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Nanoparticles which surfaces adsorb proteins in an uncontrolled and non-reproducible 

manner will have limited uses as nanomedicinal products. A promising approach to 

avoid nanoparticles non-specific interactions with proteins is to design bio-hybrids by 

purposely pre-forming a protein corona around the inorganic cores. Here, we 

investigate, in vitro and in vivo, the newly acquired bio-identity of superparamagnetic 

iron oxide nanoparticles (SPIONs) upon their functionalization with a pre-formed and 

well-defined bovine serum albumin (BSA) corona. Cellular uptake, intracellular particle 

distribution and cytotoxicity were studied in two cell lines: adherent and non-adherent 

cells. BSA decreases nanoparticles internalization in both cell lines and protects the iron 

core once they have been internalized. The physiological response to the nanoparticles 

is then in vivo evaluated by oral administration to Caenorhabditis elegans, which was 

selected as a model of a functional intestinal barrier. Nanoparticles biodistribution, at 
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single particle resolution, is studied by transmission electron microscopy. The analysis 

reveals that the acidic intestinal environment partially digests uncoated SPIONs but 

does not affect BSA-coated ones. It also discloses that some particles could enter the 

nematode’s enterocytes, likely by endocytosis which is a different pathway than the one 

described for the worm nutrients. 

 
1. Introduction 

The biological identity of a synthetic nanoparticle (NP) is modified by the proteins 

and other biomolecules (i.e., DNA, lipids and sugars) adsorbed on its surface when 

placed in biological milieus. NP synthetic identity includes the size, shape, and surface 

chemistry, while biological identity includes the structure and composition of the 

protein corona, along with the size and aggregation state of the nanoparticles in a 

physiological environment. Biological response includes the triggering of signalling 

pathways, NP fate, and NP toxicity. Protein adsorption onto NPs in biological media is 

a determining factor that influences both their uptake and cytotoxicity.[1-6] An 

increasing number of publications have studied the impact on cytotoxicity and cellular 

uptake of aggregates of NPs in protein-rich media.[7-10] In addition, when those 

aggregates flocculate, the consequence is a heterogeneous distribution of the NPs in cell 

media that adds more variability in the uptake at the single-cell level and hinders the 

understanding of the population-wide biological response[11] Nevertheless, particle 

aggregation in cell media can also be advantageous.[12] Aggregates of iron oxide NPs 

increase cell uptake and enhance cell contrast in magnetic resonance imaging (MRI) 

without compromising cell viability.[13] Protein–nanoparticle aggregates were proposed 

as biocompatible drug carriers[14] and their use was suggested to increase the cell 

viability of some nanomaterials.[15, 16] However, adsorption of proteins by NPs in an 

uncontrolled and non-reproducible manner will have limited applications in 
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nanomedicine. A recurring and successful approach to avoid the out-of-control 

formation of a protein corona is grafting a protein-resistant polymer on the surface, such 

as polyethylene glycol (PEG), which increases their stealth character and blood 

circulation time.[17-20] Although this strategy is effective at lowering the nonspecific 

interactions of nanomaterials with proteins and cells, it suffers several drawbacks: PEG 

can be oxidized in a physiological environment, either spontaneously or by enzyme 

action[21] and even high PEG densities can’t prevent protein adsorption and 

macrophage uptake.[22, 23] Moreover, PEGylated nanomaterials can induce the 

production of antibodies against them.[6] Some studies have monitored, with 

radiolabels, the fate of the grafted polymer after cell uptake both in vitro and in vivo.[24, 

25] For a particular case, authors reported the loss of polymer integrity,[24] making 

difficult the correlation of the  potential toxic effects of the polymer fragments or the 

NPs themselves.  Other studies also suggest preclinical evidence that PEGylation can 

lead to storage diseases interfering with kidney, spleen or liver function in the long term 

and high dosed therapies.[26, 27] 

A different approach to safeguard the stability of engineered nanoparticles in biofluids 

is to pre-form a protein corona around the inorganic core in a controlled and 

reproducible mode, commonly labelled as hard-corona in contraposition of weaker 

bound biomolecules, soft-corona.[28] Such systems demonstrate enormous potential, 

not only because they show longer blood circulation and superior stealth than when bare 

nanoparticles are used but also because the protein can be exploited as a theranostic 

vehicle, where a drug,[29-31] an imaging probe,[32] or a non-masked targeting agent 

can be anchored. We have followed this latter approach by preforming a well-defined 

bovine serum albumin (BSA) hard corona on the surface of superparamagnetic iron 

oxide nanoparticles (SPIONs) and, subsequently exposing the BSA-SPIONs to other 
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biomolecules, cells, and living organisms to investigate their newly acquired bio-

identity. Albumin is a non-immunogenic and nontoxic endogenous protein, while 

engineered SPIONs are extensively used in preclinical studies as contrast agents in 

magnetic resonance imaging (MRI), magnetic hyperthermia, and as drug-delivery 

vehicles.[33, 34] In addition, the use of SPIONs for cell labelling to guide and image 

their engraftment in target tissues has also been reported.[35] Besides applications in 

nanomedicine, SPIONs offer other advantages that help to address standing questions 

related to their biological identity, since precise quantification of NP uptake in cells and 

small organisms can be done by using magnetometry techniques, while Prussian blue 

staining can easily be used to confirm the homogeneity of their uptake. Quantification 

of NP uptake is not straightforward for other inorganic nanomaterials. 

