
controls where cells were treated with menadione (100 µM), a redox-active quinone that generates
superoxides [40], which shows that oxidative stress could be induced in these cells.
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Figure 1. Cytocompatibility of biomimetic magnetic nanoparticles mediated by magnetosome
proteins (BMNPs) on 4T1 (A,C) and MCF-7 (B,D) cells in the absence/presence of a gradient
magnetic field: (A,B) Analysis of reactive oxygen species (ROS) production in the presence of
different concentrations (0.1, 1, 10, and 100 µg/mL) of the BMNPs on 4T1 and on MCF-7 cells in
the absence/presence of a gradient magnetic field by confocal microscopy. ROS production (green)
was observed only in cells treated with menadione (100 µM), which was used as a positive control.
Fixed and permeabilized cells were stained for actin with Tetramethylrhodamine B isothiocyanate
(TRITC)-phalloidin (red) and for nuclei with TO-PRO3 (blue). Scale bar: 50 µm. (C,D) Cell viability
assessed in an Methylthiazolyldiphenyl-tetrazolium (MTT) assay after incubation with the same
different concentrations of BMNPs for 72 h in presence/absence of a gradient magnetic field (GMF).
Differences between groups were assessed by 2-way ANOVA with Dunnett’s multiple comparison test
(**** p < 0.0001; ** p < 0.001; and * p < 0.05).

The ability of BMNPs to affect signaling pathways linked to cell survival, such as MAPK1/2,
and Akt, was also investigated. In fact, the decrease in phosphorylation of these molecules has been
linked to the cytotoxicity of some NPs [41,42]. For these experiments, 4T1 cells were incubated for 16 h
with different BMNP concentrations up to 100 µg/mL and in the presence/absence of GMF. Protein
expression and phosphorylation were analyzed by Western blot (Figure S1). As shown in Figure S1,
no significant differences were observed in the levels of phosphorylated and not phosphorylated
isoforms of these proteins in any condition tested with respect to untreated controls. The same results
were observed for the expression of mTOR, for which expression and level of phosphorylation are
under the control of Akt [43]. Taken together, these data show that the presence of BMNPs, either
influenced or not by a magnetic field, has no biologic effect on the main signaling pathways controlling
cell survival.

Finally, cytocompatibility of BMNPs was assessed by an MTT assay on cells treated with the
BMNP concentrations listed above, both in the presence and in the absence of GMF. After the treatments
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and regardless of the presence/absence GMF, cell viability was always higher than 80% for both cell
lines (Figure 1C,D), in agreement with what was observed previously with other cells lines [14,15,23].
Altogether, these data confirm the high cytocompatibility of these BMNPs [44,45].

2.2. The Apposition of a GMF Enhances the Interaction of BMNPs with Cells

Showing the full cytocompatibility of BMNPs in the presence of a GMF, we evaluated whether the
apposition of the GMF enhanced the interaction of BMNPs with cells. 4T1 and MCF-7 cells plated on
coverslips were incubated for different times with 100 µg/mL BMNPs in the presence or absence of a
magnet, were fixed, were washed, and were stained with Prussian blue. When a magnetic field was
applied to cells, BMNPs were already clearly visible after 5 s of incubation the first time they were
analyzed in both cases of 4T1 and MCF-7 cells, while in the absence of a magnetic field, BMNPs were
detectable only and at a very low level after 1 min incubation (Figure 2A,C). In both cases, more BMNPs
were detectable as the time of incubation increased, but there was always a significant difference
between samples treated with the magnetic plate and not for the times assessed.
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Figure 2. Interaction of BMNPs with 4T1 and MCF-7 cells in the presence/absence of a continuous
gradient magnetic field: (A,C) Images showing BMNPs after Prussian blue staining and nuclear fast
red counterstaining; scale bar: 50 µm. (B,D) Graphs showing the amount of iron associated with the
types of cells as quantified with potassium thiocyanate: Cells were incubated with BMNPs (100 µg/mL)
for different times (from 5 to 300 s) in the absence (−GMF) and presence (+GMF) of a gradient magnetic
field. Untreated cells were used as a negative control. The results (expressed as mean ± SD) were
obtained in three independent experiments made in triplicates. Differences between groups were
assessed by 2-way ANOVA with Sidak’s multiple comparison test. (**** p < 0.0001; ** p < 0.001).
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In fact, the quantification of iron internalization in the cells also supports these differences
(Figure 2B,D). In the absence of GMF, a very low concentration of iron was detected associated with
the cells up to 1 min of incubation with BMNPs, and then, this concentration increased after 5 min
up to 46 µg/mL for 4T1 cells and up to 59 µg/mL for MCF-7 cells. When the same experiments
were performed in the presence of GMF, a significant amount of iron (36.2 µg/mL) was already
found associated with 4T1 cells after 5 s of incubation, and this iron concentration increased in a
time-dependent way until stabilization after 150 s, reaching a value of 60 µg/mL. An identical behavior
was observed for MCF-7 cells in the presence of GMF. In this case, the iron concentration associated
with the cells after 5 s of incubation with BMNP was 47 µg/mL, and after 150 s, it was 62.5 µg/mL.
For longer periods of incubation, the amount of iron associated with cells increased also when GMF
was absent, possibly because of the simple sedimentation of BMNPs on the cell surface. The lack
of specific targeting for long periods of incubation under static conditions was already reported for
apatite nanoparticles functionalized with a probe recognizing a tumor biomarker expressed at the
surface of cancer cells [46–48]. It should be considered that these experiments were carried out in vitro
in static conditions, while in vivo, GMF was applied in a dynamic situation in which BMNPs, which
were circulating in the blood stream, were attracted and retained at the tumor site.

In this scenario, the advantage posed by the application of GMF to BMNP-cell interaction within
the first minutes or, even, seconds after the treatment is worth noting and becomes crucial in increasing
the effectivity of the treatment.

The interaction of BMNPs with cells was also analyzed at different time points by TEM that
identified BMNPs through iron detection. In agreement with the data of optical microscopy after 30 s,
only a few BMNPs were detected around the cell surface when cells were not subjected to the magnetic
field. On the other hand, some BMNPs appeared to interact with the cell membrane and even to be
internalized when a magnet was applied to the cells (Figure 3). The presence of iron in these samples
was confirmed by microanalysis performed by energy dispersive X-ray (TEM-EDX) (Figure S2).
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Figure 3. Interaction of BMNPs with 4T1 cells in the presence/absence of a continuous gradient magnetic
field analyzed at TEM: Micrographs of the cells incubated with the 100 µg/mL of BMNPs for different
periods of time. The micrographs are representative of alternate serial cuts of the cell pellets of each
sample. Scale bar: 5 µm.
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As expected, no significant differences between the two treatments were detected for the longer
incubation times of 1 and 24 h. In both cases, BMNP internalization increased with time. Thus, the data
obtained with TEM analysis are in accordance with those observed with Prussian blue staining and
iron quantification. Altogether, these data show that BMNPs are highly responsive to a GMF in vitro,
which allows an earlier and faster cellular interaction (Figure 2) and uptake (Figure 3). The faster
internalization of BMNPs treated with a GMF is in good agreement with data reported by other authors
in different cell lines, which also present enlarged endosomes where MNPs were accumulated in high
amounts, without affecting cell viability [49,50]. Other researchers reported that, depending on the
presence/absence of the magnet, a clear difference in the uptake of the MNPs was detected for at least
90 min [45]. Thus, our results show that the interaction and accumulation of BMNPs is reached earlier
when cells are exposed to an external magnetic field as the magnetic force increases the sedimentation
of BMNPs onto the cellular surface.

2.3. The Apposition of a GMF Enhances the Uptake of DOXO Coupled to BMNPs

Since BMNPs were planned as a drug delivery system, they were functionalized with DOXO and
then incubated with 4T1 cells in the presence/absence of GMF. Their ability to deliver the drug to 4T1
cells was evaluated in experiments of confocal microscopy. DOXO, which was visualized in red by its
intrinsic fluorescence, was already detectable in the cell nuclei after incubating functionalized BMNPs
(100 ug/mL) in the presence of a magnet for 30 s, and the red signal increased over time (Figure 4).

By contrast, in the absence of the magnet, DOXO was observed within nuclei only after 30 min
of incubation and, in any case, the signal was fainter. When soluble DOXO was incubated with
cells, a strong red signal was detected but only after 30 min of incubation. The latter experiments
are in line with others previously reported which showed that the cellular uptake of DOXO loaded
on DOXO-BMNP nano-assemblies by cells was not as efficient as that of soluble DOXO [15,48].
This finding could probably be ascribed to the fact that soluble DOXO can easily diffuse through the
plasma membrane, while DOXO associated with BMNPs either is internalized by a phagocytic pathway
requiring a longer time or must first be released from the nanoparticles and then internalized. On the
other side, the apposition of a magnet on DOXO functionalized BMNPs enhances cellular uptake of the
drug when compared to freely diffusible soluble DOXO. Thus, the GMF favors quick concentration and
accumulation of the drug in close contact with the cells and within the cells. Our results clearly show that
DOXO adsorbed onto the BMNPs did not interfere with the applied magnetic field, in agreement with
the data previously obtained by superconducting quantum interference device (SQUID) analysis [15].
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Figure 4. The apposition of a GMF enhances the cellular uptake of Doxorubicin (DOXO) coupled to
BMNPs. 4T1 cells were incubated at 37 ◦C with DOXO-BMNPs for different times (0.5, 5, and 30 min)
in the absence (−GMF) and presence (+GMF) of a gradient magnetic field. Soluble DOXO was used
as a positive control. Cells were fixed, permeabilized, stained for cytoskeletal actin with fluorescein
isothiocyanate (FITC)-phalloidin (green) and for nuclei with TO-PRO3 (blue) and visualized at confocal
microscopy. DOXO was detectable for its intrinsic fluorescence in red. Scale bar: 50 µm.

2.4. The Apposition of a GMF Enhances the Cytotoxicity of DOXO-Coupled BMNPs

From the above experiments, it is clear that the application of a GMF enhances the interaction
of BMNPs and its payload with cells when they are incubated for short times, but for longer periods
BMNPs can interact even in the absence of GMF (Figures 2–4). Indeed, in preliminary experiments in
which cytotoxicity of DOXO-BMNPs at different concentrations was evaluated in MTT assays carried
out for 72 h, either in the presence or in the absence of a GMF, no differences could be appreciated
between the two treatments. This suggests that relatively long incubations do not allow for perceiving
the difference.

For this reason, to evaluate potential differences between the cytotoxicity in the samples treated
with the magnetic field or not, a kind of pulse-chase MTT assay was carried out. 4T1 and MCF-7 cells
incubated with DOXO-BMNPs (100 µg/mL) underwent GMF treatment or not for short times (from 5
to 300 s), and then, the medium and the BMNPs were withdrawn and incubation with fresh media at
37 ◦C was continued for further 72 h before reading the test. In the presence of the magnetic field at
the time points of 5 and 30 s, DOXO-BMNPs exerted the same level of cytotoxicity exerted by soluble
DOXO, while in the absence of the magnetic field, DOXO-BMNPs exerted lower toxicity (Figure 5A,B).
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Figure 5. 4T1 (A) and MCF-7 (B) cells were incubated with drug-loaded BMNPs and treated with a
GMF for different times, after which BMNPs and media were withdrawn and cells were replenished
with fresh media and incubated for a further 72 h in an MTT assay. Soluble DOXO was used as a positive
control. In all experiments, untreated cells receiving medium without nanoparticles were taken as the
reference value (100%) of viable cells. Data are the average of 3 independent experiments performed
in triplicates. Differences between groups were assessed by 2-way ANOVA with Dunnett’s multiple
comparison test (**** p < 0.0001). (C) Expression and state of activation of LC3b-I, caspase 3, and
caspase 9. Extracts from 4T1 cells incubated for 16 h with different concentrations of BMNP ± DOXO in
the absence/presence of a GMF were analyzed in Western blot. All blots shown are representative of
three independent experiments. A Western blot representative of the bands of tubulin is shown, since
in all experiments, similar patterns were observed.

This was observed for both cell lines, although MCF-7 showed a higher level of viability, possibly
because these cells are more resistant to the effect of this drug [51]. It is expected that the application of
the magnet in vivo at the tumor site could thus favor retention and accumulation of DOXO-BMNPs,
which circulate in the bloodstream, promoting a higher toxicity against tumor cells [52,53]. Several
scenarios could be envisaged regarding the interaction of DOXO-BMNPs with cells. Particles (or also
some of them) could be uptaken by cells with their drug payload, or not internalized particles could
release DOXO outside the cells and then the drug could be internalized. In any case, the application of



Cancers 2020, 12, 2564 11 of 25

a magnetic field had a strong effect in terms of DOXO internalization and induced cytotoxicity. Indeed,
without apposition of the GMF, the cytotoxic effect was delayed. Finally, these data suggest that DOXO
is underestimated by confocal visualization, since its cytotoxic activity precedes in time its detection.

DOXO promotes cell death by various mechanisms, which are generally classified as
caspase-independent and caspase-dependent; the former comprises autophagy, which is also called
type II cell death [54]. Indeed, autophagy is an essential finely tuned housekeeping mechanism
that enables cells to maintain homeostasis and normal functions by degrading and recycling injured
organelles and misfolded proteins [55], and its dysregulation in both directions in cancer cells can lead
to cell death and its modulation can thus represent a therapeutic strategy [56]. We thus evaluated
whether DOXO-BMNPs in absence/presence of a GMF were able to activate an autophagic pathway
with respect to not functionalized BMNPs and to soluble DOXO, for which the maximum level of
cell death is already detectable after 16 h [57]. Figure 5C and Figure S3A,B show that the incubation
of 4T1 cells with the two highest concentrations (10 and 100 µg/mL) of DOXO-BMNPs and with the
corresponding doses of soluble DOXO induced activation of LC3b-I, which was nearly all cleaved to
LC3b-II, as detected in Western blot analysis. This activation of autophagy is strictly dependent on
the presence of DOXO, since neither nonfunctionalized BMNPs had an effect nor the apposition of a
GMF enhanced the DOXO-induced cleavage of LC3b-I, a well-recognized autophagy biomarker [58].
It is thus concluded that DOXO, either soluble or coupled to BMNPs, exerts cytotoxicity, while the
cytocompatibility of BMNPs is confirmed also with this parameter.

Apoptosis is another arm of the mechanisms contributing to efficient antitumor action for most
anticancer drugs, including DOXO [59,60], and the activation of intracellular caspases is one of the
main characteristics of the apoptotic cell death pathway. Two caspases, in particular caspase 9, which is
involved in the first apoptotic events as a initiator, and caspase 3, which is an executer [61,62], were thus
analyzed in Western blot prepared from lysates obtained from cells undergoing the same treatments
as above. As shown in Figure 5C and Figure S3, only if cells were treated with DOXO-BMNPs and
GMF were the two caspases activated to their cleaved forms. In the controls, soluble DOXO could
induce caspase cleavage independently of the apposition of the magnetic field, while not functionalized
BMNPs had no effect both in the presence and absence of a GMF.

2.5. In Vivo Biocompatibility and Nanoparticles Biodistribution

After showing that BMNPs were cytocompatible in different in vitro assays, we analyzed the
in vivo biocompatibility as well as their distribution in different organs after systemic administration
by tail vein injection. We chose the dose of 10 µg BMNPs/g mouse, corresponding to about 8 µg of
Fe/g mouse, according to studies previously published on Fe3O4 MNPs [63,64]. All mice injected with
BMNPs were found to be alive and in good shape for at least 60 days, the latest time point checked.
Sections of brain, heart, lung, spleen, liver, and kidney prepared from animals 1, 7, and 60 days after
BMNP injection do not show any morphological alterations compared to those from a control mouse
(Figure S4). In the case of spleen, while the specimens from untreated control animals were positive for
Prussian blue staining because of their endogenous iron deposits, such a staining was undetectable
1 day after BMNP injection, but it was resumed 1 week after, if not earlier. Moreover, BMNPs are
not retained in the different organs, except for a low amount in the lungs and in the liver. Other
authors also detected magnetic nanoparticles in spleen, liver, and lungs [65,66] after their intravenous
administration due to the vascularized nature of these organs but without associated toxicity. Moreover,
these organs are part of the reticuloendothelial system (RES), where many different nanoparticles of
the BMNP size range accumulates because they are phagocytosed by macrophages through adsorption
of opsonin [63,67]. On the other side, it is widely accepted that iron present in the injected MNPs can
be recycled in ferritin proteins [68] or eliminated with the feces [69].

Altogether, these data confirm the full biocompatibility of BMNPs up to 10 µg/g mouse weight, in
agreement with the in vitro data and the previously reported results [14,15]. In fact, Kim et al. [70]



Cancers 2020, 12, 2564 12 of 25

demonstrated that doses of up to 100 mg/kg of MNPs, within the range of 50 nm, are not toxic after
circulation for a month.

2.6. The Apposition of GMF Enhances the Antitumor Effect of DOXO-Coupled BMNPs

The antitumor efficacy of DOXO-BMNPs in combination with application of a GMF was studied
in vivo in BALB/c mice bearing mammary carcinomas induced by intra fat pad mammary gland
injection of 4T1 cells. This tumor model was chosen at the beginning of this study, since its growth and
metastatic spread mimic very closely stage IV human breast cancer [71].

Mice bearing tumors of approximately 30 mm3 were intravenously injected with BMNPs,
DOXO-BMNPs, and soluble DOXO at the same corresponding amounts (2 mg/kg mouse) and
with Phosphate Buffered Saline (PBS) as controls. Immediately after nanoparticle injection, in half
of the mice, a GMF was applied on the tumor for 1 h. All treatments were repeated 5 more times
at 3-day intervals and, each time, tumor sizes were evaluated and compared to the ones of control
animals receiving only PBS or soluble DOXO. No differences between the groups receiving the different
treatments were observed up to day 6 (Figure 6). At day 9, all treated animals displayed tumors with
decreased sizes with respect to the controls receiving PBS.

From this moment on, significant differences emerged between the mice injected with DOXO
versus those mice not receiving DOXO but injected with BMNPs ± GMF, with these differences being
even more evident at the end of the experiment (day 18) when mice were euthanized for ethical
reasons. The highest percentage of inhibition was observed in mice receiving the combined treatment
of DOXO-BMNPs and apposition of GMF (52 ± 5%), versus animals receiving only DOXO-BMNPs
(43 ± 3%) or soluble DOXO (38 ± 2%).

At the end of the experiment, tumors were excised and fixed and histologic sections were stained
with Prussian blue to analyze and quantify the iron content. As expected, tumor sections from animals
that were injected with BMNPs, both with the DOXO payload and without, and underwent GMF
treatments displayed a higher level of the blue pigment revealing iron, which was quantified as being
approximately double the amounts present in the tumors not treated with GMF. These values were
similar in the two cases of BMNPs and DOXO-BMNPs (Figure 6B,C). This finding is in agreement
with reports from other laboratories, which showed that the intravenously injected with synthetic
MNPs accumulate from 2× to 8× within the target site when a GMF is applied there [72]. The presence
of BMNPs in the tumors, even at low levels, in the absence of GMF treatment could be due to
their passive accumulation related to the enhanced permeability and retention (EPR) effect. Indeed,
for subcutaneous tumors with low vascularization, the EPR effect was reported to cause accumulation
of about 1–15% of nanoparticles, relative to the injected dose, which was doubled upon apposition of
the magnet doubled [72,73].

As a summary, our results confirm that DOXO-BMNPs maintain their ability to respond to a GMF
also in vivo and can be directed to a specific organ/tumor for drug delivery or hyperthermia treatment
(once arrived at the tumor site).

