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Abstract

Toxicological evaluation of nanoparticles (NPs) requires the utilization of in vitro techniques due 

to their number and diverse properties. Cell culture systems are often lacking in their ability to 

perform comparative toxicity assessment due to dosimetry issues and capacity to simulate in vivo 
environments. Upon encountering a physiological environment, NPs become coated with 

biomolecules forming a biocorona (BC), influencing function, biodistribution, and toxicity. 

Disease-induced alterations in the biological milieu can alter BC formation. This study evaluates 

the role of low-density lipoprotein (LDL) in altering macrophage responses to iron oxide (Fe3O4) 

NPs. BCs were formed by incubating Fe3O4 NPs in serum-free media, or 10% fetal bovine serum 

with or without LDL present. Following exposures to a normalized dose (25 μg/mL), macrophage 

association of Fe3O4 NPs with a LDL-BC was enhanced. TNF-α mRNA expression and protein 

levels were differentially induced due to BCs. Cell surface expression of SR-B1 was reduced 

following all Fe3O4 NPs exposures, while only NPs with an LDL-BC enhanced mitochondrial 

membrane potential. These findings suggest that elevations in LDL may contribute to distinct BC 

formation thereby influencing NP-cellular interactions and response. Further, our study highlights 

challenges that may arise during the in vitro evaluation of disease-related variations in the NP-BC.
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1. Introduction

Nanoparticles have the capacity to advance numerous fields of technology due to their 

unique physicochemical properties. Superparamagnetic iron oxide nanoparticles (Fe3O4 
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NPs) have been proposed for various biomedical applications such as their use as contrast 

agents for magnetic resonance imaging (MRI), carriers for target specific drug delivery and 

gene therapy, therapeutic agents for hyperthermia and anemia, and magnetic sensing probes 

for diagnostics (Neuberger et al., 2005; Tartaj et al., 2003, 2005; Babes 1999; Ghazanfari et 

al., 2016). These biomedical applications are due to Fe3O4 NP biocompatibility and 

relatively low toxicity, reduced sensitivity to oxidation, stability in magnetic response, as 

well as the ability to add surface modifications (Majewski and Thierry, 2007; Kim et al., 

2006; Ghazanfari et al., 2016). The development of prospective NPs such as Fe3O4 has 

significantly increased the risk of human exposure to NPs (Dobrucki et al., 2015; Inturi et 

al., 2015; Ryan and Brayden, 2014). Upon the delivery via intravenous injection, NPs have 

direct contact with the blood circulation resulting in the potential for direct cardiovascular 

toxicity and subsequent systemic exposure to different organs and tissues. Understanding 

these interactions is necessary for the screening of early NP-induced toxicity. Thus, it is 

necessary to improve and develop in vitro approaches to accurately identify NP-induced 

toxicity prior to in vivo testing. This can be done by modifying in vitro exposure conditions 

to more accurately depict the in vivo environment, thereby, enhancing correlations between 

cell culture, animal, and human studies.

The blood circulation contains numerous proteins and lipids that can be adsorbed on the 

surface of NPs forming a biocorona (BC) (Lynch et al., 2007; Lundqvist et al., 2011; 

Monopoli et al., 2011, 2012; Vroman et al., 1980; Westmeier et al., 2016). The 

physicochemical properties of the NP (size, shape, surface charge, composition, and surface 

functional groups), the nature of the physiological environment (i.e., blood, interstitial fluid, 

and cytoplasm), and the exposure duration are essential factors governing the formation and 

composition of the NP-BC (Jedlovszky-Hajdú et al., 2012; Monopoli et al., 2011; Walkey 

and Chen, 2012; Walkey et al., 2014). The addition of BC results in alterations of NP 

properties such as size and interfacial composition, altered NP function, agglomeration, 

cellular uptake, transport, distribution, clearance, and toxicity (Beduneau et al., 2009; Clift et 

al., 2010; Lartigue et al., 2012; Maiorano et al., 2010; Rahman et al., 2013.). The NP-BC is a 

complex entity specific to each nanomaterial and the individual physiological environment. 

The surface of Fe3O4 NPs can be easily modified to target particular tissues, specifically for 

tumor targeting, however addition of the BC has been shown to interfere with NP targeting 

(Gupta and Gupta, 2005). The formation of BC on the surface of Fe3O4 NPs may influence 

their use as MRI contrast agents by interfering with their contrast abilities and altering 

biodistribution (Amiri et al., 2013; Kreuter, 2013). It remains unclear how the formation of 

BC on the surface of Fe3O4 NPs affects the functionality and toxicity of these NPs. To date, 

the majority of the investigations regarding the NP-BC has focused primarily on healthy 

scenarios conversely the majority of patients receiving NP-based treatments suffer from 

diseases that may modify the physiological environment and thereby alter the BC.

The American Heart Association has reported that over 33% of the adult population in the 

United States has high low-density lipoprotein (LDL) cholesterol levels (> 200mg/dl) 

(Mozaffarian et al., 2014). Subjects with high cholesterol levels have been shown to be 

susceptible to the toxicity resulting from NPs exposures compared to healthy individuals as 

the high LDL condition could modify the molecule profile of the blood circulation 

(Schwartz and Dockery, 1992; Schwartz and Morris, 1995). The formation of the BC is 
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primarily governed by the physiochemical properties of the NPs, time, and the physiological 

environment (Jedlovszky-Hajdú et al., 2012; Monopoli et al., 2011; Shannahan et al., 2013a, 

2013b; Walkey and Chen, 2012; Walkey et al., 2014). In diseased physiological 

environments such as hyperlipidemia the blood contents of circulating macromolecules such 

as proteins, peptides, and lipids are modified, which could ultimately alter the composition 

of BC (Catalano et al., 1991; LaFramboise et al., 2012). The disease-modified BC may 

result in toxicological consequences different from those resulted from the BC formed under 

the healthy physiological environment. Previous research has demonstrated increased 

transcription of pro-inflammatory genes by endothelial cells when exposed to NPs with a 

hyperlipidemic BC compared to NPs with a normal BC (Shannahan et al., 2016). These 

disease-related discrepancies should be considered when using in vitro techniques to 

examine NP-induced toxicities as they highlight exacerbations in toxic responses that may 

occur in susceptible subpopulations.

In our current study, we evaluated the role of LDL in altering immune cell responses to NPs. 

