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Chapter 1 

Development of iron oxide nanocubes-based 

nanocomposites for cancer cell sorting 

… 

1.1 Introduction 

Cell sorting is defined as the isolation of cells from a heterogeneous biological sample. This powerful 

technique can find important applications in 1) the isolation of a desired population from a bulk mass of 

cells;[1] 2) the identification of unhealthy cells at the early stage of the disease;[2] 3) the detection of 

circulating cancer cells (CCCs) involved in tumor metastasis.[2] Magnetic sorting via the use of magnetic 

nanoparticles has been so far explored for several purposes, ranging from immunology for the isolation 

of immune system cells from organs and tissues, to cellular biology for the sorting of different cell 

types.[3-7] Nowadays, most of the tumors are recognized when their mass has reached a critical size and, 

often, when the metastatic process has already started.[8] The individuation of cancer cells or genetic 

materials from tumors at the initial stage of tumor growth would allow an early intervention, thus 

increasing the survival rate of the patients. A promising target is represented by circulating cancer cells 

(CCCs) or DNA derived by CCCs, which are involved in the spread of tumor inside the body.[2, 9-15]. 

Since biological materials circulate in the blood stream, they can be potentially recognized via a simple, 

fast and not invasive approach, by incubating magnetic materials (properly functionalized to recognize 

the target cells) on plasma sample, at a stage when biopsy cannot detects tumors. Despite of the powerful 

treatment methods already available, the early diagnosis of cancer in the patient is crucial for the 

prognosis.[16] The major limitation of using CCCs as diagnostic markers is related to their relatively low 

concentration in the blood, which makes difficult their individuation and isolation from other circulating 

cells.[17] Therefore, the development of tools able to recognize CCCs and their genetic side product in 

the blood stream is extremely important for an early stage cancer diagnosis and the application of an 

effective therapeutic procedure. Among the numerous types of cancer tumors, the ovarian cancer is the 

fifth leading cause of cancer-related death among women. Recurrence and poor prognosis are the major 

causes for a five year survival rate of about 45%.[18] Therefore, in this project it was developed a strategy 

to provide a fast and reliable detection and sorting of ovarian cancer cells for diagnosis. The proposed 

strategy includes the synthesis of magnetic nanobeads (MNBs), composed of magnetic nanoparticles, 

embedded in a polymeric shell that provides aqueous stabilization. The first work presented by Di Corato 

et al. relied on the use of spherical iron oxide nanoparticles for MNBs synthesis.[19] They demonstrated 

the efficient sorting and labeling of folate receptor positive cells. [19] Afterwards, the synthesis procedure 

was changed by Materia et al.[20] using iron oxide nanocubes with very high magnetic response.[21-23] 

These MNBs have a cumulative magnetic moment higher than that showed by magnetic nanobeads made 

with spherical nanoparticles. Thus, they have the peculiar properties to respond faster to an external 

magnetic field. Starting from these results the work here discussed aimed to obtain MNBs suitable for 
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labelling and enriching the cells/biological material of interest from a heterogeneous suspension. In order 

to sort the desired cells, targeting units on MNB surface are required. In particular, it must provide 

sensitivity and specificity to the nanocomposite toward the ovarian cancer cells. The biomolecule used 

in this project was the folic acid (FA), which is able to target folate receptor (FR). There are four different 

types of folate receptors. Three of them are expressed in adult cells while the fourth is related to the 

development of embryo. The three isoforms expressed in the adult are called FRα, FRβ and FRγ, and are 

responsible for the mediation of the extracellular folate uptake, essential carbon-donor for the synthesis 

of nucleic acid.[24] These receptors are expressed at very low levels in most tissues.[24] However, 

especially FRα is over-expressed in numerous cancers.[24] In particular, it is expressed in a variety of 

epithelial cancers and epithelial ovarian cancer (EOC).[25] Thus, FRα represents a promising target for 

the development of a targeting strategy of cancer cells, aiming to an early diagnosis of the disease. 

Several studies showed efficient conjugation of folic acid to different kinds of nanoparticle-based 

system.[26-30] Recently, Wenting Liu et al. demonstrated the efficacy of iron oxide nanoparticles 

functionalized with folic acid for the detection of ovarian cancer cells in the blood stream.[31] In addition, 

many works showed how the oriented ligation of biomolecules on the nanoparticles surface may improve 

the interaction with their target.[32-34] In the here presented work, a precise functionalization strategy was 

designed in order to provide biological activity, targeting efficiency and specificity to MNBs toward the 

desired cancer cells. In particular, a long PEG molecule was used to derivatize folic acid in order to 

expose it out of the nanocluster surface.[19, 31] The high mobility of folic acid anchored on a flexible 

molecule like PEG, may allow a more efficient interaction with folate receptor than if it is directly bound 

to the nanocluster surface via a rigid spacer, thanks to the increase number of possible orientations. The 

synthesized PEG-FA compound was than bound to the MNBs and used for cancer cells sorting. The 

system reported here was developed with the precise aim to sort ovarian cancer cells that circulate in the 

blood stream and those that grow inside the ascites of the peritoneal cavity, which are a prognostic marker 

of the ovarian cancer development.  
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1.2 Results and discussion 