This targeted treatment potentially reduces the side effects of the drug on healthy cells in the
rest of the body, thus favoring accumulation at the tumor site of the nanoparticles loaded with
DOXO, which could exert its toxic effect. In this context, much work has been devoted to producing
magnetically targeted chemotherapy treatments for tumors from different organs, including lung,
prostate, brain, melanoma, breast, and liver, with the goal of achieving a high concentration of drugs in
the affected area with a rapid response time and minimal side effects [74–76].
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Figure 6. The apposition of GMF enhances the antitumor effect of DOXO-coupled BMNPs. (A)
DOXO-BMNPs or BMNPs were injected intravenously in female BALB/c mice (n = 9) bearing tumors
induced by 4T1, combined with GMF apposition or not. Each treatment was given 6 times, every 3 days
starting from day 0, at a dose of 2 mg DOXO/kg mouse body weight or comparable amounts of BMNPs
(15 µg BMNPs/g body weight). Controls included same amounts of soluble DOXO and PBS alone.
Tumor sizes were measured every 3 days. The results are expressed as mean ± SD. Differences between
groups were assessed by 2-way ANOVA with Dunnett’s multiple comparison test (**** p < 0.0001;
*** p = 0.0001; ** p = 0.001; and * p = 0.01; * indicates samples compared to PBS) (§§§§ p < 0.0001;
§§§ p = 0.0001; §§ p = 0.001; and § p = 0.01; § indicates samples compared to soluble DOXO). (B) Presence
of BMNPs, detected by Prussian blue staining, and (C) iron quantification in histologic sections of the
tumors at the end of the experiment (d 18). Scale bar: 50 µm. The results are expressed as mean ± SD.
Differences between groups were assessed by 1-way ANOVA with Dunnett’s multiple comparison test
(** p < 0.05).

2.7. In Vitro Cytotoxicity of BMNPs under the Influence of An AMF

Finally, a step forward is to use the same nanoplatform as nanocarrier and as a magnetic
hyperthermia agent to enhance the cytotoxic effect of chemotherapy with hyperthermia. Indeed, it is
well known that magnetic nanoparticles exposed to an AMF develop heat, thus selectively killing tumor



Cancers 2020, 12, 2564 14 of 25

cells which are more sensitive than normal cells to high temperatures in the range of 43–46 ◦C [3,77].
Such a potential application was first tested in in vitro experiments. Briefly, 4T1 cells resuspended
in Eppendorf tubes with different amounts of BMNPs were positioned under an AMF of 130 kHz
and 18 kA m−1 for 20 min and cell viability was then analyzed in an MTT assay, which was read out
24 h after plating the cells. Cells were fully viable when incubated with 100 µg of BMNPs, both in
the presence or absence of the AMF, and only by increasing BMNPs concentration was an effect of
the applied AMF detected in a dose-dependent relationship (Figure S5). Indeed, when cells were
incubated with 500 µg of BMNPs in the presence of the AMF, a temperature of about 45 ◦C was reached
and cell viability was reduced to only 8.4%, while in the absence of the AMF, cell viability was still
around 60% of the controls without BMNPs. It is thus clear from these data that the amount of BMNPs
is critical to generate enough heating, which is then responsible for cell death [78].

2.8. AMF Enhances the in Vivo Antitumor Activity of DOXO-BMNPs

Since in vitro experiments showed that BMNPs could be used as hyperthermia agents, experiments
were designed to demonstrate the effectiveness of the MH and the combination of this treatment with
chemotherapy in vivo.

Mice bearing 4T1-induced tumors were injected once in situ with DOXO-BMNPs and DOXO-free
BMNPs, and then half of the mice in each group were subjected to AMF. Controls included mice
injected with the same doses of soluble DOXO (positive control) or PBS (negative control). When an
AMF was applied in vivo, hyperthermia production was observed only in the mice injected with the
NPs (Figure 7A, right vs left panel). Tumor temperature was found to reach 42–45 ◦C in the first
2–3 min, and this temperature was maintained throughout the treatment lasting 20 min.

At day 3 posttreatment, the best therapeutic effects were observed in mice treated either with
soluble DOXO or with DOXO-BMNPs and were subjected to AMF (Figure 7B). In both cases, tumor
volumes were significantly reduced, while in all the other cases, tumors increased their sizes, except
for mice injected with DOXO-free BMNPs and subjected to AMF, where tumor volumes were stable.

At day 5 postinjection, the treatment with the strongest therapeutic benefit was
DOXO-BMNPs + AMF. Mice from this specific group displayed tumor volumes virtually identical
to those registered at day 3 posttreatment, while those from mice treated with soluble DOXO and
BMNPs + AMF showed larger volumes compared to those measured at day 3 posttreatment, but still,
these two treatments displayed better therapeutic effect compared to all the other treatments. A first
conclusion from these experiments is that AMF-induced hyperthermia is a valid treatment to reduce
tumor size. Regarding tumor weight, at day 5 posttreatment, this parameter was significantly reduced
only in tumors from mice treated with DOXO-BMNPs + AMF (Figure 7C). Also, significantly higher
necrosis of the cancer cells was observed in tumors from mice treated with NPs +AMF, irrespective of
the presence or absence of DOXO based on results of Hematoxylin & Eosin staining of tumor tissue
(Figure 7D). Indeed, in these cases, necrotic areas were around 45–46% of the tumor area, compared to
those observed in all the other experimental conditions (20% of the tumor area). Combining the results
of the two latter parameters, it is thus clear that DOXO-BMNPs together with hyperthermia have a
strong antitumor efficacy.

In conclusion, DOXO coupled to BMNPs has a longer lasting and more efficient effect, possibly
because, as a nano-assembly, it remains in the tumor site for longer periods, with the drug being
slowly released following changes in the environmental pH values and also triggered by hyperthermia,
as previously demonstrated by Peigneux et al. [15]. Therefore, higher DOXO doses are locally reached
at the target site that, along with the local temperature increase triggered by application of the AMF,
allow for better efficiency of the treatment. Although still not ideal, BMNPs have improved colloidal
stability compared to MNPs, even if they are larger than the latter. Ways to improve colloidal stability
that are presently investigated by our research group are embedding the BMNPs in liposomes [34],
covering the BMNPs with protein corona from plasma [38], and/or mixing BMNPs and MNPs [39].
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Figure 7. In vivo antitumor activity of BMNPs under the influence of an alternating magnetic field
(AMF): (A) Images taken with a thermic camera of a representative mouse without (left) and with (right)
injected BMNPs during AMF treatment. Note the different colors within the circle on the backside of
the mouse. (B) Effect on the growth of 4T1 tumors (n = 8) in female BALB/c mice, analyzed 3 and 5 days
after one single injection of DOXO-BMNPs or not functionalized BMNPs ± AMF: Each group received
one intratumor injection of 3 mg BMNPs/mouse on the first day of the treatment (day 0). For the
groups injected with soluble DOXO or DOXO-BMNPs, the dose of DOXO (either soluble or adsorbed
on the BMNPs) was 80 µg/mouse. Differences between groups (all compared to PBS) were assessed by
2-way ANOVA with Dunnett’s multiple comparison test (*** p < 0.0001; ** p = 0.001). Weight (C) and
necrosis % (D) of tumors were measured at the end of the experiment (day 5), and all samples were
compared to the PBS group. Differences between groups were assessed by ordinary one-way ANOVA
with Dunnett’s multiple comparison test (*** p < 0.05; * p = 0.001).

3. Materials and Methods

3.1. BMNP Synthesis

MamC protein was heterologous expressed in E. coli TOP10 competent (Life Technologies:
Invitrogen, Grand Island, NY, USA), purified by affinity chromatography under denaturing conditions
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(IMAC, GE Healthcare, Chicago, IL, USA), and refolded by serial dialysis steps as previously described
by Valverde-Tercedor et al. [32]. Then, the biomimetic magnetic nanoparticles (BMNPs) were
synthesized inside an anaerobic Coy chamber (96% N2/4% H2, Coy Laboratory Products, Grass Lake,
MI, USA) at 25 ◦C and 1 atm total pressure following the protocol described by Peigneux et al. [15].
Briefly, 10 µg/mL of MamC protein was added to deoxygenated solutions of 2.78 mM Fe(ClO4)2,
5.56 mM FeCl3, and 3.5 mM/3.5 mM NaHCO3/Na2CO3 for the in vitro coprecipitation reaction. BMNPs
were incubated for 30 days and then were washed three times with deoxygenated Milli-Q water,
each time by concentrating BMNPs in the vial with a N42 neodymium magnet one (1.8 kg pull, Magnet
Expert Ltd.; 10 mm diameter × 3 mm thickness) placed outside the vial, discarding the fluid, adding
fresh water, shaking vigorously, and discarding the fluid again. BMNPs were kept in water inside
the Coy chamber until further use. The concentration of BMNPs in suspension was calculated by
weight difference taken in a precision scale between a given volume of a BMNP suspension and the
same sample once all water was evaporated by using a thermoblock at 100 ◦C. This concentration
was measured independently in, at least, five different samples from the same batch, and an average
concentration value was taken.

3.2. Functionalization of the BMNPs Produced in Presence of MamC Protein

BMNPs were functionalized with doxorubicin (DOXO-BMNPs) following the same procedure
carried out previously [15]. Briefly, 5 mg of BMNPs was mixed with 1 mg/mL of DOXO dissolved
in water inside hermetic closed bottles to avoid magnetite oxidation. Mixtures were maintained at
25 ◦C in rotation on a wheel for 24 h. Then, the DOXO content was assessed by UV-Vis spectroscopy
(λ = 490) with Nanodrop, indicative of the concentration of the molecule by comparison to a
standard curve. The amount of adsorbed DOXO was calculated from the differences between
the concentration of the molecule in the supernatant before and after adsorption on the BMNPs.
The solid components were washed 5 times with 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid,
N-(2-Hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) buffered saline solution (0.01 M HEPES
and 0.15 M NaCl) until the absorbance was less than 0.02 units at 490 nm (equivalent to a negligible
amount) using a magnet. Each washing was performed by concentrating BMNPs in the vial with the
neodymium magnet placed outside the vial, discarding the fluid, adding fresh HEPES buffered saline
solution, shaking vigorously, and discarding the fluid again. Then, the functionalized nanoparticles
were resuspended in the same solution and kept at 4 ◦C until further use. The concentration of
functionalized BMNPs was measured by iron quantification with potassium thiocyanate. Both BMNPs
and functionalized BMNPs were dissolved in 37% HCl, mixed with 10% H2O2, and incubated for
20 min at room temperature. Samples were then stained with 1 mL of 1% potassium thiocyanate in
Milli-Q water, and their absorbances were measured at 490 nm. The concentration of ferric ions in the
samples was calculated referencing the obtained absorbances to a standard curve performed following
the same protocol with known concentrations of BMNPs.

3.3. Cell Cultures

The 4T1 murine breast carcinoma cell line derived from BALB/c mice (ATCC® CRL-2539™) were
maintained in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 50 U/mL penicillin, and 50 µg streptomycin (here referred as complete medium). Cells were
sub-cultured twice a week, when they were at 80–90% confluence.

3.4. Interactions of BMNPs with Cells in the Absence/Presence of a GMF

3.4.1. Detection of Reactive Oxygen Species (ROS) Production

To measure the potential oxidative stress in living cells, as a consequence of the presence of the
BMNPs, the CellROX® Green Reagent (ThermoFisher, Waltham, MA, USA) was used following the
protocol recommended by the manufacturer. Briefly, cells (approximately 20 × 103 4T1/well) were
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seeded on glass coverslips in 24-well plates. After exposure to different concentration of BMNPs
(0.1, 1, 10, and 100 µg/mL) in the presence and absence of a gradient magnetic field for 4 h, the cells
were washed with PBS and CellROX® Green Reagent was added to a final concentration of 5 µM
in 300 µL of DMEM medium without serum. Then, the plate was incubated in the dark at 37 ◦C
for 30 min. Menadione (100 µM) was used as a positive control [40]. After the incubation time,
the coverslips were washed with PBS pH 7.2, fixed with 4% paraformaldehyde in PBS, washed again,
and permeabilized with 0.1% Triton-X100 for 10 min. Finally, the coverslips were stained and mounted
on specimen slides (Biosigma). The cytoskeletal actin was stained with TRITC-phalloidine (1/200,
Sigma-Aldrich (St. Louis, MO, USA), excitation at 543 nm; emission at 560–620 nm), and the cell nuclei
were stained with TO-PRO-3 (1/50, Life Technologies, excitation at 642 nm, emission at 650–750 nm).
The CellROX® Green Reagent is only fluorescent in the oxidized state because of ROS production.
Therefore, the emission of green fluorescence (at 485/520 nm) is stable and is produced after DNA
binding, and therefore, its signal is mainly located in the nucleus. Fluorescence was detected using a
Spectral Confocal Leica TCS SP2 AOBS microscope. The images were taken at 400× magnification.
The ImageJ software was used for the analysis.

3.4.2. MTT Assay in the Absence/Presence of a GMF or an AMF

Cells (approximately 5 × 103 4T1/well) were incubated in 96-well plates for 24 h. Then, different
concentrations of BMNPs (0.1, 1, 10, and 100 µg/mL) were added to plated cells in 100 µL of complete
medium. These samples were incubated at 37 ◦C and 5% CO2 in the absence or presence of a gradient
magnetic field, using a magnetic plate below the 96-well plates, for 72 h. In another set of experiments,
the cells were incubated with 100 µg/mL of BMNPs, DOXO-BMNPs, and a quantity of soluble DOXO
normalized for the amount of drug adsorbed on BMNPs for shorter time points (5, 30, 60, 150, and 300 s),
both in the presence and absence of the gradient magnetic field.

In the case of the alternating magnetic field treatment, approximately 95 × 104 4T1 cells were
placed in a 0.5 mL tube. Then, suspensions of 100, 300, and 500 µg of BMNPs, resuspended in complete
DMEM medium, were added and exposed or not to an alternating magnetic field (130 kHz and 18
kA m−1) for 20 min. After this treatment, cells were counted by using trypan blue, seeded in 96-well
plates (approximately 10 × 103 4T1/well), and incubated at 37 ◦C and 5% CO2 for 24 h.

At the end of the incubation time of the different experiments, cell viability was evaluated by MTT
colorimetric assay as described in Oltolina et al. [46]. Briefly, 20 µL of MTT solution (5 mg/mL in PBS
solution) was added to each well. The plate was then incubated at 37 ◦C for 2 h, and then, supernatants
were carefully aspirated. Afterwards, 100 µL of 0.2 N HCl in isopropanol was added to dissolve the
formazan crystals formed, and the optical density was measured in a multiwell reader (2030 Multilabel
Reader Victor TM X4, PerkinElmer, Waltham, MA, USA) at 570 nm. Viability of untreated cells
was taken as 100% viability, and values obtained from cells undergoing the different treatments
were referred to this value. Experiments were performed at least for 3 times using 3 replicates for
each sample.

3.4.3. Prussian Blue Staining

Cells (approximately 20 × 103 4T1/well) were seeded on glass coverslips in 24-well plates, and after
24 h, 100-µg/mL BMNP suspensions were added. After the incubation at 37 ◦C for short (5 and 30 s)
and longer periods of time (1, 2.5, and 5 min) in the absence and the presence of a GMF, coverslips
were washed with fresh PBS pH 7.2 and fixed with paraformaldehyde (2 wt% in PBS). Then, Prussian
blue solution (1:1 of 2% potassium ferrocyanide in H2O and 2% HCl both in H2O) was added to the
coverslips. In that way, any ferric ion (+3) present in the samples combines with the ferrocyanide
and results in the formation of bright blue pigments called Prussian blue or ferric ferrocyanide.
After two other washes with fresh PBS, Nuclear Fast Red (Sigma-Aldrich) was added for staining cell
nuclei. Finally, coverslips were washed with H2O and mounted on slides by using one drop of Eukitt
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quick-hardening mounting medium for each sample. The interaction of the stained BMNPs with cells
was analyzed by optical microscopy at 100×. Experiments were performed at least 3 times.

3.4.4. Iron Quantification by Potassium Thiocyanate

Cells (approximately 22 × 104 4T1/well) were seeded in 6-well plates and, after 24 h incubation
at 37 ◦C and 5% CO2, 100-µg/mL BMNP suspensions in complete DMEM medium were added.
After their incubation for 5, 30, 60, 150, and 300 s in the presence and absence of a GMF, the supernatant
was removed, and cells were washed with fresh PBS, trypsinized, transferred to 0.5 mL tubes,
and centrifuged at 1000 rpm for 5 min. Then, the cell pellets formed were dissolved in 37% HCl,
mixed with 10% H2O2, and incubated for 20 min at room temperature. After the incubation time, the
samples were reacted with 1 mL of 1% potassium thiocyanate in Milli-Q water, and their absorbance
was measured at 490 nm. The concentration of ferric ions in the samples was calculated in reference to
the absorbance obtained from a standard curve performed following the same protocol as that with the
BMNPs alone. The endogenous iron of cells was subtracted from the treated samples normalized by
the untreated control cells. Experiments were performed at least 3 times.

3.5. Internalization of BMNPs and DOXO in CELLs

3.5.1. Cellular Internalization by TEM

Cells (approximately 10 × 105 4T1/well) were incubated at 37 ◦C and 5% CO2 for 24 h. Afterwards,
100 µg/mL of BMNPs were added and were incubated in the absence and presence a magnetic gradient
field for 30 s and for 1 and 24 h. After these treatments, cells were washed three times with PBS prior
to fixation with 2.5% glutaraldehyde and 2% paraformaldehyde in PBS for 1 h. Then, samples were
washed again three times with sodium cacodylate buffer and embedded in Epon. Ultrathin sections
(50–70 nm) were cut using a Reichert Ultracut S microtome (Leica Microsystems GmbH, Wetzlar,
Germany), mounted on copper grids, and stained with lead citrate and uranyl acetate for transmission
electron microscopy (TEM) analysis.

3.5.2. DOXO Internalization Analysis

Cells (approximately 20 × 103 4T1/well) were seeded on glass coverslips in 24-well plates and,
after 24 h, 100 ug/mL of DOXO-BMNP suspensions or an amount of soluble DOXO (as a positive
control) normalized for the one loaded on BMNPs was added. After incubation at 37 ◦C for different
periods of time (30 s and 5 and 30 min) in the absence (−GMF) and the presence (+GMF) of a gradient
magnetic field, coverslips were washed with fresh PBS pH 7.2 and fixed with paraformaldehyde
(2 wt% in PBS). To minimize unspecific interactions and permeabilize cells, coverslips were washed
with Tris-Buffered Saline (TBS) containing 5% Bovine Serum Albumin (BSA), 0.1% Triton X-100, and
5% goat serum and were then stained. In particular, cytoskeletal actin microfilaments were stained
with FITC-phalloidin (Sigma-Aldrich, excitation at 488 nm; emission at 500–535 nm) and nuclei with
TO-PRO-3 (1/70, Life Technologies; excitation at 633 nm; emission at 650–750 nm). DOXO was detected
after excitation at 476 nm and emission at 575–630 nm. Fluorescence was detected using a Leica TCS
SP2 AOBS Spectral Confocal Scanner microscope. Images were taken at 400×magnification. ImageJ
software was used for analysis.

