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Abstract 

The interaction of nanoparticles (NPs) with living organisms has become a focus 

of public and scientific debate due to their potential wide applications in 

biomedicine, but also because of unwanted side effects. Here, we show that 

superparamagnetic iron oxide NPs (SPIONs) with different surface coatings can 

differentially affect signal transduction pathways. Using isogenic pairs of breast 

and colon derived cell lines we found that the stimulation of ERK and AKT 

signaling pathways by SPIONs is selectively dependent on the cell type and 

SPION type. In general, cells with Ras mutations respond better than their non-

mutant counterparts. Small negatively charged SPIONs (snSPIONS) activated 

ERK to a similar extent as epidermal growth factor (EGF), and used the same 

upstream signaling components including activation of the EGF receptor. 

Importantly, snSPIONs stimulated the proliferation of Ras transformed breast 

epithelial cells as efficiently as EGF suggesting that NPs can mimic physiological 

growth factors.     
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Cells contain a variety of sensitive receptors on their plasma membranes that activate 

intracellular signaling pathways, resulting in specific cellular responses to variations 

in environmental cues 1. Membrane-embedded receptors are typically activated by 

peptide ligands, such as growth factors, cytokines, chemokines or hormones, whose 

binding activates the respective receptor leading to the assembly of signaling 

complexes at the cell membrane that mediate specific cellular responses, such as 

apoptosis, survival, proliferation, differentiation, cell-to-cell communication, 

contraction, migration, and secretion. The EGF receptor is a tyrosine kinase receptor 

that is overexpressed or activated in many human cancers and has become a 

prominent target for anti-cancer therapeutics 2,3. EGF binding induces receptor 

autophosphorylation and the binding of signal transducing proteins to the receptor, 

resulting in the activation of several downstream signaling pathways including the 

Ras-ERK and Ras-AKT pathways that stimulate cell growth and survival 4,5. 

 

Due to their large surface to volume ratio, nanoparticles (NPs) have distinct properties 

compared with the bulk form of the exact same materials6. These unique properties 

are now being exploited in biology and biomedicine to probe biological systems and 

deliver biosensors or drugs7. However, relatively little is known about the interactions 

of nanoscale objects with living systems, such as cells, per se.  

Recent evidence suggests that NPs not only passively interact with cells and cell 

membranes, but that they can interact with membrane receptors thereby actively and 

specifically modulating signal transduction pathways8. Both, different NP sizes as 

well as cell type dependent differences can play a role in determining the biological 

response. In lung epithelial cells, carbon NPs were shown to interact with and activate 

the epidermal growth factor receptor (EGFR) and β1-integrins thus inducing cell 
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proliferation of lung epithelial cells 9. These effects were mediated through activation 

of PI3K and Akt. In another study, ultrafine carbon particles were shown to activate 

EGFR in lung epithelial cells leading in parallel to apoptotic events as well as cell 

proliferation10. Furthermore, increasing evidence suggests that NPs are not only 

passively interacting with living cells, but that they can modulate various signal 

transduction pathways through the production of reactive oxygen species or induction 

of growth factors and cytokine expression8. These effects may depend on the size 15 

and surface charge of NPs 6,8,16. 

 

Here, we have investigated the effects of superparamagnetic iron oxide NPs (SPIONs) 

with various physicochemical properties on the activation of intracellular signaling 

pathways downstream of the EGF receptor. SPIONs represent a new class of NPs, 

which due to their versatility and excellent biocompatibility have found widespread 

biomedical applications including the targeted delivery of therapeutic agents, 

imaging, induction of hyperthermia (as they heat up in electromagnetic fields), 

transfection, and cell/biomolecules separation6,17,18. We found that small negatively 

charged SPIONs (snSPIONS) could activate EGF receptor induced signaling 

independently of ROS production. Importantly, snSPIONs stimulated the proliferation 

of Ras transformed breast epithelial cells as efficiently as EGF suggesting that NPs 

can mimic physiological growth factors.     

 

Results 

Synthesis of SPIONs 

To test the hypothesis that NPs with well-defined sizes and surfaces can affect cellular 

signaling pathways, highly uniform SPIONs with core sizes of 9 and 15 nm, and 
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either plain, or dextran based negative or positive surface charges were generated 

(Fig. 1). Both small- and large-coated SPIONs have very narrow size distribution as 

determined by transmission electron microscopy (TEM). Dynamic light scattering 

(DLS) and zeta potential measurements showed that the electrokinetic potential and 

average sizes of NPs in different solutions are highly dependent on the surface 

charges and core sizes of NPs (Tables 1 and 2). The average DLS sizes of small-

SPIONs with different coatings are 18.9nm, 20.3nm, and 24.6 in water, phosphate 

buffered saline (PBS), and fetal calf serum (FCS), respectively. The average sizes of 

large-particles under these conditions are 29.3, 31.2, and 37.5, respectively. The DLS 

results are in good agreement with TEM data. High-resolution TEM showed that the 9 

nm and 15 nm NPs are highly monodisperse (Fig. S1).  

 

SPIONs activate cellular signaling pathways 

While most studies focus on long-term effects and cytotoxicity of NPs19, we asked 

whether these differently sized and modified SPIONs influence short-term signaling 

events, and whether this is related to the oncogenic state of the cells. Therefore, we 

used two isogenic cell line pairs that differ by the presence of an oncogene. Colon 

cancer derived HCT116 cells harbor a mutant K-Ras allele that is deleted in Hke3 

cells causing reversion of the oncogenic phenotype 20. MCF10A cells are derived 

from normal breast tissue, while their derivative MCF10A-CA1 (CA1) cells were 

transfected with the oncogenic H-RasG12V mutant and selected for a highly aggressive 

and metastatic phenotype 21 Serum starved HCT116/Hke3 (Figs. 2 and S2) and 

MCF10A/CA1 (Figs. 3 and S3) were incubated with SPIONs or EGF, and assayed for 

the activation of ERK and AKT, which are main downstream effector pathways of 

EGF and Ras 4,5,22.  
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In Hke3 and HCT116 cells EGF activated ERK with similar kinetics peaking at five 

minutes and decreasing to basal levels within one hour, although the amplitude of 

activation was higher in HCT116 cell (Fig. 2A). The response to SPIONs was delayed 

and prolonged with maximal activation between 30 and 60 minutes, again higher in 

the HCT116 cells. Positively charged small SPIONs had the highest effects with 32% 

activation (relative to the maximal amplitude induced by EGF) in HCT116 and 50% 

in Hke3, respectively, although no significant differences between differently sized 

and charged SPIONS were observed. By contrast, EGF activated AKT to similar 

extent in both cell lines but with slightly prolonged kinetics in Hke3. The response to 

