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ABSTRACT

Nanoscience and Nanotechnology enable innovations for Medicine and for Biomedical Science. Among the 
current nanoparticles, maghemite associated with rhodium citrate (Magh-RhCit) has been shown to be promising, 
because it reduces side effects of drugs while maintaining cytotoxicity for tumor cells. However, NPs in contact 
with biological fluids are immediately coated by proteins (protein corona) that are unique to each nanomaterial. 
In this study, the adsorption of the most abundant binding proteins was studied in vitro using a three-step analysis:  
(1) characterization of the magnetic fluid (Magh-RhCit) before and after incubation with serum; (2) identification 
and physical and biochemical analysis of protein corona; and (3) the cellular internalization of these nanoparticles 
in human macrophages. Magh-RhCit was initially obtained in the magnetite phase (Fe

3
O

4
) via alkaline co-

precipitation of Fe2+ and Fe3+ ions and subsequently oxidized to maghemite by the bubbling of oxygen gas in the 
suspension. Later, rhodium citrate was associated with nanoparticles. Dynamic Light Scattering data were used 
for characterization of the hydrodynamic diameter and zeta potential. The morphological characterization and 
measurement of the particles were obtained from Scanning and Transmission Electron Microscopy, and the X-ray 
Diffraction technique. The identification of the proteins was performed by Liquid Chromatograph coupled to 
Mass Spectrometry. Human blood serum altered the characteristics of the nanoparticle, making it less polydisperse, 
larger and with less negative zeta potential, indicating the formation of the protein corona. Forty-nine proteins 
(which mostly promote opsonization, phagocytosis and endocytosis in cells of the immune system) were identified 
and characterized: albumin, IgGs, apoliproteins, serpins, complement (C5), kinases, haptoglobin, glycoproteins 
and transferrin. Nanoparticle characterization and mass spectrometric data of the digested protein corona suggest 
improved biocompatibility. Moreover, results regarding nanoparticles’ interaction with macrophages suggest that the 
corona may have profoun implications for in vitro and in vivo extrapolations and will require some consideration in 
the future.
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INTRODUCTION

The development of nanotechnology in the search for high selectivity 
and affinity of substances to their pharmacological targets has 
optimized the use of nanomaterials as therapeutic and diagnostic 
agents for applications in the biomedical and biotechnological area 
[1]. The effectiveness of the use of nanocarriers in the drug delivery 
system depends entirely on physico-chemical characterization, 
such as particle size, surface charge, density, surface topography, 

physiological condition of the target site [2] and its interaction with 
biological fluids [1].

Magnetic nanoparticles, due to their multifunctional properties, 
are potentially applicable in the biomedical area, considering 
the magnetic, electrical and optical properties, biocompatibility 
and stability of their composition, their tunable morphology, 
functionalization and bioavailability of the compound in the 
organism [3,4]. These nanoparticles (NPs) can be used as contrast 
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agents in magnetic resonance, in photodynamic therapy, in the 
treatment of hyperthermia of cancer cells, as biosensors, bio-
separators and vehicles in the drug delivery system, in order to 
lower systemic toxicity [5-7].

However, one of the major problems encountered is the fact that 
the mononuclear phagocytic system and the renal system compete 
with NPs for the tumor, and sequester and/or eliminate 99% 
of the NPs administered. The mononuclear phagocytic system 
consists primarily of the liver, spleen, lymph nodes, bone marrow, 
skin, and other organs that contain resident phagocytic cells, such 
as macrophages [8,9].

When NPs are administered in biological systems they interact 
with the components present in the physiological environment 
[1], being exposed to species of biomolecules and substances 
that result in the formation of the biological corona [10]. The 
complexes formed by the interaction of NPs and proteins form the 
biological component of the protein corona (PC) [1,11-14], which 
has a dynamic composition defined by complex interactions that 
depend on colloidal forces, as well as dynamic physicochemical 
characteristics of the particle [10,14]. PC formation induces 
changes in the nature of the extracellular matrix of the NP, altering 
the original biological identity [7,10,11,15]. In this context, the 
adsorbed proteins control the cellular interaction receptors, 
coordinate the internalization pathway and modulate the immune 
response, such as the macrophage uptake, complement system 
activation and cellular toxicity [10,11,14,16,17]. 

The absorption of NPs by macrophages varies based on the serum 
proteins that opsonize them [18] and although the biological fluids 
contain a great variety of proteins, the PC composition is unique 
for each nanomaterial and is influenced by several parameters such 
as the nanoparticle chemistry and environmental characteristics 
[19].

Previous studies with maghemite NPs and maghemite NPs 
functionalized with rhodium (II) citrate (Magh-RhCit) showed 
progress and great potential for chemotherapeutic treatment [7,20-
24]. However, as yet there are no studies related to the identification 
of the protein corona of this NP nor about its interaction in cells of 
the immune system. In this study, adsorption of the most abundant 
binding proteins was performed in vitro after incubation of less 
polydisperse NPs in human blood serum using a three-step analysis: 
(1) characterization of magnetic fluid (Magh-RhCit) before and 
after incubation with the serum; (2) characterization of the protein 
corona; and (3) evaluation of the influence of the protein corona 
in the internalization of the NPs by macrophages derived from the 
leukemic human lymphocyte cell line, U-937.

MATERIALS AND METHODS

Materials

The materials used to conduct this study were iron(III) chloride 
hexahydrate (FeCl

3
⋅6H

2
O), iron(II) chloride tetrahydrate 

(FeCl
2
⋅4H

2
O), sodium hydroxide (NaOH), nitric acid (HNO

3
), 

rhodium (II) trifluoroacetate dimer, Tripan blue, Dimethyl Sulfoxide 
(DMSO), antibiotic solution (penicillin and streptomycin), phorbol 
12-myristate 13-acetate (PMA), bicarbonate (PA), Iodocetamide 
(IAA) and Empore™ Solid Phase Extraction Disks –C18 (Octadecyl) 
- Sigma-Aldrich®, USA; Modified RPMI-1640 Medium, Fetal 
Bovine Serum (SFB), Trypsin 0.25% in EDTA - GIBCO, USA; 
Paraformaldehyde 37% - Vetec, Brazil; 3-(4,5-Dimethylthiazol-2-Yl)-

2,5-Diphenyltetrazolium Bromide (MTT) - Molecular Probes, USA; 
CD14 monoclonal antibody (TUK4), APC-alexa fluor 750 0.5 m, 
kit Qubit® 2.0 Fluorometer, Guanidine - Invitrogen/Life/Thermo 
Scientific, USA; Ethanol, ethyl acetate, methanol, Petroleum ether 
- Dinâmica, Brazil; Tampão fosfato salino (PBS) - Laborclin, Brazil; 
DTT - GE Healthacare Life Science, USA; AcetonitrilE – Fluka; 
HCCA Matrix - Bruker, Germany; Dr Spurr Resin, glutaraldehyde, 
uranyl acetate, osmium tetroxide, potassium ferricyanide - Electron 
Microscopy, USA.