In previous work, we showed that SPIONs synthesized in a microwave oven can be 

readily stabilized in water without  tedious ligand exchanges mandatory in colloidal 

organic routes,[36] while a second step allowed us to compactly coat the NPs with a 

monolayer of BSA.[37] In addition, C. elegans were used to monitor the SPIONs in 

vivo. [38] This animal model encompasses simplicity, transparency, short lifecycle, 

sequenced genome, small body size (1 mm long), and ease of cultivation, which makes 

it a very convenient host in the materials science laboratory for initial NP biological 

evaluation.[39] It has been long used as an animal model in development, neurobiology 

and functional genomics, and is currently emerging as a promising alternative model 

organism in toxicology.[40, 41] In this work, we take advantage of its anatomical 

complexity and in particular, of the functional and structural  similarities between the 

C. elegans alimentary system and the human [42,43] to evaluate the nano/bio 

interaction of orally administered NPs and study the NP in vivo behaviour with or 

without protein pre-coating. This simple animal allows materials scientists to perform 
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information-rich experiments before using superior models that require higher 

infrastructure and dedicated laboratories. 

Here, we thorough investigate the synthetic and the biological identity, and the 

physiological responses of albumin precoated iron oxide nanoparticles, BSA-SPIONs, 

by using in vitro and in vivo assays and comparing the results with SPIONs stabilized 

with citrate, protein uncoated particles, C-SPIONs. For the in vitro studies we use 

electron microscopy and magnetometry to image and quantify the effect of the pre-

formed protein corona on the nanoparticles, their subcellular localization, and uptake in 

two different cell lines. We also study the digestion kinetics of the NPs in a solution that 

mimics the lysosomal environment. The physiological response of BSA-SPIONs is 

evaluated by their oral administration to C. elegans; a model for the mammalian 

intestinal barrier. By analyzing thin cross-sections of the worms by transmission 

electron microscopy (TEM) we visualize the NPs and track their biodistribution with 

subcellular precision. We focus on two different regions of the body of the C. elegans: 

an anterior region of the intestine (pH = 6) and a region of the posterior intestinal 

segment (pH = 3.6). Most particles are visualized inside the intestinal lumen although 

we identify nanoparticles that crossed the lumen and they were endocytosed by the 

enterocytes. BSA-SPIONS were taken-up by the digestive cells in a similar magnitude 

regarding endosome size and number as the C-SPIONs.  

2. Experimental Section, Materials and Methods 

SPIONs: Synthesis and characterization  

Chemicals: Iron (III) acetylacetonate (≥ 97.0 %) and trisodium citrate dihydrate 

(Na3Cit) were purchased from Sigma-Aldrich. Benzyl alcohol was obtained from 

Scharlau. Acetone was bought from Panreac. Fetal bovine serum (FBS), cell-culture 

medium developed in the Roswell Park Memorial Institute (RPMI) with Glutamax, 
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phosphate-buffered saline (PBS), Alamar Blue, and MTT were obtained from 

Invitrogen. All materials were used as received if not stated otherwise. 

Synthesis of C-SPIONs and BSA-SPIONs 

C-SPIONs were synthesized by using microwave-assisted thermal decomposition [36, 

37] BSA-SPIONs were fabricated by performing a BSA adsorption protocol.[37] The 

pH of the C-SPIONs dispersion was adjusted to 11 with 0.01 M NaOH, then 100 µL 

BSA (18 mg/mL) solution were added dropwise under mild vortex. BSA and C-SPIONs 

were incubated for 1 h at room temperature. Finally, the pH of the solution was adjusted 

to 7.4 by adding 0.05 mM HNO3. The final concentration of BSA-SPIONs dispersion 

was maintained at 1 mg/mL (in terms of Fe2O3). Note that BSA and HSA (human serum 

albumin) are 76.36% identical (based on the alignment of their sequences using 

UNIPROT tool). No significant differences between the two proteins should be 

expected on the nano/bio assays presented here. In addition, C. elegans does not have 

albumin and lack albumin-receptors; hence no species-dependent reaction could occur. 

Dynamic light scattering (DLS) and zeta-potential analysis: DLS measurements were 

performed in a Zetasizer Nano ZS (Malvern) equipped with a He/Ne 633 nm laser at 

25°C. For each sample, three independent measurements were performed with 15 scans 

for each measurement. 