Further we evaluated potential confounding factors that may influence the examination of 

disease-modified NP-BCs specifically related to altered cell culture dosimetry. BCs were 

formed by incubating Fe3O4 NPs in either 10% fetal bovine serum (FBS) with or without 

LDL present. Following the addition of the BCs, NP physiochemical properties were 

characterized. Macrophages were exposed to a normalized initial dose of 25 μg/mL of Fe3O4 

NPs with or without BCs present. Lastly, we assessed the toxicological implications of these 

BCs on Fe3O4 NPs over a time-course by examining cytotoxicity, cell-NP association, 

deposition modeling, cell activation, and changes in the expression of scavenger receptor 

SR-B1 and mitochondrial membrane potential (MMP). Overall, by utilizing relevant 

exposure conditions that more accurately portray the in vivo environment in both healthy 

and diseased states, this study enhances our understanding of nanotoxicity, as well as, 

provides information necessary for the future in vitro assessment of NP-induced toxicity in 

diseased environments.

2. Materials and methods

2.1. Formation of Fe3O4 nanoparticle-biocorona

Spherical 20 nm Fe3O4 NPs suspended in water at a concentration of 20mg/mL were 

purchased from Nanocomposix (San Diego, CA) (Supplemental Fig. 1). LDL from human 

plasma was purchased from Lee Biosolutions (Maryland Heights, Mo) at a concentration of 

4800 mg/dl. BCs were formed on Fe3O4 NPs as described in our recent publications 

(Shannahan et al., 2013a, b, 2015b, c, 2016). Briefly, Fe3O4 NPs were diluted in double 

deionized water (ddi H2O) to the concentration of 1 mg/mL incubated for 2h at 4 °C in 

serum free medium (SFM), 10% fetal bovine serum (FBS), or 10% FBS + 200 mg/dL LDL 

while being mixed constantly. Specifically, 250 μL of Fe3O4 NPs (1 mg/mL) was combined 

with 750 μL SFM in a 1.5 mL tube referred to as the SFM-Fe3O4 NP group; 250 μL of 

Fe3O4 NPs (1 mg/mL) was combined with 650 μL SFM and 100 μL FBS in a 1.5 mL tube 

referred as the FBS-Fe3O4 NP group; and 250 μL of Fe3O4 NPs (1 mg/mL) was combined 

with 400 μL SFM, 100 μL FBS, and 250 μL LDL (final LDL concentration was 200mg/dL) 

in a 1.5 mL tube referred as the LDL-Fe3O4 NP group. Following the incubation, Fe3O4 NPs 
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were then pelleted via centrifugation at 3500 g for 10 min and washed with ddi H2O. Fe3O4 

NPs were resuspended in 500 μL ddi H2O and pooled together within the same group. The 

Fe concentration of each group was quantified using atomic absorption spectrometry (AAS). 

Fe3O4 NPs from the above three incubation groups were then diluted in SFM to 20 μg 

Fe/mL approximately equal to 25 μg/mL Fe3O4 NPs for subsequent cell culture exposures. 

This concentration of Fe3O4 NPs was selected based on possible human exposures as well as 

previous in vitro examination of Fe3O4 NPs and other NPs (Shannahan et al., 2015b, 2015c, 

2015d; Xia et al., 2013). Briefly, the concentration of Fe3O4 NPs was determined based on 

levels used for human MRI analysis using Fe3O4 NPs as a contrast agent, which typically 

range from 5 to 10 μg/mL blood volume, considering a male of 90 kg (Fukuda et al., 2006; 

Wang, 2011).

2.2. Characterization of Fe3O4 nanoparticle-biocorona

The hydrodynamic size and zeta potentials (ZetaSizer Nano, Malvern) of uncoated Fe3O4 

NPs and Fe3O4 NPs with BCs were characterized in SFM with Fe3O4 NPs at a concentration 

of 50 μg/mL (n = 3/particle) (Table 1). Nanosight (Malvern) assessment of Fe3O4 NP counts 

determined 1.94 +/− 0.07 × 109 particles/μg.

2.3. In Vitro sedimentation, diffusion and dosimetry modeling

We applied the In Vitro Sedimentation, Diffusion and Dosimetry (ISDD) Model (Hinderliter 

et al., 2010) to predict the delivered doses based on our in vitro experimental settings. In 

brief, the primary particle size (approximately 25 nm), primary particle density (5.17 g/mL), 

exposure media volume (0.5 mL) for a 24-well cell culture plate (approximately 1.9 cm2 

growth area/well), media depth (2.63 mm or 0.00263 m), exposure concentrations of Fe3O4 

NPs (6.25, 12.5, 25, or 50 μg/mL), and the hydrodynamic sizes of different NPs (listed in 

Table 1) were used in the model simulations. Default values of other parameters were used, 

including temperature of 310 K, media density of 1.0g/mL, and media viscosity of 0.00074 

Pa s. The ISDD model is appropriate for our study as the model was developed for spherical 

particle exposures in monolayer cell culture systems using Fe3O4 NPs (Hinderliter et al., 

2010).

2.4. Macrophage cell culture

RAW264.7 mouse macrophages were cultured in DMEM medium supplemented with 10% 

FBS and 100 U/mL penicillin-streptomycin. Macrophages were maintained in cell culture 

dishes under standard conditions at 37 °C and 5% CO2. For the assessment of the BC and its 

role in cellular responses, all experiments were performed in SFM, as done in our previous 

experiments (Shannahan et al., 2015a, d, 2016). The removal of serum from medium allows 

for the evaluation of the intentionally formed BC without the addition of a secondary BC 

that would form within the cell culture system. The use of SFM limits the study of the BCs 

and cellular responses to short exposure time points.

2.5. Assessment of Fe3O4 NPs cytotoxicity

Macrophages were grown to 90% confluency in 24-well plates and were then exposed to 25 

μg/mL Fe3O4 NPs with or without BCs for 1, 3, 6, 12, and 24 h in SFM. Changes in cell 
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viability were evaluated using the Thiazolyl Blue Tetrazolium Bromide (MTT) assay (Sigma 

Aldrich, St. Louis, MO) following manufacturer's instructions using a plate reader 

(Molecular Device). No overt cytotoxicity was identified across any of the time points 

therefore the concentration of 25 μg/mL Fe3O4 NPs was utilized for all subsequent 

experiments (Supplemental Fig. 2).