3.6. Western Blot Analysis

4T1 cells (approximately 22 × 104 4T1/well) were seeded in 6-well plates and, after 24 h incubation
at 37 ◦C and 5% CO2, were treated for 16 h with different concentrations of BMNPs, DOXO-BMNPs
(0.1, 1, 10, and 100 µg/mL), and an amount of soluble DOXO normalized for the one adsorbed
to BMNPs (0.025, 0.25, 2.5, and 25 µM) in the presence or absence of a gradient magnetic field.
Cells were then washed twice in cold PBS and lysed in iced Radioimmunoprecipitation assay buffer
(RIPA) buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 50 mM HEPES, 0.1% SDS, 1 mM Ethylene
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glycol-bis(2-aminoethylether)-N,N,N′ (EGTA), 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium
pyrophosphate, and 10% glycerol) supplemented with protease inhibitors cocktail (Sigma-Aldrich).
Cell lysates were centrifuged at 13,000 rpm at 4 ◦C for 15 min. Clarified cell extracts (30 µg of protein)
were denatured by heating for 5 min at 95 ◦C in reducing Laemmli buffer; proteins were separated in an
appropriate concentration of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred onto polyvinylidene difluoride (PVDF) filters. Filters were blocked with 5% non-fat dry
milk for 2 h, rinsed in water, and probed with different antibodies in Tris-buffered saline (TBS), pH 8.0, 5%
BSA, overnight at 4 ◦C. The list of primary antibodies used is reported below (Table 1). After extensive
washing, immunocomplexes were detected with appropriate horseradish peroxidase-conjugated
secondary anti-IgG antibodies (diluted 1/5000), followed by enhanced chemiluminescence (ECL kit;
Biorad), and were analyzed in a Versadoc instrument (Bio-Rad Laboratories S.r.l, Segrate, Milan,
Italy). The Image Lab™ Software (Bio-Rad Laboratories Inc., Hercules, CA, USA) was used to perform
densitometric analysis of the Western blots. Experiments were performed at least 4 times. The
uncropped Western blot can be found at Figure S6.

Table 1. Antibody used for Western blot analysis.

Antigen Species Dilution Expected Band (kDa) Source Cat. Number

LC3B Rabbit Polyclonal 1/500 16–18 Sigma-Aldrich L7543

Caspase 9 Mouse Monoclonal 1/1000 37–39–47 Cell Signaling Technology 9508

Caspase 3 Rabbit Polyclonal 1/1000 19–35 Cell Signaling Technology 9662

α-tubulin Mouse Monoclonal 1/500 50 Millipore 05-829

3.7. Magnetic Hyperthermia Measurement in Vitro and Vivo

Both in vitro and in vivo experiments were carried out using a homemade AC current generator
consisting of a resonant LC circuit set at 130 kHz and a magnetic field strength of 18 kA/m
(HF~2.34 × 109 Am−1s−1). In any case, the product of field strength and frequency is within the
safe limits of 4.85 × 108 Am−1s−1 [79] or H-f ≤ 5 × 109 Am−1s−1 proposed by Aktinson or later by
Dutz and Hergt [80]. The magnetic field applicator consisted of a four-turn coil water-cooled copper
pipe with 4-mm inside diameter. The temperature was monitored with a high-resolution infrared
camera FLIR E60 with 320 × 240 pixel Infrared (IR) resolution and thermal sensitivity < 0.05 ◦C
(FLIR Systems, Inc.) in real time. In all experiments, the temperature inside the coil was maintained at
37 ◦C. these values exceeded

3.8. In Vivo Test

3.8.1. Animals

All Balb/c female mice of about six weeks old used in this work were purchased from Charles
River (Calco, Lecco, Italy) and housed under standard conditions in a pathogen-free environment. All
procedures were approved (Ministero della Salute: #178/2019-PR) and carried out in accordance with
the Animal Care and Use Committee of UPO, the European Community Directive for Care and Italian
Laws on animal experimentation (Law by Decree 116/92).

3.8.2. In Vivo Magnetic Targeting and Antitumor Activity

Fifty-four female BALB/c mice were inoculated with 105 4T1 cells into the fat pad of mammary
glands. When the tumors became palpable (10 days after cell inoculation), mice were divided into
6 different groups with comparable tumor volumes among the groups. The six groups of mice were
intravenous injected and treated as follow: (i) PBS (negative control experiment), (ii–iii) BMNPs ±GMF,
(iv–v) DOXO-BMNPs ± GMF, and (vi) soluble DOXO. Mice were injected 5 times with a dose of
2 mg/kg DOXO either soluble (positive control experiment) or as DOXO-BMNPs nano-assemblies
(always maintaining the same DOXO concentration in any form) 3 days apart each time. In case of
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BMNP-bearing treatments, after each injection, the neodymium magnet was immediately attached
with 3MTM VetbondTM tissue adhesive on the tumor site and kept for 1 h. This neodymium magnet,
with a magnetic anisotropy perpendicular to the plane and a saturation magnetization of 800 emu/cc,
has an effect equivalent to the application of a local direct current GMF of the order of 100 Oe a few
millimeters from the tumor surface.

Throughout the study, tumor volumes (measured with a caliper) were recorded every 3 days.
Three days after the last injections (day 18), mice were euthanized, and then, tumors, hearts, livers,
spleens, brains, lungs, and kidneys were collected for histologic analysis. Histologic sections of
the tumors were prepared for hematoxylin-eosin and Prussian blue staining to analyze particle
biodistribution. The % of blue Prussian staining and standard area from 5 randomly chosen areas from
each of the 3 tumor sections (100 microns apart) for each of the 7 tumors (n = 135) were analyzed by
using ImageJ software.

3.8.3. In Vivo Magnetic Hyperthermia and Antitumor Activity

Twenty-four female BALB/c mice were inoculated into the fat pads of two mammary glands
with 105 4T1 cells each. Approximately 15 days after cell inoculation, when the tumor dimensions
were approximately 100 mm3, mice were divided into 6 different groups with comparable tumor
volumes among the groups. The 6 groups were intratumor injected and treated as follow: (i) PBS
(negative control experiment), (ii–iii) BMNPs ± AMF, (iv–v) DOXO-BMNPs ± AMF, and (vi) soluble
DOXO (positive control experiment). Mice were injected only once at the beginning of treatment
(day 0) with a dose of 3 mg BMNPs/mouse, equivalent to 80 µg DOXO for the soluble DOXO and
DOXO-BMNP groups. Immediately after injection of the nanoparticles, some groups were exposed to
an AMF (130 kHz and 18 kA m−1) for 20 min. Throughout the study, tumor volumes were measured
with a caliper every two days. Finally, five days posttreatment, mice were euthanized and their tumor
weights recorded. Tumors were collected, fixed, embedded in paraffin, and processed for histologic
analysis. Serial sections were stained with hematoxylin-eosin (Sigma Aldrich), and the percentage of
necrosis was evaluated by a pathologist not informed of the sample identity.

3.9. Statistical Analysis

Data are expressed as mean ± standard error of at least 3 triplicates. Both for in vitro and
in vivo test, statistical analyses were performed using a two-way ANOVA, with a Dunnet’s multiple
comparisons test for grouped analyses using GraphPad Prism version 8.4.2 for Windows, GraphPad
Software (GraphPad Prism, San Diego, CA, USA). Statistical differences between the treatments were
considered significant when p values were p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****).
Only for the in vivo experiments related to the weight of the tumor and for the percentage of necrosis,
statistical analyses were performed using a one-way ANOVA, with a Dunnet’s multiple comparisons
test for grouped analyses.

4. Conclusions

We performed preclinical studies aimed at validating biomimetic magnetic nanoparticles (BMNPs)
as a drug (DOXO) delivery system, which can be manipulated externally by a gradient magnetic field
(GMF) mediating tumor targeting or by an alternating magnetic field (AMF) developing hyperthermia
in a mammary carcinoma model.

Results from the present study demonstrate that BMNPs are highly compatible both in vitro
and in vivo. The apposition of a magnet (GMF) improves drug delivery and allows guidance of the
nano-assembly to the tumor. In fact, our results show that GMF enhances the interaction of BMNPs
with tumor cells and their toxicity if loaded with DOXO, both in vitro and in vivo. They also show
that intravenously injected DOXO-BMNPs can be guided to the tumor mass by apposition of a magnet
with a better therapeutic result than that produced by soluble DOXO.
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Finally, our study shows that the combinatory chemothermal therapy mediated by BMNPs
have a stronger therapeutic benefit compared to that carried out by soluble DOXO, possibly because
BMNPs retain DOXO at the tumor site for longer periods and because the susceptibility of tumor
cells to heat generated by hyperthermia can be simultaneously exploited by using the same BMNPs
as a hyperthermia agent. These BMNPs are thus novel and promising nanocarriers for translational
applications in cancer therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/12/9/2564/s1.
Figure S1: Expression and state of phosphorylation of MAPK1/2, Akt, and mTOR, Figure S2: Microanalysis by
energy dispersive X-ray (EDX) spectroscopy of 4T1 cells incubated with BMNPs, Figure S3: Densitometric analysis
of the bands of activated LC3B-I, caspase 9, and caspase 3, Figure S4: Biodistribution profile of BMNPs after
tail-vein injection in BALB/c mice, Figure S5: Cytocompatibility/cytotoxicity of different concentrations of BMNPs
on 4T1 cells in the absence/presence of an alternating magnetic field (AMF) assessed as cell viability in an MTT
assay. Figure S6: Uncropped Western blot.
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Abstract: Luminescent lanthanide-containing biocompatible nanosystems represent promising can-
didates as nanoplatforms for bioimaging applications. Herein, citrate-functionalized calcium-doped
terbium phosphate hydrate nanophosphors of the rhabdophane type were prepared at different
synthesis times and different Ca2+/Tb3+ ratios by a bioinspired crystallization method consisting of
thermal decomplexing of Ca2+/Tb3+/citrate/phosphate/carbonate solutions. Nanoparticles were
characterized by XRD, TEM, SEM, HR-TEM, FTIR, Raman, Thermogravimetry, inductively coupled
plasma spectroscopy, thermoanalysis, dynamic light scattering, electrophoretic mobility, and fluores-
cence spectroscopy. They displayed ill-defined isometric morphologies with sizes ≤50 nm, hydration
number n ~ 0.9, tailored Ca2+ content (0.42–8.11 wt%), and long luminescent lifetimes (800–2600
µs). Their relative luminescence intensities in solid state are neither affected by Ca2+, citrate content,
nor by maturation time for Ca2+ doping concentration in solution below 0.07 M Ca2+. Only at this
doping concentration does the maturation time strongly affect this property, decreasing it. In aqueous
suspensions, neither pH nor ionic strength nor temperature affect their luminescence properties.
All the nanoparticles displayed high cytocompatibility on two human carcinoma cell lines and cell
viability correlated positively with the amount of doping Ca2+. Thus, these nanocrystals represent
promising new luminescent nanoprobes for potential biomedical applications and, if coupled with
targeting and therapeutic moieties, they could be effective tools for theranostics.

Keywords: terbium phosphates; calcium doped; citrate; nanoparticles; luminescence; cytocompatibility

1. Introduction

Luminescent nanoparticles are excellent optical probes for uses in biological imag-
ing since they provide the essential fluorescent contrast to analyze and study cells and
tissues [1]. Different luminescent labeling agents, mainly organic dyes, and nanomaterials
including semiconductor quantum dots, nanodiamonds, gold nanoparticles [2–4], several
nanostructures labeled with organic dyes [5], and more recently calcium phosphate apatite
nanoparticles (nAp) both labeled with organic dyes [6] or doped with luminescent lan-
thanides (Ln3+) ions [7,8], have been proposed for these applications. The main limitation
of organic dyes is photobleaching [5], while the use of quantum dots is controversial due
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to their cytotoxicity [9]. In the last years lanthanide orthophosphates (LnPO4, Ln3+ = Eu3+,
Tb3+, Ce3+, Y3+ . . . ) started to attract much attention because they combine the very low
solubility and high thermal conductivity of the metal phosphates as host matrices with the
favorable features of the luminescent lanthanide ions, such as sharp emission bands, Stokes
shift of hundreds of nanometers, and luminescence lifetimes of the order of milliseconds.
For all the above reasons they find applications as phosphors, catalysts, sensors and heat-
resistant materials [10]. In addition, they exhibit low cytotoxicity, high photostability, and
resistance to photobleaching, thus being good optical nanoprobes for bioimaging [11–13].
LnPO4·nH2O (n = 0–2) presents five polymorphic modifications, among which the low
temperature hydrated phase with hexagonal structure is known as raphdophane [14,15].
In respect to Ln3+-doped nAp, the LnPO4·nH2O system presents the main advantage
that at low temperatures (<100 ◦C) raphdophane is usually the only precipitated phase
from aqueous solutions [15]. In calcium phosphate solutions, in contrast, several poly-
morphs can eventually appear including amorphous calcium phosphate (ACP), dicalcium
phosphate dihydrate (DCPD, brushite), octacalcium phosphate (OCP), and Ap [16–18].
The synthetic methods to prepare LnPO4 nanocrystals include hydrothermal crystalliza-
tion [19–21], microwave heating [22], ultrasounds [23], oil bath [24], sol-gel combined
with electrospinning [25], slow crystallization using surfactants [26], or the layer-by layer
adsorption followed by the reaction and crystallization at room temperature [27].

Among lanthanides, Eu3+ and Tb3+ started to be used in various host structures using
different excitation wavelength in the UV region, with main emission bands in the Visible
spectral region. Concerning LnPO4, the TbPO4·nH2O raphdophane nanorods were excited
in the UV region at either 270, 312, 350 or 370 nm, and in the visible region at 482 nm, result-
ing in similar emission spectra, and yielding a characteristic green emission, due to 5D4–7F5
transition at 546 nm emission of Tb3+ [28]. Doping with Eu3+ allows the preparation of
Eu3+: TbPO4 of hexagonal form with improved energy transfer efficiency between Tb3+ and
Eu3+ and non-cytotoxicity on HeLa cells [13]. Recently, our group used citrate (cit) to pre-
pare new luminescent cit-coated Ca2+:EuPO4·nH2O (with n~1) by the method of thermal
decomplexing of M(2+/3+)/Ca2+/cit/phosphate/carbonate solutions (M(2+/3+), metallic
ions) [29]. The method was initially developed to precipitate monodisperse biomimetic
apatites [30] and carbonated apatite nanocrystals, both undoped and doped with transition
metals [31,32], and Eu3+ [8]. In this method citrate ions played an active role in the nucle-
ation and growth steps, and remained adsorbed on the nanoparticles surface [33], a feature
presented in bone apatite nanocrystals [34]. The new luminescent cit-Ca2+:EuPO4·H2O
nanomaterials proved to be fully cytocompatible against GTL-16 human carcinoma cells
and showed an improved cytocompatibility as the Ca2+ content increased when contacted
with the more sensitive m17.ASC murine mesenchymal stem cells, thus proving to be
suitable for bioimaging and cell labeling.

The aim of the present work is to employ the same bioinspired route to prepare cit-
Ca2+:TbPO4·nH2O nanocrystals with tuned luminescence and high cytocompatibility, in
the assumption that the presence of Ca2+ in the structure and citrate adsorbed on these
luminescent solids must be beneficial from the point of view of the cytocompatibility
required in bioimaging.

2. Materials and Methods
2.1. Materials and Precipitation Method

For the experiments the following reagents were purchased from Sigma-Aldrich
(St Louis, MO, USA): Terbium (III) chloride anhydrous (TbCl3, 99.9% pure, trace metals),
sodium citrate tribasic dihydrate (Na3(cit)·2H2O, where cit = citrate = C6H5O7, ACS
reagent, ≥99.0% pure), calcium chloride dihydrate (CaCl2·2H2O, Bioxtra, ≥99.0% pure),
and sodium phosphate dibasic (Na2HPO4, ACS reagent, ≥99.0% pure). Sodium carbonate
monohydrate (Na2CO3·H2O, ACS reagent, 99.5% pure) and hydrochloric acid (HCl, ACS
reagent, 37 wt % in H2O) were provided by Merck (Darmstadt, Germany) and Panreac
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(Barcelona, Spain), respectively. Solutions were prepared with ultrapure deionized water
(0.22 µS, 25 ◦C, Milli-Q, Millipore, Burlington, MA, USA).

The synthesis of nanocrystals was carried out by the already established method of
thermal decomplexing of M(2+/3+)/Ca2+/cit/phosphate/carbonate solutions [29], using
Tb3+ as lanthanide ion (y = 0.09, 0.07, 0.05 and 0.03 M) and increasing concentrations of
doping Ca2+ in the solution (x = 0.01 M, 0.03, 0.05, and 0.07 M) to set x + y = 0.1 M. The
experiments lasted 4 h, 24 h, and 96 h. Some of them were matured for 7 days. The
precipitates were subjected to washing by centrifugation with ultrapure water (6 cycles,
9000 rpm, 9 min each) and freeze-dried overnight at −50 ◦C under vacuum (3 mbar).

2.2. Physico-Chemical Characterization of Solid Nanoparticles

As-prepared powders were analyzed by different techniques, as it is described below:
X-ray powder diffraction (XRD) patterns were recorded using a diffractometer PANA-

lytical MPD (PANAlytical, Almelo, The Netherlands) with a Bragg-Brentano parafocusing
geometry and Cu Kα radiation. Data processing of most matured samples was carried out
with software TOPAS 6.0 (Coelho Software, Brisbane, Australia) [35]. The contribution of
the isotropic peak broadening due to domain size was modeled using the “CS_L” TOPAS
macro based on the Scherrer approximation, and considering the instrumental contribution
from a measurement of LaB6 standard (NIST SRM 660c).

TEM observations were performed with a TEM Libra 120 Plus (EELS) instrument
at 80 kV (Carl Zeiss, Jena, Germany). Prior to observation samples were dispersed in
absolute ethanol (≥99.8% v/v) and deposited on copper microgrids coated with FORMVAR
carbon film. HRTEM analysis were done with a TITAN G2 60-300 FEI Instrument (FEI,
Hillsboro, OR, USA) operating at 300 kV, equipped with EDX Super X detector to perform
microanalysis, and STEM type HAADF.

Fourier transform infrared spectra (FTIR) were recorded in transmittance mode within
the wavelength range from 4000 cm−1 to 400 cm−1 using a Perkin-Elmer Spectrum One
FTIR spectrometer (Perkin Elmer, Shelton, WA, USA). Pellets with ~1 wt% sample in
anhydrous KBr were prepared and pressed with a hydraulic pump at 10 tons. Pure KBr
pellets were used to record the background. Raman spectra were recorded with a LabRAM
HR spectrometer (Jobin–Yvon, Horiba, Tokyo, Japan). The excitation line was provided
by a diode laser emitting at a wavelength of 532 nm while a Peltier cooled charge–couple
device (CCD) (1064 × 256 pixels) was used as a detector.

Crystal size distribution (CSD) and electrophoretic mobility (ζ-potential) were ana-
lyzed with a Zetasizer Nano ZS analyzer (Malvern Instruments Ltd., Malvern, UK) in aque-
ous suspensions (~0.5 mg/mL, 25 ◦C) contained in disposable polystyrene cuvettes. For
ζ-potential versus pH measurements the MPT-2 autotitrator (Malvern Instruments Ltd.,
Malvern, UK) was employed to adjust the pH of the suspensions. Diluted HCl and
NaOH solutions (0.25 and 0.1 M, respectively) were used as titration agents without any
additional electrolyte.

Elemental analysis of Tb was carried out by inductively coupled plasma mass spec-
troscopy (ICP MS) using a Perkin Elmer NexION 300D ICP Mass spectrometer (Perkin
Elmer). Ca and P were analyzed with Perkin Elmer ICP-OES OPTIMA 8300 spectrometer
(Perkin Elmer); C and H were determined by thermoanalysis using Thermo Scientific™
FLASH 2000 CHNS/O Analyzer of Thermo Fisher Scientific (Waltham, MA, USA). TGA
analyses were performed with a thermogravimetric analyzer TGA-50H model (Shimadzu,
Tokyo, Japan). Samples were weighted in a platinum crucible and heated from room tem-
perature (~28 ◦C) to 950 ◦C under 50 mL/min air flow with a heating rate of 20 ◦C/min.

2.3. Luminescence Spectroscopy

Excitation and emission spectra of both powder and aqueous suspension mg/mL
samples, the latter being at ~0.5 mg/mL, were recorded using a Cary Eclipse Varian Fluo-
rescence Spectrophotometer (Varian Australia, Mulgrave, Australia) using λexc = 375 nm,
λem = 545 nm, 0.120 µs delay time (td) and 5 ms gate time (tg); photomultiplier voltage
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of 470 V and slit widthexc/em 5/5 nm for powder samples and photomultiplier voltage of
800 V and slit widthexc/em 10/10 nm for aqueous suspension particles. The excitation and
emission spectra were recorded within the range 250–500 nm and 500–750 nm, respectively.
Lifetime (τ) measurements were also recorded by a Cary Eclipse Varian Fluorescence Spec-
trophotometer (Varian Australia, Mulgrave, Australia) using λexc/em = 375/475 nm, 100 µs
delay time (td), 0.010 ms gate time (tg), photomultiplier voltage of 600 V, slit widthexc/em
10/10 nm and 100 cycles.