Superconductive quantum interference device (SQUID) analysis: Magnetometry was 

performed with a Quantum Design system (MPMS5XL) to determine the magnetization 

of SPIONs. 150 µL SPIONs of known concentration were dried in a polycarbonate 

capsule in a 60 °C oven overnight. Magnetization curves at 5K were recorded as a 

function of applied magnetic field up, to 6 Tesla.  

Negative staining TEM: BSA-SPIONs were visualized by performing negative-staining 

TEM. One drop of the purified BSA-SPIONs was placed on a carbon-coated grid and 
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blotted with filter paper. Subsequently, 5 µL 2 % uranyl acetate was placed on the grid 

for 1 min before draining off. The grid was then placed in a 2011 JEOL electron 

microscope at the working voltage of 100 kV. 

Flame absorption spectroscopy: To determine the iron concentration of C-SPIONs, 

samples were sonicated for 10 min in an ultrasound bath. An aliquot of the sample was 

diluted with HCl (1 %) and the iron content of the resulting solution was determined by 

flame absorption spectroscopy (air–acetylene) with a Perkin-Elmer 2100 spectrometer 

in a triplicate essay. 

SPIONs: Degradation study 

Color intensity determination: 20 mM citrate buffer (CB; pH 4.6) was prepared by 

mixing equal volumes of 10 mM citric acid and 10 mM sodium citrate monobasic 

solution. CB with 10 % FBS (CB-FBS) was also prepared by adding the appropriate 

amount of FBS. C-SPIONs and BSA-SPIONs were dispersed in CB or CB-FBS to a 

final SPION concentration of 0.5 mg/mL. During the whole degradation process, digital 

images of the dispersions were taken every day, at the same time and with identical 

conditions, using a digital camera. To quantify the color intensity of each image, ImageJ 

software was used. Images in grayscale were analyzed and the mean color intensity of 

each image was determined by averaging the intensity of at least three different regions. 

For an accurate determination of the changes during the degradation process, the “gray” 

intensity of Fe3+ ions from a FeCl3 solution in the same buffer was used as the reference 

for a fully digested system. The gray intensity of C-SPIONs or BSA-SPIONs dispersion 

at day 0 was labeled as I0, those measured at different days during the degradation 

process were Id, and that of FeCl3 was labeled as IFeCl3. Intensity of gray in each image, 

and thus percentage of digestion, was calculated as:  
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Gray intensity (%) =  
I0 − Id

I0 −  IFeCl3
 × 100% 

Size-evolution determination by using transmission electron microscopy 

During the degradation process, 100 µL sample solutions were added to the copper grid 

for TEM measurements. SPIONs were imaged in a JEOL TEM-1210 electron 

microscope at an operating voltage of 120 KV. Size-distribution histograms were 

computed from 200–300 SPIONs and fitted to a Gaussian curve to obtain the mean 

nanoparticle size. Selected-area electron diffraction (SAED) was used to identify the 

crystallinity of SPIONs. 

In vitro cell experiments 

Cell viability: MDA-MB231 cells were cultured at a concentration of approximately 

1×106 cells/mL in a 96-well plate (0.2 mL per well), in complete medium (RPMI 

supplemented with 10 % FBS and 6 mM GlutaMax) and allowed to grow for 24 h. HL 

60 cells were cultured in complete medium (RPMI medium supplemented with 10 % 

FBS, 6 mM GlutaMax and 0.5 mM sodium pyruvate) at a concentration of 2×106 

cells/mL in a 96-well plate (0.1 mL per well). Both cell lines were obtained from 

American Type Culture Collection (ATCC, Manassas, VA), and grown at 37 °C in 5 % 

CO2 until reaching 70 % confluence. 

For MDA-MB231 cell lines, after 24 h growth with a confluence of 70 %, the medium 

was replaced with fresh complete medium containing C-SPIONs or BSA-SPIONs, with 

a final SPION concentration of 40 µg/mL, 75 µg/mL, 100 µg/mL, and 150 µg/mL. Cells 

and SPIONs were co-incubated for another 24 h.  

For HL60 cell lines, after 24 h growing with a confluence of 70 %, another 0.1 mL fresh 

complete medium containing C-SPIONs or BSA-SPIONs, with concentrations double 

those for MDA MB 231 cell lines, was added to each well to reach a final volume of 
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200 µL. The final SPIONs concentration in each well was also maintained at 40 µg/mL, 

75 µg/mL, 100 µg/mL, and 150 µg/mL. Cells were then allowed to co-incubate with 

SPIONs for another 24 h.  

Cell viability after SPION exposure was evaluated by using MTT (Biomedica) assays. 

The appropriate amount of reactive MTT (10 % of the sample volume in each well, 

20 µL) was added to each well, plates were incubated at 37 ºC for 2–5 h and read in a 

micro-plate reader (Victor3, Perkin Elmer) at 450 nm, and at 620 nm as reference. 