2.6. Transmission electron microscopy

(TEM) Analysis. Following exposure to 25 μg/mL Fe3O4 NPs with or without BCs for 24 h, 

macrophages were fixed with 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, post-

fixed in buffered 0.1% osmium tetroxide containing 0.8% potassium ferricyanide, and en 

bloc stained in 1% aqueous uranyl acetate. They were then dehydrated with a graded series 

of acetonitrile and embedded in Embed-812 resin. Thin sections (80 nm) were cut on a 

Reichert-Jung Ultracut E microtome and stained with 2% uranyl acetate and lead citrate. 

Thin sections were then mounted to 100 mesh Formvar/Carbon grids. TEM images were 

acquired using a Gatan Oriums side mount CCD camera on a FEI Tecnai T12 electron 

microscope equipped with a LaB6 source and operating at 80 kV.

2.7. Cellular association of Fe3O4 NPs

In order to determine BC-induced differential association of NPs with cells, association of 

Fe3O4 NPs with macrophages was quantified using AAS. Macrophages were grown to 90% 

confluency in 24-well plates and were exposed to 25 μg/mL Fe3O4 NPs with or without BCs 

for 3, 6, 12, and 24 h in SFM. Macrophages were harvested and then washed three times 

with PBS to remove extracellular excessive Fe3O4 NPs at the end of each time point 

exposure. The culture supernatant and PBS washes were also collected to quantify the 

amount of Fe3O4 NPs that remained in the medium that were not associated with cells. 

Analysis of the cell-associated and non-associated Fe3O4 NP fractions allowed for the 

determination of possible differential Fe3O4 NP plate binding resulting from the addition of 

the BC. Both cellular and medium Fe levels were determined using AAS after the 

measurement of protein quantity. All samples were digested with concentrated nitric acid 

(HNO3) in an oven at 55 °C, overnight. A Varian Spectra AA-20 Plus GTA-96 flameless 

graphite furnace AAS was used to quantify Fe concentrations in macrophages and culture 

supernatant. Digested samples were diluted with 0.1% (v/v) HNO3 for Fe measurement in 

order to keep the reading within the concentration range of the standard curve. The ranges of 

calibration standards were 0–10 μg/L for Fe and the detection limit for Fe was 0.9 ng/mL of 

the assay solution.

2.8. Fe3O4 NP-induced cellular inflammatory responses

Macrophages were grown to 90% confluency in 24-well plates and were exposed to 25 

μg/mL Fe3O4 NPs with or without BCs for 1, 3, 6, 12, and 24 h in SFM. In addition, 

untreated macrophages cultured in SFM were used as the control group. Cells were 

harvested for total RNA isolation using TRIzol (Invitrogen). An aliquot of 1 μg RNA was 

reverse-transcribed into cDNA. BioRad iTaq Universal SYBR Green Supermix was used for 

quantitative real time RT-PCR (qPCR) analysis. The amplification was run in the CFX 

connect TM real-time PCR detection system (BioRad, CA). With an initial 3-min 

denaturation at 95 °C, the amplification program was followed by 40 cycles of 30 s 
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denaturation at 95 °C, 10s at 60 °C and 30 s extension at 72 °C. A dissociation curve was 

used to verify that the majority of fluoresce detected was attributed to the labeling of the 

specific PCR products, and also to verify the absence of primer dimers and sample 

contamination. Each real-time RT-PCR reaction was run in triplicate. Relative gene mRNA 

expression ratios between groups were calculated using the ΔΔCt formulation where Ct is 

the threshold cycle time value. The Ct values of interested genes were first normalized with 

that of beta actin Actb in the same sample to obtain the ΔΔCt values, and the relative ratios 

between control and treatment groups were calculated and expressed as relative gene 

expression by setting the control as 100%. The amplification efficiencies of target gene and 

the internal reference were examined by determining the variations of the Ct with a series of 

control template dilutions. The forward and reverse primers for the mouse Tnf-α and Actb 
genes were designed using Primer Express 3.0 software. Primers sequences for mouse Tnf-α 
used in this study were a forward primer 5′-CAG GCG GTG CCT ATG TCT C−3′ and a 

reverse primer 5′-CGA TCA CCC CGA AGT TCA GTA G −3′ (GenBank accession no. 

NM_013693). The mouse beta actin Actb used as an internal control had a forward primer 

5′-ACG TTG ACA TCC GTA AAG A −3’ and a reverse primer 5′-GCC GGA CTC ATC 

GTA CTC C−3′ (GenBank accession no. NM_007393).

To confirm the qPCR results of Tnf-α mRNA expression, the intracellular and extracellular 

protein levels of TNF-α were quantified using ELISA assay. Macrophages were grown to 

90% confluency in 24-well plates and were exposed to 25 μg/mL Fe3O4 NPs with or without 

BCs for 1, 3, 6, 12, 24, and 36 h in SFM. As the synthesis of protein occurs following 

mRNA transcription, a 36-h time point was included to assess the delayed protein levels of 

TNF-α. In addition, macrophages without NPs exposure were used as the control group. 

Macrophages and the culture supernatant were harvested to determine the produced 

intracellular level of TNF-α and the extracellular level of TNF-α released into culture 

supernatant, respectively, by ELISA (R & D systems, Minneapolis, MN) following the 

manufacturer's high sensitivity instructions. The ELISA kit uses a competitive binding 

method to assess the sample specific TNF-α. The intracellular TNF-α levels were 

normalized by protein quantity and expressed as pg/mg protein. The extracellular TNF-α 
levels were expressed as pg/mL in media.

2.9. Evaluation of cell surface SR-B1 receptor expression density following Fe3O4 NP 
exposure

Interactions between NPs and macrophages have been shown to occur through cell surface 

receptors such as scavenger receptors (Aldossari et al., 2015; Singh and Ramarao, 2012). 

Exposures can modify the surface expression of these receptors therefore we evaluated the 

expression of scavenger receptor-B1 (SR-B1) over the course of Fe3O4 NPs exposures with 

modified BCs. The surface expression of SR-B1 receptor in macrophages was determined 

following exposures to 25 μg/mL Fe3O4 NPs with or without BCs for 1, 3, 6, 12, and 24 h in 

SFM. Untreated macrophages in SFM at each time point were used as controls. At the end 

of exposures, cells were washed with PBS by spinning down (1000 rpm, 10 min), re-

suspended, and fixed with 4% paraformaldehyde. After three washes with PBS, cells were 

then incubated with SR-B1 primary antibody (1:200) (Novus Biologicals, Littleton, CO) at 

room temperature for 1 h followed by three washes with PBS and the incubation of Alexa 
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Fluor 488 goat anti-rabbit IgG (H + L) secondary antibody (1500) (Life Technologies, 

Carlsbad, CA) at room temperature for 1 h. After three washes with PBS, cells were re-

suspended in 300 μL PBS and analyzed using the flow cytometry (Accuri C6 Flow 

Cytometer, BD Biosciences, San Jose, CA). Alterations in macrophage SR-B1 expression 

were determined by calculating a fold change of individual sample fluorescence compared to 

the average fluorescence of the control group.