1.2.1 Targeting molecule: PEG-derivatized folic acid (PEG-FA) synthesis 

In order to functionalize the MNBs with the folic acid (FA) as bioactive molecule, the first step was the 

synthesis of the FA functionalized with a poly(ethylene glycol) (PEG-FA). The attachment of PEG 

molecules on the surface would also increase the stability of the MNBs in solution by steric hindrance[35]. 

In detail, following a reported procedure,[36] folic acid was dissolved in DMSO and MES buffer (5:1 

ratio) and reacted with 1-ethyl–3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-

hydroxysuccinimide (NHS), at 6 °C (ice bath) under nitrogen, in order to activate the carboxylic groups 

of FA molecules. After 1 h, α,ω-bis-aminopropyl-PEG (Mn = 1500 g/mol) was added and the temperature 

of the solution was gradually increased at room temperature (RT). The reaction mixture was subsequently 

allowed to stir for 12 h under nitrogen atmosphere (Figure 1). Then, the product was dialyzed against 

water to remove the free folic acid (see detailed procedure below).  

 

Figure 1. Schematic representation of the NH2-PEG-FA synthesis. The picture on the right shows the obtained 

product after the reaction. The orange color indicates the presence of folic acid. 

https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
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The final product was analyzed via 1H-NMR spectroscopy in DMSO-d6 (Figure 2). From the ratio of the 

integration of the characteristic FA signals and that of PEG backbone a degree of functionalization f of 

74% could be estimated. 

 

Figure 2. PEG-FA characterization. 1H-NMR spectrum of NH2-PEG-FA. δH(400 MHz, 128 scans, DMSO-d6)  
8.65 (1 H, a, fluor), 7.64 (2 H, c, fluor), 6.64 (2 H, d, fluor), 4.5 (2 H, b, fluor-CH ), 3.54 (136 H, f, CH2OCH2).  

1.2.2 Magnetic nanobeads synthesis 

Magnetic nanobeads were synthesized according to a protocol set by Di Corato et al.[19], using spherical 

Fe2O3 NPs of 6 ± 2 nm and then adapted from Materia et al.[20] for iron oxide nanocubes. The 

functionalization step with PEG-FA required the knowledge of the amount of particles to be modified, 

in order to set the exact amount of reagents and molecules. However, for MNBs it was not possible to 

determine the amount of particles in solution or the concentration of polymer that enwrapped the NPs. 

In order to overcome this limitations, we assumed that the ratio polymer/NPs was constant in all the 

batches of MNBs and we considered just the concentration of Fe, i.e. the NPs concentration, in the 

nanobeads for calculating the amount of PEG to be used. Therefore, the Fe concentration was determined 

via ICP-AES (Inductively Coupled Plasma - Atomic Emission Spectroscopy). Since the Fe concentration 

was, with statistically good approximation, the same among different batches of MNBs, the amount of 

the reagents (EDC and PEG) was kept constant for all the functionalizations carried out (Table 1).   
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Table 1. Molar concentration of NPs per batch of nanobeads, determined via ICP-AES analysis. Each letter 

refers to each single reaction of the batches 1, 2 and 3. 

Batch C avg (μM) 

1(A+B+C+D) 0.39±0.028 

2(A+B+C+D+E+F) 0.353±0.01 

3(A+B+C+D+E) 0.29±0.05 

1+2+3 0.34±0.05 (Err. 14%) 

Several attempts were made for finding the best ratio of molecules of EDC and PEG per NPs (and then 

MNBs). The ratios of 78,000/125,000/400,000 molecules of EDC/NPs and 2,000/5,000/11,000 

molecules of PEG/NPs were tested. Despite the different reagents’ conditions adopted, soon after the 

reactions agglomeration and precipitation of the nanoclusters were observed. DLS analysis revealed a 

drastic increase of the size after the functionalization reaction (Figure3a), not explainable with the 

surface coverage of the PEG molecules. Moreover, the high polydispersity index indicated a non- 

homogeneous distribution of nanoclusters, also confirmed from the traces of aggregation in the size data 

weighed by volume and intensity (Figure 3a, inset). Furthermore, TEM pictures (Figure 3b and 3c) 

revealed the presence of unfolded polymer around nanobeads (black arrows in Figure 3b and dotted line 

in Figure 3c). We conclude that the binding of EDC first and PEG later was able to miss fold and unroll 

the outer polymeric shell of nanobeads. This effect compromised the stability of nanobeads and explained 

the increase in DLS diameters. 

