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ABSTRACT  

Metal-based complexes are well-established cancer chemotherapeutic agents. Although our 

knowledge regarding their exact activity vs toxicity profile is incomplete, changes in cell 

membrane biophysical properties and cytoskeletal structures have been implicated as part of their 

mechanism of action. Thus, in this work, we examine the influence of iron-based complexes on 

the structural and morphological properties of epithelial non-tumorigenic (MCF 10A) and 

tumorigenic (MDA-MB-231) breast cell lines using atomic force microscopy (AFM), flow 

cytometry and immunofluorescence microscopy. At 24 h of exposure, both the MCF 10A and 

MDA-MB-231 cells underwent a cell softening, and an increase in size and granulometry, 

followed by a re-stiffening at 96 h. MDA-MB-231 underwent a notable cytoskeletal and 

mitochondrial reorganization with increased actin stress fibers and cell-to-cell communication 

structures, ruffling at cell leading edges, larger more disperse networks of mitochondria, and large 

structures within the cytoplasm. An extensive all-atom molecular dynamic simulation suggests a 

possible direct and unassisted internalization of the metallodrug, and confirmed that the cellular 

effects could not be ascribed to the simple physical interaction of the iron-based complexes with 

the biological membrane. These observations provide an insight into a link between the 

mechanisms of action of iron-based complexes as anti-cancer treatment and cytoskeletal 

architecture.  
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While metal-based complexes have achieved indisputable success as anti-cancer agents, as 

the well-known use of cisplatin to treat various solid tumors proves, their use is plagued with drug 

resistance and severe side effects that limit their efficacy and diminish patient quality of life. 1–3 

Historically, the development of novel anti-cancer metal-based drug candidates has been focused 

on noble or rare metals such as ruthenium, gold and rhodium, 4–6 but recently the possibility of 

using iron has gained prominence.7 Iron, an essential cofactor in a number of enzymatic and 

physiological processes, is considered an alternative anti-cancer metal-based complex due to its 

biocompatibility and relatively lower toxicity as compared to non-essential metals. In 1978, 

Fiorina et al. reported the low but significant anti-cancer activity of ferrocenyl compounds against 

lymphocytic leukemian 8 and, ever since, a multitude of ferrocene derivatives with structural and 

mechanistic diversity have been developed for various therapeutic applications. 9,10 Notably, 

among the ferrocene derivatives, the ferrocifens are the most widely studied due to their potential 

to suppress both hormone dependent and independent breast cancer cells. 11–14   

The development of novel anti-cancer iron-based metallodrugs, including ferrocene and its 

derivatives, 15,16 have necessitated a thorough understanding of the behaviour and modes of action 

of metal-based drugs. Indeed, there is a need to unravel the chemical- and molecular-based 

phenomena from those induced at the cellular level in both healthy and cancerous cells.  

Such considerations are crucial for metal-based complexes as, although their 

bioavailability is limited due to limited solubility and cell internalization, they have a large action 

spectrum and are able to interact with various cellular components and biological macrostructures 

to induce both direct effects (such as oxidative stress induction) and indirect effects based on cell 

signaling activation. 6,17–19  
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Previously, we have demonstrated that iron-II polypyridyl compounds bearing peripheral 

phenyl or pyridine groups, hereafter denoted as AIM (anti-cancer iron molecule) 2 or AIM 3 

(Figure 1), were able to form persistent aggregates with DNA via groove binding and 

intercalation,  and induce a significant decrease in cell proliferation at 2 µM treatment. 20 This 

interaction with DNA is promising as it justifies a potential anti-cancer capacity of the compounds. 

Notably,  AIM 2 and AIM 3 complexes were synthesized according to our reported procedure. 20 

Their stability over 72 h incubation at 37 °C in both aqueous media and fetal bovine serum was 

confirmed by UV-vis spectroscopy and HPLC. Some polypyridyl-ruthenium complexes tend to 

aggregate in aqueous media as highlighted by Gasser et al., 21 and similarly millimolar 

concentrations of AIM tend to aggregate in water. However, UV-vis spectroscopy confirmed that 

Figure 1. Molecular structure of AIM 2 and AIM 3. Note the peripheral phenyl or pyridyl 

moiety differentiating the two components. 
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neither AIM 2 nor AIM 3 showed aggregation under the conditions used herein, i.e. at 2µM 

concentration in aqueous media, hence preventing bias in experiments further detailed herein see 

Figure S1 in Supplementary Information).  

In this contribution, we explored the effects of AIM 2/3 on the rigidity and cytoarchitecture 

of non-tumorigenic and tumorigenic cell lines via the use of atomic force microscopy (AFM), flow 

cytometry and immunofluorescence confocal microscopy on MCF 10A and MDA-MB-231 cells. 