For solid sample analysis, a Cary Eclipse Solid Sample Holder (https://www.agilent.com/
en/product/molecular-spectroscopy/fluorescence-spectroscopy/fluorescence-accessories/cary-
eclipse-solid-sample-holder) was used to allow the measuring at the optimum angle and to
minimize the effect of the thickness.

Concerning the dispersity of the measurements, they are not shown in the figures due
to their lower value. In all the case the RSD (relative standard deviation) were lower than
2% (n = 3).

2.4. Cytocompatibility Tests

Nanocrystal cytocompatibility was tested on two cell lines: GTL-16 (a human gastric
carcinoma cell line) and A549 (a human lung adenocarcinoma cell line). Then, 24 h after
seeding cells (12,000 GTL-16 and 5000 A549 cells/well in 96-well plates), different concen-
trations of the differentially doped (x = 0.01, 0.03, 0.05, 0.07 M Ca2+) nanoparticles, ranging
from 0.1 to 100 mg/mL, were added in 100 mL of fresh medium. Hydrogen peroxide
(1 mM) was used as control of toxicity. After 72 h incubation, cell viability was evaluated
by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT, Sigma) colori-
metric assay. Briefly, 20 mL of MTT solution (5 mg/mL in a PBS solution) were added to
each well and the plate was incubated at 37 ◦C for 3 h. After the removal of the solution,
125 mL of isopropanol, 0.2 M HCl was added to dissolve formazan crystals. One hundred
mL were then removed carefully, and the optical density was measured in a multiwell
reader (2030 Multilabel Reader Victor TM X4, Perkin Elmer) at 570 nm. Viability of parallel
cultures of untreated cells was taken as 100% viability, and values obtained from cells
undergoing the different treatments were referred to this value. Experiments were per-
formed 3 times using 3 replicates for each sample. Data were statistically analyzed and are
expressed as mean ± standard deviation. Statistical analyses were performed using a one-
way ANOVA with Bonferroni’s post-hoc test for grouped analyses using GraphPad Prism
version 4.03 for Windows, GraphPad Software (GraphPad Prism, San Diego, CA, USA).
Differences at p < 0.05 were considered to be statistically significant.

3. Results
3.1. Structural, Physicochemical, Morphological Characteristics, and Colloidal Stability of
Solid Nanoparticles

The XRD patterns of the solids precipitated for increasing concentration of Ca2+ (x,
from 0.01 M to 0.07 M) and increasing maturation times (from 4 to 96 h) are reported in
Figure 1. In particular, the patterns showing the distinguishing reflections of the hexagonal
(raphdophane) phase identified as TbPO4·nH2O, space group P3121 (PDF 20 1244) are
displayed in panels a–d. At x = 0.01 M Ca2+ this is the only crystalline phase identified.
The main reflections of this phase are located at 2θ 14.85◦ (100), 20.43◦ (101), 25.91◦ (110),
30.02◦ (200), 32.10◦ (102), 38.72◦ (112), 42.70◦ (003), 48.10◦ (301), 49.63◦ (212), 53.2◦ (203),
and 54.5◦ (302). Other minor reflections (non-indexed) appear beyond 2θ 55◦. These latter
peaks are not shown in the PDF 20-1244 card, but are similar to those appearing in the PDF
20-1044 card corresponding to the raphdophane structure in the EuPO4·H2O. In addition,
small differences in 2θ positions are found between the two patterns because some peak
assignments in PDF file 20 1244 are affected with errors ≥ 0.2◦. When x ≥ 0.03 M Ca2+

(Figure 1b–d), however, an additional phase started to crystallize. The reflections of this
phase at ~27◦ and 32.8◦ are assigned to CaCO3 vaterite (PDF 33-0268), possibly doped with
terbium. The presence of vaterite is more evident at x = 0.05 and 0.07 M Ca2+. Thus, this

https://www.agilent.com/en/product/molecular-spectroscopy/fluorescence-spectroscopy/fluorescence-accessories/cary-eclipse-solid-sample-holder
https://www.agilent.com/en/product/molecular-spectroscopy/fluorescence-spectroscopy/fluorescence-accessories/cary-eclipse-solid-sample-holder
https://www.agilent.com/en/product/molecular-spectroscopy/fluorescence-spectroscopy/fluorescence-accessories/cary-eclipse-solid-sample-holder
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compound becomes stable in calcium-rich medium due to the presence of residual CO3
2−

in the crystallizing solutions. Nevertheless, its presence does not represent a problem
concerning biomedical uses since this polymorph of CaCO3 is biocompatible [36]. At
0.07 M Ca2+ we found a slightly different phase evolution with time. At 4 h, the bulging
of the baseline is characteristic of an amorphous phase, probably of terbium phosphate,
whereas at 24 h the reflections of the raphdophane phase started to emerge from the
bulging baseline. In none of the experiments have we detected the presence of any calcium
phosphate phase.
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The microstructural study of 96 h samples was performed by analysis of the full XRD
pattern, excluding the reflections of vaterite (Figure 2). Results show isometric crystalline
domains whose average Scherrer diameters were 37.6 ± 0.2 nm for the less Ca2+-doped
sample (Figure 2a), 28.6 ± 0.2 nm for x = 0.03 M Ca2+ (Figure 2b), 24.9 ± 0.2 for x = 0.05
(Figure 2c), and 30.2 ± 0.1 for x = 0.07 M Ca2+ (Figure 2d), respectively.

TEM observations of these precipitates show nanocrystals with ill-defined shapes
and aspect ratios close to 1 (Figure 3a–c). In contrast to what has been reported for cit-
Ca2+:EuPO4·H2O nanoparticles, no appreciable dependence of their morphology with Ca2+

doping was found [29].
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The sizes deduced on the basis of either TEM (29 ± 5, 28 ± 3, 33 ± 6, Figure 3a–c) or
SEM (x = 0.07 M Ca2+, L = 55± 20 nm, not shown) images are equivalent to those measured
from XRD data. The indexed SAED patterns (insets) show the crystallographic planes of the
hexagonal phase, i.e., (100), (110) in Figure 3a, or (100), (102), (200) in Figure 3c. The sample
obtained for x = 0.01 Ca2+ was studied in more details, as shown in Figure 3d–i. Figure 3d
displays the image in high angle annular dark field (HAADF) in Scanning Transmission
Electron Microscopy (STEM). The elemental mappings composition of the nanoparticles
(Figure 3e,f,h,i) show a homogeneous distribution of Tb, Ca, P, and O. HRTEM images of
this sample (Figure 3g) reveal lattice fringes, basically monodomains, whose d-spacing of
2.78 Å corresponds to plane (102), also shown in the fast Fourier transform FFT images of
this sample (Figure 3d, inset).

FTIR and Raman spectroscopy were employed to reveal the spectroscopic features of
the Ca2+-doped samples (see Figure 4 for the stacking of spectra of precipitates prepared
at different Ca2+ doping concentrations, and Supplementary Figures S1 and S2 for the
stackings as a function of maturation time).
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sample x = 0.01 M Ca2+. Inset in (g) shows the corresponding Fourier transform (FFT) image displaying the (102) plane.
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FTIR spectra of Ca2+-doped samples (Figure 4a) show basically the same spectroscopic
features upon calcium doping, especially for x = 0.01, 0.03, and 0.05 M Ca2+. These
are a broadband between 3600–3700 cm−1 and 2600 cm−1 corresponding to the O–H
stretching of associated water, a main broad band at 1000–1100 cm−1, which corresponds
to the antisymmetric stretching mode of PO4

3− groups (ν3PO4) and two intense bands
at ~620 and 535 cm−1 ascribed to the bending mode of the same PO4

3− groups (ν4PO4).
The broader signals around 1590–1620 cm−1 and 1405–1430 cm−1 are assignable to the
antisymmetric and symmetric stretching frequencies of carboxylate (−COO−) groups of
the adsorbed citrate [29]. No appreciable differences in peak assignments in the FTIR
profiles were found after 4 h of maturation at any of the Ca2+ doping concentrations used
(Supplementary Figure S1a–d).

In parallel, Raman characterization (Figure 4b) show the most intense band at 996 cm−1

(ν1), which can be assigned to the P–O symmetric stretching mode of PO4 group in
raphdophane-type orthophosphates, while that at ~1100 cm−1 is attributed to the an-
tisymmetric stretching (ν3PO4). The intensity of both bands decreases upon Ca2+ doping.
The region comprised between 300 and 700 cm−1 corresponds to the deformation modes
of the PO4 tetrahedron. The most intense band in this region is at 485 cm−1 and is assigned
to the symmetric vibrations, while those at ~570 and 620 cm−1 can be ascribed to the
asymmetric vibrations (ν4) [38,39]. The presence of vaterite in the spectra for x = 0.05 and
0.07 M Ca2+, with bands at 1080–1090 cm−1 ν1CO3 and 740–750 cm−1 ν4CO3 [40] is hidden
by the most intense bands of the phosphate groups. Clear differences were detected when
plotting Raman spectra at increasing maturation times (Supplementary Figure S2). First,
an increase in the intensity of the antisymmetric stretching mode ν3PO4 at ~1100 cm−1,
and particularly in the less Ca2+-doped sample (Supplementary Figure S2a) is observed.
Second, the highest Ca2+-doped sample shows the ν1PO4 mode shifted from 970 cm−1 to
990 cm−1 (Supplementary Figure S2d), and the appearance of bands around 745 cm−1 and
1080 cm−1 (related to the vaterite phase). Also, the peaks at 845 cm−1 and 1460 cm−1 in
samples at 4 and 24 h, in vibrational zones of citrate groups [41].

Thermogravimetric analyses (Supplementary Figure S3) revealed a behavior very
close to the ones reported for lanthanide phosphate materials of raphdophane struc-
ture [29,42–45] but with some peculiarities reflecting the presence of citrates and carbonates
in samples prepared at x = 0.05 and 0.07 M Ca2+. The first weight loss, recorded between
Tamb and 120–140 ◦C of about 2 wt%, is attributed to the residual adsorbed water, while
the second one between 140 ◦C and about 600 ◦C, of 5–5.5 wt%, corresponds to the release
of structural water, and this is the main weight loss. The third weight loss above 600 ◦C is
associated with the decomposition of citrate molecules in samples prepared with x = 0.01
and 0.03 M Ca2+, and with decomposition of citrate and of CaCO3 in CO2 and CaO, when
x = 0.05 and 0.07 M Ca2+. Specific losses are observed in these two samples. For x = 0.05 M
Ca2+ the loss of CO2 is around 0.6 wt% and for x = 0.07 M Ca2+ is of 2.2 wt%.

Quantitative analyses of Ca, P, Tb, C, and H of as-prepared samples are reported
in Table 1. This table also shows the percent weights of structural H2O determined by
TGA and thus, the hydration number (n) of the raphdophane phase. Percent weights of
CaCO3 and citrate were determined by combining TGA data with mass balances. The data
reveal increased percentages of dopant Ca from 0.42 wt% to 8.11 wt% in the structure of
TbPO4.nH2O as the percentage of Tb decreases, according to the increase of Ca2+/Tb3+

ratio in the precursor solutions.
In these samples, the percentages of adsorbed citrate were around 1.1–1.2 wt% but

in the highest Ca2+-doped sample that percentage rose to 4 wt%. This higher amount of
citrate is likely due to the higher percentage of CaCO3, which can be also coated with
citrate. Table 1 also shows that structural H2O ranges between 5.0 and 6.3 wt% rendering
hydration numbers around 0.9.
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Table 1. Quantitative analyses of Ca, P, Tb, C, H, and estimated percent weights of structural citrate,
H2O, CaCO3 and hydration number n of the samples prepared with Ca2+ doping concentration x
ranging from 0.01 to 0.07 M, at 96 h.

x [Ca2+]
mol/L

Ca (wt%) P
(wt%)

Tb
(wt%)

C
(wt%)

H
(wt%)

Cit
(wt%)

H2O str
(wt%)

CaCO3
(wt%) n

0.01 0.42 10.5 61.4 0.46 0.72 1.21 5.0 0 0.88
0.03 2.91 10.9 39.8 0.42 0.74 1.10 5.44 0.2 0.86
0.05 6.76, 6.09 * 12.0 27.5 0.52 0.75 1.12 6.68 0.76 0.93
0.07 10.32, 8.11 * 11.45 16.9 1.72 1.04 3.96 6.33 1.75 0.95

* wt% of dopant Ca in the TbPO4·nH2O structure.

The analysis of CSD and ζ-potential versus pH of aqueous suspensions of the nanopar-
ticles is also relevant to assess their potential as luminescent probes in nanomedicine
applications. The tendency of the colloid to disperse or aggregate in simulated physiologi-
cal conditions in the blood (pH around 7.4) or in the tumor microenvironment (pH around
5–6) are related to the size and surface charge of the nanoparticles [16,46]. In addition,
these features have an impact on the formation of the protein corona around the nanopar-
ticles [47]. In this study, the CSD of cit-Ca2+:TbPO4·nH2O nanoparticles was plotted as
cumulative volume-based distribution because they visually show the percentiles of the
distribution D10, D50 and D90 (Figure 5 and Supplementary Figure S4), widely employed to
characterize crystal populations in pharmaceutical industry. These percentiles characterize
the percentage of cumulative volume undersize distribution (percentage of the population
smaller than the indicated size). Thus, D10 is a percentile closer to the size of the individual
particles while D50, the median of the population, is here somewhat influenced by particle
aggregation. D90 is entirely influenced by the aggregation of nanocrystals. The percentiles
for samples prepared with x = 0.01, 0.03, 0.05, and 0.07 M Ca2+ for 96 h were D10 21, 51, 57,
and 45 nm, respectively, and D50 37, 531, 122, and 94 nm, respectively (Figure 5b).

In these samples, the evolution of cumulative CSD versus time (at 4 h, 24 h and 96 h,
Figure S4a–d) does not follow a general trend, thus reflecting a difference in Ca composition
as well as the presence of a secondary phase (vaterite) at high doping concentrations and
its influence in the aggregation.

These differences are also reflected in the profile of the ζ -potential versus pH curves
(Figure 5c–f). While samples obtained with x = 0.01 and 0.03 M Ca2+ displayed similar
curves, with ζ -potential values −17.3 and −17.4 mV at pH 7, and −14.0 and −10.5 mV
at pH 5 (Figure 5c,d), the curves of sample obtained with x = 0.05 M Ca2+ (Figure 5e) and
x = 0.07 M Ca2+ (Figure 5f) show a different profile. The minimum ζ -potential values
were found at pH 6.0 (−11.5 mV) and pH 8.0 (−15.9 mV) respectively. ζ -potentials were 0
beyond pH 6.0 in the first case, and below pH 8.0 in the second one.

3.2. Luminescence Properties of Cit-Ca2+:TbPO4·nH2O Nanoparticles
3.2.1. Luminescence in Solid-State

It is well-known that some lanthanides, especially europium (III) and terbium (III),
form highly fluorescent chelates with many different organic ligands. The sensitized fluo-
rescence results from the ligand absorbing light, the energy of which is then transferred to
the chelated metal ion. In fact, Tb(III) emits the energy as narrow-banded, line-type fluores-
cence with a long Stokes shift (over 250 nm) and an exceptionally long fluorescence decay
time (up to 1 ms) [48]. Because of the long fluorescence decay time (over 10 times longer
than the average background fluorescence) of Tb(III), a delay time (td) and a gate time (tg)
can be used during the measuring, remarkably reducing the background fluorescence.
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The luminescence properties of solid cit-Ca2+:TbPO4·nH2O samples are shown in
Supplementary Materials (Figures S5 and S6). They are the same as those depicted in
Figure 6 which correspond to x = 0.01 M Ca2+; neither the maturation time nor the Ca2+

doping concentrations affect the excitation and emission wavelengths. This finding is
expected because the electronic transitions of f orbitals are not affected by crystal’s field.

The observed excitation wavelengths for the powder were 230, 284, 300, 320, 340,
350, 368 and 375 nm. The broad bands between 200 and 300 nm, centered at 230 nm,
correspond to charge transfer (called charge transfer band, CTB), which occurs by electron
delocalization from the filled 2p shell of O2− to the partially filled 4f shell of Tb3+. Also, this
band can partially be attributed to the charge transfer transition X5+–O2− [49,50]. The rest
of the less intensive excitation wavelengths correspond to the 7F6 →5I8 and 5F4,5 →5H4,
7F6 →5H5,6, 7F6 →5H7, 7F6 →5L7,8 and 7F6 →5L7,8, 7F6 →5L9,5D2,5G5, 7F6 →5L10, and 7F6
→5G6, 5D3 transitions [51].
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Figure 6. Excitation (dashed lines) and emission (solid lines) uncorrected spectra of solid cit-
Ca2+:TbPO4·nH2O samples prepared with x = 0.01 M Ca2+ at maturation times of 4 h, 24 h, 96 h
and 7 days.

SM (see Supplementary Figure S5) shows the emission spectra of the cit-Ca2+:TbPO4·nH2O
with x = 0.01 M and 96 h of maturation time using 230 and 375 nm excitation wavelengths.
It is possible to conclude that the emission spectra are the same; only the emission intensity
is affected. In order to increase the biological applicability of the system, 375 nm (which is
closer to the visible range) was selected as excitation wavelength.

Concerning the emission wavelengths, they are centered at 490, 545, 586 and 620 nm
which correspond to the Tb3+ 5D4→7F6, 5D4→7F5, 5D4→7F4 and 5D4→7F3 transitions,
respectively [52]. The emission wavelength corresponding to the hypersensitive transition
without inversion centre (5D4→7F5, 545 nm for Tb3+) produces the highest relative lumi-
nescence intensity (R.L.I.). Therefore, the optimum excitation and emission wavelengths of
solid cit-Ca2+:TbPO4·nH2O samples were 375 nm and 545 nm, respectively.

Supplementary Figures S7 and S8 show the effect of maturation time (t) at different
doping Ca2+ concentrations (x) on the relative luminescence intensity (R.L.I.).

The R.L.I. of samples prepared with x = 0.01, 0.03 and 0.05 M Ca2+ is not affected by
the maturation time (Supplementary Figure S7). It can be due to the slowing down of the
crystal growth caused by the adsorption of citrate up to 2 h maturation [29]. In contrast, for
x = 0.07 M Ca2+ doping concentration, the R.L.I is highly affected; at shorter times (4 and
24 h) the signal is high, but it decreases drastically in the sample prepared at 96 h. As it
was previously commented for this concentration, at shorter times (4 and 24 h) the material
is amorphous without an ordered structure and with a high amount of Tb3+ adsorbed on
its surface, showing high luminescence. However, at 96 h it is crystalline, exhibiting an
improved internal ordering in which Tb3+ is buried in the structure of the nanoparticles,
resulting in a decrease on the luminescence. It was previously reported that amorphous
materials provide much more luminescence emission than crystalline ones [29]. On the
other hand, this sample contains a higher proportion of citrate (~4 wt%) providing a less
emissive material than at other Ca2+-doped concentrations.

Analyzing the variation of the R.L.I at a fixed maturation time versus x it is also
possible to observe that the main differences are found for x = 0.07 M (Supplementary
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Figure S8). It can be explained for the same reasons commented before that, at shorter
maturation times, the sample has an amorphous nature and at the higher one it is crystalline,
and the amount of citrate is higher, providing a less luminescent material.