 

Figure 3. MNBs characterization of MNBs after functionalization. a) DLS graph shows the size weighed by 

number of the nanobeads obtained. Table in the inset reports the hydrodynamic diameter (dh) and polydispersity 

index (PDI). In the inset, DLS graph shows the size weighed by volume and intensity for MNBs (black dotted and 

dashed lines) and MNBs_PEG-FA (red dotted and dashed lines). b) TEM picture shows the presence of unfolded 
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polymer around nanobeads (black arrows). Scale bar 0.5 µm. c) TEM picture magnification shows a thick polymer 

layer around each single nanobeads (black dotted lines). Scale bar 100 nm.  

Consequently, for the successful surface functionalization of the beads, a modification to the standard 

MNBs synthesis procedure was required. A modified version of the poly(maleic anhydride-alt-1-

octadecene) (in the following called PIII) was synthesized by reacting the poly(maleic anhydride-alt-1-

octadecene) with 2,2’-Ethylenedioxy-bis-ethylamine (EDBE), at a ratio of 1 to 20, which corresponds to 

a 10% of the anhydride reacted with the EDBE groups. The EDBE molecule is able to crosslink the 

polymer chains on the beads by the reaction of its amine groups with the anhydride rings of the polymer. 

The EDBE reaction with polymer was performed in tetrahydrofuran (THF), a solvent in which both 

compounds are well soluble.[37] The reaction was let to proceed for 12 h at 65 °C in a sealed vial, under 

shaking. The change of the solubility in chloroform for the functionalized polymer indicated that the 

reaction took place (Figure 5b). Indeed, while the poly(maleic anhydride-alt-1-octadecene) is very 

soluble in that organic solvent, the turbidity of the solution of the EDBE-modified polymer indicated it’s 

spare solubility in chloroform (Figure 5b). This is consistent with the increase of hydrophilicity of the 

polymer upon the attachment of a polar molecule like EDBE. Moreover, it was decided to move toward 

the synthesis of MNBs made up with nanocubes (NCs), due to the better magnetic properties of this kind 

of nanoparticles compared to the spherical ones, as clearly highlighted in chapter 1. Fe2O3 nanocubes of 

15 ± 3 nm were used. The procedure followed was based on the protocol set by our group[20], with some 

modifications. The modified polymer was mixed with the NCs in THF and shaken for ca. 30 s 

Afterwards, water (instead of acetonitrile as in the standard procedure) was added to the mixture using a 

syringe pump to induce the NCs and polymer interaction and consequently the beads formation. After 

the synthesis, the remaining THF was let to evaporate slowly and the MNBs were filtered (PVDF 0.45 

µm filter). Noteworthy, the yield after filtration was in the range of 75%-85% (referred to the iron 

amount). Thus, with this modified procedure, nanobeads soluble in aqueous media were directly obtained 

(Figure 4a). The detailed procedure for MNBs synthesis is reported in “materials and methods” section. 

DLS, TEM and HR-MAS NMR (High Resolution Magic Angle Spinning NMR) characterized the 

obtained nanobeads (Figure 4, 5 and 6). The DLS graph in Figure 4b shows that MNBs have a monomial 

size distribution and a high stability, as no aggregates were present. Moreover, zeta potential 

measurements showed a strong negative surface charge of -40 ± 3 mV, which contributed to their 

stabilization in aqueous media (Figure 4b, table in the inset).  

 

Figure 4. MNBs characterization and magnetic response. a) Scheme of the procedure developed for the 

synthesis of nanoclusters made with nanocubes b) DLS graph shows the weighed number of the nanobeads 

a b c
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obtained with iron oxide nanocubes. Table in the inset reports the obtained hydrodynamic diameter (dh), 

polydispersity index (PDI) and zeta-potential (ZP). b) By applying an external magnetic field (0.4 T) generated 

by a NdFeB magnet, it was possible to easily and quickly collect the MNBs.  

High resolution-magic angle spinning NMR (HR-MAS NMR) analysis was carried out in water 

containing 10% D2O. In contrast to the standard NMR technique, HR-MAS allow the NMR analysis of 

magnetic nanoparticles. The measurement revealed the presence of the crosslinker among the polymeric 

chains. Indeed, the peak (a) (ppm: δ: 3.6) in Figure 5a can be attributed to the presence of the ethylene 

glycol unit of EDBE, which is indeed absent in the same region of the spectrum form the non-

functionalized polymer (b). In addition, the peak (c) (ppm: δ: 1.2), related to the carboxylic group derived 

from the opening of the maleic anhydride, decreases in intensity after the binding of EDBE. The other peaks in 

between can be attributed to the groups of the polymer.  

