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ABSTRACT  

 

A critical issue in nanomedicine is to understand the complex dynamics that dictate the 

interactions of nanoparticles (NPs) with their biological milieu. The most exposed part 

of a nanoparticle is its surface coating, which comes into contact with the biological 

medium and adsorbs proteins, forming what is known as a protein corona (PC). It is 

assumed that this PC mainly dictates the nanoparticle-cell interactions. As such, we set 

out to analyze how different coatings on iron oxide nanoparticles (MNPs) affect the 

composition of the PC that forms on top of them, and how these newly formed coronas 

influence the uptake of MNPs by macrophages and tumor cells, their subcellular 

location upon internalization and their intracellular degradation. We found that 

different superficial charges of the coatings did not affect the PC composition, with an 

enrichment in proteins with affinity for divalent ions regardless of the type of coating. 

The iron oxide core of the MNP might become exposed to the biological medium, 

influencing the proteins that constitute the PCs. The presence of enzymes with 

hydrolase activity in the PC could explain the degradation of the coatings when they 

come into contact with the biological media. In terms of MNP internalization by cells, 

coatings mainly determine the endocytic pathways used, especially in terms of receptor-

mediated endocytosis. However, the increase in hydrodynamic size provoked by the 

formation of the associated corona drives uptake mechanisms like macropinocytosis. 

Once inside the cells, the PC protected the NPs in their intracellular transit to 

lysosomes, where they were fully degraded. This understanding of how coatings and 

PCs influence different cellular processes will help design improved NPs for 

biomedical applications, taking into account the influence of the coating and corona on 

the biology of the NPs. 

 

 

KEYWORDS: protein corona, iron oxide nanoparticles, cellular nanoparticle uptake, 

nanoparticle coatings, protein corona degradation. 
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INTRODUCTION 

There has been increasing interest in nanotechnology over recent years, marked by 

the continued scientific and technological advances in many fields like the electronics 

and textile industries, and especially in medicine1. The use of nanomaterials in 

biomedical applications has led to an expansion in the field of nanomedicine, leading 

to significant improvements in the way diseases are diagnosed and treated2. Iron oxide 

nanoparticles are among the most intensely explored nanomaterials in nanomedicine. 

Based on the advantages provided by their small size and the magnetic nature of their 

iron oxide core, MNPs have facilitated the development of new applications in the 

nanomedicine field, such as the magnetic targeting of MNPs for drug release3, 4, 

magnetic separation5, magnetic hyperthermia6 or magnetic resonance imaging (MRI)7. 

To bring such applications based on magnetic nanoparticles closer to the clinic, it is 

important to deepen our understanding of MNP-cell interactions, in particular those 

related to parameters like the nature of the nanosystem (e.g., the physicochemical 

properties of NPs), nanobio interfaces (e.g., the impact of the PC and coating 

interactions), and cell type. In this work we analyzed nanobio interfaces, specifically 

the interactions of MNPs with their biological environment and the impact of the 

MNP’s coating and the PC on cellular outcomes.  

Once NPs are placed in a biological medium, they rapidly adsorb proteins onto their 

surface. This dynamic adsorption depends on the binding affinity of the proteins in the 

medium to the molecules on the surface of the NPs, and the affinity of the NP-attached 

proteins to other proteins in the medium. These adsorbed proteins form a structure on 

top of the NP called the protein corona8, 9. During this dynamic process, the first 

proteins that adhere to the NP’s surface are those that are most abundant in the medium 

(i.e., the most abundant serum proteins), and these are replaced over time by serum 

proteins with higher affinity for the molecules on the NP surface, forming a layer of 
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tightly-bound proteins known as the “hard corona” or “inner corona”. Subsequently, 

other proteins then interact with this firmly bound protein-NP complex, establishing 

looser, low-affinity protein-protein interactions and forming the so-called “soft corona” 

or “outer corona”10, 11. The PC that forms alters the NP’s physicochemical properties, 

such as its size or superficial charge, thereby affecting the stability of the NPs in culture 

media or biological fluids12. In addition, these modifications also affect how NPs 

interact with cells, which in turn may alter their biocompatibility, their route of 

intracellular internalization13, their biodistribution14, their ability to activate immune 

cells15 or their final destination inside the cells16. Hence, the PC confers a biological 

identity to inorganic NPs and their coatings without having to perform functionalization 

with biomolecules or drugs, features that must be carefully studied to fully understand 

the biological impact of inorganic NPs17. 

It has been proposed that the early stages of NP uptake by cells depends mainly on 

the PC formed on the NP surface18 and that this may persist at later stages of uptake, 

yet coatings may also be key factors in NP uptake by cells13, 19. NPs are typically 

internalized by cells through endocytosis, which can be divided into two main 

mechanisms: phagocytosis and pinocytosis. Phagocytosis is used to take-up large 

particles, and it is the first step in the degradation of particles larger than 0.5 µm. By 

contrast, pinocytosis is used to internalize fluid surrounding the cell, whereby all the 

particles in the fluid phase in the area of invagination are taken up together13, 20. 

Multiple endocytotic pathways exist that are distinguished by the specific molecular 

regulators involved. Clathrin-mediated endocytosis (CME) is by far the best studied of 

these mechanisms and for a long time it was believed to be the only endocytotic 

mechanism in addition to phagocytosis and macropinocytosis. However, more recently 

several mechanisms of clathrin-independent endocytosis (CIE) have been described. 
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These include dynamin-dependent mechanisms (RhoA and caveolin-caveolae/lipid raft 

dependent) and dynamin-independent mechanisms (Cdc42 dependent and Arf6 

dependent). Moreover, so-called ‘‘receptor-mediated endocytosis’’ involves different 

mechanisms of endocytosis depending on the receptor involved20, 21. 

Studies of the cellular uptake of NPs have generally focused on three endocytotic 

processes: clathrin-dependent endocytosis, caveolae-dependent endocytosis, and 

macropinocytosis (a mechanism involved in the internalization of larger NPs). Several 

studies have shown that PCs influence the number of NPs that enter the cell13, 17, 22, their 

route of entry and their subsequent cellular processing14. However, little is known about 

how PC composition might affect these parameters. For example, the same NPs 

incubated under identical conditions but with different serum concentrations, display 

divergent behaviors toward specific cell types depending on their PC22, 23, 24. 

To analyze the dynamics of PC formation in biological media, we first synthesized 

MNPs (12 nm core size) by co-precipitation and they were coated with three different 

polymers: aminopropylsilane (APS), dextran (DEX) and dimercaptosuccinic acid 

(DMSA). We incubated these MNPs in culture medium supplemented with 10 % fetal 

bovine serum (FBS) to allow a PC to form, the most common conditions used in vitro. 

We followed the variation in hydrodynamic size and superficial charge of the MNPs 

during the PC formation process, and subsequently, the protein pool that forms the PC 

associated with each type of coated-MNP was identified by proteomic analysis, 

comparing the protein abundance in each pool using label-free proteomics. Coating 

degradation after MNPs come into contact with the biological medium was evaluated 

by comparing the infrared (IR) spectra of MNPs before and after incubation with 

serum-containing medium. Finally, we evaluated whether the PC formed on each type 
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of coating could dictate the pathway of internalization for the MNPs and the 

degradation pathway of the PC inside the cells following internalization. 

The results from these analyses indicate that the stabilization time for corona 

formation was similar for all the coatings, although the final hydrodynamic size of each 

type of coating once the corona was formed was significantly different. The corona 

composition was similar for each type of MNP, despite the differences in the superficial 

charge. We also observed an enrichment in divalent ion-binding proteins that might 

indicate that the iron oxide core could condition the selection of certain corona proteins. 

We noted that the coatings were degraded by their associated PC, probably due to the 

hydrolases present in the corona. In terms of the influence of the corona on 

internalization, this was determined for particles with a large hydrodynamic size, to 

which the PC contributes significantly. However, for other types of internalization the 

coating was the determining factor in triggering uptake. Finally, an analysis of corona 

degradation inside the cell showed it was not degraded immediately after cell uptake 

and that the MNPs were targeted to lysosomes. This knowledge will help to improve 

diagnostic and therapeutic strategies based on NPs. 

 

 

RESULTS AND DISCUSSION 

Different polymeric coatings provided MNPs with different surface charges. We 

first analyzed how MNP coatings affect the physicochemical properties of MNPs once 

in contact with biological media, such as the hydrodynamic diameter, the Z-potential 

and the PC composition. MNP cores were synthesized by co-precipitation following 

the protocols described in the Materials and Methods25. Iron oxide cores with an almost 

spherical morphology were obtained by co-precipitation of iron salts in a basic aqueous 
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media, with ~12.7 ± 2.6 nm (PDI- 0.17) monodispersed iron oxide cores evident in 

transmission electronic microscopy (TEM) images (Figure 1a). Iron oxide cores were 

then coated with APS or DEX polymers, or with DMSA, to produce a positive, neutral 

or negative surface charge, respectively. When studied by dynamic light scattering 

(DLS), the APS-coated iron oxide cores (APS-MNPs) had a surface charge of +23 mV, 

while DEX-coated iron oxide cores (DEX-MNPs) proved to be close to neutral (-1.8 

mV). Conversely, DMSA-coated iron oxide cores (DMSA-MNPs) had a negatively 

charged surface (-34 mV) at pH 7 (Table 1). The corresponding hydrodynamic size of 

the APS-, DEX- and DMSA-MNPs was 122 nm, 109 nm and 83 nm, respectively. 

Hence, in addition to producing different surface charges, these coatings moderately 

affected the final MNP size (± 39 nm: Table 1). The degree of polydispersity was seen 

to be approximately 20% in TEM images, indicating that all the coated-MNPs were 

fairly well monodispersed.  

To quantify how much polymer was bound to the iron oxide core of the MNPs, a 

thermogravimetric (TG) analyses was performed. The mass percentage of the coatings 

varied from 38% for DMSA-MNPs and 18% for APS-MNPs to about 10% for DEX-

MNPs. Moreover, the presence of characteristic IR bands detected by Fourier-

transform infrared spectroscopy (FTIR) confirmed that MNPs were coated with the 

corresponding organic compounds (Figure 1b): 2930 and 998 cm-1 for APS; 2900 and 

1450-918 cm-1 for DEX; and 1625 and 1383 cm-1 for DMSA. Fe-O bond-specific IR 

bands at 500-600 cm-1 were detected in all cases, and the 1381 cm-1 band in the APS-

MNPs spectra is due to the nitric acid used during MNP oxidation and pH adjustment. 

Powder X-ray Diffraction (XRD) produced the characteristic pattern of the inverse 

spine structure compared to the γ-Fe2O3 phase (ISCD-084611: Figure 1c). Finally, the 
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magnetization measurements confirmed the superparamagnetic behavior of the MNPs 

at room temperature (RT: Figure 1d). 