Obtaining serum and whole human blood

After the approval of the project by the Research Ethics Committee 
(CAAE: 59103416.9.0000.0030; Number: 1,936,932), 20 samples 
of whole human blood serum were obtained and utilized. The 
criteria for inclusion included female blood donors aged 18 to 35 
years old from the University of Brasília. The blood was collected 
at the Laboratory of Electron Microscopy, Institute of Biological 
Sciences, by the biomedical team, in accordance with all biosafety 
and storage best practices. For serum separation, the samples were 
coagulated and centrifuged afterwards.

Synthesis and characterization of the samples

The elaboration of the magnetic fluid samples based on maghemite 
NPs associated with rhodium (II) citrate dimer was conducted 
in a three-step procedure, as previously described, with some 
modifications [7,25].

Synthesis of maghemite NPs: Magnetite NPs (Fe
3
O

4
) were first 

obtained via alkaline co-precipitation of Fe2+ and Fe3+ ions and 
subsequently oxidized to maghemite (γ-Fe

2
O

3
) [26]. Typically, 50.0 

mL of an aqueous solution containing 50 mmol of FeCl
2
⋅4H

2
O, 

25 mmol of FeCl
3
⋅6H

2
O and 20 mmol of HCl was rapidly poured 

into 250.0 mL of 1.0 mol/L NH
4
OH solution under stirring (1000 

rpm) at room temperature, for 30 min. After this, the obtained 
precipitate (Fe

3
O

4
) was magnetically separated and washed with 

water several times until the solution reached neutral pH. The 
pH was then adjusted to about 4 with an HCl solution, and the 
produced Fe

3
O

4
 was oxidized to γ-Fe

2
O

3
 using an oxygen gas stream, 

at 80°C for 4 h, under magnetic stirring. Thus, after washing the 
precipitate several times, NPs were resuspended in HNO

3 
0.01 

mol/L. The concentration of γ-Fe
2
O

3
 in the solution (1.9 mol/L) 

was obtained by determining the concentration of iron in solution 
by Inductively Coupled Plasma Optical Emission Spectrometry 
(ICP-OES).

Synthesis of the Rhodium (II) citrate dimer (RhCit): For the 
synthesis of Rhodium citrate dimer (RhCit), 0.78 mmol of 
Rhodium (II) trifluoroacetate dimer was dissolved in 60.0 mL of 
water and the obtained solution was dropped into 5.0 mL of a 
solution containing 10.6 mmol of citric acid previously heated to 
70°C. The heating was maintained until the volume of the solution 
was reduced to ∼1 mL. Thus, 5 mL of water was added and the 
solution evaporated again. After repeating this step six times, the 
formed precipitate was dissolved in methanol and reprecipitated by 
the addition of a petroleum ether and acetone mixture 50:50 (v/v). 
The solid was then washed 20 times with ethyl acetate, to remove 
excess citric acid. Finally, after evaporating the excess ethyl acetate 
at 60°C for 12 hours, the solid was dissolved in 20 mL of H

2
O. 

The concentration of RhCit was 0.058 mol/L (as [Rh
2
(C

6
H

7
O

7
)
4
]), 

obtained by determining the concentration of rhodium by ICP-
OES measurements.
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Synthesis of magnetic NPs associated with RhCit (Mag-RhCit): As 
previously described [25], to synthesize the RhCit-coated γ-Fe

2
O

3
 

sample, an initial RhCit/γ-Fe
2
O

3
 molar ratio equal to 0.04 was used. 

Typically, 1.04 mL of RhCit solution and 0.79 mL of the γ-Fe
2
O

3
 

magnetic fluid were mixed in 3.17 mL of water. After adjusting the 
pH to ∼3 with NaOH, the sample was moved to an overhead shaker 
with vertical rotation for 24 h (25 rpm). The sample was centrifuged 
for 10 min at 10,000 rpm at 23°C, the precipitate was washed three 
times with distilled water and NPs were redispersed in 10 mL of 
water at pH ∼7 (adjusted with NaOH). The sample was named 
Mag-RhCit, with the iron and rhodium concentrations measured 
by ICP-OES equal to 290 mmol/L (145 mmol/L in γ-Fe

2
O

3
) and 

5.8 mmol/L (2.9 mmol/L in [Rh
2
(C

6
H

7
O

7
)
4
]), respectively. 

Characterization of sample: In order to characterize the crystalline 
structure of the synthesized nanoparticles, X-ray diffraction (XRD) 
measurements, using a Rigaku-Miniflex 600 diffractometer, with 
a radiation of 1.541 Å (40 kV and 30 mA), were carried out in 
the powdered samples obtained after evaporation of the solvent. 
The indexing of diffraction lines allowed the identification of the 
crystalline structure as well as the determination of the crystalline 
size and cell parameter. The hydrodynamic diameter (HD) and 
polydispersity index (PDI) were determined using Dynamic Laser 
Light Scattering (DLS) and the Zeta potential (ZP) of NPs was 
measured as the particle electrophoretic mobility by means of 
laser microelectrophoresis in a Zetasizer Nano ZS90, Malvern® 
apparatus. Prior to each reading, the as-prepared formulation was 
diluted (1:1000) with ultrapure water. The dilutions were not made 
in PBS because it has high ionic strength, causing agglomerations, as 
described in figures. For this reason, the tests involving the zetasizer 
were made with water. The temperature of analysis was maintained 
at 25°C and the scattered light intensity at 90°. The results were 
presented as the mean of triplicates, each replicate being composed 
of 10 measurements. The morphological characterization of the 
particles was performed by Transmission Electron Microscopy 
(TEM) in a JEOL JEM-2100, Thermo scientific, 200 kV apparatus. 
For TEM analysis, diluted samples (∼0.2 wt%) were dropped on 
copper grids previously coated with 0.7% Formvar and metallized 
with carbon. For analysis of the size distribution, 500 particles were 
counted from the images obtained by TEM.