2.10. Assessment of mitochondrial membrane potential (MMP) following Fe3O4 NP 
exposure

Often alterations in mitochondrial endpoints are early events in cellular toxicity. To evaluate 

alterations in mitochondrial function, macrophages cultured in the 24-well plates were 

exposed to 25 μg/mL Fe3O4 NPs with or without BCs for 1, 3, 6, 12, and 24 h in SFM. 

Untreated macrophages in SFM at each time point were used as the control. At the end of 

exposures, the culture medium was removed and the cells were washed with PBS three times 

followed by the incubation with 10 μM Rhodamine 123 (Thermo Fisher Scientific, Grand 

Island, NY) in PBS at 37 °C for 15 min. Macrophages were pelleted and resuspended in 0.5 

mL PBS after three washes with PBS. The cell suspension samples were then loaded into the 

black 96-well plate and read at 480 nm (Excitation)/520 nm (Emission) using a plate reader. 

A standard curve was created within the range of 0 to 10 μM Rhodamine 123 to determine 

the amount of Rhodamine 123. The BCA protein assay was used to determine the protein 

concentration of the cellular samples. The intracellular Rhodamine 123 levels were 

normalized by protein quantity and expressed as μM Rhodamine 123/mg protein.

2.11. Statistical analysis

All data are presented as mean ± SEM and consist of 3–6 experiments. Comparisons of the 

differences among the control and NPs exposed groups within the same time point were 

analyzed by one-way ANOVA with post hoc comparisons by Tukey test. All the statistical 

analyses were performed using GraphPad Prism 6 software (GraphPad, San Diego, CA). 

Statistical significance was determined when p value was found to be ≤0.05 between groups.

3. Results

3.1. Characterization of Fe3O4 NPs

Prior to BC formation, our TEM images presented in Supplemental Fig. 1 confirmed that the 

average size of the non-BC-coated Fe3O4 NPs was 24.7 ± 2.5 nm which was similar to our 

previous publication that TEM measurements found the diameter to be 25.0 ± 2.6 nm 

(Shannahan et al., 2016). Following formation of BCs, Fe3O4 NPs were assessed for 

alterations in hydrodynamic size and zeta potential compared to Fe3O4 NPs without BCs. 

Fe3O4 NPs incubated with H2O or SFM underwent the same process as Fe3O4 NPs 

incubated with FBS or LDL to form the BC. Fe3O4 NPs with BCs (FBS or LDL) 

demonstrated significant increases in hydrodynamic size compared to Fe3O4 NPs incubated 

in H2O or SFM (p < 0.05, Table 1). The evaluation of polydispersity index (PDI) revealed 

that Fe3O4 NPs with or without BC were in an intermediate, moderately polydisperse 

distribution type, while the formations of normal FBS-BC and LDL-BC showed significant 

increased PDI as compared with that of the SFM incubated Fe3O4 NPs suggesting increased 
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agglomeration (p < 0.05, Table 1). The addition of BCs was determined to reduce the zeta 

potential of Fe3O4 NPs, while the LDL-BC was found to result in the greatest reduction 

compared to the FBS-BC (p < 0.05, Table 1).

3.2. Evaluation of BC-induced alterations in cell viability

To determine possible differences in cytotoxicity due to the addition of the BCs, 

macrophages were exposed to the normalized 25 μg/mL Fe3O4 NPs with or without BCs for 

1, 3, 6, 12, and 24 h in SFM and examined for differences in cell viability using MTT assay. 

Untreated macrophages in SFM were used as the control. No significant cytotoxicity was 

observed at the selected concentration of Fe3O4 NPs with or without BCs (25 μg/mL) for 

selected exposure time points (Supplemental Fig. 2).

3.3. In Vitro sedimentation, diffusion and dosimetry modeling

Based on the hydrodynamic sizes determined by dynamic light scattering (Table 1), cell 

culture deposition of Fe3O4 NPs with and without BCs was modeled. This model utilized 

typical cell culture parameters of a 24-well plate with well surface area of 1.9 cm2, and 500 

uL SFM volume with Fe3O4 NPs concentrations of 6.25, 12.5, 25, or 50 μg/mL. 

Examination of total deposited dose did not demonstrate differences in deposition trends due 

to Fe3O4 NP concentrations (Supplemental Fig. 3). Modeled deposition at early time points, 

typically evaluated for NP-BC cell interactions, of 1, 3, 6, and 12 h predicted a slight 

increase in deposition of Fe3O4 NPs without a BC compared to Fe3O4 NPs with BCs (Fig. 

1A). At 48 h, it was predicted that the deposition of Fe3O4 NPs with a LDL-BC would begin 

to exceed those Fe3O4 NPs without a BC or with a FBS-BC (Fig. 1A). At 12 and 24 h, 

Fe3O4 NPs with a LDL-BC were found to increasingly associate with macrophages 

compared to those without BC or with a FBS-BC (Fig. 1B). Model predictions of later time 

points, that are typically not evaluated in NP-BC studies, demonstrated more pronounced 

differences in deposition with 100% of Fe3O4 NPs with LDL-BCs depositing earlier than 

Fe3O4 NPs without a BC and Fe3O4 NPs with a FBS-BC (Table 2).

3.4. Influence of BCs on the internalization of Fe3O4 NPs

To determine whether the addition of BCs influenced the cellular-association of Fe3O4 NPs, 

macrophages and culture supernatant were harvested following the exposure to 25 μg/mL 

Fe3O4 NPs with or without BCs for 1, 3, 6, 12, and 24 h in SFM to quantify the Fe contents 

using AAS. At the early exposure time points of 1, 3, and 6 h, Fe3O4 NPs without the BC 

associated with macrophages significantly more than the Fe3O4 NPs with BCs (p < 0.05, 

Fig. 1B). In addition, the cellular association of SFM-incubated Fe3O4 NPs reached plateau 

at 3h time point, while the cellular-association of Fe3O4 NPs with FBS- or LDL-BC showed 

a time-dependent increase from 1 to 12 h and reached a plateau at the 12 h time point (Fig. 