SPIONs was low and comparable between cell lines, except that plain small SPIONs 

activated AKT equally well as EGF (94% of the maximal activation by EGF) at 30 

minutes in HCT116 cells (Fig. 2B).  

In the breast epithelial lines MCF10A and CA1 EGF induced a transient but more 

sustained ERK activation than in the colorectal cancer lines, and the non-oncogenic 

MCF10A responded better than the malignant CA1 (Fig. 3A). Interestingly, 

snSPIONS activated ERK to 50% of the maximal activation by EGF in MCF10A and 

86% in CA1 cells, respectively. In CA1 the activation kinetics were very similar to 

EGF. Large negatively charged SPIONs (lnSPIONs) activated ERK selectively in 

CA1 cells to 60% of the maximal EGF response and with sustained kinetics. Other 

SPIONs were ineffective. The activation of AKT by EGF was to equal extent but 

slightly prolonged in CA1 compared to MCF10A cells (Fig. 3B). SPIONs did not 

activate AKT in MCF10A, but elicited a sustained activation in CA1 cells with up to 

52% of the maximal activation by EGF. Similarly, SPION treatment of NIH3T3 cells 

and NIH3T3 cells stably transfected with the oncogenic H-Ras mutant (NIH3T3/H-

Ras) corroborate these results (Fig. S4).  Taken together, these results suggest that 
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SPIONs can activate signaling pathways downstream of Ras with efficiencies and 

kinetics that in selected cases come close to the physiological growth factor EGF. 

While NP size did not play much role, the surface charge and the presence of mutant 

Ras seemed main response determinant.   

In order to exclude that the selective regulation of signaling pathways was due to 

differential cytotoxicity of the various SPIONs or production of reactive oxygen 

species (ROS), we assessed mitochondrial respiration as an acute indicator of cell 

viability using MTT tests as well as intracellular ROS levels (Fig. S5). None of the 

SPION formulations significantly affected viability or ROS levels within the assay 

times suggesting that the effects on signaling are not due to NP toxicity or ROS 

production. 

Given the above results, we asked whether SPIONs activate signaling pathways 

similar to physiological ligands. Therefore, several small chemical inhibitors targeting 

MEK and phosphoinositide-3 kinase (PI3K), the upstream activating kinases of ERK 

and AKT, were used in combination with SPION treatment (Fig. 4A). As snSPIONs 

in the MCF10A/CA1 cell system showed the biggest effects, we used these 

combinations for further evaluation. MCF10A and CA1 cells were serum starved for 

18 hours and incubated with inhibitors for one hour before snSPIONs or EGF were 

added (Fig. 4B,C, Fig. S6). Both MEK inhibitors UO126 and PD184352 completely 

abolished the activation of ERK by EGF and snSPIONs. They also had a small, and 

opposite effect on AKT activity, slightly enhancing EGF stimulated AKT activation, 

while diminishing snSPION mediated AKT activation. The PI3K inhibitor LY294002 

abrogated AKT activation in response to both EGF and snSPIONs. Interestingly, 

LY294002 increased EGF stimulated ERK activation in MCF10A, but strongly 

inhibited snSPION mediated ERK activation in both MCF10A and CA1 cells. These 
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results indicate that snSPIONs activate ERK and AKT like EGF via their canonical 

upstream kinases, but that snSPIONs affect the crosstalk between ERK and AKT 

pathways differently than EGF. Cross-regulation of ERK activation by AKT 

pathways has been reported to be inhibitory 23 or stimulating 24,25 probably depending 

on cell types and ligands. snSPION induced ERK activation is strongly AKT 

dependent, which resembles the scenario that EGF mediated ERK activation requires 

PI3K for post-peak activity 25. 

 

SPIONS activate the EGF receptor  

Next, we tested if SPIONs act even further upstream of MEK and PI3K by activating 

the EGF receptor (EGFR). Treatment of CA1 cells with snSPIONs activated the 

EGFR with similar kinetics as the natural ligand, albeit weaker than EGF (Fig. 5A, 

Fig. S7). In MCF10A cells snSPIONs caused a similarly strong, but even more 

sustained activation of the EGFR than EGF. EGF- and snSPION-mediated signaling 

not only resulted in the transient tyrosine phosphorylation of the receptor but also 

subsequent downstream substrates (Fig. S8). Furthermore, two different EGFR-

specific inhibitors, BIXB1382 and gefitinib, reduced AKT activation and completely 

abolished ERK activation in response to snSPIONs or EGF (Fig. 5B,C, Fig. S7). 

Thus, snSPIONs trigger biochemical signaling events comparable to EGF. In order to 

assess whether snSPIONs can produce similar biological effects we monitored the 

proliferation of MCF10A and CA1 cells in response to EGF and snSPIONs, (Fig. 

5D). Both agents stimulated robust proliferation indicating that SPIONs and EGF 

have comparative effects, while lnSPION or small plain SPIONs (spSPION) had no 

effects. 
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Discussion 

SPIONs represent a new class of NPs, which, due to their multi-task ability along 

with their excellent biocompatibility, have been selected as model NPs for several 

biomedical applications. These include targeted, e.g. tissue specific, delivery of 

therapeutic agents; imaging, e.g. magnetic resonance imaging (MRI) contrast 

enhancement; therapeutic applications such as hyperthermia due to their capability to 

be heated by an externally applied electromagnetic field; as well as in vitro 

applications such as the separation of cells and biomolecules 6,26,27.  