Concerning the luminescence lifetime (τ), Supplementary Figures S9–S11 show the
luminescence decay curves and the variation of the luminescence lifetime versus both
maturation time and Ca2+ doped concentrations, respectively. For each case, the decay
profile was analyzed as a single exponential component (R.L.I. = A·eˆ(−t⁄τ) + C). It is
possible to conclude that the maturation time at a given Ca2+ doped concentration does
not affect the lifetime (Supplementary Figure S10). However, the luminesce lifetime for a
given maturation time is increased by increasing the x. It might be due to the presence of
progressive amounts of vaterite.

3.2.2. Luminescence of the Nanoparticles in Aqueous Suspension

The luminescence properties of cit-Ca2+:TbPO4·nH2O dispersed in aqueous media
are similar to those depicted in Figure 7, which corresponds to x = 0.01 M Ca2+, 96 h
maturation time, pH 7.4, and 25 ◦C. It is also possible to observe that the excitation and
emission wavelength of the material dispersed in water is practically the same than those in
powder as well as the luminescence lifetime is not affected by dispersing the sample in an
aqueous media. On the other hand, it is possible to conclude that the material has the same
luminescence properties (R.L.I. and lifetime) at any physiological pH, so variation of the
pH in real biological samples does not affect the luminescence properties of the particles.

The effect of ionic strength was evaluated by suspending the particles in 0, 25, 50, 75
and 100 mM NaCl solutions (Figure S12). It is possible to deduce that neither the R.L.I.
nor the luminescence lifetime is significantly affected by the ionic strength, which is also
important for the final applications of these nanoparticles.

The temperature may also theoretically affect the luminescence by quenching of the
excited states, i.e., for increasing T the molecular motion and collisions increase, and hence
the luminescence emission decreases by increasing encounters probabilities. [53] Figure S13
shows the experimental results. To sum up, increasing from 25 to 40 ◦C does not affect
considerably the luminescence emission of all the tested materials in suspension. The
change in fluorescence intensity is normally 1% per degree Celsius [53] and the decreases
for these materials were 0.2, 0.4, 2.6, and 0.6% per degree Celsius, for 0.01 M, 0.03 M,
0.05 M and 0.07 M Ca2+ doping concentration, respectively. This is very important in
view of medical and biomedical imaging (~37.4 ◦C) while the rest of the experiments were
performed at room temperature (25 ◦C).

3.3. Cytocompatibility of Cit-Ca2+:TbPO4·nH2O Nanoparticles

The cytocompatibility of cit-TbPO4·nH2O samples doped with different concentrations
of Ca2+ was tested in a MTT assay on the GTL-16 human carcinoma cells and the A549
human lung adenocarcinoma cells, after incubation at concentrations ranging from 0.1 to
100 µg/mL. GTL-16 cells were chosen because this is the reference standard cell line used
in the lab for this type of experiments. In particular, the fact that these tumor cells express a
high level of receptors for a growth factor has made this cell line a good model for studying
tumor cell ligand-mediated targeting by nanoparticles, possibly loaded by a drug [6,16].
A549 cells were chosen since they are easily available cells in many laboratories.

No toxicity was observed on both cell lines at any nanoparticle concentration (Figure 8),
since in all cases a cell viability higher than 85% was observed, largely above the cut-off
of 70% indicated by ISO 10993–5:2009 [54]. The presence of the doping Ca2+ appears
to increase the biocompatibility of the nanocrystals in a dose-dependent manner. On
the other side, both cell types were sensitive to the toxic activity of hydrogen peroxide,
which reduced their viability to less than 50%. This in vitro assay thus shows the good
cytocompatibility of the cit-Ca2+:TbPO4·nH2O nanoparticles.
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three independent experiments performed in triplicate and statistical analyses were carried on using One-way ANOVA,
with Bonferroni comparison test. For statistical analysis all data were compared to untreated samples and only samples
treated with H2O2 displayed statistically significant difference (**** p = 0.0005).

4. Discussion

The above results confirm the herein reported bioinspired crystallization route suc-
ceeded in preparing cit-Ca2+:TbPO4·nH2O nanocrystals of the hexagonal rhabdophane
phase, with n~0.9 and tailored Ca2+content between 0.42 wt% and 8.11 wt%. The nanocrys-
tals displayed isometric ill-defined morphologies, and adsorbed citrate on their surfaces, a
chemical feature exhibited by bone nAps [34]. As Ca2+ increases the risk of appearance
of a secondary phase of CaCO3 (vaterite) must be considered. However, this trouble can
be properly assumed since vaterite is biocompatible. In addition, the percent weight of
citrate increases, particularly in the sample prepared with x = 0.07 M. As citrate molecules
were not removed after different cycles of washing, they should be adsorbed not only to
Ca2+:TbPO4·H2O but also to the CaCO3 surface. As hypothesized, these features have an
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impact on the cytocompatibility of the cit-Ca2+:TbPO4·H2O. In fact, all samples displayed
a high cytocompatibility when tested on two human carcinoma cell lines and cell viability
appears to positively correlate with the amount of doping Ca2+ in the nanocrystals, in line
with what was reported for cit-Ca2+:EuPO4·nH2O nanocrystals [29].

Also important are the average sizes of the nanocrystals. The average sizes measured
in TEM or SEM micrographs were equivalent to those of their crystal domains, indicating
they are basically monodomains, with no appreciable dependence of their morphology
(isometric) with Ca2+ doping. This finding contrasts with what was reported for cit-
Ca2+:EuPO4·H2O nanoparticles [29]. Those nanoparticles showed elongated (anisometric)
morphologies and their aspect ratio decreased with Ca2+ doping. It is worth highlighting
that percentiles D10 of the CSD are close to these average sizes deduced from electron
microscopy images. This finding indicates that aggregation is very low and D10 could
define the nanoparticle size in the context of the whole population, particularly in the less
Ca2+ doped sample. D50, instead, doubles the D10 percentile or is even 10 times higher in
sample x = 0.03M Ca2+, suggesting a higher contribution of particle aggregation below the
median size.

Concerning the ζ-potential versus pH of nanoparticle suspensions, those samples
prepared at x = 0.01 and 0.03 M Ca2+ show a high and negative ζ-potential above pH 4,
therefore they display great stability both at pH~7.4 simulating physiological pH, and at
pHs~5–6, simulating the environment of cancer cells. The CSD of the sample prepared
at x = 0.01 M Ca2+ correlates well with the ζ-potential versus pH measurements of this
sample, and reflects the role of surface charge on the stability of the nanoparticles and
their aggregation behavior. However, there is a lack of correlation between the CSD and
the ζ-potential values for the 0.03 M Ca2+sample, indicating that other effects besides
the nanoparticles surface charge can be involved in particle aggregation. Also, the other
samples present a negative ζ-potential, but these are less negative, indicating poorer sta-
bility of the suspensions at the pHs of interest for biological applications. In the latter
samples, the curves reflect the presence of vaterite, and also the increasing amount of
citrate, which correlate with a relatively higher cytocompatibility. Thus, when x = 0.05 M
Ca2+ the ζ -potential value close to zero indicates a high amount of surface Ca2+ that com-
pensate the negative charge due to citrate at basic pH. When x = 0.07 M Ca2+ (Figure 5f)
the ζ-potential values at basic pHs are again negative. This finding is due to the higher
percentage of citrate negatively charged respect to positively charged surface Ca2+ coating
both Ca2+:TbPO4·nH2O and CaCO3 particles. It was reported that the mode of adsorption
of citrate on a substrate depends on the pH of the solution. Citrate molecules absorb on
monodentate or bidentate configuration (i.e., on nanoapatites [55]) displaying the third
carboxylate group upward toward the solution. This arrangement gives rise to a negative
net surface charge that is reflected in a negative ζ -potential. While preventing aggregation,
the negative ζ -potentials of nanocrystal could interfere with their interaction with the cell
surface, which is also negatively charged, and their eventual uptake by cell endocytosis.
This behavior, however, is not the only possibility, since some negatively charged nanopar-
ticles, such as Fluorescein-5-isothiocyanate-labelled hydroxypatite nanoparticles [6] and
magnetic nanoparticles [56], were reported to be internalized by cells.

To discuss how the nanocrystals herein described were formed, one must consider
both the influence of their tridimensional crystal structure and the presence of additives
in the precursor solution. Indeed, the growth morphology of a nanocrystal results from
the interplay between the growth rates of its outermost crystallographic planes and the
growth-inhibiting/promoting effect of the additives. The raphdophane structure of the
LnPO4·nH2O is described as chains formed by lanthanide with eight-fold coordination
alternating with tetrahedral orthophosphate ions. These chains are extended along with
the c-axis, each one linked to four neighboring chains, thus forming open channels which
are filled with between 0.5 to 2 H2O molecules per formula unit, stabilizing the struc-
ture [15,20,57]. Consequently, LnPO4·nH2O show the general trend to grow along [001]
direction forming nanowires.
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The second influence we must consider is the effect of citrate, which is a known growth
inhibitor. Citrate adsorbs on specific outermost planes of incipiently formed nanocrys-
tals slowing down its growth along the [001] direction, and leading to the formation of
nanocrystals with lower aspect ratios than those formed in additive-free solutions. As we
obtain basically the same crystal morphology irrespective of the amount of Ca2+ doping the
cit-Ca+:TbPO4·nH2O structure, we conclude that Ca2+has limited inhibiting/promoting
effect on the growth of these nanocrystals, against that of citrate, in contrast to what found
in cit-Ca2+:EuPO4·nH2O [29]. On the other side, as already discussed above, the addition
of this metal ion had a positive effect on the cytocompatibility of the nanoparticles, in line
with the previous report relative to cit-Ca2+:EuPO4·nH2O [29]. Moreover, at the highest
doping dose, Ca2+ enhances the adsorption of citrate, an ion contributing to biomimetic
properties of apatites [34].

Finally, the luminescence study of these nanoparticles in solid phase indicate that
R.L.I. is affected by neither the maturation time nor the Ca2+ content when x is lower
than 0.07 M Ca2+, as occurred on cit- Ca2+:EuPO4·nH2O, while the R.L.I. at x = 0.07 M
Ca2+ is high at short maturation time (due to the amorphous nature of the samples) and
low at high maturation time (due to the crystalline nature of the sample and also due the
higher citrate amount coating the raphdophane and vaterite nanoparticles). Concerning
the luminescence properties in aqueous dispersion, neither pH nor ionic strength nor
temperature affect their luminescence properties at physiological range.

According to all the above considerations the optimal conditions to synthesize cyto-
compatible cit-Ca2+:TbPO4·nH2O nanocrystals free of vaterite or with negligible amount
of this phase, with enough and exploitable luminescent properties (R.L.I and luminescent
lifetimes) and higher stability of their aqueous suspensions at the pH range of biological
interest (5–7.4), are when using Ca2+ doping concentration x = 0.01 M and x = 0.03 M, at
any of the maturation times from 4 to 96 h.

Summing up, all the above properties are positive relative to the applications of these
nanoparticles as luminescent labeling agents and highlight the potential of the thermal
decomplexing synthetic method to prepare this kind of nanophosphors.

5. Conclusions

Cit-Ca2+:TbPO4·nH2O nanocrystals of the hexagonal rhabdophane phase, with n ~ 0.9
and tailored Ca2+ content between 0.42 and 8.11 wt% were successfully obtained by thermal
decomplexing of Ca2+/Tb3+/citrate/phosphate/carbonate solutions. These nanocrystals
of about 29–37 nm are mainly monodomains and display basically isometric ill-defined
morphologies, with Ca2+ having limited inhibiting/promoting effect on the growth of
these nanoparticles, but enhancing the amount of citrate adsorbed on the surface in dose-
depending manner. All the nanoparticles displayed high cytocompatibility on two human
carcinoma cell lines and cell viability correlated positively with the amount of doping Ca2+.

Luminescence properties of the nanocrystals reveal that luminescent lifetimes increase
(between ~800 and ~2600 µs) by increasing the Ca2+doping concentration. Their relative
luminescence intensities in solid state (around 200 units) are affected by neither Ca2+, nor
citrate content, nor maturation time for Ca2+ doping concentrations below 0.07 M Ca2+.
Only at this doping concentration the maturation time strongly affects R.L.I, decreasing
it. At low maturation times (4 h, 24 h) it is high (around 650 units). However, at 96 h, it
strongly decreases up to ~40. This finding was related to the amorphous nature of the
precipitates obtained at 4 and 24 h, whereas at 96 h, the precipitates were crystalline. In
addition, this sample also contains vaterite and a higher percent weight of citrate than the
samples obtained with lower doping concentrations of Ca2+, and therefore it presents a
lower percent weight of emissive material. In aqueous suspensions, neither pH nor ionic
strength nor the temperature affect their luminescence properties.

According to all the above considerations, the optimal conditions to synthesize cyto-
compatible cit-Ca2+:TbPO4·nH2O nanocrystals free of vaterite or with negligible amount
of this phase, with enough and exploitable luminescent properties (R.L.I and luminescent
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lifetimes) and higher stability of their aqueous suspensions at the pH range of biological
interest (5–7.4), are when using Ca2+ doping concentration x = 0.01 M and x = 0.03 M, at
any of the maturation times from 4 to 96 h.

Summing up, the above properties are encouraging relative to the potential bioimaging
applications of the nanocrystals. They can thus represent promising new luminescent
nanoprobes for such applications and, if coupled with targeting and therapeutic moieties,
they could be effective tools for theranostics.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079
-4991/11/2/322/s1, Figure S1: Evolution of FTIR spectra with time of samples prepared with
different Ca2+ doping concentrations x = 0.01 to 0.07 M, Figure S2: Evolution of Raman spec-
tra with time of samples prepared with different Ca2+ doping concentrations x = 0.01 to 0.07 M,
Figure S3: TGA analyses of precipitates obtained at 96 h from solutions with Ca2+ doping con-
centrations ranging from (a) x = 0.01 to (d) x= 0.07 M, Figure S4: Cumulative volume oversize
distribution of the cit-Ca2+:TbPO4.nH2O nanocrystals prepared with Ca2+ doping concentrations x =
0.01, 0.03, 0.05 and 0.07 M at 4, 24 and 96 h, Figure S5: Excitation (dashed lines) and emission (solid
lines) uncorrected spectra of solid cit-Ca2+:TbPO4·nH2O samples prepared with x = 0.01 M Ca2+

at maturation times of 96 h using td = 120 µs, td = 5 ms and (a) λexc/em = 230/545 nm, slit width
exc/em = 2.5/2.5 nm, detector voltage 545 V; b) λexc/em = 375/545 nm, slit width exc/em = 5/5 nm,
detector voltage 470 v, Figure S6: Excitation (dashed lines) and emission (solid lines) uncorrected
spectra of solid cit-Ca2+:TbPO4·nH2O samples prepared with different Ca2+ doped concentration
at maturation times of 4 h, 24 h, 96 h and 7 days, Figure S7: Variation of the R.L.I. of the solid
cit-Ca2+:TbPO4·nH2O samples at the maximum excitation and emission wavelengths at several
Ca2+ concentrations when the maturation time is changed. Figure S8: Variation of the R.L.I. of the
solid cit-Ca2+:TbPO4·nH2O samples at the maximum excitation and emission wavelengths at several
maturation time when the Ca2+ concentration is changed. Figure S9: Luminescence decay curve of
different solid cit-Ca2+:TbPO4·nH2O samples at maturation times of 96 h, td = 100 µs, tg = 0.01 ms,
λexc/em = 375/545 nm, slit-widthsexc/em = 10/10 nm, and detector voltage = 600 V. Circles corre-
spond to experimental data (100 cycles) and lines to the fitting equation. Figure S10: Variation of
the luminescence lifetime of the solid cit-Ca2+:TbPO4·nH2O nanoparticles prepared at several Ca2+

concentrations when the maturation time is changed. Figure S11: Variation of the luminescence
lifetime of the solid cit-Ca2+:TbPO4·nH2O samples at several maturation times when the Ca2+ con-
centration is changed. Figure S12: Effect of the ionic strength over the (a) R.L.I. and (b) luminescence
lifetime of the cit-Ca2+:TbPO4·nH2O samples at 96 h maturation time dispersed in aqueous media at
several Ca2+ concentrations is changed. Figure S13. Effect of the temperature over the (a) R.L.I. and
(b) luminescence lifetime of the cit-Ca2+:TbPO4·nH2O samples at 96h maturation time dispersed in
aqueous media at several Ca2+ concentrations.
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Abstract: Luminescent nanoparticles are innovative tools for medicine, allowing the imaging of cells 
and tissues, and, at the same time, carrying and releasing different types of molecules. We explored 
and compared the loading/release ability of diclofenac (COX-2 antagonist), in both undoped- and 
luminescent Terbium3+ (Tb3+)-doped citrate-coated carbonated apatite nanoparticles at different 
temperatures (25, 37, 40 °C) and pHs (7.4, 5.2). The cytocompatibility was evaluated on two 
osteosarcoma cell lines and primary human osteoblasts. Biological effects of diclofenac-loaded-
nanoparticles were monitored in an in vitro osteoblast’s cytokine–induced inflammation model by 
evaluating COX-2 mRNA expression and production of PGE2. Adsorption isotherms fitted the 
multilayer Langmuir-Freundlich model. The maximum adsorbed amounts at 37 °C were higher 
than at 25 °C, and particularly when using the Tb3+ -doped particles. Diclofenac-release efficiencies 
were higher at pH 5.2, a condition simulating a local inflammation. The luminescence properties of 
diclofenac-loaded Tb3+ -doped particles were affected by pH, being the relative luminescence 
intensity higher at pH 5.2 and the luminescence lifetime higher at pH 7.4, but not influenced either 
by the temperature or by the diclofenac-loaded amount. Both undoped and Tb3+-doped 
nanoparticles were cytocompatible. In addition, diclofenac release increased COX-2 expression and 
decreased PGE2 production in an in vitro inflammation model. These findings evidence the 
potential of these nanoparticles for osteo-localized delivery of anti-inflammatory drugs and the 
possibility to localize the inflammation, characterized by a decrease in pH, by changes in 
luminescence. 

Keywords: inflammation treatment; diclofenac-loaded nanoparticles; apatite; Tb3+-doped apatite; 
luminescence; cytocompatibility 
 

Citation: Cano Plá, S.M.; D’Urso, A.; 

Fernández-Sánchez, J.F.; Colangelo, 

D.; Choquesillo-Lazarte, D.; 

Ferracini, R.; Bosetti, M.; Prat, M.; 

Gómez-Morales, J. Biomimetic  

Citrate-Coated Luminescent Apatite 

Nanoplatforms for Diclofenac  

Delivery in Inflammatory  

Environments. Nanomaterials 2022, 

12, 562. https://doi.org/10.3390/ 

nano12030562 

Academic Editors: Marcin Runowski 

and Stefano Leporatti 

Received: 31 December 2021 

Accepted: 2 February 2022  

Published: 6 February 2022 

Publisher’s Note: MDPI stays 

neutral with regard to jurisdictional 

claims in published maps and 

institutional affiliations. 

 

Copyright: © 2022 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and 

conditions of the Creative Commons 

Attribution (CC BY) license 

(https://creativecommons.org/license

s/by/4.0/). 



Nanomaterials 2022, 12, 562 2 of 25 
 

 

1. Introduction 
Nanotechnology is finding increasing applications in medicine; in particular 

nanoparticles (NPs) can be used as vehicles to transport and deliver different classes of 
biologically active molecules (so-called nanocarriers), including chemotherapeutics, 
antibiotics, anti-inflammatory drugs, hormones, fluorophores, targeting agents [1–7], 
depending on the pathology considered, acting both in diagnosis and therapy. Their main 
advantage is linked to their nanoscale dimensions, enabling them to carry high amounts 
of molecules to chosen body sites, in the meantime protecting the drugs from rapid 
degradation or clearance. This allows to reduce the dose of the administered drugs, 
lowering or eliminating their unwanted systemic side effects. From the other side, also the 
nature/composition of the nanocarrier can vary depending on the diseases to be treated. 
Today bone tissue pathologies, such as osteoporosis, osteoarthritis and rheumatoid 
arthritis represent important health problems with considerable socio-economic burden, 
linked to the general population aging [8,9]. These musculo-skeletal disorders are 
characterized by a clinical condition of inflammation. In osteoporosis osteocatabolic 
processes prevail during bone remodelling, leading to a decrease of trabecular mass 
density, increasing the risk of bone fracture with concurrent inflammatory reaction [10]. 
In osteoarthritis the articular cartilages are consumed exposing the bones in the joint to 
mechanical stresses, with the development of a painful inflammatory reaction [11], while 
rheumatoid arthritis is an autoimmune disease characterized by chronic inflammation of 
synovial tissues, joints and cartilage leading to function loss and joint destruction [12]. For 
all these pathologies the available therapeutic strategies are still unsatisfactory, namely 
because of the associated side effects.  