 

Figure 5. Characterization of PIII_MNBs. a) HR-MAS NMR spectra of MNBs, synthetized with PIII polymer 

(chemical structure in the graph, 2) (a). (400 MHz, water-d2 10%, δ: 3.6 (4H, a, CH2OCH2), 1.2 (1 H, c, CHCO)). 

b) Pictures of the initial solution of poly(maleic anhydride-alt-1-octadecene) known as PC18 (right) and of the 

polymer after the functionalization with EDBE molecules (PIII_EDEB, left), in chloroform. 

Transmission Electron Microscopy (TEM) images (Figure 6) show a homogeneous population of beads 

with a spherical shape and a diameter of ca. 200 nm, containing iron oxide nanocubes clearly 

encapsulated by polymeric shell. 
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Figure 6. TEM micrographs of MNBs. a) and b) MNBs made up with nanocubes. c) Magnification of a single 

nanobead. 

1.2.3 Functionalization of magnetic nanobeads with PEG-FA 

The application of the cross-linked polymer for the preparation of the nanobeads resulted in a much more 

stable polymeric shell, which was not affected by further functionalization steps, avoiding miss folding 

events of the polymer. In order to bind PEG-FA to MNBs, a modified procedure set by our group was 

applied.[19] MNBs were incubated with EDC for 10 min in a 1:3 mixture of water and borate buffer. Then, 

NH2-PEG-FA (MW ca. 2000 g/mol) was added and the mixture was allowed to stir for 4 h at room 

temperature (RT). The nanobeads were subsequently cleaned from the excess of the reagents (EDC and 

PEG-folic acid) using magnetic separation (Figure 7a). The purity of the nanocubes was confirmed by 

spectrophotometric analysis. Indeed, the excess of EDC and folic acid (peaks at 225[38] and 267[39] nm, 

respectively), was completely removed after the third washing step and no trace of free reagents was 

detected in the supernatant (Figure 7b).   

 

Figure 7.Cleaning of PEGylated MNBs. a) Schematic representation of the cleaning step following the MNBs 

functionalization. (1) The addition of EDC and PEG, in a mixture of water and borate buffer (BB), was followed 
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by 4 h of mixing under stirring (2). In order to remove the excess of the reagents, MNBs were collected in 5 

minutes to a magnet (3) and re-dissolved in fresh water : BB mixture (4). The cleaning process was repeated three 

times (5). b) Absorbance spectra of the supernatants of MNBs reacted with PEG-FA. After three washes the signals 

from EDC at 225 nm and folic acid 267 nm disappeared. The three washes are indicated with the letter W and the 

corresponding number. 

The products of the conjugation were characterized by DLS and pH titration. As a control, MNBs 

PEGylated with the bis(amine)PEG were used (namely MNBs-PEG). DLS results in Figure 8a, show a 

significant increase of the beads size after PEGylation. Nevertheless, no significant variation in the size 

of the beads functionalized with PEG (green line) and PEG-FA (olive line) was observed, reasonably 

due to the low size difference between the two molecules. Noteworthy, after the PEG addition, MNBs 

appeared stable and monodisperse, with no traces of aggregation. 

 

Figure 8. Characterization of functionalized MNBs. a) DLS graph shows the weighed number of pristine beads 

(black line), PEGylated beads (green line) and beads functionalized with PEG-FA (olive line). The table shows 

the corresponding size and PDI values. b) pH titration graphs of beads. Black line: MNBs. Green line: 

MNBs_PEG. Olive line: MNBs_PEG-FA. The table shows the corresponding IEP values. 

Titration experiments were carried out on both samples (MNBs-PEG and MNBs_PEG-FA) in order to 

investigate the change of the surface charge at different pH values and to obtain the correlated isoelectric 

points (IEPs) which could confirm the functionalization of the beads surface. As shown in Figure 8b, 

the titration curves change significantly for the different samples, as well as their IEP. Indeed, MNBs 

(black line) showed at pH = 6 a more negative ZP values compared to the other samples, for the higher 

content of carboxylic groups on their surface. Moreover, the pristine beads reached the IEP at lower pH, 

consistently with the higher concentration of H+ needed for saturating the carboxylic groups. 