 

Figure 1. Physicochemical characterization of MNPs. (a) TEM images of iron oxide cores 

prepared by co-precipitation (top), and MNP size distribution and Gaussian fitting (bottom). TEM 

images of coated APS-, DEX- and DMSA-MNPs. (b) Fourier transformed infrared spectra of the 

MNPs. (c) X-ray diffraction pattern of the MNPs. (d) Magnetization curve at RT for the MNPs 

showing the superparamagnetic behavior. Scale bar: 50 nm. 

 

Table 1. Summary of the main physicochemical characteristics of APS-MNPs, DEX-

MNPs and DMSA-MNPs 

MNPs Coatings % 

Coatings 
Hydrodynamic 

diameter (nm) 
Z-potential 

(mV) 

APS-MNPs (3-aminopropyl) 

triethoxysilane 
18.3 122.4 +23 

DEX-MNPs dextran 6KDa 9.9 109 -1.8 

DMSA-MNPs dimercaptosuccinic 

acid 
38.3 82.8 -34.3 

 

Characterization of the PC formed on MNPs with different coatings. When the 

MNPs are placed in medium containing serum, they rapidly adsorb proteins from the 

medium that form a PC on top of the MNPs, increasing the hydrodynamic size of the 

MNPs. As mentioned in the introduction, PC formation takes time and it involves the 
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initial binding of the more abundant proteins in the milieu, which are then gradually 

replaced by proteins with higher affinity for the molecules at the MNP surface, these 

tightly-bound proteins forming the hard or inner corona. Subsequently, other proteins 

interact with these inner corona proteins, establishing looser bonds and lower affinity 

protein-protein interactions, and forming a second layer known as the soft or outer 

corona. 

To evaluate the effect of the different coatings on PC formation, APS-, DEX- and 

DMSA-MNPs were incubated in vitro for different times (0, 1, 3, 5, 10, 24, 48 and 72 

h) in Dulbecco’s modified Eagle medium (DMEM) supplemented with a standard 

concentration of FBS for cell culture (10%). The kinetics of PC formation was 

characterized by measuring the change in hydrodynamic size and the Z-potential values 

of each type of MNP over time. As expected, the distinct coated MNPs increased their 

hydrodynamic size in medium containing FBS (Figure 2a and Figure S1a). The PC 

formation dynamics revealed that coated MNPs reach their maximum hydrodynamic 

size after a 5-10 h incubation (2455 nm for APS-MNPs; 438 nm for DEX-MNPs; and 

209 nm for DMSA-MNPs), decreasing thereafter until it stabilized after 24 h (Figure 

2a). After 24 h, the steady hydrodynamic diameter may reflect the equilibrium in 

dynamic protein exchange at the surface of the MNPs. The increase in size observed in 

the presence of FBS can be explained by the formation of a PC around the MNPs rather 

than their aggregation, with the DLS analysis reflecting a monodisperse profile (a single 

peak) over time (see Figure S1: Characterization of the stability of MNPs over time). 

Nonetheless, we cannot rule out some degree of hetero-aggregation, principally in the 

APS-MNPs, because the hydrodynamic peaks of the MNPs incubated in medium with 

FBS had a wider distribution that those of the MNPs incubated in medium alone (Figure 

S1a). To evaluate the proportion of tightly-bound proteins versus loosely-bound 
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proteins in the PC formed, we detached the loosely adsorbed proteins by washing and 

centrifugation of NPs10, 26, quantifying the proteins in the supernatants from these 

washes (outer corona) and those in the MNP fraction (re-dispersed MNPs after being 

washed) that were the more stably attached proteins. The hydrodynamic size analysis 

of MNPs before and after elimination of the loosely-bound proteins (Figure 2a) showed 

that the maximum hydrodynamic size for each type of coating was smaller after 5-10 h 

when the loosely-bounds proteins had been washed off the MNPs (1737 nm for APS-

MNPs; 301 nm for DEX-MNPs; and 176 nm for DMSA-MNPs). The proportion of 

these loosely-bounds proteins was reduced and it remained stable at later time points 

when a more stable hydrodynamic diameter was evident, indication of the formation of 

a stable corona. When the proportion of proteins loosely attached relative to those stably 

attached to MNPs was quantified (Figure 2b), the higher hydrodynamic size was 

correlated with a higher proportion of loosely-bound proteins in the PC. By contrast, 

the proportion of tightly-bound proteins relative to the loosely-bound proteins remain 

stable when the PC size stabilized at later time points. 

Consistent with the marked increase in hydrodynamic size observed in our 

experiments after incubation in DMEM containing FBS, it has been reported that 15 

nm Au NPs incubated in DMEM supplemented with 10% FBS for 48 h formed larger 

PCs (from a 20 nm mean diameter without FBS to 200 nm with FBS, ~10-fold increase) 

than those formed on NPs incubated in RPMI supplemented with FBS for 48 h (from a 

20 nm mean diameter to 40 nm, ~2-fold increase). Moreover, PC formation in DMEM 

is time-dependent27 and not an immediate event but rather, a dynamic process. Indeed, 

the stabilization of this dynamic process can take from minutes to days28. Furthermore, 

the factors identified that influence this stabilization were the incubation medium and 

the serum concentration29. 
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Figure 2. Analysis of the dynamics of PC formation on APS-MNPs, DEX-MNPs and DMSA-

MNPs in DMEM plus 10% FBS. (a) The hydrodynamic size of APS-, DEX- and DMSA-MNPs 

over time as determined by DLS before and after removing the loosely attached proteins. (b) 
Quantification of the total amount of protein attached to MNPs, and of the proportion of loosely 

attached proteins relative to the proteins stably attached to the MNPs. (c) The Z-potential measured 

over time for the MNPs. PC before washing with PBS: MNPs incubated in DMEM with 10% FBS. 

PC after washing with PBS: MNPs incubated in DMEM with 10% FBS and then washed with PBS, 

centrifuged and resuspended in PBS. DLS measurements were performed in triplicate to determine 

the Z-Potential and hydrodynamic size of the MNPs. 
 

In all three of the coated MNPs analyzed, the Z-potential was negative in medium 

with 10% FBS, a result of the formation of a PC in the presence of FBS (Figure 2c). 

Positive Z-potential values of APS-MNPs were observed in the absence of FBS (+23 

mV), while when FBS was present in the medium the Z-potential values shifted to 

negative values. For DEX-MNPs, the Z-potential values in the sample without FBS 

were close to zero (-1.8 mV), whereas negative Z-potential values were observed in the 

presence of FBS. These variations in the Z-potential values may reflect the contribution 

of proteins in FBS to the PC formed, adding to their negative charge and increasing 

their negative Z-potential values. In the case of DMSA-MNPs, Z-potential values were 

negative in both conditions (with and without FBS), and while this value was -34 mV 

in the absence of FBS, the Z-potential values were less negative in the presence of FBS. 
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Hence, DMSA-MNPs would appear to bind proteins with hydrophobic residues due to 

their negative Z-potential value. 

The differences in the increases in hydrodynamic size between the MNPs coated with 

different polymers after incubation in medium containing 10% FBS could be explained 

by the surface charges contributed by each coating. Indeed, the largest increase after 24 

h (~6 fold) was observed in APS-MNPs, from 232 to 1293 nm. In DEX-MNPs this 

increase was ~1.5 fold, from 134 to 204 nm, and the change in size of DMSA-MNPs 

was ~1 fold, from 88 to 117 nm. This data is consistent with previous indications that 

NPs with an initially positive surface charge have larger PCs after incubation than 

MNPs with an initially negative surface charge30. 

We observed a correlation between the increase in the hydrodynamic size of coated-

MNPs due to PC formation and the surface charge provided by each coating. Positively 

charged coatings favor a larger increase in hydrodynamic size due to PC formation, 

similar to the temporal evolution in the protein-NP complex observed previously31. 

Indeed, the hydrodynamic diameter of Au-NPs increased from 30 nm in the absence of 

an associated PC to 283.5 nm when incubated with a protein lysate for 5 minutes. The 

size decreased to 72.31 nm after 1 h and it stabilized after 24 h to a size of 59.2 nm. In 

terms of the surface charge, the Z-potential value for the Au-NPs without a corona 

associated was -43 mV and after 24 h, when the corona had stabilized, its Z-potential 

value was -8.4 mV. Accordingly, we observed a reduction in the Z-potential value for 

our DMSA-MNPs from -34 mV without the PC to -8 mV after a 24 h incubation with 

serum (Figure 2c). When incubated in medium with FBS polyvinyl alcohol (PVA) 

coated-NPs with different modifications, PVA-NH2 coated-NPs, with a positive 

superficial charge, tended to bind a significantly larger number of serum proteins to 

their surface (e.g. Seroalbumin) than PVA-COOH coated-NPs, with a negative charge, 
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the latter binding mainly apolipoproteins and complement proteins30. This influence of 

superficial charge on binding tendencies meant that PVA-NH2 coated-NPs had an 

appreciable larger hydrodynamic size than the PVA-COOH coated-NPs, reflecting the 

correlation between superficial charge and hydrodynamic size. These findings support 

our observations and in a similar scenario, the positive superficial charge of our APS-

MNPs was associated with a hydrodynamic size approximately 10 times larger than the 

corona of DMSA-MNPs that have a negative superficial charge. 

 

Analysis of the composition of the PC formed on the MNPs coated with different 

polymers after incubation with medium containing FBS. A proteomic approach was 

adopted to identify and quantify the proteins that made up the PC, and to evaluate how 

the coatings responsible for the different surface charge of the MNPs influence the PC’s 

composition. As such, the coated MNPs were incubate in DMEM with 10% FBS for 

24 h, conditions under which the PC formed was considered to be stable (Figure 2b). 

After incubation, the MNPs were recovered magnetically and the unbound proteins 

removed by gently washing with phosphate buffered saline (PBS). Subsequently, the 

MNPs were resuspended in a protein extraction buffer to detach the PC proteins. These 

protein extracts were resolved by denaturing SDS-PAGE, trypsin digested, and the 

tryptic peptides were identified and quantified using a label-free proteomic approach. 

(Figure 3a). The proteins in the commercial FBS used here were also identified and 

quantified in a similar manner as a control for our analysis. 