Viability test was performed in a total of 20 samples for those cultures incubated with 

C-SPIONs for MDA MB 231 and HL60 cells, and in 14 and 10 samples incubated with 

BSA-SPIONs for MDA MB 231 and HL60 cells respectively. Experiments were 

compared with the control using one-way ANOVA and Tukey test post-hoc analysis, (*) 

p<0.05; (***) p<0.005. 

Cellular uptake: Briefly, after 24 h incubation of cells with C-SPIONs and BSA-

SPIONs, cell cultures were thoroughly washed three times with PBS, and counted. Cells 

were centrifuged and pellets obtained were dried overnight in polycarbonate capsules at 

60 ºC and 25–35 mmHg vacuum. Magnetization curve of samples was recorded on a 

superconductive quantum interference device (SQUID) measurement magnetometer 

(Quantum Design MPMS5XL). Magnetization curve of SPIONs at 5K was recorded as 

a function of applied magnetic field under 6 Tesla. At temperatures lower than the 

blocking temperature, superparamagnetic particles are blocked in a ferromagnetic state 

and display remnant magnetization at zero applied magnetic field. The uptake of the 

SPIONs can be evaluated by measuring the remnant magnetization value of treated cells 

(Mr cells) after they were magnetized up to 6 Tesla. Mr cells was obtained by dividing the 

measured Mr value of the cell sample by the number of counted cells. To know the 

amount of iron oxide per cell (g Fe2O3/cell), the remnant magnetization value of the 
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SPIONs (Mr SPIONs) (emu/g Fe2O3) was divided by the Mr cells; the calculation is given 

below.  

Fe2O3 uptake (pg/cell)  =  
Mr cells (emu/cell)

Mr SPIONs(emu/gFe2O3)
 

Intracellular localization: MDA MB 231 cells were seeded in a 96-well petri dish, 

grown, and treated with 75 and 150 µg·ml-1 BSA-SPIONs. After 24 h of incubation, 

cells were trypsinized, washed twice with PBS, and collected by centrifugation (1400 

rpm, 5 min). Supernatants were discarded and 2 mL of 2 % glutaraldehyde (served as 

fixation solution) in cacodylate buffer was added to the pellet. Cells were incubated in 

the fixation solution at 4 ºC and further stained by using 1 % OsO4. They were then 

dehydrated in an alcohol series and embedded in Epon resin. Ultrathin sections (70 µm) 

were transferred onto copper grids and analyzed by TEM, using a Jeol-JEM 1400 

microscope operating at 200 kV.  

In vivo C. elegans experiments 

Growth and treatment of C. elegans: C. elegans were grown on NGM agar seeded with 

E. coli OP50 following standard practices.[35] A 48 h synchronous culture was either 

fed SPIONs at 100 µg/mL in MilliQ water (treated worms) or incubated in MilliQ water 

(control worms) for 24 h at 20 °C.  

Sample preparation: Control and treated worms were washed twice with 20 % BSA in 

M9 buffer and then fixed by high-pressure freezing, freeze-substituted, flat-embedded in 

Epon resin and sectioned by following a targeted ultra-microtomy protocol, as described 

previously.[36]  

Visualization and analysis of C. elegans sections: 60-nm cross-sections were examined 

by transmission electron microscopy (TEM), high-angle annular dark-field scanning 

transmission electron microscopy (HAADF STEM), electron energy loss spectroscopy 

(EELS) and energy-dispersive X-ray spectroscopy (EDX). TEM was performed using a 
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PHILIPs CM 120 microscope. HAADF STEM, EDX, and EELS were performed using 

a FEI Tecnai G2 F20 S-TWIN HR(S)TEM equipped with an EDX system and an EELS 

system.  

 
3. Results and Discussion 

Citrate-coated SPIONs (C-SPIONs) were synthesized by microwave-assisted thermal 

decomposition of iron acetylacetonate to yield γ-Fe2O3 nanoparticles with a mean 

diameter of 6 ± 1 nm. Particles were readily stabilized in water at pH=7 with a zeta 

potential, ζ = -44 mV. Cryo-TEM confirmed the individual stability of the SPIONs. The 

anionic aqueous dispersion was stable for more than six months without any noticeable 

changes by DLS.[36, 37] The system is superparamagnetic above 45 K and displays a 

high saturation magnetization value of 85 emu/g Fe2O3 at 5 K (Figure S1 a–d). Further 

coating of the C-SPIONs by using a BSA-adsorption protocol yields the BSA-SPIONs 

system in which each nanocrystal is coated with approximately ten proteins, 

electrostatically bonded to the citrate through the positively charged moieties of the 

protein (Figure 1a).[44] BSA forms a monolayer of a hard protein corona as seen in the 

negative staining TEM image of Figure 1b. An increase of 7 nm in the hydrodynamic 

diameter (Dh) by DLS supports the side-on binding of the protein (Figure1c). BSA-

SPIONs have an anionic character with a surface charge of ζ = –22 mV (Figure 1d). 
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Figure 1. a) Representation of a pre-formed protein corona coated nanoparticle BSA-SPION 
resulting from molecular dynamic modelling analysis, each protein is displayed with a different 
colour,[44] b) uranyl-stained TEM images; the inorganic SPIONs (dark) and the BSA hard 
protein corona (white) are marked with arrows, c) hydrodynamic diameter of the C-SPIONs (15 
nm) and of the BSA-SPIONs (22 nm), c) zeta potential values for BSA, C-SPIONs, and BSA-
SPIONs. 