Interestingly, MNBs functionalized with PEG-FA (olive line) had an IEP close to that of MNBs and 

considerably lower than that of MNBs_PEG (green line). This was explainable with the presence of a 

carboxylic group in the folic acid, which decreased the ZP value compared to PEG-amine. 
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1.2.4 Stability proofs of magnetic nanobeads functionalized with PEG-FA 

The stability of the obtained MNBs was monitored in the presence of fetal bovine serum (FBS). FBS is 

added to almost all of the culture media used for in vitro cellular experiments and could induce 

precipitation or aggregation of nanoparticles, due to its high protein content. More specifically, these 

proteins tend to adsorb on the surface of the nanomaterials forming the so-called protein corona.[40-42] 

This phenomenon can be benefic to stabilize the NPs in solution if induced in a controlled manner.[43, 44] 

On the other hand, a thick protein corona might saturate the surface of the nanoobjects and can seriously 

compromise the solubility of the latter in biological media,[45, 46] as well as their biological activity.[47] 

To prove that MNBs retained their stability in biological media upon PEGylation,[35] MNBs-PEG-FA 

were incubated in PBS (0.1 M, pH=7.4) supplemented or not with FBS 10%, at 37 °C, in order to evaluate 

the effect of the protein on their stability (Figure 9). As control, the stability of plain MNBs was also 

tested. DLS of both samples was performed upon incubation overtime. Despite a comparable stability in 

PBS (Figure 9a), the hydrodynamic diameters of MNBs in the presence of FBS is significantly higher 

than that of MNBs_PEG-FA already after 5 minutes of incubation, indicating the higher protein 

absorption (Figure 9b). In the following 30 minutes, MNBs size increased drastically when compared 

to PEGylated sample (MNBs_PEG-FA). After 3 h of incubation, MNBs formed large aggregates and 

precipitated after 48 h. MNBs_PEG-FA retained their stability up to 48 h, as shown by their stable 

hydrodynamic diameter. This indicates a much higher stability of the PEGylated nanobeads in FBS media 

than that of pristine synthesized MNBs as it is known that PEG reduces protein absorption.[35] 

 

Figure 9. Stability proofs of MNBs. DLS Size values of magnetic nanobeads plotted against the incubation time 

in a) PBS and b) FBS 10%. In black is shown the size distribution profile for MNBs, in red for PEGylated MNBs. 

1.2.5 Magnetic cell separation using functionalized magnetic nanobeads 

MNBs_PEG-FA were then tested for their ability to specifically bind cells overexpressing folate receptor 

(FR; cells referred as FR+). The tumorigenic KB line (subline of the ubiquitous KERATIN-forming 

tumor cell line HeLa) was selected as the cell model for sorting studies. Such experiments had the aim 

to provide important information on the suitability of MNBs for being used for magnetic cell sorting. [19] 

Before starting the experiments with cells, the MNBs were washed twice with PBS 0.1 M, pH=7.4. Then, 
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KB cells were incubated at 4 °C with nanobeads functionalized with PEG-NH2 or PEG-FA, varying the 

incubation time from 15 min to 1 h and keeping a ratio of 1 μg of iron/100,000 cells and 1 μg of 

iron/50,000 cells. Once recovered, the cells were centrifuged and washed in order to remove the MNBs 

in excess. Subsequently, the cells were flowed through MACS column (Miltenyi Biotech), which is able 

to retain just the magnetically labeled cells. How this column works was previously shown in the 

introduction, at paragraph 4. Figure 10 shows the binding percentage of the MNBs_PEG-FA (dark green 

bar) and MNBs_PEG (light green bar) incubated at 4 °C with KB cells, for 15 minutes, 30 minutes and 

1 h. The results in Figure 10a show a significant binding difference between the MNBs_PEG-FA (43% 

after 60 minutes) and MNBs_PEG MNBs (5% after 60 minutes). However, the overall binding value 

was low even for the MNBs_PEG-FA. Thus, it was decided to increase the ratio μg iron per number of 

cells during the incubation to 1:50000 (Figure 10b). The binding of MNBs_PEG-FA increased, reaching 

a percentage of 81% after 60 minutes, while the unpecific binding of MNBs_PEG remained low (11% 

after 60 minutes). In this case, even after 30 minutes of incubation MNBs_PEG-FA showed interesting 

sorting ability (70.5%) without compromising their specificity (unspecific binding equal to 5.5%). 

Noteworthy, no binding retention inside the magnetic column was observed for non-magnetically doped 

cells (control).  

 

Figure 10. Sorting efficiency of MNBs. The histogram shows the binding percentage of MNBs and MNBs_PEG-

FA to the KB cells at a) 1 μg of iron/100,000 cells ratio and b) 1 μg of iron/50,000 cells ratio. The control refers 

to the KB cells flowed through the column without MNBs.  