For analysis of the composition of NPs associated to U-937 cells, 
distinct cell surface points were evaluated using the EDS system 
coupled with the Scanning Electron Microscope (JEOL JSM-700 
1F, JEOL, Japan) at 15 kV.

Identification of the protein corona on Magh-RhCit

Formation, desorption of the protein corona and preparation of 
the sample for identification: For formation of the protein corona, 
a 500 μL suspension of magnetic fluid (290.0 mmol/L Fe) was 
ultrasonically dispersed (Branson 1510 B-series ultrasonic cleaners) 
for 10 minutes, at 60 Hertz. It was then incubated for 1 hour at 
37°C in a 1.5 mL test tube containing 500 μL of human blood 
serum. The same protocol was done for the negative controls, but 
without the addition of serum to the NPs (NP+PBS; NP+Simple 
RPMI Medium). 

Following incubation, non-binding proteins were eliminated. The 
tubes were centrifuged at 16,000 g for 1 hour at 4°C (Eppendorf-
Centrifuge 5424 R, with Rotor FA-45-24-11) and the supernatant 
was separated from sediment. The supernatant was replaced with 
the same amount of PBS and the procedure was repeated four times. 

After the last washing step, the pellets were resuspended in 200 μl of 
1X buffer (0.0625 M Tris-HCL, 2.5% SDS, 5% 2-Mercaptoethanol, 
7% Glycerol) and frozen to -20°C. The supernatants of the 
NP sample with human serum were concentrated in a speed 
vac to a volume of 100 μL and analyzed by SDS-PAGE (sodium 
dodecylsulfate polyacrylamide gel electrophoresis) for their protein 
content to determine the effectiveness of the washing. 

For desorption of surface proteins from NPs, the samples were 
heated at 95°C for 10 minutes in an incubator (AccuTherm ™ 
Microtube Shaking Incubator/Labnet). Samples were precipitated 
by centrifugation at 16,000 g at 25°C for 30 minutes. Protein 
supernatant was collected and 2 μL were used for quantification of 
protein content. The quantification was performed using a Qubit® 
2.0 Fluorometer quantification kit from Invitrogen. 

To verify the presence of proteins, analysis was performed by SDS-
PAGE. To denature the proteins, the samples were boiled for 10 
minutes at 95°C in a water bath, added to 1/5 sample buffer and 
applied on 5-12% bis-polyacrylamide gel. Electrophoresis was done 
with run buffer in a 120 V Bio-Rad kit for 1 hour to separate the 
proteins by molecular weight. A volume of 15 μl of sample marker 
was used. The gel was stained using 1% coomassie blue (BIO-RAD) 
for 1 hour and decolorized with a solution of 50 mL of distilled 
water, 40 mL of methanol and 10 mL of acetic acid. 

The sample containing protein extracts was submitted to tryptic 
digestion using the sample digestion protocol of Promega (2001) 
with some adaptations. The sample was resuspended in 100 μL of 
Guanidine buffer (6 M+Tris 0.25 M, pH 8.6+10 mM DTT) and 
reduced for 1 h at 56°C under N

2
 to avoid oxidation. The sample 

was then alkylated with Iodoacetamide (55 mM) for 45 min at 
25°C.

To remove the SDS, 2-Mercaptoethanol, DTT, IAA and Guanidine 
present in the sample, Amicon filter was used with a cut-off of 
30 kDa. After ultrafiltration the sample was lyophilized and 
resuspended in 100 μL of 0.1 Mol/L ammonium bicarbonate 
buffer, pH 8.1 with 2% w/w Promega trypsin and digested at 37°C 
for 20 hours overnight.

Then the digested sample was cleaned up in StageTips and a small 
aliquot was analyzed by MALDI (Bruker Autoflex II MALDI-TOF/
TOF), for quality control, followed by LC-MS/MS Orbitrap analysis 
(LTQ Velos Pro Orbitrap Elite). 

Liquid Chromatography Coupled to Mass Spectrometry (LC-
MS/MS): The tryptic peptide samples were analyzed by a capillary 
column chromatographic system (Dionex Ultimante 3000 nano-
UHPLC) coupled online to the Orbitrap Elite™ ion trap-orbitrap 
hybrid mass spectrometer (Thermo Scientific, Bremen, Germany). 
The solvents used in the tests were: solvent A (0.1% formic acid in 
water) and solvent B (0.1% formic acid in acetonitrile). 

The chromatographic system consists of two types of capillary 
columns, a pre-column (internal diameter of 100 μm × 2 cm in 
length), packed with 5 μm C18 ReprosilPur-coated silica spherical 
particles with 120 Å pores (Dr. Maich GmbH, Ammerbuch, 
Germany). Samples that were injected and loaded into this pre-
column were carried out at a flow rate of 3 μL/min of solution, of 
which 98% was solvent A and 2% solvent B. The second column 
is an analytical column (internal diameter of 75 μm × 35 cm in 
length) packed with 3 μm Reprosil C18 particles with 120 Å pores 
(Dr. Maich GmbH, Ammerbuch, Germany). The peptides were 
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separated in this analytical column and eluted using gradients of 2 
to 40% solvent B in 170 min. 

The compounds eluted from the analytical column directly into the 
mass spectrometer ionization chamber. The source of ionization 
used was Nanospray flex ion source (Thermo Scientific,), with the 
spray voltage set to 2.5 kV and a transfer capillary temperature 
of 275°C. MS spectra were acquired in positive mode, with data 
dependent acquisition (DDA). The DDA cycle consisted of a survey 
scan comprising the range m/z 300-1650 under the resolution of 
120,000 FWHM (Full Width at Half-Maximum) for m/z 400 and 
with target value of automatic gain control of 1 × 106 ions for all 
scans in the FTMS and maximum fill time of 200 ms. The survey 
scan was followed by collision induced dissociation (CID) MS/MS 
fragmentation of the 15 most abundant multi-charged precursor 
ions at each time interval. The isolation window for the selection 
of the monoisotopic precursor ion was 2 Th. Previously fragmented 
precursor ions were dynamically excluded for 90 s. 