C-SPIONs and BSA-SPIONs were investigated in vitro. For this purpose, we chose 

two cell lines: adherent cells, MDA-MB231 (MDA), and suspension cells, HL60. MDA 

cells are highly invasive human mammary epithelial tumour cells and show low 

nonspecific binding to BSA.[45] It is expected that suspension cells are the first cell 

type encountered by the NPs after intravenous administration of NPs and that 

suspension cell lines have different nanoparticles internalization behaviour.[46] Thus, 

human HL60 promyelocytic leukaemia cells were also selected. Figure 2 displays the 

viability tests for the two cell lines upon 24 h exposure to C-SPIONs and BSA-SPIONs 

at different concentrations. In all cases, cell viability is higher than 80 %, even for 

concentrations as high as 150 µg/mL. As expected, cytotoxic profiles are rather similar 
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for the two systems since the experiments were carried out in a protein-rich media and 

therefore a protein corona also forms on the C-SPIONs. Even though, some differences 

between the two systems were identified; an increase in C-SPION concentration leads 

to a decrease in cell viability for MDA and HL 60 cells (p<0.05 and p<0.005, 

respectively, when SPION concentration is higher than 75 µg/mL); in the case of BSA-

SPION exposure, a significant decrease in cell viability is observed for MDA (p<0.005 

at BSA-SPION concentration higher than 75 µg/mL), while no significant changes in 

viability were observed for  HL 60 cell line in all concentrations studied. In short, the 

presence of BSA coating did not modify the viability of the cells for the adherent MDA 

cell line, while it moderately improved non-adherent HL 60 cells viability. 

 
Figure 2. Viability analysis (MTT assay) for two cell lines after 24 h incubation with increasing 
SPION concentration. Experiments were compared with the control, (*) p<0.05; (***) p<0.005.  

SPION uptake after 24 h incubation for the two concentrations was quantified 

(g Fe2O3/cell) by determining the remanent magnetization at 5 K of a known number of 

cells (emu/cell) and the remanent magnetization of a given mass of nanoparticles 

(emu/g Fe2O3). Unsurprisingly a concentration-dependent process was found; higher 

concentrations of SPIONs resulted in increased cellular uptake in all cases. Also, 

adherent cells internalized SPIONs (C-SPIONs and BSA-SPIONs) more efficiently than 

suspension cells. The iron oxide content of the labeled MDA-MB231 cells was almost 
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three fold higher than in the HL60 cells under the same incubation conditions (Figure 

3).  

 

Figure 3. Iron content versus two iron oxide concentration for two cell lines: MDA-MB231 
(solid color) and HL60 (stripped pattern) and for the two systems: C-SPIONs (gray) and BSA-
SPIONs (cyan). Statistical analysis by Anova: p<0.05 (*). 

Cellular uptake of SPIONs was greatly affected by the presence of the BSA coating 

in both cell lines; a considerable lower uptake of BSA-SPIONs was observed than of 

the C-SPIONs (more than double). This finding clearly shows that the BSA coating 

modifies the interaction of SPIONs with cells by substantially decreasing unspecific cell 

internalization. Moreover, the BSA surface would enable the anchoring of cell-targeting 

specific moieties. Decrease in the cellular uptake of NPs with the BSA coating was 

previously reported.[47, 48] Charge-mediated adhesion of nanoparticles to the plasma 

membrane leads to more efficient internalization. In our case, although both systems are 

negatively charged, BSA-SPIONs attach less to the plasma membrane, similarly to the 

neutrally charged PEG-nanoparticles (Figure 4).[23] After 24 h the colloidal stability 
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and hydrodynamic sizes for the two systems are highly comparable as seen in Figure 

S2. From Figure 4, it appears that citrate-coated and protein-coated nanoparticles are 

taken up by endocytosis. A characteristic feature of endosomal compartments for the 

BSA-SPIONs is the lower packing fraction, which we attribute again to the lesser 

affinity of those NPs to the cellular membrane compared to the C-SPIONs. Thus, we 

argue that differences in cellular uptake must be related to the nanoparticle surface and 

their level of “stickiness” to the cellular membrane rather than to particle aggregation or 

to different endosomal pathways. 