To analyze the MS/MS spectra obtained, raw data were converted to mgf files using 

Peak View v1.2.0.3, which was then used to search a composite target/decoy database 

built from the Bos Taurus database and downloaded from UniprotKb using Mascot 

Server 2.5.1, OMSSA 2.1.9, X!TANDEM 2013.02.01.1 and Myrimatch 2.2.140. This 
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analysis provided a list of the proteins present in the FBS serum and in the different 

PCs corresponding to APS-, DEX- and DMSA-MNPs. We identified 121 different 

proteins in FBS (see Figure S2 in the Supporting Results and Discussion, SI), including 

20 that were highly abundant (see Table S1 and Figure S3 in the Supporting Results 

and Discussion, SI). 
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Figure 3. Proteomic characterization of the MNP’s PC. (a) Scheme showing the mass 

spectrometry identification and quantification of the proteins in the PCs. (b) Venn diagrams 

representing the common and exclusive proteins identified in the PCs associated with each type of 

MNP. (c) Heat map of the proteins overexpressed in the DEX-MNP PCs as opposed to those on 

DMSA-MNP PCs. (d, e) Heat map of the downregulated proteins in the DEX-MNP PCs as opposed 

to those on DMSA-MNPs, and of those on the APS-MNPs as opposed to DEX-MNPs, respectively. 

(f, g) Relative abundance of the proteins identified in FBS and of the proteins identified in the 

corona, quantified by label-free proteomic analysis: Heat Map # 1 includes a total of 100 proteins; 

Heat Map # 2 includes a total of 104 proteins. The color of the labels indicates the fold change. In 

Table S3 there is a list with the name of the proteins identified. 

 

To compare the composition of the PCs associated with the different coatings, the 

InteractiVenn32 software was used to examine the proteins identified as part of the PC 

formed on APS- (202 proteins), DEX- (204 proteins) or DMSA-MNPs (203 proteins). 

This analysis of the proteins in each PC showed that approximately 96% of them (196 

proteins) were common to the PCs formed on all three types of coatings. In terms of 

their relative abundance, this parameter was similar between APS- and DEX-MNPs 

(85.2%), between APS- and DMSA-MNPs (80.4%), and between DEX- and DMSA-

MNPs (81.2%), yet there was no correlation between the proteins most abundant in 

FBS and in the PCs associated with MNPs (Figure 3f, g). Based on these results, the 

proteins in the coronas that associate with each of the coatings are clearly similar, both 

in terms of composition and abundance (see Table S3: List of all the proteins identified 

in the coronas). Although it was not the case here, it should be noted that other studies 

have established close relationships between coatings and the associated PC, with 

significant differences in both the composition and relative abundance of proteins in 

the corona depending on the physicochemical characteristics of the NP30, 33, 34. Indeed, 

an analysis of Au-NPs with different coatings (Au-citric-NP, Au-phosphine-NP, Au-

PMA-NP, Au-PEG-SH-NP, and Au-PMA-sat PEG-NP) indicated that their colloidal 

stability in complex biological media is an important factor influencing the formation 

and composition of the PC34. In fact, several reports suggest that the PC can be predicted 

from the surface chemistry of NPs34, 35. 
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Having established the similarities between the coronas associated to each of the NP 

coatings, we focused on identifying the main differences. In terms of composition, there 

were only 2 proteins unique to APS- and DMSA-MNP coronas, 1 protein unique to 

APS- and DEX-MNP coronas, and 5 proteins unique to the DEX- and DMSA-MNP 

corona (Figure 3b). A previous proteomic characterization of the PC composition on 

NPs coated with glucose or polyethylene glycol (PEG) by also found that 78% of the 

PC proteins identified (238 proteins) were common to both14, with only 29 proteins 

associated exclusively to PEG-coated NPs and another 45 to glucose-coated NPs. The 

degree of similarity among the three coronas studied here was even higher, with 3 and 

2 proteins exclusively associated with APS-MNPs and DEX-MNPs, respectively (out 

of 202 and 204 proteins, respectively: Figure 3b). 

Focusing on these exclusive proteins, we tried to find a correlation between their 

structure, function or activity that could explain their unique presence on a given 

coating (Table 2). We used the Uniprot database (identifier in parenthesis) to obtain the 

information for each individual protein and the Prot pi-protein software tool to calculate 

the corresponding net charge (see Figure S4, and Table 2 for the proteins found 

exclusively in the APS- and DEX-MNPs following a Venn diagrams analysis). We 

observed a pattern that might explain the selective binding of the proteins, most of 

which showed affinity for divalent metals (Table 2). Furthermore, we also observed a 

correlation between the superficial charge of the coating and the charge of the binding 

proteins in the case of APS-MNPs. 

Regarding the relative abundance, a label-free proteomic analysis served to quantify 

the expression of these aforementioned proteins. When both the proteins pools 

identified in APS- and DEX-MNP coronas were compared, 6 proteins were 

downregulated and none were overexpressed (Figure 3e). A similar comparison 
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between the protein pools corresponding to the APS- and DMSA-MNP coronas failed 

to identify significant differences in protein expression. Finally, when the pool of 

proteins corresponding to DEX- and DMSA-MNP coronas were compared, 5 down-

regulated and 5 overexpressed proteins were detected (Figure 3c, d, for a statistical 

analysis see Supporting Information, Table S2). 

Table 2. Proteins found exclusively in APS-MNPs and DEX-MNPs by Venn diagrams 

analysis 

Exclusive proteins identified in APS-MNPs and DEX-MNPs 

MNPs 
UniProt 

ID 
Protein’s name 

Net 

charge 
Molecular 

function 

APS-MNPs 

P81947 
Tubulin alpha 1B 

chain 
-25.616 

Structural 

constituent of the 

cytoskeleton 

F1N5U1 
G2/M-phase specific 

E3 ubiquitin protein 

ligase 
-4.544 Zinc ion-binding 

M0QVY0 
IF rod domain-

containing protein 
+1.738 

Constituent 

protein of the 

cytoskeleton 

DEX-MNPs 

Q9XSJ4 Alpha-enolase -3.289 
Magnesium ion-

binding 

O02659 
Mannose-binding 

protein C 
-6.656 

Calcium 

dependent protein 

binding 

 

We then analyzed the proteins overexpressed in the three PCs using the Panther gene 

list software, which recognizes Gene Ontology annotations and associates them with 

the proteins identified (Table 3). The analysis centered on 3 main categories: Molecular 

function, Protein class, and Biological process. Of the overexpressed proteins Serum 

albumin and Apolipoproteins (Apolipoprotein A-I) were found in abundance in the 

serum, which may explain their overexpression. However, Serotransferrin, 
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Complement factor H and Glucose-6-phosphate isomerase were not abundant proteins 

in the serum and thus, we focused on these proteins to formulate a plausible hypothesis 

that justifies their affinity for the surface of DEX-MNPs (Figure 3c). 

 

 

Table 3. Overexpressed proteins found by comparing the DEX-MNPs and DMSA-

MNPs as determined by Label-Free Proteomics 

 

 

 

 

 

 

 

 

As for the downregulated proteins, we observed significant differences between APS- 

and DEX-MNPs (6 downregulated proteins), as well as between DEX- and DMSA-

MNPs (5 proteins). Proteins abundant in serum, such as Tetranectin, were less abundant 
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in DEX- and APS-MNPs, indicating that its binding is not associated with the relative 

abundance of the protein in the serum. 

Some differences in protein composition were noted regardless of the aforementioned 

similarities. Although there was no significant over-representation of any proteins in 

the PC formed on APS-MNPs, some very negatively charged proteins were detected: 

Serum albumin (-17.254), Coagulation factor IX (-13.318) and Tubulin alpha 1B chain 

(-25.616). Hemoglobin fetal subunit beta (-1.575) and Tetranectin (-5.579) were 

identified in the PC formed on DMSA-MNPs, both with hydrophobic residues in their 

structure. A more diverse pattern of FBS proteins was identified with DEX-MNPs and 

since the DEX coating provides an almost neutral charge to the MNP surface, the 

corona proteins were unlikely to be selected by ionic interactions but by other 

mechanisms (see Figure S4). 

Together, this analysis showed that a significant number of the PC proteins have 

affinity for divalent ions. To determine if this over-representation correlates with their 

representation in FBS or if it reflects preferential recruitment, we compared the 

annotated molecular functions of the corona proteins detected in both the serum DEX-

MNPs using the Panther Gene List. The corona of the DEX-MNPs was selected because 

it is that which has the most diverse composition and expression. We noted that 40% 

of the proteins present in the serum share a “binding function” and 7% of them had an 

“ion binding function”. Likewise, the 42.9% of the proteins of the DEX-MNP PC share 

a “binding function” but in contrast to the serum, 20% of these proteins exhibit an “ion 

binding function”, suggesting a PC enrichment of “ion binding” proteins (Figure 4, 

Binding function). This enrichment may reflect the contribution of the iron ions on the 

MNP surface to the selection of the PC proteins. Indeed, the Panther Gene List software 
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analysis of the annotated molecular functions for the proteins identified in the corona 

of DEX- and APS-MNPs showed that differentially expressed proteins had a binding 

specificity for divalent ions, such as iron, zinc, magnesium and calcium. Therefore, we 

hypothesized that many of the serum proteins that form the MNP coronas can chelate 

iron at the surface of the NP due to non-homogeneous coating or enzymatic degradation 

of the coating. 

Figure 4. Comparison of the distribution of the “molecular function” of proteins identified in 

FBS and in the PC formed on DEX-MNPs. (a) Graph showing the percentage of proteins 

identified in FBS that belong to a certain “molecular function” group. (b) Graph showing the 

percentage of overexpressed proteins identified in the corona on DEX-MNPs that belong to a certain 

“molecular function” group. Different “molecular functions” are shown in different colors. The 

graphs in this figure were generated by the Panther Gene List software with an emphasis on binding 

and catalytic activity. 
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In the case of the DEX-MNPs used here, a theoretical calculation based on their TG 

analysis showed that the proportion of the coating was approximately 10% (Table 1), 

resulting in approximately 49 molecules of dextran per particle. Thus, given the size of 

the particles (12 nm diameter) and the Dextran molecule (1.8 nm chain length), and 

considering a random organization of the chains of this branched polysaccharide on the 

NP surface (occupying a maximum surface of 1.8 x 1.8 nm2), the minimum number of 

dextran molecules needed to cover the NP surface is around 140 (see Section: 

Theoretical calculations from the TG data to see if the relative coating of the APS-

MNPs, DEX-MNPs and DMSA-MNPs is sufficient to form a monolayer around the 

iron oxide core in the Supporting Results and Discussion, SI). Therefore, if the 

proportion of the particle coated was less than 10%, DEX-MNPs could present 

uncoated areas and thus, ions from the iron oxide MNP core could be directly exposed 

and interact with serum proteins. In the DEX-MNP PC there were more proteins with 

affinity to divalent metals than in the APS- and DMSA-MNPs, further evidence that 

the iron oxide core of the MNPs actively selects proteins to form the corona. It has been 

proposed that the distribution of dextran molecules on the surface of ferumoxide 

particles (a commercial formulation for MRI) was not particularly uniform36, provoking 

core exposure and associated side effects. Indeed, zones of the iron oxide core of the 

NPs were left uncovered37, as witnessed by the identification of proteins like HPRG 

and kininogen-1 in the corona which have a strong binding affinity for the iron oxide 

core of the NPs through their histidine-rich motifs. Other proteins like b-2 

glycoprotein38 and apolipoprotein B39 are also known to have strong affinity to the iron 

oxide core, consistent with our observations.  