Identification of protein: The raw files from all chromatographic 
runs were submitted to data processing and analysis in the PEAKS 
Studio 7.0 program (Bioinformatics Solutions Inc., Waterloo, 
ON, Canada). The following parameters were used for analysis: 
trypsin as enzyme; tolerance for mass error of 10 ppm monoisotope 
precursor; mass error for 0.5 Da fragments; maximum of two missed 
cleavages; carbamidomethylation of cysteine residues (alkylation 
with iodoacetamide) as a fixed modification; acetylation of the 
N-terminal of the protein and oxidation of methionine as variable 
modifications; maximum of three post-translational modifications 
per peptide. 

The data were confronted with the database of Homo sapiens 
(161,549 sequences, downloaded from Uniprot on January 5, 
2018). A false positive detection rate (FDR) was estimated by 
merging the database with a decoy bank. A reliable identification 
was considered for proteins presenting FDR < 1% and at least one 
unique peptide.

Assays with the U-937 cell line

Cell culture: The human leukemic monocyte lymphoma cell line, 
U-937, was purchased from the American Type Culture Collection 
(ATCC CRL-1593.2). Cells were cultured in RPMI-1640 medium, 
supplemented with 10% fetal bovine serum (SFB) and 1% antibiotic 
(100 μg/mL penicillin and 100 μg/mL streptomycin), incubated at 
37°C, 5% CO

2
, and humidity of 80%.

Induction of in vitro differentiation of human macrophages: 
In order to induce cell differentiation of the U-937 lineage to 
a macrophage phenotype, the cells were seeded (4 x 105) on a 
6-well polystyrene (TPP, USA) plate and incubated with medium 
culture (RPMI) (GIBCO , USA) supplemented with 5 ng/mL 
phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, USA). This 
concentration was established in previous work [7,14,16], for 48 
hours and 72 hours to establish the best differentiation time. A 
well with control cells did not receive PMA. Subsequently, the cells 
were washed with phosphate buffered saline (PBS) composed of 
137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4; 2 mM KH

2
PO

4
 

at pH 7.4 and incubated for 24 hours in RPMI-1640 without PMA. 
The experimental study was done duplicated, and an Axiovert 
light microscope was used to analyze the cell morphology using 
AxioVision 100 software for image capture (both from Zeiss, 
Germany). 

Flow cytometry: Following the induction of human macrophage 
differentiation after 24 hours of incubation in RPMI-1640 without 
PMA, the medium was removed and the cells washed 3 times with 
PBS. They were then removed from the plate by 2 methods: cell 
scraper, 25 cm, KASVI) and trypsin. The intent was to evaluate the 
effects of trypsin on CD-14 marker receptors. Separated cells were 
incubated for 30 minutes with APC-Alexa fluorine 750 (Invitrogen/
Life/Thermo) conjugated anti-human CD14 on ice. After three 
washes with centrifuging PBS, the cells were resuspended in 400 
μl of PBS and analyzed on the flow cytometer (FACS Calibur, BD 
Biosciences, Inc., San Jose, CA). Data analysis was performed in 
the Flow Jo v.5.2.7 program, Tree Star, Inc.

Treatment of macrophages of the U-937 lineage with Magh-RhCit 
NPs coated by CP for morphological analysis, quantification of 
internalized iron and rhodium content and cell viability: Initially, 
the Magh-RhCit NPs were incubated with human blood serum for 
1 hour at 37°C. Next, the samples were washed 4 times with PBS 
by centrifugation to release the unbound, dispersed and diluted 
components in RPMI medium without FBS for the subsequent 
treatment of the cells. 

Morphological analysis by Scanning Electron Microscopy 
and Transmission Electron Microscopy: Differentiated U-937 
cells were plated at 1 x 106 cells in a 6-well plate (with a specific 
coverslip) and after adhesion were incubated with CP nests at 200 
μM rhodium citrate [2.9 mmol/L] for 1, 3 and 6 hours. The well 
with cells without treatment was used as control. 

For SEM analysis, the cells were fixed with Karnovsky (2% 
glutaraldehyde, 2% paraformaldehyde, 3% sucrose, 0.005 M 
calcium chloride in 0.1 M sodium cacodylate buffer, pH 7.2) 
overnight at 4°C. Subsequently, the cells were washed with 0.1 M 
sodium cacodylate buffer (pH 7.2) and post-fixed for 30 minutes 
with 1% osmium tetroxide. Cells were washed twice with distilled 
water and dehydrated on a gradient of acetone (50% - 100%) for 
5 minutes each. After dehydration, the samples were dried in 
Critical Point (Balzers CPD 030), mounted on a specimen port 
and metalized with Gold (Au) in the "Sputter Coater" (Leica, EM 
SCD 500). The samples were analyzed in the Scanning Electron 
Microscope (Jeol, JGM 7001F, Tokyo, Japan). 

For TEM analysis, the trypsin-depleted cells were collected in 
microtubes and washed with PBS. They were then fixed with 
Karnovsky (2% glutaraldehyde, 2% paraformaldehyde, 3% sucrose, 
0.005 M calcium chloride in 0.1 M sodium cacodylate buffer, pH 
7.2) overnight at 4°C. Subsequently, cells were washed with 0.1 M 
sodium cacodylate buffer (pH 7.2) and post-fixed for 30 minutes 
with 1% osmium tetroxide and 0.8% potassium ferricyanide in 
sodium cacodylate buffer and 5 mM CaCl

2
. The cells were washed 

twice with distilled water and then contrasted in block with 0.5% 
uranyl acetate at 4°C. The samples were dehydrated in an increasing 
gradient of acetone (30% - 100%) for 10 min each and included 
in Spurr resin. The ultrafine sections were obtained with an 
ultramicrotome (Leica, UCT, AG, Vienna, Austria) and analyzed 
in a Transmission Electron Microscope (Jeol 1011, Tokyo, Japan). 