Increasing evidence suggests that NPs are not only passively interacting with living 

cells and cell membranes, but that they can trigger specific biochemical and biological 

responses. Many of these effects have been attributed to the production of ROS, 

mostly mediating stress signaling and cytotoxic processes, while suppressing survival 

and proliferative pathways, such as ERK and AKT 28-30. Occasionally, ROS 

production induced ERK signaling and proliferation 31, but it is unclear whether this 

effect is due to differences in cell types or NPs used in these studies. Our results show 

that the stimulation of ERK and AKT by SPIONs occurs fast, within minutes, and 

does not involve the production of ROS. In addition, ERK and AKT activation 

requires EGF receptor activity suggesting that snSPIONs act directly on or through 

the EGF receptor. To our knowledge such direct receptor mediated effects of NPs on 

signal transduction pathways have not been observed in previous studies. 

While it has been suggested that NPs can activate cell membrane receptors8, the 

mechanism is currently unclear. NPs may induce receptor aggregation which could 

promote receptor activation 8. Another, not mutually exclusive possibility is the 

adsorption of peptide ligands from body fluids or serum added to cell culture media 

that bind to and activate receptors. NPs are known to bind proteins forming a so-
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called protein corona, which depends on the surface chemistry and size of the NPs7. 

In our experiments the incubation of cells with NPs was conducted under serum free 

conditions precluding that NPs may have absorbed EGF receptor ligands from serum. 

However, as cells can produce and secrete autocrine growth factors, NPs may have 

bound such autocrine factors during incubation with cells. As it has been shown that 

SPIONs do not bind EGF 32, this possibility is unlikely. However, more detailed 

studies will be required to address the mechanism of EGF receptor stimulation by 

SPIONs.  

The interaction of NPs with cell membrane receptors, including the EGF receptor, 

was also described for other NPs and surface receptors. For instance, carbon NPs can 

induce cell proliferation of lung epithelial cells via interaction and activation with 

EGFR and β1-integrins9. Using specific inhibitors it was demonstrated that this 

proliferation is mediated by PI3K and AKT. However, maximal activation by NPs 

occurred after several hours in comparison to our results, where maximal activation 

was observed within minutes. An earlier study showed that ultrafine carbon particles 

can activate the EGF receptor in lung epithelial cells inducing both apoptosis and 

proliferation at the same time10. While EGF receptor kinase activity was essential for 

both processes, proliferation required co-stimulation of ERK by β1-integrin 

activation, whereas the activation of JNK was necessary for apoptosis. These findings 

suggest that NPs can have very specific and subtle effects on signaling.  

Our results extend this observation by showing that cells harboring mutated Ras are 

selectively sensitive to the stimulatory effects of SPIONs on signal transduction 

pathways. This effect is dependent on the type of SPION and surface modification as 

well as cell type specific. For instance, snSPIONs activated ERK strongly in the 

breast derived but not in colon cancer cell lines, and small plain SPIONs selectively 
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activated AKT but not ERK in HCT116 cells. Thus, potentially highly selective and 

cell type specific effects could be achieved through NPs. However, there is also some 

caution. NPs used for imaging, drug delivery or other therapeutic purposes could have 

unwanted side effects due to their effects on signaling pathways. As Ras mutations 

are common in human cancers22, NPs may have growth stimulatory effects when used 

in patients with mutant Ras cancers. It will be interesting to learn how we can control 

these effects through the purposeful design of NPs and their surface modifications. 

 

Methods 

Synthesis of Ultra-Uniform SPIONs. Ultra-uniform SPIONs were synthesized with 

different sizes of 9 and 15nm using thermal decomposition of iron-oleate33 The iron–

oleate complex was prepared by reaction of iron chloride (FeCl3•6H2O, 40 mmol, 

Aldrich, 98%) and sodium oleate (120 mmol, TCI, 95%). In a representative synthesis 

of 9 nm particles, 10.8 g of iron chloride and 36.5 g of sodium oleate was dissolved in 

a mixture solvent composed of 80 ml ethanol, 60 ml distilled water and 140 ml 

hexane. The resulting solution was kept at 70 °C for four hours. After completion of 

the reaction the upper organic layer, which contains the iron–oleate complex, was 

collected and washed three times using 30 ml distilled water in a separatory funnel. 

Then, hexane was evaporated off resulting in formation of an iron–oleate complex in 

a waxy solid form. 36 g (40 mmol) of the resulting iron-oleate complex together with 

5.7 g of oleic acid (20 mmol, Aldrich, 90%) were dissolved in 200 g of 1-octadecene 

(Aldrich, 90%) at room temperature. The reaction mixture was heated to 320 °C with 

a constant heating rate of 3.3 °C min–1, and then kept at that temperature for 30 

minutes. When the reaction temperature reached 320°C the initial transparent solution 

became turbid and brownish black. The resulting solution containing the nanocrystals 
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was then cooled to room temperature, and 500 ml of ethanol was added to the solution 

to precipitate the nanocrystals. Finally, the nanocrystals were separated by 

centrifugation. 

 

Synthesis of various coating polymers. The carboxylated-dextran was prepared as 

reported elsewhere34. First, the hydroxyl groups in dextran were oxidized to aldehyde 

groups by sodium periodate35. Briefly, sodium periodate was dissolved in de-

oxygenated DI water and added to dextran (molecular average weight 5000) solution 

(4g in 30mL of de-oxygenated DI water). The obtained solution was homogenized for 

2 hours at room temperature followed by dialysis with a 1,000 Da molecular weight 

cut-off for 4 days. The solution was reacted with potassium cyanide for preparation of 

cyanohydrins intermediate. Finally, the carboxylic acid group was created on the 

terminal units of dextran by hydrolysis of the obtained cyanohydrins intermediate. 