1B). Consistently, as the cellular-association of Fe3O4 NPs increased and reached a plateau 

across the exposure time points, the Fe contents remained in the culture media reduced in a 

time-dependent manner until plateauing themselves (Fig. 1C). Since the Fe content of each 

exposure group was adjusted to the same amount at the beginning of the exposure, by 

subtracting the cellular-associated Fe and the remaining in the medium, the total plate-

associated Fe content was calculated for each exposure group at each time point (Fig. 1D). 

Across all the exposure time points, the Fe3O4 NPs without BC and with FBS-BC appeared 
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to have more Fe adhered to the culture wells than that of Fe3O4 NPs with the LDL-BC (p < 

0.05, Fig. 1D).

To confirm the association of Fe3O4 NPs with or without BCs with macrophages and to 

determine subcellular localization, macrophages were fixed and processed for TEM imaging 

following the exposure to 25 μg/mL Fe3O4 NPs with or without BCs for 24 h in SFM. Our 

TEM images confirmed the internalizations of Fe3O4 NPs with or without BCs (Fig. 2). The 

internalized NPs with or without BCs were encapsulated into membrane-bounded 

endosome-like vesicles distributed in the cytoplasm (Fig. 2). No Fe3O4 NPs were observed 

to distribute inside the organelles of mitochondria, endoplasmic reticulum, and nuclear (Fig. 

2). In addition, as compared with the Fe3O4 NPs without BC, NPs with normal or 

hyperlipidemic BC appeared to be internalized more due to the presence of greater numbers 

and larger endosome-like vesicles in the cytoplasm (Fig. 2C, D, and E).

3.5. Variations in cellular inflammatory response due to differences in the Fe3O4 NP-BC

To determine whether the formation of BC induced the activation of macrophages, we 

measured the mRNA expression and protein levels of TNF-α in macrophages following the 

exposure to 25 μg/mL Fe3O4 NPs with or without BCs at 1, 3, 6, 12, and 24 h in SFM. All 

Fe3O4 NPs with or without BCs were found to induce mRNA expression of Tnf-a in 

macrophages across all the exposure time points except the exposures to Fe3O4 NPs with the 

FBS-BC or without BCs at the 12 h time point when these two exposures appeared to reduce 

the mRNA level of Tnf-a (p < 0.05, Fig. 3A). Across all of the evaluated exposure time 

points, macrophages exposed to the Fe3O4 NPs with the LDL-BC had the highest Tnf-a 
mRNA expression level, when compared with those of the control, SFM-Fe3O4 NPs, and 

FBS-Fe3O4 NPs groups (p < 0.05, Fig. 3A).

To confirm the mRNA expression findings of Tnf-a, we further quantified the intracellular 

and secreted protein levels of TNF- α of the macrophages using the ELISA assay. Due to 

likely delays in protein production as compared with mRNA expression, a 36-h time point 

was included with the other five exposure time points of 1, 3, 6, 12, and 24 h. During the 

early exposure time points of 1, 3, and 6 h, the intracellular TNF-α levels of all three Fe3O4 

NPs-exposed groups showed a reduction over time but an elevation at the later exposure time 

points of 12, 24, and 36 h (Fig. 3B). In addition, the macrophages that were exposed to 

Fe3O4 NPs without a BC induced significantly higher productions of intracellular TNF-α 
protein than that of the control (all time points) and both groups exposed to Fe3O4 NPs with 

BCs (1, 3, and 12 h time points) (p < 0.05, Fig. 3B). The macrophages exposed to Fe3O4 

NPs with a FBS-BC produced the highest level of TNF-α protein following 24 and 36 h 

exposures, when compared with the other groups (p < 0.05, Fig. 3B). At the end of 36 h 

exposure, the formation of LDL-BC resulted in a significantly higher level of intracellular 

macrophage TNF-α than those of the control and the group exposed to the Fe3O4 NPs 

without BC (p < 0.05, Fig. 3B). When the released TNF-α protein levels were evaluated in 

the culture supernatant, the macrophages from all three exposed groups appeared to secrete 

significantly higher amounts of TNF-α protein over time compared with that of the control 

(p < 0.05, Fig. 3C). Except for the 1 and 24 h time points, the highest level of TNF-α in the 

culture supernatant was released by the macrophages exposed to Fe3O4 NPs without a BC 
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(Fig. 3C). TNF-α levels were similarly elevated at 3, 6, and 12 h for Fe3O4 NPs with BCs, 

however, at 24 and 36 h TNF-α levels released in the media continued to increasing (Fig. 

3C).

3.6. Fe3O4 NP exposures reduce cell surface receptor density of SR-B1

As a membrane receptor to facilitate the intake of foreign materials and lipoproteins, SR-B1 

may play a role in the cellular uptake of NPs, especially for those NPs with a lipid-rich BC. 

To determine whether exposure to Fe3O4 NPs with or without BCs affected cell surface SR-

B1 expression, macrophages were harvested following the exposure to 25 μg/mL Fe3O4 NPs 

with or without BCs for 1, 3, 6, 12, and 24 h for immunocytochemical staining and flow 

cytometry analysis. Our results revealed that all exposure groups across all time points 

except for the Fe3O4 NPs with a FBS-BC at 1 h significantly inhibited the surface 

expression of SR-B1 (p < 0.05, Fig. 4A, Representative FACs - Supplemental Fig. 4). All 

exposure groups began to trend towards controls at 12 and 24 h (Fig. 4A). In addition, 

following exposures for 1, 3, 6, and 24 h, macrophages exposed to Fe3O4 NPs with a LDL-

BC showed significant lower expression of SR-B1 than those exposed to FBS-coated Fe3O4 

NPs (Fig. 4A).

3.7. Fe3O4 NP-BC induces alterations in MMP

Upon entering macrophages, Fe3O4 NPs may directly or indirectly interfere with 

mitochondrial function. Disruption of MMP is considered an early toxicity event leading to 

oxidative stress and possibly apoptosis. To determine whether the Fe3O4 NPs with normal or 

hyperlipidemia BC induced mitochondrial dysfunction, macrophages exposed to 25 μg/mL 

of Fe3O4 NPs with or without BCs for 1, 3, 6, 12, and 24 h were stained with Rhodamine 

123, a tracer dye that can accumulate in the polarized membranes within the mitochondria. 