The preliminary results obtained in the ovarian cancer cell sorting, demonstrated the specificity of the 

MNBs_PEG-FAfor its cell target. Folic acid provided specificity to the MNBs. Moreover, MNBs were 

efficient in separating the magnetically labeled cells.  

1.2.6 Uptake studies and cell-iron content 

In order to confirm that the sorting was determined by the binding of the magnetic nanobeads, the amount 

of iron found inside the cells was determined via ICP-AES. Figure 11a shows the pellet of the cells 

incubated with MNBs_PEG (dashed light green square) and MNBs_PEG-FA (dashed dark green square) 

and after the washing from the excess of MNBs. It is clearly visible the presence of the MNBs bound to 
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the cells in case of MNBs_PEG-FA (dashed dark green square), as indicated by the brownish color of 

the pellet. Whereas the pellet of the cell incubated with MNBs_PEG is white, indicating a low amount 

of MNBs. Further experiments carried out using the best condition found for sorting (1 μg of iron/50,000 

cells ) demonstrated the good reproducibility of the system developed (Figure 11b). The fact that the 

sorting efficiency (Se) was driven effectively by the MNBs had confirmation from elemental analysis. 

The iron content obtained via ICP was normalized for the total cell number. In case of MNBs_PEG-FA 

the iron content inside the cell fraction was more than three times higher than those collected in case of 

MNBs_PEG (Figure 11c). Moreover the amount of Fe collected with the cells was just half of the total 

amount employed in the sorting experiment (Figure 11d), indicating that a good separation efficiency 

could be reached with a lower amount of magnetic material. 

 

Figure 11. Characterization of the sorting properties of MNBs. a) Pictures of the cell pellets after the 

incubation with MNBs_PEG (top and dashed light green square) and MNBs_PEG-FA (bottom, dashed dark green 

square). b) Se of the MNBs for KB cells. c) Nanoclusters uptake by KB cells (FR+) express as pg of iron per cell 

and d) uptake percentage, relative to the total amount of iron used for the incubation. MNBs_PEG indicates the 

sample PEGylated with the non- derivatized PEG, while MNBs_PEG-FA indicates the sample functionalized with 

FA. 
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1.3 Conclusion and perspectives 

A new method for the synthesis of magnetic nanoclusters was developed. The standard procedure 

reported in literature for the synthesis of the magnetic nanobeads [19, 20] showed some issues regarding 

the colloidal stability of the nanoclusters upon conjugation with small PEG-modified folic molecules. 

Indeed, it was hypothesized that the poor interaction of polymer alkyl chains with the nanoparticles 

surfactants, which involves the outer layer of the polymeric shell, determined the instability of the 

nanobeads following the attachment of long PEG molecules on their surface. This instability was 

attributed to miss folding of the polymer that not only affect the overall colloidal stability of the 

nanocomposites but also the functions of the attached molecules. Thus, in order to overcome this 

problem, the polymer poly(maleic anhydride-alt-1-octadecene) shell was bridged, by introducing a 

diamine EDBE as crosslinker. Due to its small length, the rational beyond the use of this molecule was 

the creation of a branched polymeric structure able to increase the strength and stability of the polymer 

shell on the nanobeads. Noteworthy, due to the increased hydrophilic nature of the polymer, the 

nanobeads synthesis was also improved by replacing, as precipitating solvent, acetonitrile with water and 

thus reducing the use of organic solvent for MNBs production. The PEGylation with the biological 

relevant molecule PEG-FA was demonstrated to provide stability to the MNBs in complex biological 

media and to make the nanoclusters able to interact with cells overexpressing the folate receptor. Thanks 

to these features, the MNBs developed were successfully employed for magnetic sorting application. The 

promising results obtained with the isolation of positive cells for the overexpression of folate receptor 

open the way for a deeper investigation of MNBs sorting ability. Further experiments will be performed 

for the sorting of ovarian cancer cells in the ascitic liquid withdrawn from the peritoneal cavity of 

patients, aiming to accomplish an efficient diagnosis of the cancer at early stages of development. 

However, the lack of specificity of folic acid for the different folate receptor species has to be considered. 

Indeed, MNBs functionalized with PEG-folic acid may also bind to macrophages present in the ascitic 

fluid, which express folate receptor β.[25] This would impair the sorting efficiency of ovarian cancer cells. 