In addition to gaps in the MNP coating due to non-homogeneous polymer distribution 

during MNP synthesis, it is plausible that some of the serum proteins absorbed on the 



22 

MNP surface as a part of the PC have enzymatic activities that might participate in the 

degradation of the MNP coating. Indeed, the functional proteomic analysis (Figure 4, 

Catalytic activity function) indicated that 28.6% of the proteins that form the corona 

have “catalytic activity”. Among these, 20% corresponded to hydrolases that could 

participate in the degradation of the coating when MNPs were incubated in medium 

with serum. 

The contribution of the PC to coating degradation. To study how the formation of 

a PC on the different coatings might degrade each coating over time, we analyzed the 

status of each type of MNP coating (APS, DEX and DMSA) after a 24 h incubation in 

medium with 10% FBS using FTIR. After incubation of the MNPs in medium 

containing serum to allow PC formation, the MNPs were magnetically separated from 

the medium containing serum and washed three times with a high salt buffer to remove 

as much protein as possible from the PC formed on top of the coating (see Supporting 

Materials and Methods, and Figure S5). After washing, the integrity of the MNP 

coatings was analyzed by IR. Moreover, the MNPs were also analyzed by IR before 

incubation in the medium containing FBS to obtain the spectra of the undegraded 

coatings (Figure 5). As such, the IR spectra before and after incubation in FBS 

containing serum could be compared. 

For APS-MNPs incubated in 10% FBS, we observe three bands at 1642 cm-1, 1532 

cm-1 and 1052 cm-1 with a higher intensity compared to the APS-MNPs spectrum before 

the incubation. The first two peaks correspond to asymmetric and symmetric 

deformations of amino groups (-NH2) and the third peak corresponds to C-N bond, 

probably caused by the large amount of proteins absorbed by the MNP surface during 

the formation of the PC. On the other hand, we can see that the Si-O bond (926 cm-1) 

due to the APS coating was reduced in the sample incubated with the FBS for 24 h, 
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which could suggest partial degradation of the coating (Figure 5a). 

For DEX-MNPs incubated in 10% FBS, we observed a decrease in the peaks around 

1150 cm-1 and 1350 cm-1 assigned to C-O and C-H which indicates degradation of the 

dextran alcohols in the sample incubated in the serum for 24 h, compared to the sample 

obtained before incubation (Figure 5b).  

Finally, for DMSA-MNPs incubated in medium with 10% FBS we analyzed the 

peaks at 1611 cm-1 assigned to C=O and no relevant changes were observed with 

respect to the samples taken before the incubation apart of a slight shift of the peak to 

1657 cm-1 that could indicate the evolution of some carboxyl groups to amides (Figure 

5c). This indicates that there is less degradation of this coating than of the other 

coatings, probably due to the smaller hydrodynamic size of DMSA-MNPs. In 

summary, these results show that the three coatings analyzed were degraded over time 

when MNPs enter into contact with medium supplemented with serum and during PC 

formation. It is possible that part of the signal in the peaks corresponds to amino, C-H 

or C-O bonds in the IR spectra, to which there may be a contribution from the bonds 

belonging to amino acids of unwashed proteins that remain attached to the coating 

before IR analysis. We calculated the percentage of proteins that remain attached to the 

MNP coatings after these washes (Supporting Materials and Methods), showing that 

only around 20% of the proteins in the PC remained attached to MNP coating before 

the IR analysis (Supporting Results and Discussion, Figure S5). Therefore, we cannot 

rule out a contribution of these proteins to the IR peaks of the amino, C-H and C-O 

groups. However, it should be noted that the changes observed in APS-MNP with 

respect to the Si-O bond group (926 cm-1) reflected the partial degradation of this 

coating. 
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Figure 5. IR spectra demonstrating coating degradation. (a) Fourier transformed infrared (FTIR) 

spectra for APS-MNPs before and after incubation in 10 % FBS medium. (b) FTIR spectra for DEX-

MNPs before and after incubation in FBS. (c) FTIR spectra for DMSA-MNPs before and after 

incubation with FBS. Detailed images including peak changes as a result of coating degradation. 

 

It was previously report that polymers that cover the surface of NPs are degraded in 

endolysosomal compartments in vitro16, 40, while the evidence in vivo suggests that 

degradation occurs through macrophages in the liver and spleen14. Au-NPs internalized 

in HUVEC and Kupffer cells were seen to lose part of their coating due to the action of 

proteolytic enzymes present in the endolysosomal compartments41, whereas the 

kinetics of degradation of mesoporous silica nanoparticles (MSNs) functionalized with 

PEG were influenced by the shape, surface properties, porosity and biological 

medium42. Comparing rod-shaped PEG-MSNs with sphere-shaped PEG-MSNs 

incubated in DMEM with and without 10% FBS, there was 8% degradation over 60 

days in DMEM without FBS, which augmented in the presence of with FBS to a 

degradation rate of 45.3% for the sphere-shaped PEG-MSNs and of 15.1% for the rod-

shaped PEG-MSNs. The authors concluded that the presence of FBS in the incubation 
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medium greatly accelerates the degradation of the NPs. Indeed, we found hydrolase 

enzymes to be present in FBS and in the PC, which could contribute to the degradation 

of the polymeric MNP coating. The enhanced degradation of the MNP-coating in the 

presence of FBS was confirmed by analyzing the IR spectra, where a shift was produced 

in the typical peaks associated with different coatings, mainly for DEX and APS. 

Finally, our MNPs are all spherical and despite the relatively short incubation with only 

FBS (24 h), notable degradation of the coatings was detected (Figure 5a, b). 

Different groups of proteins have been shown to bind to DEX-coated NPs37, the first 

including proteins with strong affinity for the iron oxide core. A second set of proteins 

bound directly to the DEX polymer and included mannose-binding lectins (MBLs) A 

and C proteins. MBLs are known to bind strongly to mannose polysaccharides on 

bacterial surfaces but they may also interact with the D-glucose units of the dextran 

polymer. The last group identified corresponded to proteins with weaker binding, which 

suggests that they may bind indirectly to the corona of the DEX-coated MNPs. This 

latter group included coagulation factors XI and XII, and MBL-associated serine 

proteases MASP-1 and 2. In conjunction with the results presented here, it seems likely 

that three groups of proteins in the PC associate with iron oxide coated-MNPs:  proteins 

that show affinity for the iron oxide core (iron oxide core binders); proteins with affinity 

for the polymeric coating (coating binders), which can be further divided into a subsets 

(a) of proteins with enzymatic activity that can degrade the polymeric coating 

(hydrolase enzymes) and a subset (b) with electrostatic or chemical affinity for the 

coating (other proteins); and finally, a third group of proteins that bind to the corona 

more weakly through protein-protein interactions, binding to the proteins of the first or 

second group (secondary binders). This latter group of proteins could be related to the 

“soft corona” (Figure 6). 
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Figure 6. Schematic representation of the assembly of the PC of iron oxide coated-MNPs.  

 

Evaluating the influence of the different coatings and their associated PCs on 

MNP internalization. Two cell lines were used to evaluate the impact of the PC on 

MNP cellular uptake: the mouse RAW 264.7 macrophage cell line and the mouse Pan 

02 pancreatic tumor cell line (see Figure S6: Viability of RAW 264.7 macrophages and 

Pan 02 tumor cells treated with different concentrations of APS-MNPs, DEX-MNPs 

and DMSA-MNPs). In these studies we used specific chemical inhibitors to block some 

of the main internalization pathways: Chlorpromazine (CPZ), inhibitor of clathrin-

mediated endocytosis that translocates clathrin and AP2 from the cell surface to 

intracellular endosomes; Amiloride (A), an inhibitor of macropinocytosis that impairs 

Na+/H+ exchanger activity; Cytochalasin D (C), an inhibitor of actin that acts by 

inducing actin cytoskeleton depolymerization; and Filipin III (F), an inhibitor of 

caveolae-dependent endocytosis that binds to cholesterol in the membrane (Figure 7a). 

Cells were cultured in DMEM with 10% FBS for 24 h and then treated with each 

inhibitor for 2 h before (see Figure S7: Viability of RAW 264.7 macrophages and Pan 

02 tumor cells treated with different concentrations of endocytosis inhibitors as 

measured with a PrestoBlue assay), prior to their exposure for another 24 h to 125 μg 
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Fe/ml of the MNPs (APS-, DEX- or DMSA-MNPs) to allow their uptake. The number 

of MNPs internalized by cells was evaluated using an iron quantification assay (ICP-

OES) and expressed relative to the maximum internalization measured as the iron 

content of cells incubated with MNPs but not treated with inhibitors. The basal iron 

content of the cells was measured in cells not treated with an inhibitor and not exposed 

to MNPs. 

It is well known that NPs are mainly internalized through endocytosis30, and that the 

NPs enveloped in the cell’s membrane invaginations are then transported to specialized 

inner compartments. Depending on the cell type, endocytosis can be divided into 

phagocytosis and pinocytosis, and pinocytosis is then further classified into three main 

pathways: clathrin-mediated endocytosis, caveolae-mediated endocytosis and 

macropinocytosis. Larger NPs (> 500 nm) are mainly internalized by phagocytosis and 

macropinocytosis, while smaller ones use receptor-mediated mechanisms (<200 nm)13. 

Quantification of RAW 264.7 cell iron concentrations indicated that APS-MNPs 

were internalized through all of the endocytic pathways: receptor-dependent 

endocytosis, endocytosis mediated by clathrin and caveolae, and macropinocytosis. 