A higher accumulation of Rhodamine 123 suggests an increase in the mitochondria 

membrane polarization. After being normalized to protein content, macrophages exposed to 

the Fe3O4 NPs with LDL-BC appeared to induce markedly higher accumulations of 

Rhodamine 123 at the early 1 h time point and the later 12 and 24 h time points (p < 0.05, 

Fig. 4B). In addition, across all the exposure time points, the exposures of the Fe3O4 NPs 

without BC and with the normal FBS-BC only showed increased Rhodamine 123 

accumulation at 24 h exposure time point (p < 0.05, Fig. 4B).

4. Discussion

The adsorption of proteins on the surface of NPs can modify their chemical and physical 

properties, such as size and surface charge, which can influence cellular uptake and 

biodistribution leading to modifications of their therapeutic applications and toxicity. Studies 

have demonstrated that underlying physiological disease condition such as hyperlipidemia 

can modify BC formation and cell responses (Shannahan et al., 2015b, 2016). In the current 

in vitro study the role of the specific hyperlipidemic component LDL was evaluated due to 

the prevalence of individuals in our population existing with elevated circulating levels. Our 

data demonstrate that: (1) the formation of BC markedly increases the hydrodynamic size 

but reduces the Zeta potential of Fe3O4 NPs; (2) the addition of LDL into the BC enhances 

deposition, uptake and internalization of Fe3O4 NPs; (3) both mRNA and protein 
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expressions of TNF-α are differentially induced in the macrophages exposed to Fe3O4 NPs 

with variations in the BC; (4) the cell surface expression of SR-B1 is inhibited following all 

Fe3O4 NPs exposures; and (5) the addition of LDL-BC to the Fe3O4 NPs appears to increase 

MMP. Overall, these findings suggest that elevations in LDL may contribute to distinct BC 

formation on the surface of NPs thereby influencing the NP-cellular interactions, altering NP 

kinetics, cellular uptake and inflammatory response. Further, our study also highlights 

specific challenges such as simulating in vivo differential susceptibilities between healthy 

subjects and subjects under disease states to NPs that may arise during the in vitro evaluation 

of disease-related variations in the NP-BC formation.

When quantifying the uptake amount of Fe3O4 NPs, our AAS results distinctly revealed that 

the NPs without BC were quickly taken up by the macrophages and reached a plateau within 

3 h, while the uptake of the NPs with BC appeared in a time-dependent manner and reached 

the plateau at approximately 12 h (Fig. 1B). This outcome was similar to our ISDD model-

predicted result that NPs without BC were deposited slightly more at the earlier time points 

(Fig. 1A). Specifically, at the very early time point of 1 h, the depositions of Fe3O4 NPs with 

FBS- and LDL-BC were the same but more Fe3O4 NPs without BC were found to deposit in 

the 24-well plate (Fig. 1A). While at the later time points of 12, 24, and 48 h, the deposition 

of LDL-coated Fe3O4 NPs was higher than FBS-BC Fe3O4 NPs (Fig. 1A). This predicted 

result is also consistent with the observation that the Fe3O4 NPs with LDL-BC were taken 

up more by macrophages than those with FBS-BC (Fig. 1B). Interestingly, the highest 

uptake level of Fe3O4 NPs appeared to be the NPs with the LDL-BC at the later time points 

of 12 and 24 h (Fig. 1B). Since the plateau for Fe3O4 NPs with a LDL-BC was higher it 

appears to indicate preferential internalization of Fe3O4 NPs coated with the LDL-BC by 

macrophages and interactions between the two compared to other exposure groups. This 

uptake preference may be due to increased interactions with receptors such as scavenger 

class receptors that are expressed on macrophages, which can recognize a number of ligands 

including oxidized-lipoproteins, pathogens, and negatively charged foreign particles 

(Prabhudas et al., 2014). Further, Fe3O4 NPs with the LDL-BC were found to have a 

significantly lower adherence to the culture plate and the binding of NPs to the plate seemed 

to be immediate and not alter over time (Fig. 1D) thereby, it might lead to a higher delivery 

dose for the NPs with LDL-BC. In addition, when validating the internalization of Fe3O4 

NPs in macrophages, more and larger membrane-encapsulated endosome-like NPs vesicles 

were observed in macrophages exposed to Fe3O4 NPs with normal or hyperlipidemic BCs 

than those exposed to NPs without BC (Fig. 2). This phenomenon may assist in explaining 

the increased uptake of Fe3O4 NPs by macrophages with the presence of BCs.

The SR-B1 receptor belongs to the class B scavenger receptors and is abundantly expressed 

in macrophages, platelets, hepatocytes, endothelial and epithelial cells (Dieudonne et al., 

2012; Kzhyshkowska et al., 2012; Rigotti et al., 1997; Uittenbogaard et al., 2000). SR-B1 

receptor has been shown to be involved with cholesterol metabolism (Rigotti et al., 1997, 

2003) and be a potential target for a variety nanotherapeutics and diagnostic applications 

(Mooberry et al., 2010; Shahzad et al., 2011; Zheng et al., 2013). Our previous studies have 

demonstrated the inhibition of SR-B1 significantly reduced the uptake of AgNPs in 

macrophages, endothelial and epithelial cells, as well as the induced protein levels of the 

inflammatory cytokine osteopontin (Aldossari et al., 2015; Shannahan and Brown, 2014, 
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Shannahan et al., 2015b), suggesting that the uptake of NPs and NPs-induced inflammatory 

responses might be mediated via SR-B1. Our current results clearly showed that the cell 

surface expression of SR-B1 was significantly inhibited by all three exposures along all 

evaluated time points (Fig. 4A), indicating that SR-B1 receptors may serve as the target 

binding site of NPs to mediate the cellular uptake. As a cell surface molecule likely to 

mediate endosomal and liposomal trafficking, SR-B1 might be internalized due to its affinity 

with lipid BC-coated NPs resulting in decreased surface expression (Yang et al., 2013; 

Sakai-Kato et al., 2017). Therefore, the more binding of NPs, likely leads to less expression 

of SR-B1 on the macrophage surface. Although SR-B1 was downregulated during the 

exposure, we observed a time-dependent restoration in SR-B1 expression during later time 

points, thereby, the macrophage may be recycling SR-B1 receptors to the surface or 

increased receptor synthesis and presentation. Overall, these findings suggest a role for SR-

B1 in mediating the macrophage response to NPs, which will likely influence the cellular 

uptake, clearance, activity, and immune responses of NPs. It is also likely that the 

macrophage's response to a subsequent pathogen challenge following NP-induced 

downregulation of SR-B1 may be hindered or modified. In our current study, we only 

evaluated a single cell surface receptor but it is likely that other scavenger receptors may 

have been modified as well that could alter macrophage responses.