The prepared carboxylated dextran was lyophilized and stored at -80°C. The amino 

dextran was prepared as reported elsewhere 36. Typically, 10 g of dextran were 

dissolved in 75mL of de-oxygenated DI water containing 2.5 g sodium hydroxide and 

0.2 g sodium borohydride at pH of 11, which was fixed by drop wise addition of 2.5N 

NaOH and 2 mL allyl bromide at a temperature of around 50°C. The solution was 

neutralized by addition of acetic acid followed by incubation at 4°C for 2 hours. The 

top organic layer was removed, 100 mL of fresh de-oxygenated DI water was added, 

and the solution was dialyzed for 24 hours using a 50,000 Damolecular weight cut-off 

membrane. In order to prepare amino dextran conjugate, the dialyzed mixture was 

reacted with 7.5g of amino alkylthiol compound in 30 mL dimethyl sulfoxide where 

0.1 g ammonium persulfate was used as initiator. After 3 hrs, the same volume of the 

fresh de-oxygenated DI water was added to the reactor followed by pH adjustment 
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using sodiumhydroxide, and the product was diluted with 140 mL sodiumacetate 

buffer (0.02 mol/L, pH 4). To ascertainthe removal of excess materials the obtained 

amino dextran conjugate was dialyzed using a membrane bag with a 50,000 Da 

molecular weight cut-off for 24 hours. The dialysed amino dextran conjugate was 

lyophilized and stored at -80°C. 

 

Coating process. For coat the hydrophobic nanoparticles with plain, carboxylated-

dextran, or dextran with amine terminal groups, the ligand exchange method was 

used37. Briefly, 4 mL of 9nm and 15nm SPION solutions (1 mg/ml iron) were mixed 

with the dextran ligands in 90 mL DMSO at room temperature for 72 hours in a 

shaking incubator. After completion of the reaction, the SPIONs were collected using 

magnetic-activated cell sorting (MACS®) system and re-dispersed into 1 mL of DI 

water. Atomic absorption confirmed that the iron concentration of various samples 

were 4mg/ml. These water-soluble SPIONs were completely stable at room 

temperature without detectable precipitation for several months. 

 

Characterization methods. The morphologies of various SPIONs were analyzed by 

transmission electron microscopy (TEM) using JEOL-2010 and FEI Tecnai F20 

electron microscopes operating at 200 kV. To prepare samples for TEM, a drop of the 

SPION suspension was placed on a copper grid and dried. Dynamic light scattering 

(DLS) measurements were performed with a Malvern PCS-4700 instrument equipped 

with a 256-channel correlator. The 488.0 nm line of a Coherent Innova-70 Ar ion 

laser was used as the incident beam at 250 mW. The scattering angles, θ, ranged 

between 40°-140°. The temperature was maintained at 25 °C with an external 

circulator. Zeta potential determination was performed using a Malvern Zetasizer 



! 14!

3000HSa. Each measurement was an average of six repetitions of one minute each 

and repeated five times. Data analysis was performed according to standard 

procedures, and interpreted through a cumulant expansion of the field autocorrelation 

function to the second order. In order to obtain a distribution of decay rates, a 

constrained regularization method, CONTIN, was used to invert the experimental 

data. To determine the variations of sizes and surface charges of negative-, plain-, and 

positive-SPIONs after incubation with fetal calf serum (FCS), the protein-SPIONs 

solutions were captured in a strong MACS system in a magnetic column. The 

magnetically fixed NPs were washed with phosphate buffered saline (PBS) to remove 

unbound or loosely bound serum proteins. Full DLS and zeta potential data of native, 

PBS, or FCS interacted-particles are presented in TablesS1 & S2. 

 

Cell lines. HCT116 and Hke3 are isogenic human colon cancer cell lines that differ 

only by the presence or absence of a mutant KRASG13D allele20. They were cultured in 

standard DMEM containing 10% FCS. From the MCF10 human breast epithelial 

model system we used non-malignant MCF10A and malignant metastatic 

MCF10CA1 (CA1) cells, which were derived by transfection with a mutant HRAS 

transgene and serial passage through mice21. They were cultured in DMEM 

supplemented with 5%horse serum, 20ng/ml) epidermal growth factor (EGF), 

0.5µg/ml hydrocortisone, 100ng/ml cholera toxin, and 10µg/ml insulin. NIH3T3 is a 

mouse fibroblast cell line and NIH3T3/H-Ras are derived by stable transfection with a 

mutant HRAS transgene. They were cultured in standard DMEM containing 10% 

FCS. 
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Toxicity evaluation of SPIONs. Cells were cultivated for 24 hours in 96-well plates 

before incubation with 200µg/ml of different SPIONs for 15 min up to 3 hours. For 

control cells were incubated without nanoparticles. Cytotoxicity was assessed using 

the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay, 

which is a non-radioactive, colorimetric technique. Following incubation of the cells 

with nanoparticles, the medium was removed and formazan crystals were solubilised 

by incubation in 150 µL of isopropanol for 20 minutes. The absorbance of each well, 

which assesses viable cells, was read at 545 nm on a microplate reader (Stat Fax-

2100, AWARENESS, Palm City, USA). All experiments were carried out in 

triplicate. The results were analyzed using the MINITAB software (Minitab Inc., 

State College, PA). Statistical evaluation was performed by one-way analyses of 

variance (ANOVA), for which p<0.05 was considered as statistically significant. 

 

ROS evaluation of SPIONs. For the determination of intracellular ROS levels the 

fluorescent dye 2’,7’-dichlorodihydrofluorescein diacetate (H2DCF-DA) (Invitrogen) 

was used. In the presence of intracellular esterases this nonpolar component is 

converted into the nonfluorescent polar derivative H2DCF. This intermediate is 

membrane impermeable and rapidly oxidized to fluorescent 2’,7-dichlorofluorescein 

(DCF) by ROS. Cells were cultivated for 24 hours in 96-well plates before incubation 

with 200 µg/ml of nanoparticles for 30min (50 µM H2DCF-DA was added to the 

wells). As control, cells were treated with H2O2 a strong inducer of ROS production. 