 

 
Figure 4. TEM representative images of MDA-M231 cells after being incubated 24 h with C-
SPIONs (upper panels) and BSA-SPIONs (lower panels). Left panels show an endosome 
containing nanoparticles (marked with white arrow heads). The right panels show a fraction of 
the cell membrane; nanoparticles aggregates interacting with the plasma membrane are visible 
for the C-SPIONs (white arrows heads). 

To complete the in vitro investigations we followed the digestion process of the two 

NP systems in a solution that mimics a cell lysosome, for up to 30 days. We used a 
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citrate buffer (CB) solution at a pH=4.5. We also performed the same experiments in a 

buffer solution at a pH=4.5 complemented with 10 % FBS (CB-FBS) to better mirror 

the real lysosome environment. To monitor particle digestion, we analyzed the images 

of the solutions at fixed times; the results are shown in Figure 5. For C-SPIONs 

incubated with CB, nanoparticles were digested fast during the first 4 days, and a 

complete degradation was observed at day 7. The addition of FBS in the buffer lowered 

the degradation rate; still, a complete dissolution was found by day 15. We thus assume 

that the FBS weakly adsorbs onto the C-SPIONs surface and hence slightly protects the 

SPIONs from degradation.[18] In contrast, BSA-SPIONs displayed completely different 

digestion profile. In CB, BSA-SPIONs are only slightly digested during the first 7 days 

and 50 % of the BSA-SPIONs remained after 30 days incubation. Remarkably, in the 

presence of FBS, there was only negligible degradation for BSA-SPIONs, even at day 

30. Thus both the hard corona of the pre-formed BSA monolayer and the additional 

adsorbed soft FBS protein corona synergistically protected the SPIONs from being 

complexed and chelated by the free citrate ions present in the buffer. We further 

monitored the hydrodynamic diameter (Dh) by DLS and inorganic nanocrystal size by 

TEM (Figures S4 and S5). Consistent with previous results, Dh for C-SPIONs incubated 

in CB displayed a gradual decrease upon time, from the initial 17 nm to less than 3 nm 

at day 6. After 6 days, particle size was too small to be measured by DLS. Size 

reduction was also evident in the TEM images, where the loss of crystallinity is 

established from the fewer and less intense diffraction rings visible at a greater number 

of days. However for BSA-SPIONs incubated in CB we could not detect differences in 

Dh over time, even after 30 days incubation. Dh is maintained at around 25 nm; even 

though 50 % of the iron from BSA-SPIONs is in ionic form, the rest maintained their 

initial structure intact. This aspect will be studied in more detail in the future. 
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Figure 5. Images of vials containing the same initial concentration of iron oxide as C-SPIONs 
or BSA-SPIONs in a citrate buffer (CB) at pH=4.5 (two upper panels) and in a citrate buffer 
supplemented with 10% FBS (CB+10% FBS). Left figures represent the color intensity, directly 
linked to Fe3+ ions as a function of time for the two buffers. C-SPIONs are depicted in gray and 
BSA-SPIONs in blue. 

 
It is important to understand how the passage of nanoparticles through biological 

barriers and between compartments and organs is influenced by the protein corona.[49] 

The in vivo fate of orally administered SPIONs was evaluated in the model organism 

Caenorhabditis elegans. C. elegans has some key features that may allow it to become 

an alternative animal model for initial screening and evaluation of the oral delivery of 

nanomaterials. Because of its resemblances to the mammalian intestinal barrier, the 

C  elegans intestine is proposed as a model for studying intestinal functions (Figure 

6a).[50-52] In particular, the polarity of the intestinal cells is conserved, showing an 

apical membrane with microvilli that project to the lumen, and a basolateral membrane, 
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both separated by apical junctions that also connect together adjacent cells. Such apical 

junctions are reminiscent of the apical junction complex found in mammals.[53] The 

mechanisms of biomolecule transport across the gastrointestinal barrier are also highly 

conserved. In addition, the pH value[54] and the variety of digestive enzymes[55] in the 

intestinal microenvironment of the worm allow us to investigate the nanoparticles’ 

biodegradability after oral administration.  

We studied the two iron oxide systems in C. elegans, where multiple parameters (i.e., 

ionic strength, pH value, diameter of the anatomical structures, etc.) could modify the 

NPs’ original properties. We attempted to correlate the different bio-identity of C-

SPIONs and BSA-SPIONs regarding cell internalization mechanisms. Previously, we 

reported on the similar uptake of C-SPIONs and BSA-SPIONs in C. elegans due to the 

rhythmic pharyngeal pumping that is responsible for nanoparticle entrance to C. elegans 

body during oral feeding. However, we observed coating-dependent toxicological 

effects in the worm, in which the BSA-SPIONs are more biocompatible than the 

uncoated particles, in particular at high dosage (500 µg/mL).[38] Here, we evaluate the 

fate of SPIONs by TEM in ultrathin cross-sections of two different regions of the body 

of the C  elegans: an anterior region of the intestine (pH = 6), very close to the pharynx 

ending; and a more posterior region of the intestine (pH = 3.6; Figures 6b and 6c).[54] 