This limitation can be solved by using antibody or antibody fragments specific for folate receptor α and 

thus for ovarian cancer cells. Future experiments will help to clarify this issue. 
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1.4 Materials and methods 

Nanocubes synthesis 

Iron oxide (Fe2O3) nanocubes (NCs), with an edge size of 15 ± 3 nm were synthetized according to a 

procedure previously set in our group.[48] Briefly, in a 50 mL three neck flask, 0.353 g (1 mmol) of 

iron(III) acetylacetonate, 0.69 g (4 mmol) of decanoic acid and 2 mL of dibenzyl ether (DBE) were 

dissolved in 23 mL squalane. After degassing for 120 min at 65 °C, the mixture was heated up to 200 °C 

(heating ramp was 3 °C min-1) and kept at this temperature for 2.5 h (a shorter “aging time” at 200 °C 

led to lower reproducibility as well as to broadening of the size and shape distributions of the final 

particles). The temperature was then increased at a heating rate of 7 °C min-1 to 310 °C or reflux 

temperature and maintained for 1 h. After cooling down to room temperature, 60 mL of acetone were 

added and the solution was centrifuged at 8500 rpm. The supernatant was then discarded and the black 

precipitate was dispersed in 2–3 mL of chloroform: this washing procedure was repeated at least two 

more times. Finally, the collected particles were dispersed in 15 mL of chloroform. The concentration of 

the final nanocubes was determined by ICP analysis. 

Synthesis of PEG-FA 

Folic acid (58 mg; 0.13 mmol) was dissolved in DMSO and reacted with 1-ethyl–3-(3-

dimethylaminopropyl) carbodiimide (EDC, 1.3 mmol; 10 eq.) and N-hydroxysuccinimide (NHS,  1.3 

mmol; 10 eq.), in ice bath at 6 °C, in order to activate the carboxylic groups of FA molecules. After 10 

minutes, O,O’-Bis(3-aminopropyl)polyethylene glycol (Mn = 1500 g/mol; 200 mg; 0.13 mmol) was 

added and the solution was allowed to stir for 12 h. Then, the product was dialyzed against water using 

a RC- membrane (cut-off 1000 g/mol). The excess of unreacted folic acid precipitated due to its poorly 

solubility in pure water (1.6 mg/mL at 0 °C).[49] Using a 0.2 μm PVDF filter it was removed from the 

PEG product. The final product was freeze-dried and analyzed via 1H-NMR spectroscopy.
 1H NMR 

spectra were recorded on a Bruker AV-400 NMR spectrometer (Rheinstetten, Germany) operating at 400 

MHz (64 scans) in deuterated dimethyl sulfoxide (DMSO-d6) ppm: δ: 8.65 (a), 7.64 (c), 6.64 (d), 4.5 (b), 

3.68 (e), 3.51 (f).  

Synthesis of PIII polymer 

The EDBE addition polymer reaction was performed in tetrahydrofuran (THF). 1 mmol of poly(malic 

anhydride-alt-1-octadecene) (PC18) was dissolved in 10 mL of THF and the temperature of the solution 

increased at 65 °C. Afterwards, 0.05 mmol (1:20 ratio) of 2,2’-Ethylenedioxy-bis-ethylamine (EDBE) 

were added and the mixture was let to react for 12 h at 65 °C. The product was then cooled down at room 

temperature, filtered using a PTFE 0.2 µm filter, and dissolved in 20 mL of THF at the final concentration 

of 50 mM. 

Synthesis of MNBs  

According to the new procedure set, 300 µL of PIII (50 mM in THF) were transferred in a 40 mL vial 

and the solvent evaporated using a nitrogen flow. Then, 170 µL of nanocubes (15 ± 3 nm, Fe2O3, 1.7 g/L 

Fe, in CHCl3) were mixed with the polymer and the solvent evaporated. Subsequently, 2 mL of THF 

were added to the mixture under sonication at 40 °C, with the vial sealed, for 1 minutes. Afterwards, the 

reaction mixture was shaken at 1700 rpm. After 30 sec, 17 mL of water were added (16 mL/minute), 

https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
https://en.wikipedia.org/wiki/1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
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promoting the formation of the nanobeads. After the reaction, the remaining THF was let  to evaporate 

under gentle shaking for 12 h. The final MNBs were filtered using a PVDF filter (0.45 µm) and collected. 

The yield of the filtered nanobeads was calculated as 75%-85%, considering the amount of iron before 

and after the filtration step. 

HR-MAS NMR 

Each magnetic nanobeads sample was washed three times in D2O solution. The samples were inserted 

into a zirconium oxide 4 mm outer diameter rotor with an additional drop of D2O to provide a field-

frequency lock for the NMR spectrometer. An insert was placed into the rotor to make a spherical sample 

volume of 25 µL. A cap was finally added as a closure of the rotor and the assembled device was used 

immediately for NMR analysis. All samples were randomized during analysis to reduce any potential 

systematic errors. All 1H NMR spectra were recorded on a Bruker AV-400 NMR spectrometer 

(Rheinstetten, Germany) operating at 400 MHz for 1H, equipped with a high-resolution magic angle 

spinning probe at a spin rate of 5000 Hz. Sample temperature was regulated using cooled N2 gas at 283 

K during the acquisition of spectra to minimize spectral degradation. ppm: δ: 3.595 (b), 3.675 (a), 1.175 

(c). 