DEX-MNPs were mainly internalized by caveolae-mediated endocytosis, while 

DMSA-MNPs were internalized mainly by clathrin- and caveolae-mediated 

endocytosis (Figure 7b). In the case of the Pan 02 tumor cell line, iron quantification 

indicated that APS-MNPs were mainly internalized by macropinocytosis, while DEX-

MNPs were mainly internalized by clathrin- and caveolae-mediated endocytosis. In 

contrast to the macrophage cell line, Pan 02 appeared to take up the DMSA-MNPs 

through all the endocytic pathways (Figure 7c). 
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Figure 7. How the different coatings and the PCs formed on them influence MNP 

internalization. (a) Scheme of the inhibition of the different internalization pathways of MNPs. (b) 

Assay of endocytic pathways for differently coated MNPs (APS-, DEX- and DMSA-MNPs) in 

RAW 264.7 and (c) Pan 02 cells. Two-way analysis of variance (ANOVA) and Tukey’s multiple 

comparison tests was performed for the different groups of iron concentration after the inhibition of 

uptake. Asterisks indicate samples showing statistically significant differences in iron concentration 

(ns - no significant differences): *p < 0.05, **p < 0.01 and ***p < 0.001. 
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Amiloride caused the strongest reduction in APS-MNP uptake in both cell lines, 

suggesting that macropinocytosis was the main mechanism of internalization. By 

contrast, Chlorpromazine and Filipin III exerted the strongest influence on the DEX- 

and DMSA-MNP internalization, indicative of the active involvement of receptor-

mediated mechanisms and specifically, caveolae-mediated (DEX-MNPs) or clathrin- 

and caveolae-mediated endocytosis (DMSA-MNPs: for similar results with other 

inhibitors of caveolae-mediated endocytosis see Supporting Materials and Methods, 

Supporting Results and Discussion, and Figure S8). 

Actin plays a prominent role in macropinocytosis, mediating the formation of 

membrane ruffles43, although it is also involved in other mechanisms like clathrin-

mediated endocytosis. Receptor-mediated endocytosis was affected when these cells 

were treated with Cytochalasin D, mainly clathrin-mediated endocytosis. While the 

cytoskeleton is thought to be involved in the internalization of the MNPs via 

macropinocytosis, no correlation was evident between the inhibition of actin 

polymerization and the decrease of the MNP internalization by macropinocytosis 

(Figure 7b, c). 

Considering that the corona protein composition and the relative abundance of 

proteins for the three types of coated MNPs was similar, we would have expected the 

same mechanisms of internalization to be at play if cell uptake was mainly dictated by 

the PC. However, the opposite effect was noted and indeed, both the size and shape of 

the NPs is thought to influence their internalization13, 30, 44. As such, larger NPs were 

mainly internalized by phagocytosis and macropinocytosis, while smaller NPs were 

internalized by clathrin- or caveolae-mediated endocytosis44. Similarly, the APS-MNPs 

that had the largest hydrodynamic size after incubation in 10 % FBS were internalized 
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mainly through macropinocytosis, whereas the significantly smaller DMSA- and DEX-

MNPs entered cells through other mechanisms, as their uptake was barely affected by 

Amiloride, the inhibitor of macropinocytosis19. Inhibiting caveolae-mediated 

endocytosis in HUVEC cells reduced the internalization of small NPs (20 and 40 nm) 

by 80%, regardless of their coating, while the internalization of larger NPs (100 nm and 

200 nm) was only reduced by 36%45. Therefore, caveolae-mediated endocytosis 

depends more on size than on NP coating, although the PC composition on each coating 

was not analyzed. 

Small gold-NPs (Au-NPs) (5 nm, 20 nm) were taken up via caveolae-mediated 

endocytosis, while larger Au-NPs (50 nm) were internalized via clathrin-mediated 

endocytosis or macropinocytosis46. This difference appeared to be related to the PC 

associated with small Au-NPs, which inhibits caveolae-mediated endocytosis and 

therefore dampens NP uptake. Nevertheless, the PC disrupts the scavenger-receptor 

interaction of larger Au-NPs and thus, it inhibits caveolae-mediated endocytosis and 

promotes recognition by the clathrin-receptor. In essence, the PC exhibits a stronger 

inhibitory effect on caveolae-mediated endocytosis of Au-NPs as the nanoparticle size 

increases. The predominant uptake pathways of relatively small NPs (in terms of 

hydrodynamic size) are clathrin- and caveolae-mediated endocytosis45, 46. Similarly, 

here caveolae- and clathrin-mediated endocytosis was that mainly involved in the 

uptake of the smaller NPs (DEX-MNPs, 109 nm and DMSA-MNPs, 83 nm) by both 

RAW 264.7 and Pan 02 cell lines. However, APS-MNPs were mainly internalized by 

macropinocytosis, most likely due to their large hydrodynamic size and the 

considerable size of the corona inhibiting the caveolae-mediated pathway. 

Importantly, we didn’t note a differential enrichment of proteins like opsonins 

(immunoglobulins of the IgG isotype and components of the complement system like 
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C3b, iC3b or C4b) that can influence internalization by interacting with cell membrane 

receptors. A high abundance of immunoglobulins in the PC is necessary and sufficient 

for binding to the Fc receptor, which could induce the uptake of NPs into 

macrophages47. Here, the APS-MNPs were those best internalized by macrophages, 

which could be directly related to the size of the associated corona that was the largest 

in this case (Figure 7b). Although we cannot rule out the interaction of some of the PC-

derived proteins with the cell membrane receptors, our data suggest that the MNP layer 

mainly governs the internalization process by influencing PC thickness rather than its 

composition. Indeed, the coating was shown to influence internalization previously18. 

Surface charge appears to be an important factor regulating NP uptake by cells48 and 

in RAW 264.7 cells, iron oxide NPs with a very positive charge are taken up faster than 

PEG-coated NPs with an almost neutral charge49. This is consistent with our 

observations, as APS-MNPs were internalized 12 times more rapidly than DEX-MNPs 

in RAW 264.7 cells. Indeed, iron oxide NPs with a positive charge were found in a 

higher concentration intracellularly than negatively charged ones50. PEI-coated NPs 

(positive charge) are taken up through clathrin- and caveolae-mediated endocytosis due 

to their interaction with the TLR4 receptor on RAW 264.7 cells51, 52. Here, APS-MNPs 

have a similar positive superficial charge to PEI-coated NPs, and they were largely 

internalized by macropinocytosis due to their hydrodynamic size. Nonetheless, 

clathrin- and caveolae-mediated endocytosis were partly involved in their uptake. APS-

coated NPs were internalized by phagocytosis in human lung cancer SPC-A1 cells53 

and DEX-coated NPs (Ferumoxides and Carboxydextran-coated NPs) were seen to be 

mainly internalized by human macrophage cells54, 55 via clathrin-mediated endocytosis. 

We found DEX-MNPs mainly used caveolae-mediated endocytosis for uptake by RAW 

264.7 cells, whereas clathrin-mediated endocytosis was as significant as caveolae-
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mediated endocytosis in Pan 02 cells, which supports the findings described 

previously18. 

TEM images were analyzed to corroborate the pathway by which each MNP was 

internalized in the conditions described above. The simplest way to identify endocytic 

pathways is through the ultrastructural morphology of the endocytotic intermediates at 

the plasma membrane. As such, we detected three structures typical of endocytotic 

pathways: clathrin-coated pits (associated with clathrin-mediated endocytosis), flask-

shaped structures without an electron-dense coat (associated with caveolae-mediated 

endocytosis) and larger macropinocytic vesicles (macropinosomes) that identify 

macropinocytosis56. These structures were identified during the uptake of the different 

MNPs. In the RAW 264.7 cells, clathrin-coated pits and macropinosomes were detected 

during APS-MNP internalization, indicating that clathrin-mediated endocytosis and 

macropinocytosis were activated. DEX-MNPs uptake was associated with flask-shaped 

structures, suggesting the activation of the caveolae-mediated endocytosis, whereas two 

distinguishable invaginations were observed in the membrane during DMSA-MNP 

internalization, clathrin-coated pits and flask-shaped structures indicative of clathrin- 

and caveolae-mediated endocytosis (Figure 8a, b). 

In pancreatic Pan 02 tumor cells, only macropinosomes were observed in the cell 

membrane following exposure to APS-MNPs, suggesting their uptake by 

macropinocytosis. However, both clathrin-coated pits and flask-shaped structures were 

identified when DMSA-MNP internalization was analyzed, suggesting the prevalence 

of clathrin- and caveolae-mediated endocytosis. By contrast, the DEX-MNPs only 

appeared to enter the cells through clathrin-coated pit structures, a bona fide indication 

of clathrin-mediated endocytosis. However, caveolae-mediated endocytosis of DEX-
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MNPs also appeared to be active during the functional analysis when the endocytosis 

pathways were inhibited (Figure 8c, d). 

Despite the similar PC compositions, there were clear differences in the 

internalization pathways for each type of MNP, suggesting that the coating largely 

dictates the internalization pathway rather than the PC composition. However, a certain 

contribution of the corona and an influence of MNP aggregation cannot be completely 

ruled out, not least because the hydrodynamic size sometimes determines the 

internalization pathway used, as noted for the APS-MNPs. Nevertheless, the prevailing 

internalization pathway in all cases was macropinocytosis, which is evidence of a direct 

relationship between the MNP’s hydrodynamic size and the internalization pathway. 
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Figure 8. TEM analysis of the typical membrane structures associated with MNP 

internalization in RAW 264.7 and Pan 02 cells. (a, c) TEM images of MNP internalization. (b, d) 

Detailed images highlighting the MNP internalization pathways (magnification 150×200). Colored 

arrows indicate the structures associated with the specific mechanisms of MNP internalization: 

purple, clathrin-mediated endocytosis (clathrin-coated pits); gray, caveolae-mediated endocytosis 

(flask-shaped structures); and yellow, macropinocytosis (macropinosomes). Scale bar: 50 and 100 

nm. 

 

Together, we conclude that the main internalization pathway for APS-MNPs is 

macropinocytosis, whereas caveolae-mediated endocytosis prevails for DEX-MNPs 

and receptor-mediated endocytosis (clathrin- and caveolae-mediated) governs the 

internalization of DMSA-MNPs. The internalization of APS-MNPs, with their positive 
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surface charge, is influenced by the increase in hydrodynamic size provoked by the 

association of the PC. 

Regarding the influence that the PC may have on cellular processes, there are two 

main hypothesis: one that states that the PC is a key factor in the interaction between 

cells and MNPs16, 57; and another recognizing the importance of the PC in the stability 

of the MNPs34, 58, whereby the physicochemical properties of the nanomaterials (e.g. 

size, charge and coating) are decisive factors dictating these interactions59-61. The 

results obtained here suggest that physicochemical parameters have a strong influence 

on MNP uptake and that the PC does not overshadow this effect. Some of the 

differences observed experimentally support both hypotheses, which could depend on 

the experimental approach used62 and the complexity of the interactions of the system 

presented by the nanobio interfaces, the cell types and the MNPs48, 63. 