The intracellular DCF fluorescence was measured with a plate reader infinite M200 

(Tecan) with an excitation wavelength of 485 nm. Emission was recorded at 535 nm. 

All data were corrected for background fluorescence. ROS production in NP treated 

cells was adjusted to untreated cell cultures. 
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Treatment and analysis of cells by immunoblotting. Cells were grown in standard 

medium before serum withdrawal for 18 hrs. Cells were incubated with SPIONs at a 

final concentration of 200µg/ml or with 10nM EGF. At indicated timepoints cells 

were harvested, washed with ice-cold PBS, and lysed in 10 mmol/L Tris-HCl (pH 

7.5), 150 mmol/L NaCl, and 0.5% NP40 supplemented with protease and phosphatase 

inhibitors (Roche Diagnostics). Lysates were cleared of debris by centrifugation 

(15,000 × g, 10 minutes),separated by SDS-PAGE (10–12%) and analyzed by 

multistrip Western blotting38. The following antibodies were used: Polyclonal rabbit 

anti-human mitogen-activated protein (MAP) kinase / extra- cellular signal-regulated 

kinase (ERK) 1 and ERK2 antibody (Sigma); monoclonal mouse anti-human MAP 

kinase activated (diphosphorylated ERK1 and ERK2) antibody (Sigma); polyclonal 

rabbit anti-human AKT antibody (Cell Signalling); polyclonal rabbit anti-human 

activated Akt (phosphorylated at Ser473) antibody (Cell Signalling); polyclonal rabbit 

anti-human EGF receptor antibody (Cell Signalling); monoclonal rabbit anti-human 

activated EGF Receptor (phosphorylated  at Tyr1173) antibody (Cell Signalling). 

Proteins were detected using horseradish peroxidase–conjugated secondary antibodies 

and enhanced chemiluminescence (ECL). The Chemi Image digital imager 

(Advanced Molecular Vision) was used for image acquisition, and immunoblots were 

quantified using ImageJ software39. The relative activation of ERK (ppERK) and 

AKT (pAKT), respectively, was calculated by normalizing the signal by the amounts 

of total ERK and AKT protein (totERK or totAKT).  

 

Signaling transduction inhibitors. The following chemical inhibitors were used: 

BIXB1382 (10µM, Cellbiochem); Gefitinib (5µM, American Custom Chemical 
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Corporation); UO126 (10µM, Cell Signaling); PD184552 (2µM, Axonmedchem); 

LY294002 (10µM, Cell Signaling). Briefly, cells were serum-starved for 18hours 

prior to incubation with the inhibitors. Subsequently, cells were stimulated with either 

SPIONs or EGF for the time points indicated. 

 

Statistical analysis. Significance levels were determined by 2-tailed Student's t test 

analyses. All tests were 2-sided and results considered significant if P < 0.05. 

Significance levels and P values for figures 2-5 are included as Supplementary Tables 

S3-S12. 
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Figure legends 

Figure 1. Scheme for the ultra-uniform synthesis of monodisperse SPIONs and 

their coating process. Iron–oleate precursor was prepared from the reaction of iron 

chlorides and sodium oleate. The monodisperse SPIONs in various sizes (i.e. 9 and 15 

nm) were prepared by thermal decomposition of the metal–oleate precursors in high 

boiling solvent. The coating processes were performed by ligand exchange method in 

DMSO. TEM images show the formation of uniform bare- and dextran-coated-

SPIONs with two different sizes. (The scale bars are 10 nm and 20 nm, respectively). 

 

Figure 2. Regulation of ERK and AKT signaling by SPIONs in HCT116 and 

Hke3 cells. HCT116 and Hke3 cells were incubated with SPIONs or EGF after 

serum-withdrawal for 18 hours. Activation of ERK (A) and activation of AKT (B) 

was assessed at the indicated time-points by immunoblotting. Results represent the 

mean of 3 independent experiments with SD. 

 

Figure 3. Regulation of ERK and AKT signaling by SPIONs in MCF10A/CA1 

cells. MCF10A and CA1 cells were incubated with SPIONs or EGF after serum-

withdrawal for 18 hours. Activation of ERK (A) and activation of AKT (B) was 

assessed at the indicated time-points by immunoblotting. Results represent the mean 

of 3 independent experiments with SD. 

 

Figure 4. Signaling-specific inhibitors inhibit activation by snSPIONs. (A) 

Schematic representation of the small-molecule inhibitors used and (B) the time 

course.MCF10A and CA1 cells were incubated with SPIONs or EGF after serum-

withdrawal for 18 hours and pre-treatment with inhibitors. Activation of ERK (A) and 
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activation of AKT (B) was assessed at the indicated time-points by immunoblotting. 

Results represent the mean of 3 independent experiments with SD. 

 

Figure 5. snSPIONs activate the EGF receptor.(A) Serum starved MCF10A and 

CA1 cells were incubated with snSPIONs or EGF. Activation of the EGFR was 

assessed with phosphospecific antibodies. Activation of EGFR by SPIONs can be 

inhibited by EGFR-specific inhibitors. Serum starved MCF10A and CA1 cells were 

treated with EGFR inhibitors before stimulation. Activation of ERK (B) and 

activation of AKT (C) was assessed at the indicated time-points by immunoblotting.. 

(D) Cell numbers of MCF10A and CA1 cells were determined at the indicated 

timepoints following incubation with snSPIONs, lnSPIONs, spSPIONs or EGF. 