Our AAS results revealed that macrophages associated over 60% of the total dosed Fe3O4 

NPs at the plateau for all groups, with the highest intake occurred in the exposure to Fe3O4 

NPs with the LDL-enriched BC (about 80% of the total dosed Fe3O4 NPs, Fig. 1B). In 

addition, the difference in plate binding was shown to be much less than that taken up by 

macrophages suggesting that this differential uptake may not be due to availability 

differences related to plate binding (Fig. 1D). The interactions with Fe3O4 NPs, likely 

resulted in activation of the macrophage inflammatory response by inducing the mRNA and 

protein levels of TNF-α (Fig. 3A to C). Consistent with the AAS results, across all the 

selected exposure time points, the highest mRNA expression of Tnf-α was induced within 

the macrophages exposed to Fe3O4 NPs with the LDL-enriched BC (Fig. 3A). These 

findings suggest that there may be a link between the cellular uptake and activation/

inflammatory responses in macrophages. However, the transcriptional mRNA changes did 

not correspond with the protein levels produced within the macrophages and secreted into 

the culture media, more specifically, the LDL-BC did not produce or secrete the highest 

TNF-α protein (Fig. 3B and C). This discrepancy between mRNA and protein levels is 

possibly due to 1) differential binding of produced TNF-α protein to NPs due to the addition 

of the BCs, 2) delay or inhibited translation from mRNA to protein, and/or 3) modifications 

in protein degradation. In addition, the secreted TNF-α protein in the media increased in a 

time-dependent manner, while the intracellular TNF-α level appeared a “U” shaped change 

over time. It is worth noting that controls demonstrated a reduced intracellular TNF-α levels 

likely due to having their media changed when exposures occurred. Further, to maintain a 

basal homeostasis of TNF-α between the intracellular and extracellular compartments, the 

low concentration of TNF-α in the culture media at early time points may trigger the 

production and secretion of TNF-α by the cells. With the continuous secretion as the 

exposure time increased, more TNF-α was released into the media building up to a higher 

level. However, longer exposure resulted in the increased production of TNF-α, which 
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contributed to the significant elevations of intracellular and extracellular TNF-α level. In our 

previous study, we found that the addition of high-density lipoprotein-enriched BC on the 

surface of silver NPs (AgNPs) decreased the internalization by rat lung epithelial cells but 

exacerbated the inflammatory response, as compared with the AgNPs without BC 

(Shannahan et al., 2015b). Taken together, the physicochemical properties and the 

characteristics of the BC, which influence the cellular association of NPs, are complex and 

are modulated by a variety of factors, thereby, they may lead to differential bioreactions.

To further explore the underlying mechanisms by which Fe3O4 NPs exposure induce 

potential toxicological consequences, we used the Rhodamine 123 to evaluate the 

mitochondria as a target organelle whose function may be modified due to the addition of 

the BC on NPs. Rhodamine is a tracer dye used to evaluate the membrane polarization of the 

mitochondria, exposure of live cells to a low dose of Rhodamine 123 results in selective 

accumulation of this dye in mitochondria (Chen, 1988; Darzynkiewicz et al., 1982; Huang et 

al., 2007). MMP plays a critical role in maintaining the normal function of the respiratory 

chain to generate ATP. A significant loss or induction of MMP can result in ATP depletion 

leading to the generation of reactive oxygen species (ROS) and ultimately apoptosis. In 

current study, the addition of LDL-enriched BC was found to significantly induce the 

cellular accumulation of Rhodamine 123 at the early 1 h and later 12 and 24 h time points, 

while the Fe3O4 NPs without BC or with normal FBS-BC increased the accumulation of 

Rhodamine 123 only at the last time point (Fig. 4B). Further, as compared with the early 

time points, there was a significant jump in the accumulation of Rhodamine 123 at 24 h time 

point (Fig. 4B). These results indicate that the Fe3O4 NPs exposure induces a 

hyperpolarization of MMP, which is more profound following the exposure to the NPs with 

LDL-enriched BC. This disruption of MMP is considered as an early even of ROS-mediated 

apoptosis (Banki et al., 1999; Gottlieb et al., 2000; Li et al., 1999). The LDL-BC preferential 

hyperpolarization of MMP suggests that the LDL-specific proteins bound on the surface of 

the NPs may be the key players that trigger the mitochondrial malfunction in macrophages 

through indirect reactions since our TEM evidence didn't show direct interaction of Fe3O4 

NPs and mitochondria (Fig. 2), which requires further investigation. Further, as the Fe3O4 

NPs with LDL-BC were preferentially taken up by the macrophages in more and larger 

membrane encapsulated vesicles (Fig. 2C and F), whether these NPs accumulate on site 

within the mitochondria remain elucidated. In addition, future studies on mitochondrial 

bioenergetics are needed to evaluate BC-induced alterations in mitochondrial function as our 

data suggests that it may be differential affected by LDL-rich BCs. Thereby, when assessing 

the toxicity of Fe3O4 NPs in human beings, the mitochondrial function could be an 

important parameter to be evaluated in the population with high LDL.

The major challenges our study evaluated are related to dosimetry differences in the in vitro 
evaluation of the NP-BC. In the current study the exposure dose of all three Fe3O4 NPs with 

or without BC was accurately normalized to 25 μg/mL after the incubation with SFM, FBS 

or LDL-enriched media using the AAS, which insured that the initial exposure amount for 

Fe was comparable among different BC groups. Due to the different sizes and surface 

charges of the Fe3O4 NPs after formation of the BCs, the preparation cycle of centrifuge, 

rinse, and resuspension, loss of NPs can occur. This loss of NPs during processing can cause 

inequivalent final concentrations of NPs due to the BC. Without normalizing the final doses 
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of Fe3O4 NPs, cells will receive unknown differential amounts of NPs and yield cellular 

toxicity data that is not comparable. Therefore, this normalization step is essential and adds 

to the accuracy, consistency, and confidence to the study design and result interpretation. 