 

Protein corona degradation kinetics after cell internalization. Once the MNPs are 

internalized by cells, we assessed the kinetics of PC degradation by two experimental 

approaches. In the first, a fluorescent-labeled PC was generated by labeling FBS 

proteins with the fluorescent dye Alexa Fluor 488 (1:10, for 1h at RT) and the reduction 

in fluorescence intensity over time was tracked to follow PC degradation. APS- or 

DMSA-MNPs were then incubated in DMEM containing 10% fluorescently labeled 

FBS for 24 h to generate PCs of fluorescent proteins from the labeled serum. Finally, 

RAW 264.7 or Pan 02 cells were incubated for 24 and 48 h with these APS- or DMSA-

MNPs with fluorescent coronas (125 µg/ml) in a final volume of 1ml (Figure 9a). APS- 

and DMSA-MNPs were chosen for this experiment given the hydrodynamic size of the 

corona and their rate of internalization. As APS-MNPs formed the largest coronas and 

DMSA-MNPs the smallest (Figure 2b), the influence of size of the corona on 
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degradation could be assessed. In addition, these two types of coated NPs were those 

with the higher internalization rates, enabling us to better follow the labeled corona 

inside the cells. DEX-MNPs were poorly internalized in the cell lines used here (Figure 

7b, c and Figure S9).  

In both cell lines, many green dots were seen in the cytoplasm after a 24 h incubation 

of the APS- or DMSA-MNPs with fluorescent PCs, largely co-localizing with 

lysosomes labeled with Lysotracker-red (Figure 9b, c). Interestingly, a 5- and 2-fold 

reduction in fluorescence intensity was observed after 48 h in the APS-MNP treated 

RAW 264.7 and Pan 02 cells, respectively. Likewise, we noted a 4- and 2-fold reduction 

after 48 h in the DMSA-MNP treated RAW 264.7 and Pan 02 cells, respectively (Figure 

9d, e). As expected, we also found that the RAW 264.7 macrophages degraded the PC 

at a higher rate than the tumor cells Pan 02 (Figure 9d, e), mirroring several in vivo 

degradation studies where internalized NPs were mainly degraded by macrophages 

from the liver and spleen43, 44. Apart from the cell type, the superficial charge of the 

NPs can influence their degradation, as NPs with negative superficial charges were first 

localized within endosomes and then lysosomes, while positively charged NPs seem to 

accumulate rapidly in lysosomes19, 50. When fluorescently labeled serum, proteins were 

previously used to form a fluorescent PC on positively charged PEI-coated NPs, these 

were seen to localize to lysosomes after internalization, where they were degraded64. 

Here, anionic (DMSA-MNPs) and cationic (APS-MNPs) NPs, with their respective 

coronas, were degraded in lysosomes in both cell lines (Figure 9b, c). 

In summary, measuring AlexaFluor 488 fluorescence intensity highlighted the rapid 

disappearance of the fluorescent signal arising from labeled coronas 24 h after MNPs 

were taken up by cells, suggesting the fast degradation of the PC after MNP 

internalization. 
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Figure 9. Analysis of Alexa 488 labeled PC degradation after internalization by RAW 264.7 

or Pan 02 cells. (a) Scheme representing the fluorescent labeling of serum proteins, the formation 

of a labeled fluorescent corona on coated-MNPs, and MNP uptake. (b, c) Confocal microscopy 

images of internalized MNPs with Alexa 488 labeled coronas in RAW 264.7 and Pan 02 cells at 24 

and 48 h: lysosomes, Lysotracker-red; PC, Alexa 488-green; nuclei, DAPI-blue; and MNPs, gray. 

Scale bar: 10 μm, 63X magnification and zoom 3. (d) Quantification of Alexa 488-fluorophore 

intensity associated with APS-MNPs or DMSA-MNPs PCs incubated for 24 and 48 h on RAW 

264.7 cells. (e) Quantification of the Alexa 488 fluorophore intensity associated with APS-MNPs 

or DMSA-MNPs PCs incubated for 24 and 48 h in Pan 02 cells. Data (mean ± SD) are representative 

of three independent experiments and the asterisks indicate samples showing statistically significant 

differences: *p < 0.05, **p < 0.01, ***p < 0.001 (One-way analysis of variance -ANOVA, Student’s 

t-test. 
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It cannot be ruled out that the AlexaFluor 488 fluorophore was degraded faster than 

the labeled corona proteins and thus, we used a more quantitative strategy by generating 

a PC on coated-MNPs from only chicken ovalbumin (OVA). As OVA had a higher 

affinity for APS-MNPs given their electroaffinity, only these MNPs were studied. This 

approach allowed us to follow OVA degradation by quantifying the main peptides 

produced over time using targeted proteomics. APS-MNPs were incubated with 

fluorescent-OVA to generate a PC formed exclusively by OVA and its degradation was 

analyzed in RAW 264.7 cells that had a faster degradation rate in the experiments with 

FBS. Moreover, the protocol to form an OVA corona on APS-MNPs (henceforth APS-

MNPs-OVAC) was optimized (see Supporting Materials and Methods, Figure S10).  

The main OVA peptides were identified from purified OVA and APS-MNPs-OVAC 

(see Supporting Materials and Methods and Supporting Results and Discussion, Figure 

S11), and 45 peptides were detected in the purified OVA sample, while only 3 were 

detected in the pool of proteins extracted from APS-MNPs-OVAC (Figure S11b, c). 

Hence, the digestion of the OVA coupled to the APS-MNPs seems to be more 

inefficient than the digestion of purified OVA. The fragmentation spectra of each 

peptide identified were subsequently analyzed to select the transitions that would later 

be studied by directed proteomics (Figure S11d). To follow corona degradation, RAW 

264.7 cells were incubated with APS-MNPs-OVAC (50 μg/ml) for 24 h (conditions 

determined in studies detailed in the Supporting Information, Figure S12) and the 

greatest compaction of APS-MNPs-OVAC in lysosomes (observed by confocal 

microscopy) occurred 24 h after their uptake by RAW 264.7 cells. Thus, cells were 

lysed 24, 48 and 72 h after they were initially exposed to the MNPs (time 0), processed 

and the selected OVA peptides in the lysates were detected by directed proteomics. The 

limits of detection were evaluated by directed proteomics on serial dilutions of a 
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purified OVA, verifying that the peptides could be detected at a very low concentration 

(2 ng). This approach was also used to identify the elution time and the composition of 

the peaks of each peptide (one peak per transition), and the results showed that these 

peaks were increasingly diffuse as the OVA concentration diminished, ceasing to be 

detected below 4 ng. To identify a specific peptide in a sample, the peak must be 

observed at the same elution time and the relationship between the peak intensity of the 

different transitions must be consistent (in Figure 10 the most intense peaks were y3, 

then y5, y4 and finally, y6). 

The detection of the DEDTQAMPFR peptide at 24, 48 and 72h was examined (Figure 

10). A peak at an elution time close to that obtained with the purified OVA sample was 

observed, although the slight differences mean we cannot ensure this corresponds to 

the OVA peptide. The elution peak from purified OVA was observed at 19.9 minutes 

whereas it was a delayed until the 20.5 minutes in the case of APS-MNPs-OVAC 

(Figure 10b), consistent with the transitions of the peptide for the degradation times 

analyzed. This change in the elution time could be explained by the increased 

complexity of the peptide bound to the coating, which could trigger distinct digestion 

processes.  

In the APS-MNPs-OVAC sample we observed a signal in the y3 and y5 transitions 

24 h after internalization, whereas no peak was appreciated in the expected 19-21 

minutes range after 72 h, which we believe reflects the complete degradation of OVA. 

Hence, after this analysis we concluded that the OVA corona formed on APS-MNPs 

was completely degraded between 24 to 72 h after internalization, 24 to 48h after being 

compacted in lysosomes. 
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Figure 10. Analysis of OVA-PC degradation on APS-MNPs, quantifying the main OVA 

peptides by targeted proteomics. (a) Scheme of the experimental strategy used to follow the 

degradation of an OVA corona on APS-MNPs after its internalization by RAW 264.7 by directed 

proteomics analysis. (b) Detection of the DEDTQAMPFR peptide in the purified OVA sample at 

different dilutions. A peak formed by 4 transitions (y3, y5, y4, y6 in order of peak intensity) was 

observed at an elution time of 19.9 minutes. (c) Detection of the DEDTQAMPFR peptide in lysates 

from RAW 264.7 incubated with APS-MNPs-OVAC obtained at different degradation time points. 

In these samples the elution time is slightly offset, which could be due to the presence of the MNPs. 

The scale of the graphs had to be adjusted to correctly show the transition peaks. 

 

 

Similar PC degradation times have been reported elsewhere using NPs with a 

fluorescent-labeled PC16, with the degradation of serum PC associated with a NP (at 

least 16h) significantly slower than that of free serum proteins (a maximum of 6 h once 

internalized). Here, we found that similar fluorescent PC NPs were significantly but not 

completely extinguished 24 h after NPs were internalized (Figure 9d, e), with complete 

degradation of the corona observed 72 h after internalization in targeted proteomics 

experiment. Using a fluorophore labeled OVA-PC with APS-MNPs, complete 

degradation was confirmed when no OVA peptides were detected (Figure 10c). 
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There appears to be a direct correlation between the in vitro composition of the PC 

and its biodistribution in vivo14, and NP degradation in vitro was thought to depend on 

two factors: the coating, which influences the degradation rate; and the PC, which 

protects the core from the acidic conditions of the medium. Using an in vitro 

degradation assay, glucose-coated NPs that form a larger PC than PEG-coated NPs 

when incubated in DMEM with 10% FBS, were degraded faster than PEG-coated NPs 

that form a smaller PC14. We observed a similar situation between APS-MNPs, which 

formed a 1480 nm PC that was degraded faster than the 140 nm corona formed on 

DMSA-MNPs. This might suggest that a correlation possibly exists between the 

number of proteins forming the associated corona of a NP and its degradation rate. 

 

 

CONCLUSIONS 

In summary, after analyzing PC formation on APS-MNPs, DMSA-MNPs or DEX-

MNPs incubated in DMEM with 10% FBS for 72 h, we conclude that the hydrodynamic 

size reaches a maximum after 5-10 h, thereafter decreasing until a stable size is reached 

24 h after incubation. Subsequently, the hydrodynamic size of the corona remains stable 

without significant changes. A proteomic analysis of the PC composition on MNPs 

with APS, DEX and DMSA coatings showed an enrichment of proteins with affinity 

for divalent ions, which was most evident in DEX-MNPs due to a defective coating. 

This suggests that the iron oxide core could influence the formation of the PC to a 

similar extent as the polymeric coating. 

A temporal analysis of the integrity of the polymeric MNP coatings after coming into 

contact with medium containing serum showed a change in the IR spectra that was 

compatible with the degradation of the coating. Together with the detection of proteins 

with enzymatic activity in the pool of proteins that form the coronas, it appears that the 
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corona could degrade the coatings as it forms, most notably in the cases of APS- and 

DEX-MNPs. Indeed, 20% of these proteins seemed to be hydrolases. 