Results represent the mean of 3 independent experiments with SD. * - p<0.05. ** - 

p<0.01. 
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Supplementary Figures 
 

 

 

Supplementary Figure S1. Characterization of SPIONs. HRTEM images of 9 nm and 15 nm SPIONs 

together with their diffraction patterns. 
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Supplementary Figure S2. Western blots used for the quantitation plots shown in Fig. 2.  HCT116 and 

Hke3 cells were incubated with SPIONs or EGF after serum-withdrawal for 18 hours. Lysates were 

immunoblotted with the indicated antibodies. These blots were scanned and activated protein species were 

normalized to the total expression levels of the respective proteins. Results represent three independent 

experiments (replicates 1-3). 
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Supplementary Figure S3. Western blots used for the quantitation plots shown in Fig. 3.  MCF10A and 

MCF10A CA1 (CA1) cells were incubated with SPIONs or EGF after serum-withdrawal for 18 hours. Lysates 

were immunoblotted with the indicated antibodies. These blots were scanned and activated protein species were 

normalized to the total expression levels of the respective proteins. Results represent three independent 

experiments (replicates 1-3). 
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Supplementary Figure S4. Regulation of ERK and AKT signaling by SPIONs in NIH3T3 and 

NIH3T3/H-Ras cells. NIH3T3 and NIH3T3/H-Ras cells were incubated with snSPIONs or EGF after 

serum-withdrawal for 18 hours. Activation of ERK (A) and activation of AKT (B) was assessed at the 

indicated time-points by immunoblotting. Results represent the mean of 3 independent experiments 

with SD. (C) Western blots used for the quantitation plots shown in (A) and (B). Lysates were 

immunoblotted with the indicated antibodies. These blots were scanned and activated protein species were 

normalized to the total expression levels of the respective proteins. Results represent three independent 

experiments (replicates 1-3). 
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Supplementary Figure S5. SPIONs are non-toxic. (A) Cytotoxicity for various SPION series on various cell 

lines as determined by MTT assays. (B) ROS production for various SPION series on various cell lines after 

30min incubation.  
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Supplementary Figure S6. Western blots used for the quantitation plots shown in Fig. 4.  MCF10A and 

MCF10A CA1 (CA1) cells were incubated with SPIONs or EGF after serum-withdrawal for 18 hours and pre-

treatment with signaling inhibitors. Lysates were immunoblotted with the indicated antibodies. These blots were 

scanned and activated protein species were normalized to the total expression levels of the respective proteins. 

Results represent three independent experiments (replicates 1-3). 
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Supplementary Figure S7. (A) Western blots used for the quantitation plots shown in Fig. 5A.  MCF10A 

and MCF10A CA1 (CA1) cells were incubated with SPIONs or EGF after serum-withdrawal for 18 hours. 

Lysates were immunoblotted with the indicated antibodies. These blots were scanned and activated protein 

species were normalized to the total expression levels of the respective proteins. Results represent three 

independent experiments (replicates 1-3). (B) Western blots used for the quantitation plots shown in Fig. 

5B,C.  MCF10A and MCF10A CA1 (CA1) cells were incubated with SPIONs or EGF after serum-withdrawal 

for 18 hours and pre-treatment with signaling inhibitors. Lysates were immunoblotted with the indicated 

antibodies. These blots were scanned and activated protein species were normalized to the total expression 

levels of the respective proteins. Results represent three independent experiments (replicates 1-3). 
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Supplementary Figure S8. snSPIONs stimulate tyrosine phosphorylation of cellular substrates. MCF10A 

and MCF10A CA1 (CA1) cells were incubated with SPIONs or EGF after serum-withdrawal for 18 hours. 

Lysates were immunoblotted with the indicated antibodies. Shown is a representative example of three 

independent experiments. 
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Supplementary Tables 
 
 
 
TABLE S1: Description of the various particles in DI water and PBS. 
 
Solution→ 
Sample*↓ 

 

Functional 

group 

DI Water PBS 

DH 
(nm)a 

PDIb <DH> 

(nm)c 

Zeta-

Potential 

(mV) 

DH 
(nm)a 

PDIb <DH> 

(nm)c 

Z-
Potential 

(mV) 

9 nm 

(i.e. small-

SPIONs) 

COOH 18.3±0.2 0.111 19.9±0.2 -26.7±0.5 19.8±0.2 0.112 20.6±0.2 -14.3±0.8 

Plain 19.7±0.4 0.089 19.9±0.3 -17.9±1.1 20.4±0.3 0.123 20.9.8±0.2 -12.8±1.6 

NH2 18.8±0.2 0.103 20.4±0.2 +36.5±1.8 20.7±1.3 0.097 21.8±0.2 +21.6±1.2 

15 nm 

(i.e. large-

SPIONs) 

COOH 29.3±0.4 0.119 30.3±0.2 -7.3±0.3 32.6±0.4 0.159 33.1±0.3 -5.7±0.6 

Plain 28.9±0.3 0.141 29.5±0.2 -1.3±0.2 29.7±0.2 0.173 29.9±0.2 -1.2±0.2 

NH2 29.6±0.3 0.132 31.6±0.3 +11.3±1.6 31.3±0.4 0.168 31.9±0.3 +1.5±0.6 
az-average hydrodynamic diameter extracted by cumulant analysis of the data. bPolydispersity 
Index. cAverage hydrodynamic diameter determined from CONTIN size distribution. *Based 
on TEM size of the core 
 
 
 
 
TABLE S2: Description of the various particles in after interactions with proteins. 
 
Solution→ 
Sample*↓ 

Functional group After Interaction with FCS  

DH (nm)a PDIb <DH> (nm)c Zeta-Potential (mV) 

 

9 nm 

(i.e. small-

SPIONs) 

COOH 27.3±0.5 0.145 29.8±0.6 -16.5±2.1 

Plain 22.1±0.4 0.165 24.3±0.3 -16.3±1.1 

NH2 24.6±0.9 0.187 28.3±0.6 -4.7±0.4 

 

15 nm 

(i.e. large-

SPIONs) 

COOH 37.3±0.6 0.174 43.2±1.1 -9.3±1.3 

Plain 39.5±0.9 0.194 41.3±0.7 -8.8±0.8 

NH2 35.7±0.8 0.178 38.3±0.5 -8.2±0.9 

az-average hydrodynamic diameter extracted by cumulant analysis of the data. bPolydispersity 
Index. cAverage hydrodynamic diameter determined from CONTIN size distribution. *Based 
on TEM size of the core. 
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TABLE S3: Significance levels comparing signalling behaviour between HCT116 and Hke 
cells as shown in Figure 2. 
 