 

UV/Vis analysis 

UV/vis absorption spectra of the supernatant and washes collected after the functionalization raction 

were recorded on a Cary 50 UV/vis/NIR photospectrometer using PMMA disposable cuvette of 1 cm 

optical path length. 

MNBs characterization via dynamic light scattering analysis (DLS) 

Hydrodynamic size distribution and zeta potential were measured using a Malvern Zetasizer operated in 

the 173° backscattered mode on highly diluted aqueous solution of MNBs. The measurements were 

performed at 20 °C. Dynamic light scattering analysis (DLS) calculates the hydrodynamic diameter (dh) 

of particles in colloidal solution, giving information about homogeneity and stability of the nanoparticles 

in suspension. Moreover, the software of the instrument also provides a polydispersity index (PDI), 

which furnishes indication of the solution monodispersity. Lower is the PDI value, higher the 

homogeneity of the solution. Consequently, lower is the tendency to aggregation of the nanoparticle 

sample. In addition to the hydrodynamic size, the same instrument can also perform the zeta potential 

(ZP) measurements related to the surface charge of nanoparticles. This kind of analysis can give 

important information about the nanoparticles’ surface properties such as the presence of charged groups 

from specific functionalizations as well as it can be used to infer about their stability in different solutions. 

Low-resolution Transmission electron microscopy (TEM) 

Low-resolution TEM micrographs were taken using a JEOL JEM-1011 microscope operated at 100 kV. 

The samples were prepared by drying a drop of diluted particle suspensions on 400 mesh ultra-thin carbon 

coated TEM copper grids. The particle size distribution was analyzed using the automatic particle size 

analysis routine of ImageJ software on a low magnified TEM micrograph. 
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Functionalization of MNBs with PEG-FA 

MNBs (0.1 μM), dissolved in 500 μL of a 1:3 mixture of borate buffer (pH=9) and water, were incubated 

for 10 min with 40 mM of EDC (400,000 molecules per iron nanoparticle). Then, 1.1 mM of amine-

PEG-FA (Mn= 2000 g/mol) (11,000 molecules per iron nanoparticle) was added and the mixture was let 

to react for 4 h under stirring. Nanobeads were subsequently cleaned from the excess of the reagents five 

times in borate buffer, using a permanent NdFeB magnet generating a magnetic field of 0.4 T.  

Cell sorting and counting 

5x105 KB cells were incubated at 4 °C with 5 or 10 μg (referred to the iron content) of nanobeads, keeping 

a ratio of 1 μg/100,000 cells and 1 μg/50,000 cells respectively. The incubation times varied from 15 

minutes to 1 h. After the incubation, the cells were centrifuged at 4 °C for 5 minutes at 1000 rpm in order 

to remove the excess of beads, which remained in the supernatant, from the suspension. The cells were 

then resuspended in 500 μL of PBS and eluted into a Magnetic Cell Sorting MACS® MS column (Milteny 

Biotech) for magnetic sorting. An excluded volume, three washes and a collected fraction were 

recovered. The cells were counted using NucleoCounter® NC-100™ (ChemoMetec). The same volume 

of cells, Reagent A100 (lysis buffer) and Reagent B (stabilizing buffer) were added to the test tube for 

the total cell count (cells/mL). The sorting efficiency (Se) was calculated as percentage of the amount of 

the collected cells compared to the total amount of cells initially incubated with the nanocubes, according 

to the following equation: 

Se = 
500,000−(𝐶𝐶)

500,000
 x 100          (1) 

ICP-AES analysis of Fe 

Cells samples incubated with MNBs were counted and digested with 250 μL of a concentrated 

H2O2/HNO3 (1/2) solution for 3 h in a hot bath at 55 °C, under sonication (in order to ensure the complete 

digestion of the cells components). After this step, which lead to the complete evaporation of H2O2, 

concentrated HCl was added (3/1 volume ratio respect to HNO3) to reach a final volume of 500 μL. The 

digestion proceeded overnight at room temperature. The solution was then diluted to 5 mL with milliQ 

water and filtered with a PVDF filter (0.45 um) before the analysis. The intracellular Fe concentration 

was measured by inductively coupled plasma atomic emission spectrometry (ICP-AES, Thermofisher 

ICAP 6300 duo) using a Fe calibration curve (linearity range between 0.01 - 10 ppm). 
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