Quantification of iron and rhodium in cells by ICP-OES: To 
determine the content of Fe and Rh in cells of cell line U-937, 
the differentiated cells were seeded (1 x 105) in 24-well polystyrene 
plates and treated with protein corona in Magh-RhCit at 200 μM 
rhodium citrate [2.9 mmol/L]. After the incubation time (6, 12, 24, 
48 and 72 hours), the cells were collected in 1.5 mL microtubes and 
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washed 5 times with PBS using a centrifuge (5000 rpm/37°C/10 
min). The supernatants were collected in 15 mL conical tubes for 
quantification of the non-internalized metal. Cells were dried in 
speed vac, resuspended in 200 μL of HNO

3
 and then transferred to 

a 15 mL conical tube for ageing for 24 hours. Samples were diluted 
with water to 5 mL and analyzed by ICP-OES. The same protocol 
was used for supernatants.

Cell viability by the MTT method: Cell viability was evaluated 
by the colorimetric method of 3 (4,5-dimethylthiazol-2-yl) 
-2,5-diphenyl-tetrazolium bromide (MTT). The differentiated cells 
were seeded in a 96-well plate (4 x 103 per well) and incubated 
with RPMI medium for 24 hours in a humidified greenhouse 
containing 5% CO

2
 at 37°C. After 24 hours, they were incubated 

with NPs with CP for various periods (24, 48 and 72 hours) in the 
concentrations of 50, 100, 200 and 300 μM of rhodium citrate 
[2.9 mmol/L]. After the treatment incubation period, the contents 
of the wells were replaced with a solution of medium containing 
0.5 mg/mL MTT (5 mg/mL in 0.15 M PBS) for 2.5 hours in a 
humidified greenhouse containing 5% CO

2
 at 37°C and then 200 

μL dimethylsulfoxide (DMSO) was added. DMSO blank and cell-
free treatment were performed. The analysis of formazan crystals 
was quantified in a spectrophotometer (SpectraMax M2, Molecular 
Devices) using wavelength of 595 nm. 

Statistical analysis

Statistical analysis was performed using GraphPad Prim software. 
All graph values are plotted as means ± SEM. Two-way ANOVA 
analysis was performed (Dunnett's multiple comparisons test). 
Significant differences were considered when the probability was 
less than 5% (p <0.05).

RESULTS AND DISCUSSION

Characterization of magnetic fluid Magh-RhCit and 
physical-chemical changes following incubation with 
human blood serum

The association of rhodium citrate dimer (RhCit) with maghemite 
NPs (γ-Fe

2
O

3
), as described in the experimental section, allowed a 

concentrate (∼23 mg of solid per mL) and a very stable aqueous 
solution to be obtained over a long period of time. In fact, no 
sedimentation nor important pH variation (pH = 6.8 ± 0.2) were 
observed during the 24 months of evaluation of the synthesized 
Mag-RhCit sample. Besides, the colloidal parameters of a two-year-

old sample, HD ∼147 nm, ZP ∼-40 mV and PDI ∼0.17, indicates 
a condition of high colloidal stability, corroborating visual 
observations [26,27]. However, the stability was also monitored by 
means of these colloidal parameters over a long period of time, as 
shown in Figure 1. During this period, the hydrodynamic diameter 
(HD) slightly decreased but ranged between 145 nm and 150 nm, 
while the polydispersity index (PDI) variation was very slight (always 
<0.2); the zeta potential (ZP) also varied but remained ∼35 mV at the 
end of the period of observation. Moreover, this negative value of 
ZP strongly indicated the success of the surface coating with RhCit 
molecules, since bare γ-Fe

2
O

3
 NPs are expected to present ZP close 

to zero at pH ∼7. Otherwise, after the adsorption of ligands, the 
complexation of NPs’ surface by carboxylic moieties of RhCit took 
place. Besides, some -COOH moieties remained solution-oriented, 
as free ionizable groups, providing the negative superficial charge 
and increasing the colloidal stability of Mag-RhCit NPs through 
electrostatic interparticle repulsion [7,23,24].

In this study, Magh-RhCit
 
NPs had stable pH even after 2 years 

of synthesis (pH = 6.8). The mean HD was 147.4±1.380, and the 
surface ZP, Pζ -40.1 mV, and monodisperse characteristics with the 
PDI of 0.171 ± 0.006 (Figure 1). 

Figure 2A shows a micrograph of sample Mag-RhCit obtained by 
Transmission Electron Microscopy (TEM). It was observed that 
NPs are spherical and have polydispersity of a size expected for 
syntheses by co-precipitation route and as also observed by other 
authors. [7,21-24,28]. The analysis of the histogram of Figure 2B, 

 

Figure 1: Colloidal stability analysis of Mag-RhCit sample over time (7, 15, 
30, 45, 90 and 730 days).

Figure 2: A) Electron micrograph of magnetite nanoparticles associated with rhodium citrate Mag-RhCit. B) Histogram of Magh-RhCit diameter distribution. Mean: 
9.65 nm ± 1.707; Mode: 9.4 nm.
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obtained from the analysis of TEM pictures of the Mag-RhCit 
sample, showed a mean size of 9.65 nm, mode 9.4 nm. 

Figure 3 shows the X-ray diffraction pattern of the Mag-RhCit 
sample. All diffracted peaks were indexed to a face-centered cubic 
spinel structure (Fd3m) of maghemite, and the calculated lattice 
parameter (0.836) showed good correlation with the expected 
value (0.83515 nm), obtained from the literature (JCPDS #39-
1346). Moreover, using the Scherrer equation, through the full 
width at half-maximum of the most intense (311) diffraction peak, 
a mean crystalline diameter of d

RX
 = 9.75 nm was obtained, which 

corroborated the results of the TEM.

The colloidal stability of the Mag-RhCit sample was tested with 
NPs dispersed in different media. Figure 4A and 4B respectively 
show that samples diluted in PBS and pure RPMI culture medium 
precipitate after dilution. However, when dispersed in RPMI 
culture medium supplemented with human blood serum (Figure 
4C), colloidal stability is preserved as in the sample diluted in 
pure water (Figure 4D). The phase separation observed in Figure 
4A and 4B can be associated with the high ionic strength of PBS 
buffer and RPMI medium, which screen double-layer forces and 
induce particle aggregation [29]. Otherwise, the formation of a PC 
in RPMI culture medium supplemented with human blood serum 
is likely to be responsible for the increased colloidal stability of 
the NPs by an electrosteric hindrance contribution of adsorbed 
proteins, even at high ionic strength [30].