We have been able to observe that most particles are located inside the intestinal lumen 

and only a very small number of individual particles could be detected in the area 

surrounding the lumen; the glycocalix, which appears to act as a buffer zone.[56] All 

along the intestine, SPIONs remained separated from the microvilli surface, and very 

few individual NPs were observed closer to the microvilli (Figure S7). Remarkably, we 

detected endosomes loaded with particles in the enterocytes of worms treated with both 

SPION species (Figure 6d and S8c), contrasting with our findings for 10-nm gold 
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nanoparticles where all the NPs visualized where restrained to the intestinal lumen.[57] 

BSA-SPION treated worms contained slightly larger endosomes filled with NPs (600 ± 

300 nm, n=19) than C-SPION treated ones (470 ± 200 nm, n=17). Control worms 

occasionally had endosomes that contained features resembling nanoparticle-like 

structures but both EDX and EELS confirmed the presence of iron in the endosomes of 

treated worms and not in the controls (Figure 6e and S8d). The same cross-sections 

were further analysed by HAADF STEM, where the intensity of the materials is 

approximately proportional to the square of the atomic number, Z2. In Figure 6e and 

S8b–c, the high intensity of the SPIONs both inside the lumen and inside the endosomes 

can be attributed to Fe (Z=26) whereas C (Z=6) has lower intensity, thus SPIONs are 

seen as bright spots, not observed in the control worms. Both C-SPIONs and BSA-

SPIONs remained monodisperse, both in the lumen and inside the endosomal/lysosomal 

compartment. A histogram with the nanoparticle size distribution showed that C-

SPIONs in the lumen underwent a 10 % size decrease after 24 h treatment in the 

anterior part of the intestine, while BSA-SPIONs remained unchanged (Figure S9). In 

posterior regions, smaller clumps (< 200 nm) of individual SPIONs were observed. In 

this area, C-SPIONs had a slightly smaller size than in the anterior, corresponding to a 

15 % size decrease compared to the as-synthesized SPIONs, while the size of the BSA-

SPIONs again remained unchanged (Figure S9). These observations support the 

hypothesis that C-SPIONs undergo a partial digestion under the intestinal conditions of 

C. elegans.[38] Note that the microvilli structure was not affected in the worm studies 

and that no apoptotic digestive cells were observed. The absence of food during NP 

treatment caused cessation of defecation; TEM observations showed that no NPs were 

present in the lumen at the level of the excretory system (Figure S10).  
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Figure 6. a) Schematic drawing of the C. elegans anatomy and cross-section. b–d) TEM images 
of control C. elegans (first column), C. elegans treated with C-SPIONs (central column) and 
C. elegans treated with BSA-SPIONs (right column). C. elegans were cut at two body locations: 
b) anterior and c) posterior. d) Endosomes containing NP or NP-like content in treated and 
control worms, respectively. e) HAADF STEM images of endosomes. EDX analysis (insets) 
confirmed the absence or presence of iron in control and treated worms, respectively. 
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Overall, the observations on the fate of C-SPIONs and BSA-SPIONs in C. elegans 

suggest that the BSA coating protects the NP inorganic core from acidic degradation, in 

accordance with results in Figure 5. Moreover, both NPs remained monodisperse in the 

worm intestine. However, NPs can be also endocytosed during their confinement in the 

intestine, and no remarkable differences have been observed regarding the number of 

endosomes, their size, or their loading in the two sections of the intestine studied. These 

findings indicate that nanoparticles are internalized by the cells through a different 

pathway than the nutrients feeding the worm. This point deserves further studies. 

 
3. Conclusion 

Unravelling meaningful relationships between the physiological impact of engineered 

nanoparticles and their synthetic and biological identity is rather complex but of vital 

importance when considering nanoparticles biomedical uses and when establishing their 

nanotoxicological profile. In this work, we focused on the acquired bio-identity, in vitro 

and in vivo, of anionic citrate-SPIONs (C-SPIONs) outfitted with a well-defined 

albumin corona (BSA-SPIONs). Cytotoxicity, intracellular particle distribution, and 

uptake were studied in two cell lines: adherent and suspension cells. The intracellular 

content of iron oxide in adherent cells is three-fold higher than in non-adherent whilst 

the uptake of the BSA-SPIONs was greatly reduced in both cell lines compared to the 

same particles without the pre-formed protein corona. Thus, the pre-formed corona 

substantially decreases unspecific cell internalization. Moreover, it protects the particles 

from acidic digestion. The fate of orally administered nanoparticles was then evaluated 

in vivo in the model organism Caenorhabditis elegans. Analysis of ultrathin cross-

sections of the worm by transmission electron microscopy allowed us to screen the 

biodistribution of the particles showing that both nanoparticles systems remained 

monodispersed in the lumen microenvironment while we identify a small fraction that 
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crossed the intestinal barrier by endocytosis of the intestinal cells. No remarkable 

differences were observed in the number of endosomes, their size or their loading, in 

either SPION coating. Observations on the NP fate in C. elegans suggest that the BSA 

coating protects the inorganic core from acidic degradation in the worm intestine and 

prevents the direct contact of the inorganic core with the worm’s body which may result 

in a higher biocompatibility of the BSA-SPIONs.  