In this context, apatite (Ap) NPs, which consist of calcium phosphate and closely 
mimic bone apatite nanocrystals both from chemical and structural points of view, are 
particularly suited for therapeutic and diagnostic applications. Bone nanoapatite is 
nonstoichiometric calcium- (and OH-) deficient in respect to the mineral hydroxyapatite 
[HA, Ca10(PO4)6(OH)2], it incorporates substituting ions such as CO32−, Mg2+, Na+ and other 
minor elements in its crystal structure [13], and contains citrate molecules strongly 
adsorbed on its surface [14]. Synthetic apatite-based materials including injectable calcium 
phosphates, or natural and synthetic polymer-apatite composites, are being used for bone 
repair applications exploiting their well-known properties of biodegradability, bioactivity 
and osteoinductivity, besides the capability of improving bone mechanical properties [15–
18]. The apatite surfaces can be modified (charged to improve the interactions with living 
cells, particularly the osteoblasts) [19]. In addition, Ap NPs have already been shown to 
be valuable nanocarriers for different types of molecules [20], including nucleic acids [21], 
proteins [22], antibiotics [3], chemotherapeutics [23,24], fluorophores [25], and 
luminescent moieties [26,27]. Among their advantageous properties are high 
biocompatibility, good biodegradability, high loading capacity with the ability to bind 
moieties through both surface calcium and phosphate groups by isothermal adsorption. 
Moreover, because of their good stability at physiological pH with partial solubility at 
acidic pH they behave as smart complexes sensitive to local stimuli, e.g., binding drugs at 
physiological pH and releasing them at acidic pH [28], as the one found in inflamed or 
tumor tissues. Synthetic Ap NPs with CO32− substitutions and covered by a certain amount 
of citrate, makes them even more biomimetic to bone apatite in terms of chemical 
composition and reactivity [14,29]. Lanthanide elements such as Eu3+ and Tb3+ have been 
recently employed to prepare luminescent apatite-based nanomaterials for drug release 
and bioimaging applications [30,31]. They exhibit different fluorescence emission colors 
(red and green, respectively), long luminescence lifetimes, and good resistance to 
photobleaching. In addition to these features, Tb3+ was found to have bactericidal activity 
[32], and to promote adhesion and osteogenic differentiation of mesenchymal stem cells 
[33,34]. 

Sodium diclofenac (DF) is a non-steroidal anti-inflammatory drug (NSAID) with 
analgesic, anti-inflammatory and anti-pyretic activities, exerting its activity by 
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competitively blocking cyclooxygenases-2 (COX-2) enzymatic activity responsible for the 
synthesis of inflammatory mediators, e.g., prostaglandin E2 (PGE2) [35,36]. As all the 
NSAIDs, DF has adverse systemic side effects, such as gastrointestinal ulceration and 
bleeding, hepato-renal dysfunction, disorders in the cardiovascular and central nervous 
systems, and skin reactions [37,38]. Local delivery of this drug via Ap NPs would offer a 
method of bypassing inconveniences. In addition, the use of Tb3+-doped Ap NPs would 
allow their localization by luminescence emission. Thus, our aim is to explore the 
loading/release behavior, luminescence properties, and in vitro biological effects of these 
NPs in normal physiological conditions and in a condition simulating inflammation. 

In particular, herein we produced biomimetic citrate-coated CO3-Ap (cAp) and 
citrate-coated Tb3+-doped CO3-Ap (cAp-Tb) NPs. Next, we studied the adsorption and 
release of DF at physiological pH 7.4 (25 and 37 °C), and release at pHs 7.4 and 5.2 
simulating local inflammation, as well as the luminescent properties of DF-loaded cAp-
Tb NPs at pHs 7.4 and 5.2, and at 25, 37 and 40 °C. Then, we tested their cytocompatibility 
on different cell lines of bone origin, as well as on human primary osteoblasts (hOB) and 
osteoblasts differentiated in vitro from adipose-derived mesenchymal stem cells 
(differentiated hOB). Finally, we analysed the anti-inflammatory activity of DF-loaded 
cAp NPs on osteoblasts treated with a mixture of inflammatory cytokines (IL-1β, TNF-α, 
IFN-γ) by evaluating COX-2 activity and cellular production of PGE2.  

2. Materials and Methods  
2.1. Reagents 

Diclofenac sodium salt (2-[(2,6-Dichlorophenyl)amino]benzeneacetic acid sodium 
salt, MW = 318.13), calcium chloride dihydrate (CaCl2·2H2O, Bioxtra, ≥99.0% pure, MW = 
147.01), terbium (III) chloride anhydrous (TbCl3, 99.9% pure, trace metals, MW = 265.28), 
sodium citrate tribasic dihydrate (Na3(cit)·2H2O, cit = citrate = C6H5O7, ACS reagent, 
≥99,0% pure; MW = 294.1), and sodium phosphate dibasic (Na2HPO4, ACS reagent, ≥99.0% 
pure, MW = 141.96) were provided by Sigma-Aldrich (St. Louis, MO, USA), while sodium 
carbonate monohydrate (Na2CO3·H2O, ACS reagent, 99.5% pure, MW = 124) and 
hydrochloric acid (HCl, ACS reagent, 37 wt % in H2O, MW = 36.46) were supplied by 
Merck (Darmstadt, Germany) and Panreac (Barcelona, Spain), respectively. The solutions 
were prepared with Milli-Q water (deionized 0.22 μS, 25 °C, Millipore, Burlington, MA, 
USA). 

2.2. Preparation of cAp and cAp-Tb Nanoparticles  
Nanoparticles of cAp were prepared by the method of thermal decomplexing of 

Ca2+/cit/phosphate/carbonate solutions [29]. A solution of composition 0.06 M Na2HPO4 + 
0.1 M Na2CO3 (50 mL) was mixed with a solution of composition 0.1 M CaCl2 + 0.2 M 
Na3(cit) (50 mL) at 4 °C in a Pyrex glass bottle, and the pH adjusted to 8.5 with diluted 
HCl. The bottle was immediately introduced in a water bath at 80 °C and then in an oven 
at the same temperature for 96 h. For the preparation of cAp-Tb nanoparticles the second 
solution was composed of 0.010 M Tb3+ + 0.09 M CaCl2 + 0.2 M Na3(cit). This experiment 
lasted 4 h. Both precipitates were washed 4 consecutive times by centrifugation (9000 rpm, 
30 min each) using Milli-Q water and dried in an oven with circulating forced air at 37.5 
°C for 4 days. 

2.3. Characterization of the Nanoparticles 
The nanoparticles were characterized by X-ray diffraction (XRD) using a Bruker D8 

Advance Vario Serie II (Bruker AXS, (Bruker GmbH, Karlsruhe, Germany) using CuKα 
radiation (1.5406 Å). Fourier Transform Infrared Spectrum (FTIR) was recorded with a 
Perkin-Elmer Spectrum One FTIR (Perkin Elmer, Shelton, WA, USA) in the wavenumber 
range from 4000 cm−1 a 400 cm−1. Plates were prepared with a concentration of ~ 1 wt% in 
anhydrous KBr (MW = 119) and then pressed with a hydraulic pump to 10 tons. Raman 
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spectrum were recorded with a LabRAMHR spectrometer (Jobin-Yvon, Horiba, Tokyo, 
Japan) provided of a laser diode that emits at a wavelength of 532 nm. Transmission 
electron microscopy images (TEM) were taken with a Libra 120 Plus TEM instrument 
(EELS) at 80 kV (Carl Zeiss, Jena, Germany). Prior observation, the samples were 
dispersed in absolute ethanol (≥ 99.8% v/v) and deposited on copper microgrids coated 
with film of FORMVAR carbon. The particle size distribution (PSD) and ζ-potential were 
analysed by dynamic light scattering (DLS) with a Zetasizer Nano ZS analyser (Malvern 
Instruments Ltd., Malvern, UK) in aqueous suspensions (~0.5 mg/mL, room temperature) 
contained in polystyrene vials. For measurements of ζ-potential versus pH, suspensions 
of the nanoparticles were prepared at pHs from 4 to 9 using the MPT2 autotitrator with 
dilute HCl and NaOH (MW 39.997) solutions (0.25 and 0.1 M, respectively). Elemental 
analysis of Tb3+ was carried out by inductively coupled plasma mass spectroscopy (ICP-
MS) using a Perkin Elmer NexION 300D ICP Mass spectrometer (Perkin Elmer, 
Beaconsfield, UK). C and H were determined by thermoanalysis using Thermo 
Scientific™ FLASH 2000 CHNS/O Analyzer of Thermo Fisher Scientific (Waltham, MA, 
USA).  

2.4. Adsorption Kinetics  
For adsorption kinetic studies we prepared 7 eppendorf tubes containing 2 mg of 

adsorbent (cAp and cAp-Tb) in 1 mL of phosphate buffered saline (PBS) solution 
containing DF at the maximum solubility (0.45 mg/mL). The PBS buffer (pH = 7.4) was 
prepared with the following composition: 137 mM NaCl (MW = 58,44), 2,7 mM KCl (MW 
= 74.55), 10 mM Na2HPO4 and 1.8 mM KH2PO4 (MW = 136.08). The tubes were left in the 
dark each one for a different time: 1 h, 2 h, 4 h, 8 h, 15 h, 24h and 48 h. At the end of the 
experiment, the solid was decanted by centrifugation at 10,000 rpm for 5 min. The 
absorbance of the residual solution was then measured with an UV-Vis (Agilent 
Technologies Cary Series UV-Vis, Agilent Technologies, Madrid, Spain) 
Spectrophotometer at λ = 280 nm [39] and the amount of DF adsorbed per unit mass of 
adsorbent as a function of time determined. The DF concentration CDF was determined 
from the calibration straight line whose equation is the following: 

Abs = 32.267CDF + 0.02 (1)

2.5. Adsorption Isotherms  
Experiments were carried out in several Eppendorf tubes containing 2 mg of 

adsorbent (cAp and cAp-Tb) in 1 mL of PBS solution with varying concentrations of DF 
(0.05, 0.1, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40 and 0.45 mg/mL). The trials were carried out in 
triplicate under continuous stirring at 25 and 37 °C for 24 h (time higher than that 
necessary to reach the adsorption equilibrium according to adsorption kinetics). At the 
end, samples were centrifuged at 10,000 rpm for 5 min, and then filtered. The equilibrium 
concentration (Ceq, mg/mL) of DF in the supernatants were analysed by UV-Vis applying 
Equation (1). The adsorbed amount of DF per unit mass of adsorbent (Qads, mg/mg) was 
then calculated by difference between the initial (C0) and equilibrium (Ceq) concentrations, 
divided by the mass (mg) of adsorbent, for a 1 mL total volume. The plot of Qads versus Ce 
is the adsorption isotherm.  

2.6. Release Experiments  
Release experiments at a function of time (1 h to 7 days) were performed at 25 and 37 

°C under agitation using PBS (pH 7.4) and citrate/NaOH (pH = 5.2) buffers solutions. Each 
Eppendorf tube contained 2 mg of nanoparticles (DF-cAp and DF-cAp-Tb) with 
maximum adsorbed DF amount (Qmax) immersed in 1 mL buffer solution. At each 
programmed time, the suspensions were centrifuged at 10,000 rpm for 5 min, filtered, and 
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the CDF in the supernatant analysed by UV-Vis. All assays were performed in triplicate 
and in the dark since the DF is photosensitive.  

2.7. Luminescence Studies of cAp-Tb-DF Samples 
Measurements were carried out at 25, 37, and 40 °C, at pHs 5.2 and 7.4 (adjusted with 

diluted HCl and NaOH), using a 0.5 mg/mL suspension of cAp-Tb sample. The 
nanoparticles were loaded in 0.0, 0.1, 0.3 and 0.4 mg/mL DF solution for 24 h, as in the 
adsorption experiments. The excitation and emission wavelengths used were λexc = 350 
nm and λem = 545 nm. The instrumental parameters for the spectral characterization of the 
particles in aqueous suspensions were: td = 120 μs, tg = 5 ms, slitswidthexc/em = 20/20 nm and 
detector voltage 750 v. The instrumental parameters for the lifetime characterization were: 
td = 120 μs, tg = 0.01 ms, slitswidthexc/em = 20/20 nm and detector voltage 900 V. 

2.8. Cells  
The two human osteosarcoma cell lines MG-63 (CRL-1427) and U-2 OS (HTB-96TM), 

which were obtained from ATTC, were grown in Dulbecco modified Eagle’s medium 
(DMEM) (Sigma-Aldrich, Milan, Italy) supplemented with 10% foetal bovine serum (FBS), 
antibiotic solution (streptomycin 100 μg/mL and penicillin 100 U/mL, Sigma-Aldrich) and 
2 mM L-glutamine (complete medium) in a humidified atmosphere containing 5% CO2 at 
37 °C. Human primary osteoblasts (hOB) at passages from 2 to 7 obtained from explants 
of human trabecular bone fragments from knee joints taken at surgery (kindly provided 
by the Orthopedic Institute, Major Hospital Charity, Novara, Italy) were cultured in 
Iscove’s modified Dulbecco’s medium supplemented as above (complete Ob medium), as 
described previously [40]. Mesenchymal Stem Cells (MSCs) were obtained from the 
stromal vascular fraction of lipoaspirates, after enzymatic digestion with Collagenase NB4 
(SERVA Electrophoresis, GmbH, Heidelberg, Germany) and elimination of blood cells, 
isolated and characterized as described by Roato [41]. MSCs were induced to osteogenesis 
by 2 week treatment with (complete Ob medium containing 50 mg/mL ascorbic acid (MW 
176.12), 10 mM β-glicerophosphate (MW 216.04), and 10 nM dexamethasone (MW 392.5) 
(all from Sigma-Aldrich), which were changed every 3 days [42]. The osteogenic 
differentiation was evaluated by staining with an alkaline phosphatase detection kit 
(Millipore, Merk Millipore, Milano, Italy) according to the manufacturer’s protocol (see 
Supplementary data). These cells were named differentiated hOB. All patients were free 
of systemic disease or treatment. The samples represent surgical discharge materials, and 
therefore their use does not need ethics committee approval. All patients were informed 
about the scientific use of the materials removed and gave their consent. 

2.9. Cytocompatibility Tests 
MG-63 and U-2OS cells (5000 cells/wells in 96-well plates) were seeded and 24 h after 

different concentrations (ranging from 0.1 to 100 μg/mL) of the differentially DF uploaded 
nanoparticles, either Tb-doped or undoped, were added in 100 μL of fresh medium. 
Hydrogen peroxide (1 μM) was used as control of toxicity. After 72 h incubation, cell 
viability was evaluated by the 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) (MTT, Sigma) colorimetric assay, and the optical density was measured in a 
multiwell reader (2030 Multilabel Reader Victor TM X4, Perkin Elmer, Beaconsfield, UK) 
at 570 nm, as described [23]. In the case of hOB and differentiated hOB (15,000 cells/wells 
in 96-well plates) the assay was continued for 7 days, with careful medium changes every 
3–4 days. Viability of parallel cultures of untreated cells was used as 100% viability, and 
values obtained from cells undergoing the different treatments were referred to this value. 
Experiments were performed 3 times using 3 replicates for each sample.  

2.10. Inflammatory Cytokine Treatment 
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hOS, both induced and not, were seeded at a concentration of 15,000 cells/microwell 
and when 95% confluent (after about 3–4 days) recombinant human IL-1β, human TNF-α 
and human IFN-γ (ImmunoTools GmbH, Friesoythe, Germany) were added in complete 
culture medium at final concentrations of 1, 10, 100 ng/mL, respectively (cytokine mix), 
following a published protocol with some modifications [43]. The following day medium 
was changed with all cytokine concentrations reduced to 1:4 and after a further day the 
medium with the same cytokine concentration was changed and 50 μg/mL of UV-
sterilized Tb-doped NPs functionalized with DF or not and comparable amounts of 
soluble DF were added. Medium was then changed on day 3, maintaining the same 
concentrations of cytokines and of the different NPs and controls. Some experiments 
lasted 1 or 5 days.  

2.11. Quantitative Real-Time PCR (qPCR)  
hOS (500,000/6 cm diameter plate) were seeded and when confluent they were 

treated for induction of inflammation by the addition of the cytokines mixture. After 24 h 
cAp-Tb uploaded with DF or not were added at a concentration of 50 μg/mL. In this case, 
16 h later, total cell RNAs were extracted with Trizol (Invitrogen Life Technologies, 
Monza, Italy). After RNA purification and treatment with DNAse I (Fermentas, St. Leon-
Rot, Germany), 1 μg was retrotranscribed in cDNA with the RevertAid™ H Minus First 
Strand cDNA Synthesis Kit (Fermentas) using oligo(dT) primers. Gene assays were 
performed in triplicate for each treatment in a 20 μL reaction volume containing 1 μL of 
RT products, 10 μL Sso-Fast EVA Green SMX (Bio-Rad, Hercules, CA, USA), 500 nM each 
forward and reverse primers (COX-2, Fw: TATCACAGGCTTCCATTGACC; Rev: 
TTTCTACCAGAAGGGCAGGAT) [44]. Gene expression was normalized on the 
housekeeping gene ribosomal 18S rRNA (Fw: 5′-GTGGAGCGATTTGTCTGGTT-3′; Rev: 
5′-ACGCTGAGCCAGTCAGTGTA-3′). Automated CFX96 real-time thermocycler (Bio-
Rad) was used and the reaction conditions were 95 °C for 1 min, followed by 45 cycles at 
98 °C for 5 s and anneal/extend step for 5 s at 60 °C, with data collection. At the end of 
these cycles, a melting curve (65 °C to 95 °C, with plate read every 0.5 °C) was performed 
to assess the specificity of the amplification product by single peak melting temperature 
verification. Results were analysed with Bio-Rad CFX Manager. Calculations and 
statistical analyses were performed using GraphPad Prism version 5.00 for Windows 
(GraphPad Software, San Diego, CA, USA). 

2.12. PGE2 Production 
PGE2 produced by cells and released in the culture medium was evaluated in an 

ELISA Kit (Cayman kit, Vinci-Biochem, Vinci, Italy), according to the manufacturer’s 
protocol. This is a competitive-binding assay, which was performed on 1/5 diluted 
samples in triplicates and was repeated twice. Optical absorbance was read at 405 nm. 

2.13. Statistical Analysis 
Data were statistically analysed and are expressed as mean ± standard deviation. 

Statistical analyses were performed using a one-way ANOVA with Bonferroni’s post test 
for grouped analyses using GraphPad Prism version 5.04 for Windows, GraphPad 
Software (GraphPad Prism, San Diego, CA, USA). Differences at p < 0.05 were considered 
to be statistically significant. 

3. Results 
3.1. Characterization of the NPs  

Precipitation experiments yielded cAp and cAp-Tb NPs with needle-like 
morphologies, elongated along the c-axis, of 40 ± 10 nm and 30 ± 8 nm, respectively (Figure 
1). XRD patterns (see Supplementary Material, Figure S1) show the diffraction peaks at 2θ 
= 25.87° (002), 31.77°, 32.19° and 32.90° (planes (211), (112) and (300)), respectively, at 33.9° 
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(202) and 39.81° (310)) and minor reflections within the range 38°–55°, characteristics of 
the apatite phase (PDF 01-1008) [29]. 