To evaluate the effect of PC on the colloidal stability of NPs, the 
HD, PDI and ZP parameters were measured for samples incubated 
in pure water or in diluted human blood serum (for 0, 12, and 24 
h) at 25°C and 37°C. Figure 5A shows that the ZP of NPs dispersed 
in water (approximately -43 mV) decreases – in modulus – to 

about -13 mV, after the interaction with serum and formation of 
PC. The predominance of negative ionizable carboxyl groups on 
rhodium citrate-functionalized NPs, when compared to the positive 
and negative moieties on the PC capping, might be responsible 
for the decrease of the superficial charge of NPs in the presence 
of serum [30]. Moreover, the ZP slightly decreases, mainly for NPs 
dispersed in water, for samples incubated at 37°C, probably due 
to the partial desorption of surface coating. The pH (see values 
in parentheses in Figure 5A also increases after the formation of 
PC, but does not vary importantly over the incubation time. It is 
worth noting that at pH∼7 the negative moieties present in RhCit 
and PC are (i.e. -COO-) preferably ionized when compared to the 
positive groups (i.e. -NH

3
+) present only in PC. The HD of NPs 

dispersed in serum increased as the time of incubation increased 
from 0 h to 24 h (Figure 5B). This behavior, not observed in NPs 
dispersed in water, was more evident in samples incubated at 25°C. 
As the PDI followed the same tendency, this increase in HD might 
be associated with the formation of agglomerates, corroborating 
the decrease in ZP verified in Figure 5A. 

Figure 5C shows the ZP, HD and PDI data of samples containing 
NPs incubated in water, in serum and those incubated in serum, 
but washed 4 times, separated by centrifugation, and redispersed 
in water. The ZP decreases after washing but still remains higher 
than that of the serum-free sample, indicating that proteins remain 
firmly attached to the surface of NPs even after the washing 

 

Figure 3: X-ray diffraction pattern of sample Mag-RhCit. The interplanar 
distances and the relative intensity of the diffraction peaks were compared 
with the American Society for Testing Materials (ASTM) database for 
maghemite.

Figure 4: Images of Mag-RhCit sample diluted (10 times) in different 
media. A) PBS; B) RPMI medium; C) RPMI medium + human blood 
serum and D) water.

Figure 5: A) ZP and pH (between parenthesis) and B) HD and PDI 
(between parenthesis) of samples containing NPs incubated in water or 
serum at different temperatures; C) ZP, HD and PDI (in parenthesis) of 
samples containing NPs incubated in water, in serum and those incubated 
in serum, but washed 4 times and redispersed in water. 
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process. Besides, the HD and PDI results also corroborate the gain 
of colloidal stability originating from PC on the surface of NPs.

Identification and characterization of the protein corona 
of the Magh-RhCit NPs

The samples were washed four times with a buffer to remove 
unbound proteins from the protein corona (Figure 6A). After PC 
desorption, 2 μl of the supernatant was used to quantify the protein 
content. The sample had 66 μg/μL of protein. The confirmation 
that blood serum proteins adsorbed on the surface of the NPs can 
be seen in Figure 6B.

Protein identifications were performed by using liquid 
chromatography coupled to mass spectrometry (LC-MS/MS), 
and 83 proteins with a false discovery rate (FDR) of less than 1% 
were identified. The identified proteins were further classified 
and grouped for GO terms, interactions and pathways using the 
software BLAST2GO, STRING public databases, and, additionally, 
the BLASTKOALA system of automatic annotation. Then a total 
of 49 proteins were characterized (Table 1). Among them, 1 was 
albumin (ALB), 1 complement protein (C5), 3 kinases (AKAP 13), 
5 apolipoproteins (APOA1), 4 glycoproteins, 5 haptoglobins (HP), 
4 transferrins (TF), 2 Alpha-1 antitrypsin (SERPINAS1) and 24 
immunoglobulins (IgGs).

Albumin is the most commonly found protein in the PC of 
various nanomaterials [31-35], and the most abundant in the 
serum (55%) [36,37]. However, low-abundance proteins, such 
as immunoglobulins, apolipoproteins and fibrinogen, are also 
found in the corona [31,33,38], and in some cases, in greater 
concentrations than albumin, as observed in the protein corona 
of Magh-RhCit.

 

Proteins such as albumin, immunoglobulins, complement 
proteins, fibrinogen, apolipoproteins and transferrin tend to bind 
more strongly to nanomaterials and have been shown to promote 
opsonization, phagocytosis, and endocytosis [39,40]. The majority 

of these proteins are able to adhere to ionic and metallic surfaces. 
This explains the presence of some of them on the surface of the 
Magh-RhCit.

In addition to the above-mentioned proteins, kinase and Alpha-1 
antitrypsin were also identified. Kinase (AKAP13) catalyzes the 
phosphorylation of proteins by transferring an ATP or GTP 
phosphate group [41]. Zhu, et al. [42] studied the structure of 
the hydroxyapatite magnetic protein corona and showed that it 
enhances cell proliferation due to activation of mitogen protein 
kinase signaling. 

Alpha-1 antitrypsin belongs to the family of serpins produced 
in the liver. Its main physiological function is to inhibit elastase 
released by leukocytes, an enzyme that digests damaged or aging 
cells and bacteria; therefore, its inhibitor promotes healing, in 
addition to being a trypsin inhibitor [43]. It is found on the surface 
of several nanomaterials, mainly the PEGylated [44-46], solid lipid 
[47] and polymerics [45,48-50]. Goppert & Müller [47] have shown 
that alpha-1 antitrypsin increases the concentration of the NP on 
the surface during incubation time and can be explained using 
the "Vroman effect", in which less abundant proteins replace more 
abundant ones because they have greater affinity with the surface 
of the nanomaterial [51]. 