The information gathered from the in vitro and the in vivo experiments on exactly the 

same NPs system with different surface coating is extremely relevant and 

complementary but the comprehensive analysis of results in an ensemble mode is 

challenging reflecting the complexity of this enterprise. Even though, we can conclude 

that the BSA coating did not significantly affect the cytotoxicity of NPs in the two cell 

lines studied but it showed a marked influence on the C. elegans survival rates at high 

doses underpinning the need of NPs evaluation in higher complex organisms.[38] 

Secondly, cell uptake was considerably reduced for BSA-SPIONs but the protein 

coating did not affect the NPs transit across the C. elegans intestinal barrier. Importantly 

both in vitro and in vivo studies identified endocytosis as the likely nanoparticle–cell 

invagination mechanism. Moreover, although the in vitro results show that uncoated 

SPIONs form aggregates in protein-rich media and stay monodispersed when precoated 

with BSA, we observed that both C-SPIONs and BSA-SPIONs retained their 

individuality in the biomolecule-rich intestinal microenvironment of the C. elegans. 

Finally, we observed that BSA-SPIONs are efficiently protected from acidic media, 

both in the lysosome environment and in the C. elegans lumen, in contrast to the more 

easily digested uncoated SPIONs.  
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Figure S1. a) TEM image of the synthesized γ-Fe2O3 nanoparticles, insets contains their response to an 
external magnet, the selected-area electron diffraction (SAED) indexed to diffraction bands 
corresponding to maghemite, and the size-distribution histogram yielding a mean particle size = 6 ±1nm, 
b) cryo-TEM image of the aqueous colloidal dispersion of citrate-coated SPION. C-SPIONs and a 
schematic representation of such, c) hydrodynamic diameter of the water-stable C-SPIONs as-synthesized 
and after six months and d) M(H) hysteresis curve at 5 K, the inset contains field-cooled and zero-field-
cooled curves of M(T) with a 50 Oe applied field. A blocking temperature below 50 K is apparent.  
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Figure S2. Changes in the hydrodynamic diameter (Dh) of the C-SPIONs and BSA-SPIONs in the MDA-
MB231 cell media at different incubation times; 0, 1, and 24 h. 
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Figure S3. Hydrodynamic size distribution and Dh (inset) in citrate buffer at several measurement time-
points of the C-SPIONs (a,c) and BSA-SPIONs (b,d). 
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Figure S4. Upper panel: TEM images of C-SPIONs in citrate buffer at day 1, 2, 3, and 7; middle panel: 
SAED of these systems. At day 7 only the most intense band is visible; lower panel: particle-size 
histograms.  

 

Figure S5. Upper panel: TEM images of BSA-SPIONs in citrate buffer at day 1, 7, 15, and 25 days; 
middle panel: SAED of these systems. At day 25 only the most intense diffraction bands are seen, lower 
panel; includes particle-size histograms.  
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Figure S6. Size evolution vs. days of incubation in a citrate-buffer solution of C-SPIONs (left) and BSA-
SPIONs (right), monitored by TEM.  
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Figure S7. TEM image showing individual SPIONs (indicated with arrowheads) in the glycocalix of the 
C. elegans intestine. The dotted line marks the limit of the glycocalix.  
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Figure S8. TEM and HAADF STEM images of C. elegans cross-sections showing the intestinal lumen 
(panel A,B) and endosomes of the intestinal cells (panel C). The high intensity of the SPIONs both inside 
the lumen and the endosomes of treated worms can be attributed to Fe (Z=26), whereas C (Z=6) has 
lower intensity. Such bright spots are not observed in the control worms. EELS (panel D) further 
confirmed the presence of iron in the endosomes of SPION-treated worms, but not in control ones. 
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Figure S9. Size distribution of as-synthesized SPIONs and SPIONs in C. elegans. The plots correspond 
to the Gaussian fitting of the size- distribution histograms obtained after measuring more than 150 
nanoparticles from TEM images. The mean size value decreases in the case of the C-SPIONs, indicated 
as percentage of the initial size of the SPIONs both in the anterior and posterior part of the C. elegans 
intestine when compared with the as-synthesized mean size. Mean particle size remains unchanged for 
BSA-SPIONs. 
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Figure S10. TEM image of the lumen of the anus of SPION-treated C. elegans.  

 

 

 

 

 
 