HCT116 vs Hke3 ppERK         pAKT         

  time 0 5 30 60 o/n 0 5 30 60 o/n 

  EGF 0.842 0.061 0.174 0.636 0.264 0.489 0.584 0.022 0.126 0.199 
Small 
SPIONs plain 0.563 0.601 0.040 0.031 0.119 0.232 0.278 0.023 0.784 0.616 

  positive 0.666 0.331 0.409 0.029 0.177 0.382 0.911 0.547 0.763 0.700 

  negative 0.992 0.073 0.074 0.027 0.027 0.909 0.428 0.951 0.954 0.150 
Large 
SPIONs plain 0.711 0.973 0.003 0.038 0.010 0.303 0.274 0.923 0.975 0.864 

  positive 0.132 0.010 0.206 0.073 0.057 0.489 0.315 0.684 0.418 0.874 

  negative 0.300 0.453 0.218 0.095 0.051 0.061 0.641 0.755 0.979 0.740 
p-values ≤ 0.05 are marked in green/bold 
 
 
TABLE S4: Significance levels comparing post-treatment data points against control in 
HCT116 (upper panel) and Hke3 cells (lower panel) as shown in Figure 2. 
 

HCT116   ppERK       pAKT       
  time 5 30 60 o/n 5 30 60 o/n 

  EGF 0.004 0.006 0.404 0.676 0.010 0.245 0.724 0.669 
Small 
SPIONs plain 0.609 0.103 0.074 0.155 0.257 0.006 0.049 0.147 

  positive 0.602 0.038 0.037 0.321 0.280 0.291 0.346 0.386 

  negative 0.050 0.019 0.030 0.265 0.103 0.813 0.815 0.372 
Large 
SPIONs plain 0.385 0.027 0.033 0.083 n.a. 0.374 0.374 0.374 

  positive 0.256 0.116 0.070 0.169 0.758 0.811 0.294 0.627 

  negative 0.371 0.264 0.321 0.840 0.264 0.267 0.441 0.368 
 

Hke3   ppERK       pAKT       
  time 5 30 60 o/n 5 30 60 o/n 

  EGF 0.002 0.122 0.529 0.371 0.025 0.220 0.639 0.673 
Small 
SPIONs plain 0.422 0.175 0.898 0.266 0.878 0.807 0.810 0.675 

  positive 0.227 0.050 0.304 0.501 0.961 0.747 0.888 0.910 

  negative 0.234 0.115 0.964 0.141 0.607 0.871 0.966 0.568 
Large 
SPIONs plain 0.058 0.937 0.132 0.008 0.699 0.742 0.959 0.942 

  positive 0.022 0.092 0.349 0.347 0.697 0.877 0.838 0.974 

  negative 0.294 0.114 0.414 0.039 0.719 0.506 0.506 0.543 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
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TABLE S5: Significance levels comparing signalling behaviour between MCF10A and CA1 
cells as shown in Figure 3. 
 

MCF10A vs CA1 ppERK         pAKT         

  time 0 5 30 60 o/n 0 5 30 60 o/n 

  EGF 0.969 0.003 0.006 0.020 0.069 0.404 0.853 0.228 0.061 0.543 
Small 
SPIONs plain 0.025 0.004 0.035 0.100 0.076 0.009 0.012 0.032 0.120 0.151 

  positive 0.297 0.011 0.012 0.213 0.423 0.018 0.004 0.009 0.000 0.001 

  negative 0.925 0.920 0.239 0.014 0.866 0.093 0.036 0.098 0.043 0.018 
Large 
SPIONs plain 0.034 0.079 0.245 0.184 0.374 0.073 0.039 0.072 0.045 0.260 

  positive 0.699 0.142 0.499 0.397 0.722 0.018 0.010 0.056 0.061 0.073 

  negative 0.777 0.088 0.019 0.015 0.178 0.019 0.002 0.000 0.002 0.066 
p-values ≤ 0.05 are marked in green/bold 
 
 
TABLE S6: Significance levels comparing post-treatment data points against control in 
MCF10A (upper panel) and CA1 cells (lower panel) as shown in Figure 3. 
 

MCF10A   ppERK       pAKT       
  time 5 30 60 o/n 5 30 60 o/n 

  EGF 0.000 0.001 0.003 0.147 0.011 0.189 0.799 0.992 
Small 
SPIONs plain n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 

  positive 0.883 0.826 0.882 0.933 n.a. n.a. n.a. n.a. 

  negative 0.021 0.098 0.691 0.375 n.a. n.a. n.a. n.a. 
Large 
SPIONs plain n.a. n.a. n.a. n.a. 0.914 0.465 0.615 0.346 

  positive 0.902 0.771 0.701 0.953 n.a. n.a. n.a. n.a. 

  negative 0.922 0.945 0.780 0.824 n.a. n.a. n.a. n.a. 
 

CA1   ppERK       pAKT       
  time 5 30 60 o/n 5 30 60 o/n 

  EGF 0.001 0.000 0.001 0.706 0.010 0.003 0.015 0.176 
Small 
SPIONs plain 0.929 0.488 0.223 0.835 0.116 0.288 0.393 0.798 

  positive 0.017 0.138 0.754 0.980 0.455 0.653 0.590 0.828 

  negative 0.019 0.009 0.007 0.219 0.266 0.432 0.611 0.518 
Large 
SPIONs plain n.a. n.a. n.a. n.a. 0.176 0.253 0.379 0.659 

  positive 0.174 0.878 0.949 0.397 0.320 0.930 0.702 0.417 

  negative 0.002 0.001 0.003 0.005 0.158 0.805 0.149 0.309 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
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TABLE S7: Significance levels comparing signalling behaviour between MCF10A and CA1 
cells as shown in Figures 4c,d. 
 