PC affects the fate of NPs in a biological environment, and is 
described as crucial to an application of nanotechnology. A protein 
corona identified in this work contributes to the characterization 
and biological study of the Magh-RhCit NP. Most associated 
proteins promote opsonization, and this is one of the barriers 
found in the course of the tumor. On the other hand, they may 
reach the tumor but may be included by M2-type macrophages, 
which may destabilize it. However, studies need to be done to 
get more information on the subject. Next, we will show some 
results obtained from the interaction of Magh-RhCit with PC in 
macrophages derived from the U-937 lineage.

Evaluation of the influence of the protein corona during 
Magh-RhCit internalization with human macrophages, 
and cell viability 

Differentiation of the human monocytic cell line, U-937, into 
macrophage-like cells using phorbol myristate acetate (PMA) (5 
ng/mL) during a 72 hour incubation period was considered more 
satisfactory then when compared to periods shorter than 48 hours 
(Figures 7 and 8), and corroborates previous studies performed 
with THP-1 monocytic lineages [14] and U-937 [18]. 

To ensure that exposure time at this concentration (5 ng/
mL|72 hours) is sufficient for cell differentiation, the levels of 
CD14 expression were analyzed. By observing the adherent cell 
morphology (Figure 7C), and the CD14 labeling analysis using 
flow cytometry, it was noted that the time of 72 hours induces 
53.4% differentiation (CD14+) (Figure 8).

Through Scanning and Transmission Electron Microscopy, analysis 
of the U-937 cell line, it was possible to visualize the interaction of 
the NPs with the cells. From observing NPs on the surface of the 
membrane, we identified morphological changes over the course of 
hours, as well as decreased prolongations in the control cell (Figures 
9A-9A3) and vesicle formation with increased internalization 
(Figure 9B-B3). After 1 hour of treatment (Figure 9B1), the cells 
already have agglomerates of internalized NPs in vesicles (indicated 

 

Figure 6: A) Acrylamide gel showing the electrophoretic profile of the 
supernatant from NP washing steps after incubation with serum. 0 - 
marker; 1, 2, 3 and 4 were the successive washes performed on the Magh-
RhCit sample incubated with human blood serum. B) Electrophoretic 
profile of proteins removed from NP surface. 0: marker; 1: NP + human 
blood serum; 2: NP + PBS; 3: NP + RPMI medium (without SFB).
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Number of protein 
species

Accession (UniProtKB) Protein Description Gene

1 P02768|ALBU_HUMAN Serum albumin ALB

1 P01031|CO5_HUMAN Complement C5 C5

3
Q12802|AKP13_HUMAN

A8MYJ1_HUMAN 
A0A087WTD7_HUMAN 

A-kinase anchor protein 13 AKAP13

5

A0A024R3E3_HUMAN
P02647|APOA1_HUMAN

F8W696_HUMAN
Q9Y355_HUMAN
Q8TDB0_HUMAN

Apolipoprotein A-I APOA1

4

B7Z8Q2_HUMAN
C9JV77_HUMAN 

P02765|FETUA_HUMAN 
B7Z556_HUMAN 

Alpha-2-HS-glycoprotein AHSG

5

H0Y300_HUMAN 
P00738|HPT_HUMAN 

A0A0C4DGL8_HUMAN 
A0A087WU08_HUMAN 

Q6NSB4_HUMAN
Haptoglobin HP

4

P02787|TRFE_HUMAN 
Q06AH7_HUMAN 
Q53H26_HUMAN 
B4E1B2_HUMAN 

Serotransferrin/Transferrin TF

2
A0A024R6I7_HUMAN 

A1AT_HUMAN 
Alpha-1-antitrypsin SERPINA1

24

Q6PIK1_HUMAN 
Q6NS95_HUMAN 

Q6GMW4_HUMAN 
Q6IPQ0_HUMAN 
Q6PIQ7_HUMAN 

Q6GMX4_HUMAN 
Q8N355_HUMAN 

Q6GMW3_HUMAN 
Q8N5F4_HUMAN 

IGL@ protein IGL@

A0A0B4J231_HUMAN 
B9A064|IGLL5_HUMAN 

Immunoglobulin lambda-like polypeptide 5
IGLL5

S6B2B0_HUMAN 
S6C4S2_HUMAN 
S6BAN6_HUMAN 

IgG L chain -

P01834|IGKC_HUMAN Immunoglobulin kappa constant IGKC

P0DOX7|IGK_HUMAN Immunoglobulin kappa light chain -

Q0KKI6_HUMAN Immunoblobulin light chain (Fragment) -

Q6PJF2_HUMAN
Q6PIL8_HUMAN 
Q6P5S8_HUMAN 

IGK@ protein
IGK@

A0A286YEY4_HUMAN 
P01859|IGHG2_HUMAN 

Immunoglobulin heavy constant gamma 2 IGHG2

P0DOX5|IGG1_HUMAN Immunoglobulin gamma-1 heavy chain -

P0DOX8|IGL1_HUMAN Immunoglobulin lambda-1 light chain -

Table 1: Description of the proteins identified on the surface of Magh-RhCit.

by red arrows). Over time, the number of vesicles increases (Figure 
9B1 and 9B2). 

Energy Dispersive Spectroscopy (EDS) analysis provided the 
chemical composition of NP associated with U-937 cells, with 
an average of 3.2% of iron and 1.7% of rhodium (Figure 10). 
Therefore, it is possible to state that the material on the cell surface 
is in fact NPs.

An inductively coupled plasma optical emission spectrometry 
(ICP-OES) method used to quantify NPs inside the cells revealed 
the concentration of approximately 9.17 μmol/L of iron and 0.09 
μmol/L of rhodium in the first few hours of treatment. During 
the 48-hour period, concentration increased to 47.7 μmol/L and 
0.49 μmol/L, respectively (Figure 11A). In accordance with the 
capture of NPs from the supernatant, the amounts of NP in the 
supernatant decreased, with two remarkable drops over the 72-hour 
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Figure 7: Micrographs of U-937 cells differentiation. A) Monocytes suspension cultures showing spherical shape (control); B) After 48 hours of PMA 
exposure, some cells become adhered and larger, indicating cell differentiation; C) After 72 hours of PMA exposure, a larger number of cells become 
adhered and larger

 
Figure 8: Flow cytometry analysis of the percentage of PMA differentiation of the U-937 lineage of macrophages CD14+ and monocytes. A) Control 
monocytes without PMA incubation in black. B) CD14+ cell populations after PMA incubation for 48 hours in blue. C) and CD14+ cell populations after 
PMA incubation for 72 hours in red. D) Count of cells presenting CD14 as surface marker. In gray is the control population, in blue the population with 
incubation period of 48 hours and red of 72 hours.