Our current study also demonstrated that addition of distinct BCs resulted in differential 

interactions with typical cell culture plates causing possible alterations in dosimetry. 

Specifically, we found that addition of LDL to the Fe3O4 NP-BC decreased plate binding 

making more Fe3O4 NPs available for cellular interactions. Lastly, our study utilized the 

ISDD model to determine BC-induced differences in deposition within cell culture systems. 

It was determined that at early time points of 24 h or less there were relatively minor 

differences in modeled deposition between the three studied groups. It was predicted that at 

later time points the differences in deposition would be more pronounced, with the LDL-

BC-coated Fe3O4 NPs having the highest deposition. Due to the removal of serum from the 

media that is typically done in in vitro studies to evaluate the BC studies are limited to early 

time points. Therefore, alterations in deposition of NPs due to addition of the BC likely do 

not greatly impact in vitro studies evaluating cellular responses.

Although the current study attempted to depict the toxicological consequences induced by 

the BC formation by studying various effects of NPs-BC on cytotoxicity, cellular uptake, 

inflammatory responses, SR-B1 expression and MMP, in-depth studies are necessary to: (1) 

further determine the subcellular distribution overtime, Fe dissociation, metabolism and 

clearance, ROS generation, mitochondrial function after NPs exposure, (2) characterize 

alterations in protein profiles of BCs due to the presence of LDL, (3) identify the specific 

BC proteins that contribute to the differential toxicological consequences, and (4) explore 

the underlying mechanisms and pathways of toxicity related to NP physicochemical 

properties and the BC. Based on our findings, we recommend that in vitro studies attempt to 

incorporate disease-related physiological alterations such as distinct BC formation in order 

to more accurately predict the in vivo environment thereby improving the translatability of 

in vitro studies. Further, we suggest that experiments analyze a variety of time points when 

investigating the BC since cellular responses differ over time. Lastly, studies need to be 

designed to accommodate for BC-induced modifications in dosimetry that may occur.
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Fig. 1. 
Deposition and cellular uptake of Fe3O4 NPs without or with BCs. (A) Representative 

deposition profile of Fe3O4 NPs without or with BCs based on In Vitro Sedimentation, 

Deposition, and Dosimetry (ISDD) Modeling over 48 h in a standard 24-well cell culture 

plate with 500 μL of media present (n = 6/group). (B) Total cellular associated Fe in 

macrophages cultured in standard 24-well plates with 500 μL of media present. (C) Total Fe 

remained in media. (D) Total plate associated Fe. Data represent mean + SEM, n = 6/group. 

*p < 0.05, as compared with the SFM-Fe3O4 NPs group; #p < 0.05, as compared with the 

FBS-Fe3O4 NPs group.
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Fig. 2. 
Internalization of Fe3O4 NPs in macrophages. (A), (B), and (C) are representative TEM 

images of internalized Fe3O4 NPs incubated in SFM, 10% FBS, 10% FBS + 200 mg/dL 

LDL in macrophages, respectively. Scale bar: 2 μm (A), 2 μm (B), and 5 μm (C). (D), (E), 

and (F) are representative high-resolution TEM images of internalized Fe3O4 NPs incubated 

in SFM, 10% FBS, 10% FBS + 200 mg/dL LDL in macrophages, respectively. N: nuclear; 

M: mitochondria; ER: endoplasmic reticulum. Red arrows point at the internalized Fe3O4 

NPs as electron-dense NPs that are encapsulated by membrane as endosome-like vesicles. 

Scale bar: 2 μm (D), 1 μm (E), and 1 μm (F). (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. 
Transcriptional and protein expressions of TNF-α following exposure to Fe3O4 NPs without 

or with BCs. (A) Tnf-α mRNA expression (fold change compared to the control) in 

macrophages with or without NPs exposure. (B) Intracellular TNF-α levels (pg/mg protein) 

in macrophages with or without NPs exposure. (C) TNF-α levels (pg/mL) released in the 

culture media of macrophages with or without NPs exposure. Data represent mean + SEM, n 

= 6/group. *p < 0.05, as compared with the control group; #p < 0.05, as compared with the 

FBS-Fe3O4 NPs group; +p < 0.05, as compared with the FBS-Fe3Q4 NPs group.
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Fig. 4. 
Cell surface expression of SR-B1 and MMP in macrophages with or without Fe3O4 NPs 

exposure. (A) Cell surface expression of SR-B1 (fold change compared to the control) in 

macrophages with or without Fe3O4 NPs exposure using fluorescent immunocytochemistry 

staining and flow cytometry analysis. (B) Intracellular Rhodamine 123 (R123) accumulation 

(fold change compared to the control) in macrophages with or without Fe3O4 NPs exposure. 

Data represent mean + SEM, n = 6/group. *p < 0.05, as compared with the control group; #p 

< 0.05, as compared with the SFM-Fe3O4 NPs group; +p < 0.05, as compared with the FBS-

Fe3O4 NPs group.
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Table 1

Fe3O4 NPs-Biocorona Characterization.

Nanoparticle - BC Hydrodynamic size
(nm)

Polydispersity
index

Zeta potential (mV)

Fe3O4-H2O 143.0 ± 2.4 0.26 ± 0.01 −41.13 ± 1.31

Fe3O4-SFM 76.1 ± 1.9* 0.15 ± 0.01* −37.77 ± 0.85

Fe3O4-FBS
332.0 ± 9.3*,

#
0.28 ± 0.02

# −34.53 ± 0.26*

Fe3O4-FBS + LDL
525.6 ± 18.5*,

#,+
0.40 ± 0.02

#
−20.28 ± 1.05*,

#,+

Note: Data represent mean ± SEM, n = 9–12/group.

*
p < 0.05, as compared with the Fe3O4-H2O.

#
p < 0.05, as compared with the Fe3O4-SFM.

+
p < 0.05, as compared with the Fe3O4-FBS.
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Table 2

ISDD model-predicted time points that are needed to reach selected deposition fractions of the total 

administered dose.

% Deposited SFM-Fe3O4 NP FBS-Fe3O4 NP LDL-Fe3O4 NP

25% 10h 15 h 14h

50% 33 h 35 h 29 h

75% 75 h 58 h 45 h

90% 131 h 83 h 60 h

95% 173h 99 h 69 h

99% 271 h 136 h 87 h

100% > 480 h 480 h 215 h
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