MCF10A vs CA1 ppERK       pAKT       

  time 0 5 30 60 0 5 30 60 

EGF  -  0.534 0.698 0.041 0.289 0.001 0.001 0.000 0.002 

  UO126 n.a. n.a. n.a. n.a. 0.000 0.000 0.000 0.000 

  PD184352 n.a. n.a. n.a. n.a. 0.002 0.000 0.000 0.000 

  LY294002 0.216 0.030 0.003 0.816 0.530 0.000 0.049 0.255 

snSPION  -  0.125 0.564 0.025 0.455 0.003 0.003 0.017 0.008 

  UO126 n.a. n.a. n.a. n.a. 0.011 0.066 0.005 0.146 

  PD184352 n.a. n.a. n.a. n.a. 0.007 0.025 0.001 0.000 

  LY294002 0.062 0.177 0.181 0.124 0.524 0.393 0.378 0.410 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
 
 
TABLE S8: Significance levels comparing post-treatment data points against control in 
MCF10A (upper panel) and CA1 cells (lower panel) as shown in Figures 4c,d. 
 

MCF10A   ppERK     pAKT     

  time 5 30 60 5 30 60 

EGF  -  0.025 0.141 0.393 0.005 0.503 0.523 

  UO126 n.a. n.a. n.a. 0.001 0.000 0.009 

  PD184352 n.a. n.a. n.a. 0.022 0.023 0.351 

  LY294002 0.002 0.001 0.019 0.961 0.668 0.701 

snSPION  -  0.009 0.558 0.790 0.883 0.621 0.482 

  UO126 n.a. n.a. n.a. 0.686 0.443 0.384 

  PD184352 n.a. n.a. n.a. 0.804 0.389 0.196 

  LY294002 0.849 0.791 0.597 0.315 0.312 0.802 
 

CA1   ppERK     pAKT     

  time 5 30 60 5 30 60 

EGF  -  0.060 0.013 0.169 0.003 0.000 0.028 

  UO126 n.a. n.a. n.a. 0.000 0.000 0.001 

  PD184352 n.a. n.a. n.a. 0.000 0.000 0.001 

  LY294002 0.218 0.005 0.076 0.000 0.060 0.298 

snSPION  -  0.149 0.052 0.478 0.122 0.097 0.052 

  UO126 n.a. n.a. n.a. 0.504 0.427 0.032 

  PD184352 n.a. n.a. n.a. 0.299 0.608 0.011 

  LY294002 0.967 0.159 0.112 0.602 0.551 0.490 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
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TABLE S9: Significance levels comparing signalling behaviour between MCF10A and CA1 
cells as shown in Figure 5a. 
 

MCF10A vs CA1 pEGFR Y1173     

time 0 5 30 60 

EGF 0.293 0.185 0.073 0.153 

snSPION 0.298 0.267 0.072 0.686 
p-values ≤ 0.05 are marked in green/bold 
 
 
TABLE S10: Significance levels comparing post-treatment data points against control in 
MCF10A (left panel) and CA1 cells (right panel) as shown in Figure 5a. 
 

MCF10A  
pEGFR 
(Y1173)   

 
CA1 

pEGFR 
(Y1173)   

time 5 30 60 
 

time 5 30 60 

EGF 0.029 0.114 0.351 
 

EGF 0.009 0.073 0.114 

snSPION 0.543 0.163 0.712 
 

snSPION 0.811 0.354 0.471 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
 
 
 
TABLE S11: Significance levels comparing signalling behaviour between MCF10A and 
CA1 cells as shown in Figures 5b,c. 
 

MCF10A vs CA1 ppERK       pAKT       

  time 0 5 30 60 0 5 30 60 

EGF  -  0.029 0.129 0.009 0.345 0.998 0.102 0.006 0.492 

  BIBX1382 n.a. n.a. n.a. n.a. 0.280 0.004 0.056 0.005 

  Gefitinib n.a. n.a. n.a. n.a. 0.012 0.001 0.001 0.054 

snSPION  -  0.132 0.040 0.019 0.057 0.054 0.109 0.058 0.010 

  BIBX1382 n.a. n.a. n.a. n.a. 0.496 0.271 0.279 0.068 

  Gefitinib n.a. n.a. n.a. n.a. 0.106 0.222 0.128 0.125 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
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TABLE S12: Significance levels comparing post-treatment data points against control in 
MCF10A (upper panel) and CA1 cells (lower panel) as shown in Figures 5b,c. 
 

MCF10A   ppERK     pAKT     

  time 5 30 60 5 30 60 

EGF  -  0.001 0.317 0.439 0.858 0.532 0.624 

  BIBX1382 n.a. n.a. n.a. 0.863 0.483 0.522 

  Gefitinib n.a. n.a. n.a. 0.829 0.820 0.130 

snSPION  -  0.000 0.182 0.408 0.662 0.841 0.878 

  BIBX1382 n.a. n.a. n.a. 0.751 0.719 0.627 

  Gefitinib n.a. n.a. n.a. 0.849 0.694 0.800 
 

CA1   ppERK     pAKT     

  time 5 30 60 5 30 60 

EGF  -  0.006 0.000 0.287 0.053 0.032 0.988 

  BIBX1382 n.a. n.a. n.a. 0.003 0.082 0.009 

  Gefitinib n.a. n.a. n.a. 0.004 0.001 0.578 

snSPION  -  0.039 0.036 0.900 0.442 0.418 0.791 

  BIBX1382 n.a. n.a. n.a. 0.935 0.477 0.244 

  Gefitinib n.a. n.a. n.a. 0.846 0.566 0.496 
p-values ≤ 0.05 are marked in green/bold; n.a. -  T-test not applicable, no difference between 
data points 
 
 
 
 
 