 

Figure 9: Micrographs of the U-937 cell line after treatment with Magh-RhCit coated with protein corona from human blood serum. A) Micrographs 
obtained from Scanning Electron Microscopy. A) Control cell; A1) 1 hour; A2) 3 hours; A3) 6 hours. B) Micrographs obtained from Transmission Electron 
Microscopy. B) Control cell; B1) 1 hour; B2) 3 hours; B3) 6 hours. Nucleus (N), lysosomes (L), Mitochondria (M). Red arrows indicate nanoparticles (NPs) 
in vesicles. Red arrowheads indicate NPs on the surface of the cell membrane. White arrowheads indicate cell surface extension.

 

Figure 10: EDS performed on the micrograph of U-937 cells treated with Magh-RhCit. A) Distinct points of U-937 to perform EDS. B) Graphic of the 
EDS averages obtained in the 5 points of the image. NP/CC-nanoparticle associated with protein corona.

https://www.google.com/search?rlz=1C1EJFA_enBR677BR680&q=micrographs+of+U937+cells+differentiation&spell=1&sa=X&ved=0ahUKEwj7qs6TisLhAhVEXK0KHeIcAo8QkeECCCooAA
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period (Figure 11B). It was observed that the rhodium component 
remains bound to NPs even after 72 hours of treatment and with 
PC formation. This is important because rhodium is the major 
component of the treatment formulation.

In this study, micrograph results (Figure 9) and analysis of 
quantitative data (Figures 10 and 11) show that there is strong 
interaction between Magh-RhCit

 and macrophages that results in 
high internalization of NPs in these cells. These results are probably 
due to the dynamic complement of the protein corona’s protein-
mediated opsonization, phagocytosis and endocytosis. Walkey et al. 
[52] have shown that serum-dependent macrophage internalization 
(with protein corona) is more efficient than serum-independent 
uptake (without protein corona), since the protein corona is a 
determining factor for internalization of the nanomaterial by 
immune system cells. 

Figure 12 shows a cell viability plot for strain U-937 after treatment 
with Magh-RhCit.

.
 Over the first 24 hours a decrease in cell 

viability is observed from the concentration of 100 μM, which 
continues to drop with increasing levels of concentration (200 and 
300 μM). At 48 hours of incubation, even the lowest concentration 
of Magh-RhCit

 
interferes with cell viability, and 300 μM causes 

a greater effect on cell death. At 72 hours of incubation, cell 
viability decreases considerably. Based on these results, we can state 
that Magh-RhCit is cytotoxic to the U-937 cell line (Figure 12). 

According to Corbo et al. [53], the formation of a PC can increase 
specificity of internalization, particularly in professional and non-
professional phagocytic cells, such as macrophages and endothelial 
cells, causing an increased risk of cytoplasmic and systemic toxicity.

Studies show that the protein corona mitigates the cytotoxic effects 
of NPs [54-56]. This is probably due to the effect of the PC on 
protecting cells from direct contact with the bare surface of NPs. 
The coating with proteins from biological fluids may increase NP 
stability, a fact identified in our study (Figure 5). This coating is 
also important from the viewpoint of cellular toxicity. On the 
other hand, since proteins are adsorbed on the surface of NPs, 
they may undergo conformational changes in secondary and 
tertiary structure, resulting in unnatural protein configurations 
that trigger phagocytosis and potential inflammatory reactions [57-
61]. Here we show that U-937 cell viability is compromised after 
treatment with the Magh-RhCit protein corona. However, further 
studies need to be performed on M1 and M2 type macrophages. 
Macrophages polarized in M1 are considered proinflammatory 
macrophages involved in host defense. M2 macrophages, however, 
exhibit anti-inflammatory and healing properties, but also promote 
tumor growth [60]. Studies with other nanomaterials point to a 
preferential absorption of NPs by M2-type macrophages, inhibiting 
tumor growth [62-64]. Understanding the performance of the 

 

Figure 11: Iron and rhodium quantification by ICP/OES. A) Internalized iron (blue line) and rhodium (green line) concentration (μM/L) in the Magh-
RhCit treated (200 μM rhodium citrate / 2.9 mmol/L ) cell line U-937 coated with human blood serum protein corona. B) Quantification (μM/L) of the 
non-internalized iron (red line) and rhodium (purple line) in cells. Cells were exposed to periods of 6, 12, 24 and 72 hours. 

 

Figure 12: Human macrophages’ (U-937) viability after 24, 48 and 72 hours of treatment with Magh-RhCit coated with protein corona from human blood 
serum. Rhodium citrate was used at the concentrations of 50, 100, 200 and 300 μM. **** p<0.0001. 
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Magh-RhCit nanoparticle in macrophages of the M2 type (in vitro 
and in vivo) may offer new therapeutic approaches for the treatment 
of tumors.

CONCLUSION

From the results obtained and evaluated, we conclude that, 
depending on the state of the NPs, their properties are altered, 
allowing agglomeration or dispersion. Human blood serum alters 
the characteristics of NPs, making them less polydisperse, larger 
and with lower zeta potential. These parameters depend on factors 
such as incubation time and temperature. These changes can be 
explained due to the formation of the protein corona. In addition, 
NPs in the absence of human blood serum (without protein 
corona) are unstable, precipitate and form large agglomerates. We 
identified the adsorbed proteins on the surface of Magh-RhCit 
that most promote opsonization, phagocytosis and endocytosis in 
the cells of the immune system. The findings are relevant because 
studies conducted with this type of nanomaterial have focused on 
its use as a treatment for cancer. One of the desirable characteristics 
for this purpose is that the NPs should reach the tumor target at 
therapeutic concentrations. These findings clarify which human 
blood serum proteins adsorb to Magh-RhCit as well as their 
interaction in macrophages. Further studies need to be performed 
to elucidate how this complex may favor tumor treatment.
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