  
Figure 1. TEM micrographs of cAp (a) and cAp-Tb NPs (b) prepared by thermal decomplexing 
method [27,29]. 

FTIR spectra (Figure S2a) display the main band at 1000–1100 cm−1 (asymmetric 
stretching υ3PO4), the shoulder at ~965 cm−1 (symmetric stretching υ1PO4), and the less 
intense bands at ~608 and 568 cm−1 (bending mode υ4 PO4). The presence of carbonate 
(CO32−) is attested by the small band at 873 cm−1 (υ2 CO3) and υ3CO3 mode, with bands 
~1417 cm−1 and 1468 cm−1. The band at ~1590 cm−1 observed in both samples, is ascribed to 
the antisymmetric stretching frequencies of the carboxylate groups of the citrate, 
indicating the citrate molecules are adsorbed on the apatite surface, as previously reported 
[27]. On the other hand, the complementary characterization by Raman (Figure S2b) 
reveals the main band at 960 cm−1 which corresponds to the antisymmetric vibration mode 
of phosphate groups (υ1PO4) of the apatite phase [45]. The elemental composition of the 
new cAp-Tb sample revealed by ICP-MS and thermoanalysis yields 30.78 wt% Ca, 14.44 
wt% P, 0.69 wt% Tb, 2.23 wt% C, and 0.53 wt% H. 

The measurements of DLS of the dispersed nanoparticles in aqueous media are 
shown in Figure S3, which displays the plots as a) PSD in volume and b) cumulative 
volume oversize distribution. The last one shows D10 percentiles for cAp and cAp-Tb of 
55 and 75 nm, respectively, which are close to the individual particle size observed by 
TEM. The D50 percentiles (75 and 276 nm) are affected by aggregation, especially in the 
cAp-Tb sample. The D90 are highly affected by aggregation.  

3.2. Adsorption Isotherms  
The evolution of the adsorbed amount of DF per unit mass of adsorbent (Qads) with 

the time on both substrates (Figure S4) draws different profiles but reveals that adsorption 
equilibrium is reached after about 15 h. Thus, the adsorption experiments for the 
elaboration of the isotherms were performed at 24 h, to assure that all points were 
determined after reaching the equilibrium.  

Figure 2 shows the adsorption isotherms (Qads vs. Ceq) of DF on cAp at 25 °C (a) and 
37 °C (c), and on cAp-Tb at 25 °C (e) and 37 °C (g). Adsorption data were fitted to different 
adsorption models: Langmuir [44-48], Freundlich [49] and Langmuir-Freundlich 
[30,50,51]. The Langmuir model considers a monolayer of adsorbate and the surface of the 
adsorbent energetically homogeneous. The linearized equation is described as: 1/𝑄_𝑒𝑞 = 1/𝑄_𝑚𝑎𝑥 + 1/ሺ𝑄_𝑚𝑎𝑥 𝐾_𝐿 𝐶_𝑒𝑞 ሻ (2)

being 𝑄_𝑚𝑎𝑥 the maximum adsorbed amount per unit mass of adsorbent (mg/mg) and 
KL the Langmuir affinity constant (L/mg). The Freundlich model considers an 
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energetically heterogeneous surface and multilayer adsorption. The linearized equation 
is:  log𝑄_𝑒𝑞 = log𝐾_𝐹 + 1/𝑛  log𝐶_𝑒𝑞 (3)

where the Freundlich constant 𝐾_𝐹 and 1/n are related to the adsorption capacity of the 
substrate and the intensity of the adsorption, respectively. The third model, Langmuir- 
Freundlich, is more versatile, and simulate both behaviours. The linearized equation is 
the following: ln ሺ𝑄/ሺ𝑄_ሺ𝑚𝑎𝑥ሻ െ 𝑄ሻሻ = 𝑟ln𝐾_𝐿𝐹 + 𝑟ln𝐶_𝑒𝑞 (4)

 
Figure 2. Adsorption isotherms of DF in (a) cAp at 25 °C, (c) cAp at 37 °C, (e) cAp-Tb at 25 °C, and 
(g) cAp-Tb at 37 °C. Fitting of adsorption data to the Langmuir-Freundlich model (b) cAp at 25 °C, 
(d) cAp at 37 °C, (f) cAp-Tb at 25 °C, and (h) cAp-Tb at 37 °C. 

In equation 4 KLF is the Langmuir-Freundlich constant and r the cooperativity 
coeficient, with r > 1 indicating a positive cooperativity or r < 1 negative cooperativity [50]. 

Only the Langmuir-Freundlich model fitted reasonably the adsorption data (Figures 
2b,d,f,h), with regression coefficients (R2) higher than 0.97 and 0.95 for cAp and cAp-Tb 
experiments, respectively, whereas the other two models yielded R2 < 0.7. This indicates 
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that DF adsorbs in multilayers with a limited number of layers. The KLF,r and Qmax values 
obtained by this model are shown in Table 1. 

Table 1. Regression coefficients and parameters KLF, r and Qmax determined from Langmuir-
Freundlich model. 

Substrate, T (°C) R2 KLF r Qmax (mg/mg) Adsorption Type 
cAp, 25 °C 0.9679 2.77 1.794 0.04648 Cooperative, high affinity 

cAp, 37 °C 0.9709 0.05 0.5536 0.05067 
Non-cooperative, low 

affinity 
cAp-Tb, 25 °C 0.9503 2.98 1.0973 0.05411 Cooperative, high affinity 

cAp-Tb, 37 °C 0.9482 0.65 0.3751 0.06306 
Non-cooperative, low 

affinity 

We can appreciate that at 25 °C the KLF values for cAp and cAp-Tb are higher than at 
37 °C, revealing the higher affinity of DF molecules for the adsorbent at this temperature. 
In addition, the r values at 25 °C are higher than 1, while at 37 °C are lower, indicating the 
process is cooperative at 25 °C and non-cooperative at 37 °C. However, Qmax is always 
higher in the cAp-Tb substrate irrespective of the temperature. 

3.3. ζ-Potential versus pH of Unloaded and DF-Loaded cAp and cAp-Tb NPs Suspensions 
The measurements of ζ-potential of both type of unloaded NPs (blue lines in Figure 

3) reveal a decrease to more negative values with increasing the pH, especially for the 
sample cAp-Tb, with values of −19 mV (pH 7) and of −16 mV (pH 5). This indicates that 
NPs tend to be dispersed in aqueous media at physiological and acidic pHs, which is a 
desirable feature in view of their applications in nanomedicine. 

 
Figure 3. Plots ζ-potential versus pH: (a) cAp (blue), cAp-DF loaded in solutions of DF 0.3 mg/mL 
(red) (Qads = 0.02304 mg/mg) and cAp-DF loaded in solutions of DF 0.45 mg/mL (green) (Qads =0.04246 
mg/mg). (b) cAp-Tb (blue), cAp-Tb-DF loaded in solutions of DF 0.3 mg/mL (red) (Qads =0.02680 
mg/mg) and cAp-Tb-DF loaded in solutions of DF 0.45 mg/mL (green) (Qads =0.04435 mg/mg). 

However, when loading the nanoparticles with DF in solutions of concentrations 0.3 
and 0.45 mg/mL, we found a different behaviour depending on the type of adsorbent. 
Thus, when loading cAp, the ζ-potential of cAp-DF nanoassemblies decreases (more 
negative), especially when their payload is higher. The behaviour is the opposite when 
loading cAp-Tb nanoparticles, being the ζ-potential of the cAp-Tb-DF nanoassemblies 
higher (less negative), especially when they were loaded in the solution with the lower 
DF concentration at pH ≤ 7. This finding reveals a higher tendency of the cAp-Tb-DF 
nanoassemblies to aggregate. Nevertheless, for the cAp-Tb-DF sample (Co = 0.45mg/mL 



Nanomaterials 2022, 12, 562 10 of 25 
 

 

DF, Qads = 0.04435 mg/mg), the ζ-potentials are still negative being −4.2 mV at pHs 5 and 
−10.6 mV at pH 7. 

3.4. Release Profiles and Release Efficiency  
Figure 4 shows the DF release profiles (Cdes vs. time) at pH 7.4 (a,b) and 5.2 (c,d) by 

comparing the effect of the temperature (25 and 37 °C) for both types of nanoparticles. It 
is observed that at pH 7.4 the released DF mass per mL of buffer solution at 37 °C is 
slightly higher than at 25 °C, and always higher for cAp than from cAp-Tb. At pH 5.2 the 
released amount from cAp-DF at 37 °C even increases within the time interval of the 
experiment (Figure 4c). It is worth mentioning the peculiar release profile of the cAp-Tb 
substrate at 37 °C, which shows a burst during the first 10 h, and then stabilizing with 
time. 

 
Figure 4. Release profiles of DF from (a) cAp-DF at 25 and 37 °C, pH 7.4; (b) cAp-Tb-DF at 25 and 
37 °C, pH 7.4; (c) cAp-DF at 25 and 37 °C, pH 5.2, and (d) cAp-Tb-DF at 25 and 37 °C, pH 5.2. 

When comparing the effect of pH (7.4 and 5.2) on the release of DF a higher release 
was observed at pH 5.2 (citrate buffer) than at pH 7.4 (PBS buffer), at both temperatures, 
with the only exception for cAp at 25 °C after the first 10 h of the experiment, when the 
delivery trend versus pH is the opposite (Figure 5a–d). This pH-responsive drug release 
behaviour is very useful concerning DF delivery in pathological environments. 

The release efficiency Dr [30,50] defined as the percentage of drug released at a given 
time (t) respect to maximum amount of drug adsorbed (Equation (5)),  𝐷𝑟 ሺ%𝑤𝑡ሻ = 𝑄_ሺሺ𝑡ሻ ሻ/𝑄_ሺ𝑚𝑎𝑥 ሻ    ൈ  100 (5)

revealed that considering the larger times of the experiment, Dr and QD,max for cAp-DF are 
in general larger than for cAp-Tb-DF at both pHs (see Table 2). This trend is just the 
opposite to that found in the adsorption experiments, in which the maximum adsorption 
corresponded to cAp-Tb. 
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Figure 5. Release kinetics of DF from cAp-DF at 25 °C (a) and 37 °C (c) and from cAp-Tb-DF at 25 
°C (b) and at 37 °C (d) at pH 7.4 (green line) and 5.2 (red line). 

Table 2. Maximum released amount of DF per unit mass of adsorbent (QD,max, mg/mg) and Dr at 
pHs 7.4 and 5.2 for cAp-DF and cAp-Tb-DF nanoassemblies. 

Parameter 
cAp-DF, 

25 °C,  
pH = 7.4 

cAp-DF, 
37 °C, 

 pH = 7.4  

cAp-Tb-DF, 
25 °C, 

pH = 7.4 

cAp-Tb-DF, 
37 °C, 

pH = 7.4 

cAp-DF,  
25 °C, 

pH = 5.2 

cAp-DF,  
37 °C, 

pH = 5.2 

cAp-Tb-DF, 
25 °C,  

pH = 5.2 

cAp-Tb DF, 
37 °C,  

pH = 5.2 
QDmax (mg/mg) 0.01128 0.01177 0.01007 0.01066 0.01048 0.01300 0.01073 0.01185 

Dr (%wt) 24.26 23.24 18.55 16.90 23.33 25.66 19.84 18.79 

3.5. Luminescence Properties of Unloaded and DF-Loaded cAp and cAp-Tb NPs Suspensions 
It is well-known that Tb3+- luminescent chelates shows narrow-banded, line-type 

fluorescence with long Stokes shifts and high luminescence decay times [52]. This 
luminescent emission can be used for sensitized fluorescence detection of chelates [53], 
the development of FRET analytical methods [54], as well as for the incorporation of 
luminescent properties to materials in order to develop new imaging applications [29,34]. 
In this work, Tb3+ was incorporated to provide the nanocarrier with a luminescence signal 
which can be measured to determine where the particles are located. 

Figure 6 shows the excitation and emission spectra of NPs dispersed in aqueous me-
dia at pH 5.2 at 37 °C which are similar to those obtained for 25 and 40 °C as well as for 
pH 7.4 at these three temperatures (see Supplementary Material Figures S5–S9). 
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Figure 6. Excitation (dashed lines) and emission (solid lines) uncorrected spectra of cAp-Tb-DF sam-
ples containing different DF adsorbed amounts, dispersed in a pH 5.2 aqueous suspension at 0.5 
mg/mL and 37 °C. The instrumental conditions were td = 120 μs, tg = 5 ms, slitwidthexc/em = 20 nm / 
20 nm and detector voltage 750 V. 

Concerning the excitation wavelength (λexc), these particles can be excited at the 
Charge Tranfer Band, CTB [55], (centred at 230 nm approximately) obtaining the same 
emission spectra as that obtained by exciting at 350 nm [34]. In order to increase the bio-
logical applicability of the system, 350 nm (corresponding to the Tb3+ 7F6→5L9,5D2,5G5 tran-
sition [56] was selected as excitation wavelength. 

Concerning the emission wavelengths (λem), they are centred at 491, 545, 586 and 623 
nm, corresponding to the Tb3+ 5D4→7F6, 5D4→7F5, 5D4→7F4 and 5D4→7F3 transitions, respec-
tively [57]. The emission wavelength which produces the highest relative luminescence 
intensity (R.L.I.) corresponds to the hypersensitive transition without inversion centre 
(5D4→7F5, 545 nm for Tb3+) Therefore, the optimum λexc and λem of solid particles were 350 
and 545 nm, respectively. 

Figure 7 shows the effect of DF concentration. It is possible to conclude that the ad-
sorption of DF on the particles does not affect significantly the Tb3+ luminescence emis-
sion. Therefore, this signal cannot be used to determine if DF is released or not. 
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Figure 7. Effect of the DF concentration on the R.L.I. of the particles suspended in aqueous suspen-
sion at different pHs and temperatures: (a) T = 25 °C, (b) T = 37 °C and (c) T = 40 °C. Excitation 
(dashed lines) and emission (solid lines) uncorrected spectra of samples containing different DF 
concentrations dispersed in a pH 5.2 aqueous suspension at 0.5 mg/mL and 37 °C. The instrumental 
conditions were λexc/em = 350/545 nm, td = 120 μs, tg = 5 ms, slitwidthexc/em = 20/20 nm and detector 
voltage 750 V. 

Figure 8 shows the effect of pH and temperature. We can observe that, at all tested 
DF concentrations, the signals at pH 5.2 are higher than those obtained at pH 7.4. Thus, 
the luminescence emission of these particles could be used to determine pH changes, 
which are related to inflammatory processes. In addition, it is possible to conclude that 
the luminescence signal is not affected between 25 and 40 °C demonstrating that it can be 
used for biological applications, since the luminescence is not affected by local increases 
of temperature due to inflammatory processes. 
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Figure 8. Effect of the pH and the temperature on the R.L.I. of the cAp-Tb-DF with different amounts 
of DF adsorbed suspended in aqueous media at different pHs and temperatures [(a) 25 °C, (b) 37 °C 
and (c) 40 °C, (d) pH 5.2 and (e) pH 7.4]. In all measurements the concentration of the suspended 
particles was 0.5 mg/mL and the instrumental conditions were λexc/em = 350/545 nm, td = 120 μs, tg = 
5 ms, slitwidthexc/em = 20/20 nm and detector voltage 750 V. 

Figures S10–S15 in Supplementary Materials show the luminescence decay curves. 
For each case, the decay profile was analysed as a single exponential component (Equation 
6) 

      𝑅. 𝐿. 𝐼. = 𝑒ቀି೟ಜቁ + 𝐶            (6) 
 

Figure 9 shows the variation of the luminescence lifetime (τ) versus DF concentration, 
pH and temperature. It is shown that only pH is affecting the lifetime; larger lifetimes are 
obtained at pH 7.4 than at pH 5.2 while different DF concentrations and temperatures do 
not affect the luminescence lifetimes. 
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Figure 9. Effect of DF concentration, pH and temperature on the luminescence lifetime of the parti-
cles suspended in aqueous suspension. In all the cases the concentration of the suspended particles 
was 0.5 mg/mL and the instrumental conditions were λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, 
slitwidthexc/em = 20/20 nm and detector voltage 900 V. 

3.6. Cytocompatibility of the Different Nanoparticles 
The cytocompatibility of cAp NPs, doped with Tb or not, and uploaded with differ-

ent concentrations of DF was first assessed on two human osteosarcoma cell lines (MG-63 
and U2OS) in MTT assays performed after 3 days of incubation with NPs (Figures 10 and 
S16). No significant toxicity was observed in any condition; only when cells were incu-
bated with the highest NPs concentration of 100 μg/mL cell viability was decreased, but 
it was always higher than 80%, which are values above the cut off of 70% indicated by ISO 
10993-5:2009 [58]. cAp NPs cytocompatibility was tested also on primary human osteo-
blasts (hOB) and on differentiated hOBs, which stained positive for alkaline phosphatase 
(Figure S17), a typical marker of bone differentiation. In view of the fact that experiments 
of inflammation would last longer than 3 days, and that 100 μg/mL reduced somehow the 
viability of the osteosarcoma cell lines, MTT assays were carried out also after 1 week of 
incubation with NPs and lower doses of NPs, ranging from 50 to 0.5 μg/mL were assessed. 
Similar data were obtained at the two end-points evidencing no significant reduction in 
cell viability and results were in line with those obtained with the two osteosarcoma cell 
lines. In particular Figure 11 shows the results obtained with Tb-doped NPs. All the cells 
were sensitive to the addition of 1 μM hydrogen peroxide, since their viability was re-
duced to about 30–50%. Thus, these data show the good cytocompatibility of the different 
nanoparticles that will be used in this study. 
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Figure 10. Viability of MG-63 cells (a) and of U-2OS cells (b) incubated with cAp-DF particles loaded 
with different DF concentration, ranging from 0.1 to 0.45 mg/mg NP, for three days. Viability was 
assessed in MTT assays. Data represent means ± sd of three independent experiments performed in 
triplicate and statistical analyses were carried on using One-way ANOVA, with Bonferroni compar-
ison test. For statistical analysis all data were compared to untreated samples and only samples 
treated with 1μM H2O2 displayed statistically significant difference (*** p < 0.001, **** p < 0.0005). 

 
Figure 11. Viability of human primary osteoblasts hOB (a) and of hOB differentiated from mesen-
chymal stem cells (b) incubated with different concentrations of cAp-Tb particles loaded with DF 
(50 μg/mL) and unloaded, and comparable soluble DF amounts for seven days. Viability was as-
sessed in MTT assays. Data represent means ± sd of three independent experiments performed in 
triplicate and statistical analyses were carried on using One-way ANOVA, with Bonferroni compar-
ison test. For statistical analysis all data were compared to untreated samples and only samples 
treated with 1μM H2O2 displayed statistically significant difference (*** p < 0.001). 

3.7. Effect of DF-Loaded Nanoparticles on the Osteoblasts Treated for Inflammation: COX-2 
Expression 

To assess the expression of COX-2 mRNA we performed semiquantitative RT-PCR. 
Differentiated hOB cells showed a low basal expression of the enzyme that was signifi-
cantly increased after the stimulation with inflammation cytokines for 16 h, as determined 
by the calculation of relative expression (2^ –𝛥𝛥Ct; Figure 12). The exposure to cAp-Tb 
induced a slightly significant increase of COX-2 expression, indicating a minimal interfer-
ence of these NP on cell metabolism. On the other hand, the challenge of hOB cells with 
soluble DF, a potent competitive antagonist of COX-2, did not alter the induction of COX-
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2 expression evoked by inflammatory stimuli. This observation was also confirmed in the 
cells treated with cAP-Tb-DF 50 μg/mL. Soluble DF 2.5 μg/mL concentration was chosen 
to pair the amount released from cAP-Tb-DF at 50 μg/mL, as described above. These data 
were related to prostaglandin-E2 release in order to show any possible interaction on COX-
2 mRNA expression levels. 