Clear differences in the internalization pathways were observed for each type of 

MNP, despite the similar compositions of their associated PC. APS-MNPs were 

internalized via macropinocytosis, DEX-MNPs via caveolae-mediated endocytosis and 

DMSA-MNPs via receptor-mediated endocytosis (both clathrin- and caveolae-

mediated). This indicated that the coating mainly dictates the pathway of internalization 

used. However, the increase in the hydrodynamic size of the MNP caused by corona 

formation also influences the internalization pathway used by APS-MNPs. 

Two different approaches to study the degradation process of the PC, measurement 

of a fluorescent labeled PC with and targeted proteomic analysis of an ovalbumin 

engineered PC, showed that once internalized the MNPs concentrate in lysosomes and 

are rapidly degraded. 

 

 

MATERIALS AND METHODS  

Reagents used to synthesize and characterize the MNP iron oxide cores. FeCL2 

(≥99.0%, Sigma-Aldrich), FeCL3 (27%, VWR International), NH4OH (25%, Fluka), 

HNO3 (<65.0%, Sigma-Aldrich), Fe (NO3)3 (>98.0%, Sigma-Aldrich) and methanol 

(>98.0%, Sigma-Aldrich). APS, DEX (6kDa) and DMSA were purchased from 

(Sigma-Aldrich, >98%).  

Cells, Culture Medium and Biological Reagents. The biological reagents for this 

work were acquired from the following providers: RAW 264.7 cells (ATCC: TIB-71) 

from the American Type Culture Collection; Pan 02 cells (RRID: CVCL-D627) from 

NCI-DTP; Dulbecco’s modified Eagle medium (basic, 1X), FBS, L-glutamine, 

penicillin-streptomycin and sodium pyruvate from Biowest; PrestoBlue Cell Viability 
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Reagent, Alexa Fluor 488 5-SDP ester, Alexa Fluor 488 conjugate and ovalbumin from 

Invitrogen; Lysotracker, DAPI and Prolong Gold from Thermofisher; Chlorpromazine 

(C8138), Amiloride (A0370000), Cytochalasin D (C8273) and Filipin III (F4767) from 

Sigma-Aldrich. 

Synthesis of MNP iron oxide cores. The iron oxide cores of the MNPs used were 

synthesized following the Massart co-precipitation method, according to previously 

described protocols25. Briefly, a mixture of 445 ml of FeCl3.6H2O (0.09 mol) and 

FeCl2.4H2O (0.054 mol) was slowly added to 75 ml of NH4OH (25%) with vigorous 

stirring, and heated to 90 °C for 90 minutes to prepare nanoparticles (NPs) 

approximately 12 nm in diameter. The sample was then washed three times with 

distilled water by magnetic decantation and after core synthesis, and a standard protocol 

was used to oxidize magnetite to maghemite (γ-Fe2O3) and activate the surface65. The 

MNPs were then cooled to room temperature (RT) and the supernatant was substituted 

by 300 ml of HNO3 (2 M) by magnetic decantation and stirred for 15 min. Finally, the 

NPs were washed three times with acetone and dispersed in distilled water. A rotary 

evaporator was used to remove any acetone waste and concentrate the sample. 

MNP surface coating. Iron oxide cores were coated with 3-aminopropyl-

triethoxysilane, dextran 6 kDa and dimercaptosuccinic acid, according to previously 

described procedures66. Briefly, for APS coating (APS-MNPs), 1.17 ml (0.005 mol) of 

APS was added to a mixture of 10 ml of the iron oxide cores (Fe2O3, 28 g/l) and 10 ml 

of methanol, and stirred vigorously for 12-16 h. The methanol was evaporated from the 

mixture using a rotary evaporator, the sample was washed three times with a mixture 

of acetone/water (70/30) and then re-dispersed in 10 ml of distilled water. The pH was 

decreased to 3 and the sample was sonicated for 1 h. Finally, the pH was adjusted to 7 

and sonicated for 10 min. For DEX coating (DEX-MNPs), the dispersed iron oxide core 
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(600 mg of Fe2O3 in 4.8 ml NaOH [0.8 M]) was added dropwise to a solution of 600 

mg of dextran in 7.5 ml NaOH (0.5 M) under sonication. The mixture was sonicated 

for 6 h with refrigeration and after coating, this suspension was dialyzed for 3 days and 

the pH was adjusted to 7. Finally, for DMSA coating (DMSA-MNPs), 14.7 mg (0.08 

mmol) of DMSA was added to a 30 ml suspension of the iron oxide cores (0.05 M) 

with stirring at pH 3. The pH was then increased to 11 by adding KOH and the sample 

was sonicated for 20 min. Finally, this suspension was dialyzed for two days and the 

pH was adjusted to 7. 

MNP characterization. Particle size and shape was determined by TEM. A drop of 

the NP suspension was placed on a carbon-coated copper grid and the solvent was 

allowed to evaporate at RT. Images were captured on a 100 keV JEOL-JEM 1010 

microscope equipped with a Gatan Orius 200 SC digital camera. The TEM images were 

analyzed using ImageJ software (NIH, USA) to determine the MNPs' size, shape and 

distribution. After the coating process, the MNPs were analyzed in water to determine 

their hydrodynamic size and Z-potential. Then, DLS for colloidal characterization was 

carried out using a NanoSizer ZS (Malvern). The amount and composition of the 

coating was determined by FTIR. Samples were prepared by diluting iron oxide powder 

(2% wt) in KBr and compressing the mixture into a pellet. The spectra selected were 

between 4000-400 cm-1 in a Bruker IFS 66 V-S spectrometer and a Nicolet FT-IR 

20SXC (Thermo Scientific, USA). Simultaneous TG analysis and differential thermal 

analysis (DTA) was performed on a Seiko TG/DTA 320U device. For these analyses, 

samples were heated from RT to 900 °C at 10 °C/min with a continuous air supply of 

100 ml/min. The iron concentration was measured with an Optima 2100 DV inductively 

coupled plasma optical emission spectrometer (ICP-OES; PerkinElmer). The crystal 

structure of the sample was identified by X-Ray powder diffraction performed in a 
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Bruker D8 Advance diffractometer (with Cu Kα radiation, scan angle (10°-70°). The 

patterns were collected within 10º and 90º in 2θ. For the magnetic characterization, 

liquid samples were frozen and dried overnight in a LyoQuest freeze dryer (Telstar, 

Spain). The resulting solid sample was compacted into gelatin capsules for magnetic 

characterization. Hysteresis loops with a maximum field of 5 T were measured in a 

Vibrating Sample Magnetometer (MLVSM9, MagLab 9T, Oxford Instruments, UK). 

Cell culture. The murine Pan 02 and RAW 264.7 cell lines were cultured in DMEM 

supplemented with 10% (v/v) FBS, 100 U/ml penicillin, 100 U/ml streptomycin, 2 mM 

L-glutamine, 1 mM non-essential amino acids and sodium pyruvate (all from Biowest). 

The cells were maintained under standard culture conditions (37 °C, 5% CO2 and 90% 

relative humidity). 

Study of corona formation. To study the process of PC formation, MNPs (APS-

MNPs, DEX-MNPs or DMSA-MNPs: 125 μg Fe/ml) were incubated in DMEM 

supplemented with a 10% FBS at 37 °C for different times (0, 1, 3, 5, 10, 24, 48, or 72 

h). In some of the samples, loosely-bounds proteins were separated from aliquots of the 

MNPs incubated with FBS. As such, the MNPs were centrifuged at 12,000 rpm for 5 

min to separate the MNPs from the medium containing 10% FBS, and they were then 

washed twice with 1 ml of PBS (pH 7.4), recovered by centrifugation for 30 minutes at 

15,000 rpm (Supernatants S1 and S2) and finally re-dispersed in PBS (final 

resuspension -FR). The hydrodynamic size of the unwashed MNPs incubated with FBS 

and the FR MNPs, was measured according to the protocol described above (“MNP 

characterization”). 

To quantify the total amount of proteins attached to the MNPs and the proportion of 

proteins loosely or stably attached to MNPs, the supernatants from the washes with 

PBS (S1 + S2), and the FR were incubated with a protein extraction buffer containing: 
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Triton X-100, 1 mM EDTA, protease inhibitors 1 μg/ml leupeptin, 5 nM NaF, 1 mM 

sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM EDTA, 

1 μg/ml aprotinin and 1 μg/ml okadaic acid. Subsequently, the total protein 

concentration in the supernatants and FR was quantified using the BCA kit 

(ThermoFisher) and finally, the proportion of loosely and stably attached proteins was 

calculated according to the following formulae:  

%Proteins loosely attached (S1 + S2) =  
[S1 +  S2] 

[µg initial PC associated]
∗  100 

%Proteins stably attached (FR) =  
[FR] 

[µg initial PC associated]
∗  100 

[µg initial PC associated] =  µg of proteins in S1 +  µg of proteins in S2 +  µg of proteins in FR 

 

To analyze the changes in surface charge due to corona formation over time, the Z 

potential of the MNPs maintained in water and when incubated with DMEM plus 10% 

FBS was measured at pH 7 using the NanoSizer ZS (Malvern). 

Proteomic characterization of the PC associated with the MNPs 

Extraction of the PC associated with the MNPs. MNPs of each type (APS-MNPs, 

DEX-MNPs or DMSA-MNPs), corresponding to 0.125 mg of Fe, were incubated for 

24 h at 37 ºC with FBS at a final volume of 8 ml to allow the PC to form. The MNPs 

were then separated from the FBS-containing medium using a magnet, and they were 

washed with PBS and recovered by centrifugation three times. To extract the proteins 

that form the corona from the MNP’s surface, the MNPs were resuspended in the 

protein extraction buffer indicated above and finally, the total protein concentration was 

quantified in each extract using the BCA kit (ThermoFisher). 

Trypsin digestion. PC protein extracts were washed sequentially for 30 min with 

different buffers: (a) 50 mM HEPES, 0.1% OGP [pH 7]; (b) 100 mM NaAc, 0.1% OGP 

[pH 5]. Each sample was shaken in a laboratory tube rotator with 2 ml of the 
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corresponding buffer solution for 30 min and then centrifuged for 10 min at 4 °C in a 

microcentrifuge. The supernatant was collected and stored at -80 °C until analysis. Each 

sample (10 µg) was individually loaded onto a 12% SDS-PAGE gel and after a short 

(10-15 min) separation, each sample was cut in 3-4 slices and these were trypsin 

digested using an automatic robot Proteineer (Bruker, Bremen, Germany). In all cases, 

digestion was performed according to Schevchenko et al.67, first washing the gel plugs 

with 50 mM ammonium bicarbonate and reducing the samples with 10 mM DTT. 

Alkylation was carried out with 55 mM IAA at RT before adding recombinant 

sequencing-grade trypsin (0.1 µg: Promega) and digesting the proteins at 37 °C for 18 

h. Following digestion, the peptides were extracted, pooled, dried by speed-vac 

centrifugation and stored at -20 °C until needed. 

LC-ESI-MSMS analysis and database searching. Nano LC ESI-MSMS analysis 

was performed using an Eksigent 1D-nanoHPLC coupled to a 5600TripleTOF QTOF 

mass spectrometer (Sciex, Framinghan, MA, USA). The analytical column used was a 

silica-based reversed phase column: Waters nanoACQUITY UPLC, 75 µm × 15 cm, 

1.7 µm particle size. The trap column was an Acclaim PepMap 100, 5 µm particle 

diameter, 100 Å pore size, switched on-line with the analytical column. The loading 

pump delivered a solution of 0.1% formic acid in 98% water/2% acetonitrile (Scharlab, 

Barcelona, Spain) at 3 µL/min. The nanopump provided a flow-rate of 250 nL/min and 

was operated under gradient elution conditions, using 0.1% formic acid (Fluka, Buchs, 

Switzerland) in water as mobile phase A, and 0.1% formic acid in 100% acetonitrile as 

mobile phase B. Gradient elution was performed according the following scheme: 

isocratic conditions of 96% A:4% B for five minutes, a linear increase to 40% B in 105 

min, a linear increase to 95% B in two minutes, isocratic conditions of 95% B for five 

minutes and return to initial conditions in 10 min. The injection volume was 5 µL and 



48 

the LC system was coupled via a nanospray source to the mass spectrometer. Automatic 

data-dependent acquisition using dynamic exclusion allowed both full scan (m/z 350-

1250) MS spectra followed by tandem MS CID spectra of the 25 most abundant ions 

to be obtained. The acquisition time was 250 ms and 100 ms for MS and MSMS spectra, 

respectively. All the data was acquired using information-dependent acquisition (IDA) 

mode with Analyst TF 1.7 software (AB SCIEX, USA). 

Data analysis and statistics. MS/MS spectra were exported to mgf format using 

Peak View v1.2.0.3, combined and searched using Mascot Server 2.5.1, OMSSA 2.1.9, 

X!TANDEM 2013.02.01.1 and Myrimatch 2.2.140 against a composite target/decoy 

database built from 7932 Bos Taurus protein entries found at Uniprot Knowledgebase, 

together with commonly occurring contaminants. After recalibration of parent ion mass 

measurements using high-scoring X!TANDEM hits, search engines were configured to 

match potential peptide candidates with a mass error tolerance of 10 ppm and fragment 

ion tolerance of 0.02Da, allowing for up to two missed tryptic cleavage sites and isotope 

error (13C) of 1, considering fixed MMTS modification of cysteine and variable 

oxidation of methionine, with pyroglutamic acid from glutamine or glutamic acid at the 

peptide N-terminus, and acetylation of the protein N-terminus. Score distribution 

models were used to compute peptide-spectrum match p-values68, and spectra 

recovered by a FDR ≤ 0.01 (peptide-level) filter were selected for quantitative analysis. 

Approximately 5% of the signals with the lowest quality were removed prior to further 

analysis. Differential regulation was measured using linear models69, and statistical 

significance was measured using q-values (FDR). All analyses were conducted using 

software from Proteobotics (Madrid, Spain). 

Analysis of MNP uptake by cells 
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Quantification of the iron uptake by ICP-OES. Cells were seeded in a 6-well plate 

at a density of 2x105 cells per well, and incubated for 24 h at 37 °C. APS-, DEX- or 

DMSA-MNPs (125 μg Fe/ml) were then added and incubated in the same culture 

conditions for another 24 h. Subsequently, the cells were washed three times with PBS 

to remove non-internalized NPs, harvested and counted in a Neubauer chamber. The 

samples were digested in HNO3 (1 ml) and H2O2 (1 ml) for 1h at 90 °C, and the amount 

of iron per cell was measured by ICP-OES (Perkin Elmer-2400). 

Analysis of MNP uptake and the subcellular localization of MNPs using 

transmission electron microscopy. For TEM microscopy, 2x106 cells were seeded on 

petri dishes for 24 h. After that, 125 μg Fe/ml of each MNP (APS, DEX or DMSA) was 

added to the cells and left for 24 h. Non-internalized NPs were removed by washing 

with PBS and the cells were then fixed at RT in 2 % glutaraldehyde, 1 % tanic acid in 

0.4 M HEPES [pH 7.2]. The cells were washed and suspended in HEPES buffer, post-

fixed with 1% osmium tetroxide (1 h) and 2% uranyl acetate (30 min; both at 4 °C), 

dehydrated with a series of acetone solutions and gradually infiltrated with Epon resin. 

The resin was allowed to polymerize (60 °C, 48 h) and ultrathin sections (60-70 nm) 

were obtained with a diamond knife mounted on a Leica EM UC6 ultramicrotome. 

Sections were supported on a formvar/carbon-coated gold grid and observed on a 

JEOL-1011 transmission electron microscope, acquiring images at different 

magnifications with a Gatan ES1000Ww camera. 

Use of inhibitors to evaluate the contribution of different endocytotic pathways 

to MNP internalization. Cells (RAW 264.7 or Pan 02 cells) were seeded in a 6-well 

plate at a density of 2 x105 cells per well (24 h, 37 °C) and they were then pre-treated 

for 2 h with different inhibitors of endocytosis: Chlorpromazine (5 μg/ml), inhibitor of 

clathrin-mediated endocytosis; Filipin III (0.25 μg/ml), inhibitor of caveolae-dependent 
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endocytosis; Amiloride (0.78 μg/ml), inhibitor of macropinocytosis process; or 

Cytochalasin D (5 μg/ml), inhibitor of large F-actin-coated vesicle formation. To 

determine the optimal concentration of each inhibitor, a cell viability analysis was 

carried out for both cell types (see Supporting Materials and Methods and Figure S7). 

The cells pre-treated with the inhibitors of endocytosis were then incubated with MNPs 

(APS-, DEX- or DMSA-MNPs: 125 μg/ml) for 24 h in the presence of the same dose 

of those inhibitors and the total amount of internalized iron was quantified by ICP-OES. 

Maximum internalization was quantified with cells not exposed to the inhibitors of 

endocytosis. TEM images were used to analyze the subcellular localization of MNPs 

and to visualize the cellular structures that identify the pathways by which NPs were 

internalized (Figure 7a). 

Analysis of polymeric coating degradation by corona proteins. To evaluate 

whether the proteins that form the MNP corona could induce degradation of MNP 

coatings after PC formation, APS-, DEX- or DMSA-MNPs (125 µg/ml) were incubated 

for 24 h at 37 °C in a final volume of 8 ml DMEM containing 10% FBS to allow PC 

formation and stabilization. The MNPs were then separated from the medium using 

magnets and washed three times in PBS buffer containing 5M NaCl (high salt buffer) 

to detach as many of the corona-forming proteins as possible from the MNP coating. 

Finally, the washed MNPs were lyophilized, and the IR spectra of the MNP coatings 

before and after incubation in the medium containing serum were analyzed as described 

above (see MNP characterization). To evaluate the degradation of the polymeric 

coating of the MNPs by the proteins absorbed as part of the corona, the resulting IR 

spectra were compared. 

Degradation of the PC after MNP cellular internalization. To evaluate this 

degradation, we adopted two experimental approaches. In the first, a fluorescent corona 
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was constructed by incubating the MNPs in a medium where serum proteins had been 

previously labeled with a fluorescent dye. The degradation of this fluorescent corona 

was followed by measuring the fluorescence intensity over time. In the second 

approach, a protein corona that contained only chicken OVA was generated on APS-

MNPs and OVA degradation was analyzed by quantifying the amount of a selected 

OVA peptide over time by targeted proteomics. 

Degradation of the Alexa 488 fluorophore labeled corona. Serum was labeled with 

a fluorescent reagent and established a fluorescently labeled PC on coated-MNPs as 

detailed in the Supporting Information. The MNPs were observed by confocal 

microscopy to follow the degradation of the fluorescent-corona intracellularly. In this 

experiment, RAW 264.7 or Pan 02 cells were seeded into a 24-well plate at a density 

of 5×104 cells per well and incubated for 24 h at 37 °C. Then, 200 μl of corona-labeled 

APS- or DMSA-MNPs were added at a concentration of 125 μg/ml, and incubated for 

another 24 and 48 h. The cells were then washed and fixed with 4% paraformaldehyde 

(PFA) for 15 min, counterstained with DAPI and mounted in the Fluoromount-G 

medium. Finally, the presence of a fluorescent corona coupled to the MNPs was 

analyzed on a Leica TCS SP5 (Leica Microsystems) confocal laser scanning 

microscope with a 63×/1.4 NA oil immersion objective. For Alexa 488 (fluorescent 

corona) quantification, we used Image J software using the intensity measurement. 

Degradation of a PC made exclusively from OVA on APS-MNPs, quantifying 

the amount of a selected OVA peptide over time by targeted proteomics. The 

process of generating a fluorescent OVA corona on APS-MNPs is explained in the 

Supporting Information, Supporting Materials and Methods. A confocal microscopy 

analysis was performed to verify that the OVA corona was still bound to the APS-

MNPs once internalized by RAW 264.7 cells (see Supporting Materials and Methods 
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and Figure S12). To analyze the degradation of the OVA-PC, the selected OVA peptide 

was quantified over time by targeted proteomics. In this experiment, RAW 264.7 cells 

(1x106 cells/plate) were cultured in 60 mm plates for 24 h and the cells were exposed 

to APS-MNPs (50 μg/ml) functionalized with OVA in culture medium and incubated 

for 24 h. All the plates were then washed 3 times with PBS to eliminate the non-

internalized OVA-APS-MNPs. The samples were then collected to study the 

degradation process: the first one immediately (0 h), and the following ones at 24, 48 

and 72 h after washing. The samples collected were centrifuged at 1200 rpm for 5 

minutes and the supernatant removed. The cells were resuspended in protein extraction 

buffer (50 μl) and incubated in a mixer at 4 °C for 45 min. The resulting suspension 

was centrifuged at 13,000 rpm at 4 °C for 15 minutes to obtain the protein extracts, 

which were digested as for the analysis to identify the main OVA peptides and then 

analyzed in a triple quadrupole type mass spectrometer (model Sciex 5500 QTRAP). 

Statistical analysis. All data are presented as the mean ± standard deviation (SD). 

One-way and Two-way analysis of variance (ANOVA), Student’s and Tukey test were 

applied to calculate the differences between the values. Values of p < 0.05 were 

considered statistically significant, presented as: *p < 0.05, **p < 0.01, and 

***p < 0.001. 
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