 
Figure 12. Effect of inflammation stimuli, cAP-Tb and soluble DF or cAp-Tb-DF, on COX-2 mRNA 
levels were assayed on hOB differentiated from mesenchymal stem cells. Cells were incubated for 
24 h in presence or absence of the inflammatory stimuli. Data were calculated by comparing the fold 
increase vs. the untreated control and significance is shown on the figure. Bonferroni comparison 
post-test analysis of each treatment was calculated vs. the inflammation stimuli effects (marked as 
+). Data indicated that DF and cAp-Tb-DF did not significantly modify the expression pattern in-
duced by inflammation. Data represent means ± SD of four independent experiments (* p < 0.01, **** 
p < 0.0005). 

3.8. DF-Loaded Nanoparticles Inhibit the Release of PGE2 from Osteoblasts Treated for 
Inflammation 

The concentration of PGE2 in the culture medium was measured on days 1 and 5 
using a PGE metabolite assay kit, which converts all major PGE2 metabolites in a single 
stable derivative, thus making more reliable the evaluation of PGE2 production. The 
amount of 50 μg/mL NPs was chosen for these experiments, since 100 μg/mL decreased 
cell viability, although not significantly. This amount was the best compromise for loading 
a significant amount of DF, and in the meantime it was fully cytocompatible. PGE2 was 
constitutively released from hOB induced from mesenchymal stem cells at a measurable 
level (Figure 13: 50 ± 10 pg/mL), which was increased 9 fold (450 ± 64 pg/mL) 1 day after 
the inflammation treatment. The addition of cAp-Tb-DF to osteoblasts treated for inflam-
mantion reduced the amount of the released PGE2 to about 4% (25 ± 5 pg/mL) of the 
amount released upon the inflammatory treatment, at levels even below the amount of 
the basally produced PGE2. cAp-Tb NPs did not show a significant inhibitory effect (435 
± 35 pg/mL), while soluble DF at comparable concentrations reduced PGE2 release at about 
the same levels observed for DF loaded on NPs (16 ± 4 pg/mL). Thus, DF treatment re-
duced of >95% the amount of PGE2 released 1 day after the inflammatory treatment. 

When the levels of the released PGE2 were measured after 5 day treatments, similar 
results were observed, although all the values were increased. In this case the amount of 
constitutively released PGE2 was 135 ± 15 pg/mL, which was increased about 5 times by 
the inflammatory treatment (680 ± 35 pg/mL), reaching even higher levels than those ob-
served after 1 day. Coincubation with cAp-Tb-DF, as well as with soluble DF, resulted in 
a significant inhibition of cytokine-induced PGE2 production (110 ± 12 and 87 ± 25, respec-
tively), with a reduction around 85%. 
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Figure 13. Effect of cAp-Tb-DF NPs on PGE2 released from differentiated hOBs treated with inflam-
matory cytokine mixture (IL-1β, TNF-α, IFN-γ; +). After 2 days, the different cAp (50 μg/mL) or DF 
(at comparable amount) were added and cells were incubated for further 1 day or 5 days. (see MM 
section for details). Data represent means ± sd of three independent experiments performed in trip-
licate and statistical analyses were carried on using One-way ANOVA, with Bonferroni comparison 
test. For statistical analysis all data were compared to control untreated samples and the effect of 
DF was determined vs. the inflammatory treatment. Statistical significance (* p < 0.01, ** p < 0.005, 
*** p < 0.001, **** p < 0.0005). 

4. Discussion 
cAp NPs are efficient tools for delivering biologically active molecules that might 

find applications in theranostics, especially in the field of oncology [59,60]. Herein we 
have prepared cAp and cAp-Tb nanoparticles and investigated their loading/release abil-
ity of DF, a potent non-steroidal antiinflammatory drug, using both nanocarriers in dif-
ferent conditions, and we have analyzed their cytocompatibility as well as their biological 
activities in an in vitro human osteoblast inflammation model. Indeed, today bone tissue 
pathologies, such as osteoporosis, osteoarthritis, rheumatoid arthritis represent important 
health problems with considerable socio-economic burden, linked to the general popula-
tion aging [8,9] and are all characterized by a clinical condition of inflammation. 

As a result of the study, we have determined that cAp and cAp-Tb NPs -DF adsorp-
tion isotherms follow the Langmuir-Freundlich model at the two temperatures analysed 
of 25 °C and 37 °C. Our data indicates that the adsorption is heterogeneous and takes place 
in multilayers, with a finite thickness. The KLF constants at 25 °C are higher than at 37 °C, 
for both NPs, thus showing a higher affinity of the DF molecules for the adsorbent at room 
temperature. Moreover, at 25 °C the adsorption is cooperative (r > 1) indicating that the 
binding of one molecule facilitates the adsorption of the next one, and that two or more 
molecules can even be adsorbed together. On the contrary, at 37 °C the adsorption is non-
cooperative, indicating that the adsorption of one molecule is not facilitated by the ad-
sorption of the previous one. The maximum adsorbed amounts Qmax, however, are greater 
at 37 °C, although they do not exceed the 0.063 mg/mg adsorbed on cAp-Tb for an initial 
DF concentration in the solution of 0.45 mg/mL. The influence of the temperature on the 
adsorption processes, in general, is well documented [51]. Adsorption is an exothermic 
phenomenon, and thus an increase in temperature leads to a decrease in the adsorption 
capacity, which results in a lower KLF, but, at the same time, it favours the solvate-solvate 
interaction so that the outermost layers attract a greater number of molecules. 

Adsorption is influenced also by the pH, especially when the adsorbents are ionic 
salts, since it determines their surface speciation, i.e., the concentration of cationic, anionic 
and neutral surface species (in apatite the species > Caδ+ and >POxδ−) and, therefore, the net 
surface charge and the value and sign of the ζ-potential of NP colloidal suspensions. In 
this work the adsorption experiments were carried out on NPs coated with citrate at pH 
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7.4. At this pH, the ζ-potentials of cAp and cAp-Tb nanoparticle suspensions are ~ −5 mV 
and ~20 mV, respectively (Figure 3), indicating that in both cases the surface is negatively 
charged. The net negative charge is due to the citrate, which is a tricarboxylic acid, whose 
pKs are pK1 = 3.128, pK2 = 4.761, and pK3 = 6.396. At pH 7.4, citrate would be electrostati-
cally adsorbed on the apatite surface with one or two carboxylates (-COO−), leaving the 
third deprotonated carboxylate exposed towards the solution [48]. In cAp-Tb, some of the 
surface species would be >Tbδ+ atoms, which would mediate a slightly stronger electro-
static adsorption of citrate, resulting in more negatively charged nanoparticle (more neg-
ative ζ-potential). After adsorbing DF at pH 7.4 (25 °C), either at 0.3 mg/mL (Qads = 0.02304 
mg/mg), or at 0.45 mg/mL (Qads = 0.04246 mg/mg) concentrations, both cAp suspensions 
are stable (ζ-potential very different from 0), although in different pH intervals, as shown 
in the graphs ofζ-potential versus pH (Figure 3a).In the first case, this is in the range 7 < 
pH ≤ 9 and to a lesser extent in the interval 4 < pH < 7, while in the second it is in the 
interval 6 < pH ≤ 8 and to a lesser extent in 4 <pH ≤ 6. Comparing the ζ-potential at pH 7, 
before and after the adsorption of DF, the values went from −5.0 mV, to −6.9 mV in the 
first case and to −12.5 mV in the second one. A possible explanation is that the adsorption 
of Na+ and H+ on the freely exposed -COO− groups of citrates, which partially neutralizes 
the negative charge, is followed by the adsorption of DF molecules through the dichloro 
phenyl ring, leaving the acetate group of the second phenyl exposed toward the solution, 
whose number would increase for cAp-DF loaded at 0.45 mg/mL (Qads= 0.04246 mg/mg). 
The multilayer could be produced by π-π interaction between aromatic rings of different 
DF molecules. In the case of cAp-Tb-DF loaded with the 0.3 mg/mL DF solution (Figure 
3b, Qads = 0.02680 mg/mg), the suspension is quite stable in the range 6 < pH ≤ 8, and un-
stable at pHs lower and higher than these, since the ζ-potential is around 0. The suspen-
sion of cAp-Tb-DF particles loaded with the 0.45 mg/mL solution (Qads = 0.04435 mg/mg) 
shows a slight stability in the range 5 ≤ pH ≤ 7, and instability at lower and higher pHs, 
with ζ-potential values close to 0 (Figure 3b). Comparing at pH 7, the values went from 
−19.0 mV for the unloaded particles to −10.6 mV and −2.05, for the DF-loaded ones, re-
spectively. The presence of >Tbδ+ atoms on the surface of cAp-Tb nanoparticles influenced 
both citrate and DF binding differently to what observed for the cAp nanoparticles. Thus, 
DF showed almost similar affinity for the citrate-coated nanoparticles (similar KLF value), 
but a lower r value, and outermost DF layers were less negatively charged. 

Concerning the release trials, a slightly higher amount of drug was found to be re-
leased at acidic pH and at 37 °C. This can be explained on the following basis. Since the 
medium is acidic (pH = 5.2) and DF is a weak acid (pKa = 3.99), its non-ionized form is 
still abundant and this favours the release of the molecules from the outermost layers in 
this medium, which would be more loosely linked. 

Comparing the results of this work with those of the adsorption of a chemotherapeu-
tic drug (doxorubicin) on cAp previously performed [50], we observed that at 37 °C the 
KLF values for DF (KLFcAp = 0.0572 and KLF cAp-Tb = 0.651) are lower than for doxorubicin 
(KLFcAp = 8). This indicates that doxorubicin is more strongly attracted to apatite than DF, 
since the molecule is positively charged and interacts electrostatically with the free car-
boxylates of the citrate molecules. 

Other studies of DF adsorption have been reported in the literature. In particular, DF 
was adsorbed on activated carbon at pH 4 at 80 °C, and in this case the adsorption fol-
lowed the Langmuir model [61], and on bentonite at neutral pH and temperatures from 
10 to 77 °C [62]. Nanocarriers of different composition have also been studied for the de-
livery of DF for biomedical applications, such as polysaccharides [63], poly(ε-caprolac-
tone) micelles [64,65], magnetic NPs [66]. Concerning the adsorption of DF on any form 
of apatite as adsorbent, it was recently reported the adsorption on amino hydroxyap-
atite/chitosan/glutaraldehyde hybrids composites at pH 6 [67], and the release of DF from 
injectable CaP-loaded systems to treat inflammation [68], but these authors did not study 
the adsorption isotherms, nor used luminescent apatites, therefore we cannot compare 
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our results. In line with what we reported here (see beyond), in all these cases the compo-
sitions showed an anti-inflammatory activity on inflammation in vitro and in vivo exper-
imental models. 

In this work, Tb3+ was incorporated to provide the nanocarrier with a luminescence 
signal which can be measured to determine where the particles are located for imaging 
applications [29,55]. The excitation and emission spectra of NPs dispersed in aqueous me-
dia at pH 5.2 or pH 7.4 and at different temperatures (25, 37 and 40 °C) were similar. In 
view of possible biological applications of the system the optimum λexc and λem of solid 
particles suggested are 350 nm and 545 nm, respectively. The luminescence results of the 
cAp-Tb-DF conjugated nanoparticles show that R.L.I. is higher at pH 5.2 than at pH 7.4, 
and the luminescence lifetime higher at pH 7.4 than at 5.2, and that neither the concentra-
tion of DF nor the temperature affect the R.L.I. and the luminescence lifetime significantly. 
Thus, this signal cannot be used to determine if DF is released or not. On the other side, 
the luminescence emission of these particles could be used to determine pH-changes, 
which are associated to the inflammatory processes. These NPs could be used in the con-
text of inflammation, where local increases of temperature are observed, also because lu-
minescence emission of these NPs does not change between 25 and 40 °C. 

When tested on cells, all NPs displayed high cytocompatibility on two human osteo-
sarcoma cell lines after 3 day incubation. These NPs were cytocompabible after 7 days of 
incubation also on human osteoblasts, both primary, which were obtained from explants 
of human trabecular bone fragments, and differentiated with an appropriate protocol 
from human mesenchymal stem cells. These data are in line with previous ones, reporting 
the properties of other lanthanide-doped nanocrystals [27,69]. The absence of toxicity after 
long incubation time allowed us to do experiments lasting up to 5 days to assess the effects 
of the DF loaded on Tb-doped NPs. NPs loaded with the highest amounts of DF (0.45 
mg/mg NP) released enough soluble DF (0.046 mg/mg NP) to promote an anti-inflamma-
tory effect in osteoblasts. We adopted a model where a cytokine mixture induced a signif-
icant inflammatory response in these cells monitored by the quantification of the cellular 
release of PGE2, an important inflammatory mediator produced after COX-2 enzyme ac-
tivation [70]. To confirm that these nanoparticles do not interfere with the transcription of 
this enzyme, we performed quantitative real time PCR for determining COX-2 mRNA 
levels. Our data show that these nanocarriers do not influence cell metabolism at a tran-
scription level. These data were also confirmed by the high levels of COX-2 mRNA ex-
pression observed after the treatment with DF-loaded cAP-Tb or soluble DF in the inflam-
mation cell model which were comparable to the levels observed for the inflammation 
stimuli treatment. Thus, the significant reduction in the PG22 release that we observed 
after the treatment of the inflamed cells with DF loaded cAp-Tb could be attributed spe-
cifically to the ability of cAp-Tb to release DF. 

These results show the potential of cAp nanoparticles as nanocarriers for loading and 
controlled release of DF, and of cAp-Tb nanoparticles as luminescent nanoprobes with 
diagnostic, as well as therapeutic (theranostic) applications in pathological conditions. 

5. Conclusions 
We have studied the loading/release ability of DF on biomimetic cAp and cAp-Tb. 

The adsorption of the drug in both apatites has shown that, both at 25 °C and at 37 °C, 
follows the Langmuir-Freundlich model, giving rise to the formation of multilayers. The 
KLF constants at 25 °C (KLF cAp = 2.77 and KLF cAp-Tb = 2.98) are greater than at 37 °C (KLF 
cAp = 0.0572, and KLF cAp-Tb = 0.651), reflecting a higher affinity for the molecules by the 
nanoparticles at 25 °C, and in particular towards cAp-Tb. Furthermore, in both cases the 
adsorption is cooperative.  

The release of DF from the nanoparticles is favoured when it occurs at an acidic pH 
(5.2) and at a temperature of 37 °C, releasing 2% more of the drug than in a neutral me-
dium. This data is relevant since the aim of this study is to be able to use biomimetic na-
noparticles loaded with DF in pathological conditions, in bone trauma and fractures, in 
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which prolonged inflammatory processes occur with a local increase in temperature and 
a decrease in the pH of the medium. The luminescence results of the cAp-Tb-DF conju-
gated nanoparticles show that R.L.I. is higher at pH 5.2 than at pH 7.4, and the lumines-
cence lifetime higher at pH 7.4 than at 5.2, and that neither the concentration of DF nor 
the temperature affect the R.L.I. and the luminescence lifetime significantly. Lumines-
cence emission of these particles could have biological applications in inflammation, since 
it can detect pH-changes, not being affected by the raise of temperature, being both con-
ditions associated with the inflammatory process. Concerning cell behaviour, all the 
nanocarriers studied showed no reduction in osteoblasts cell vitality and in an in vitro 
model of osteoblasts cytokine–induced inflammation, they affected COX-2 expression and 
decreased the cellular production of prostaglandin E2. These results show the potential of 
cAp nanoparticles as nanocarriers for loading and controlled release of DF, and of cAp-
Tb nanoparticles as luminescent nanoprobes with diagnostic, as well as therapeutic 
(theranostic) applications in pathological conditions. 

Supplementary Materials: The following figures are available online at www.mdpi.com/arti-
cle/10.3390/nano12030562/s1. Figure S1: X-ray diffraction patterns of cAp and cAp-Tb prepared by 
thermal decomplexing method, Figure S2: (a) FTIR and (b) Raman spectra of cAp and cAp-Tb pre-
pared by thermal decomplexing method, Figure S3: (a) PSD in volume and (b) cumulative oversize 
PSD of cAp and cAp-Tb. Figure S4: Evolution of the adsorbed amount of DF with time on cAp (a) 
and cAp-Tb (b). Figure S5: Excitation (dashed lines) and emission (solid lines) uncorrected spectra 
of samples containing different DF concentrations dispersed in a pH = 5.2 aqueous suspension at 0.5 
mg/mL and 25 °C. Figure S6: Excitation (dashed lines) and emission (solid lines) uncorrected spectra 
of samples containing different DF concentrations dispersed in a pH = 5.2 aqueous suspension at 0.5 
mg/mL and 40 °C. Figure S7: Excitation (dashed lines) and emission (solid lines) uncorrected spectra 
of samples containing different DF concentrations dispersed in a pH = 7.4 aqueous suspension at 0.5 
mg/mL and 25 °C. Figure S8: Excitation (dashed lines) and emission (solid lines) uncorrected spectra 
of samples containing different DF concentrations dispersed in a pH = 7.4 aqueous suspension at 0.5 
mg/mL and 37 °C. Figure S9: Excitation (dashed lines) and emission (solid lines) uncorrected spectra 
of samples containing different DF concentrations dispersed in a pH = 7.4 aqueous suspension at 0.5 
mg/mL and 40 °C. Figure S10: Luminescence decay curves at different DF concentrations of 0.5 
mg/mL suspended particles at 25 °C and pH 5.2. λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slit-
widthexc/em = 20/20 nm and detector voltage 900v. Figure S11: Luminescence decay curves at different 
DF concentrations of 0.5 mg/mL suspended particles at 37 °C and pH 5.2. λexc/em = 350/545 nm, td = 
120μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and detector voltage 900 v. Figure S12: Luminescence 
decay curves at different DF concentrations of 0.5 mg/mL suspended particles at 40 °C and pH 5.2. 
λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and detector voltage 900 v. 
Figure S13: Luminescence decay curves at different DF concentrations of 0.5 mg/mL suspended par-
ticles at 25 °C and pH 7.4. λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and 
detector voltage 900 v. Figure S14: Luminescence decay curves at different DF concentrations of 0.5 
mg/mL suspended particles at 37 °C and pH 7.4. λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slit-
widthexc/em = 20/20 nm and detector voltage 900 v. Figure S15: Luminescence decay curves at differ-
ent DF concentrations of 0.5 mg/mL suspended particles at 40 °C and pH 7.4. λexc/em = 350/545 nm, td 
= 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and detector voltage 900 v. Figure S11: Luminescence 
decay curves at different DF concentrations of 0.5 mg/mL suspended particles at 37 °C and pH 5.2. 
λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and detector voltage 900 v. 
Figure S12: Luminescence decay curves at different DF concentrations of 0.5 mg/mL suspended par-
ticles at 40 °C and pH 5.2. λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and 
detector voltage 900 v. Figure S13: Luminescence decay curves at different DF concentrations of 0.5 
mg/mL suspended particles at 25 °C and pH 7.4. λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slit-
widthexc/em = 20/20 nm and detector voltage 900 v. Figure S14: Luminescence decay curves at differ-
ent DF concentrations of 0.5 mg/mL suspended particles at 37 °C and pH 7.4. λexc/em = 350/545 nm, td 
= 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and detector voltage 900 v. Figure S15: Luminescence 
decay curves at different DF concentrations of 0.5 mg/mL suspended particles at 40 °C and pH 7.4. 
λexc/em = 350/545 nm, td = 120 μs, tg = 0.01 ms, slitwidthexc/em = 20/20 nm and detector voltage 900 v. 
Figure S16: Viability of MG-63 cells (a) and of U-2OS cells (b) incubated with cApTb-DF particles 
loaded with different DF concentration, ranging from 0.1 to 0.45 mg/mg NP, for three days. Figure 
S17: Osteoblasts differentiated from human mesenchymal stem cells express alkaline phosphatase. 
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