These cell lines were chosen for their distinguishing features; MCF 10A cells are adherent, non-

transformed, display a lack of tumorigenicity in nude mice, a lack of anchorage-independent 

growth, and a dependence on growth factors.22 In contrast, MDA-MB-231 cells form highly 

malignant, invasive tumors in vivo, are resistant to chemotherapy drugs such as paclitaxel, 23 

exhibit anchorage-independent growth, and grow independently of growth factors. 24  

Cytoskeletons are internal polymer networks that not only give cells their shape and mechanical 

strength but through their changes, especially their ability to withstand external and internal 

pressure, can indicate the health of cells. 25 Indeed, there is increasing evidence of a functional 

relationship between tissue rigidity and tumor progression. 26 In tumors, studies have shown an 

increase in tissue rigidity due to several contributing factors; firstly, due to the exacerbated 

proliferative nature of cancer cells and their ability to evade apoptosis and suppressor genes, the 

number of cancerous cells increase within a limited space; this is accompanied by increased matrix 

deposition and interstitial fluid pressure giving rise to increased mechanical force that translates to 

tissue rigidity. 27 However, this rigidity is not necessarily shared with the individual tumoral cells, 

as tissue rigidity involves the collective interaction between different cells types, extracellular 

matrices and proteins. Instead, individual tumoral cells have been found to be more malleable. 28,29 
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As a consequence biomechanical properties including cellular stiffness, modulus of 

elasticity, and adhesion related to cellular cytoarchitecture have been widely investigated using 

atomic force microscopy (AFM).30 Thus, in the present contribution our goal is to characterize the 

effects of the iron metallodrugs on cellular mechanical properties as a biomarker for possible anti-

cancer efficiency. To discriminate between the biological- and chemical-based effects of 

metallodrugs, we studied the interactions of AIM 2/3 with model supported lipid bilayers 

mimicking biological cell membranes. These results are complemented with the use of extended 

µs scale molecular dynamic simulations to pinpoint the specific interactions occurring between 

AIM scaffolds and the lipid bilayer components. Additionally, the characterization of the 

cytoskeletal architecture, to investigate cell size and granulometry, was performed using flow 

cytometry, whilst internal structural changes were visualized by immunofluorescence staining. 

Our multidisciplinary approach, combining physico-chemical analyses and cellular biology 

assays, allows us to characterize the effects of the AIM 2 and 3 compounds on the cellular 

morphology and mechanical properties, whilst confirming the possibility of the unassisted 

internalization of the complexes.  
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RESULTS AND DISCUSSION 

 

Atomistic simulation of lipid bilayer exposed to metallodrug 

For both AIM 2 and AIM 3, the results of the MD simulations describing the interaction 

with lipid bilayers were similar.  

a) b)

d)c) Steered MD Steered MD

Figure 2. Representative snapshots illustrating the evolution of AIM 2 (a, the drug shown in 

green) and AIM 3 (b, the drug shown in orange) after the steered MD to position it in the 

center of the membrane. The action of the steered MD is exemplified by the black arrow in 

the first panel of both series. Time series of the position of the center of mass of AIM 2 (c) 

and AIM 3 (d) projected on the membrane vertical axes. The time series for the other 

independent trajectories are given in SI. 
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As shown in Figure 2, we can identify a common pattern; when AIM 2/3 is initially placed 

in the water bulk, the complex interacts slightly with the polar head region but no spontaneous 

penetration into the lipid membrane core is observed. However, this internalization process, 

wherein the molecule enters the core of the membrane, can be forced using a relatively small 

biasing force of only 1 kcal/mol. Although we have not provided a full free energy profile in 

relation to the membrane penetration, as that would be outside the scope of the present 

contribution, we may anticipate that the low value of the biasing force should correlate to the 

presence of a small energetic barrier. In turn this confirms the possibility that AIM 2/3 

accomplishes direct cell internalization through cell membrane penetration without necessitating 

the assistance of specific transporters. Once the biasing force is relinquished, AIM rapidly leaves 

the core of the bilayer and positions itself at the polar head region, and more specifically the fatty 

acid exposed at the interface of the membrane, where it develops a persistent aggregate. This 

behavior is not unexpected, as AIM 2 is charged and decorated with extended hydrophobic ligands, 

and its positioning at the interface allows the charge to stabilize while maintaining a favorable 

network of dispersive and hydrophobic interactions.  

The persistence time of the aggregate does not exceed 1 µs, as shown by the time series of 

the position of AIM center of mass projected on the membrane axis shown in Figure 2 (c, d). 

Furthermore, in the majority of cases, AIM’s polar head aggregate is released causing AIM to be 

expelled back into the water bulk. Notably, the µs-scale persistency time was only obtained for 

AIM 2 and the data are not sufficient to extrapolate a difference in behavior between the two 

metallodrugs. The spontaneous release of AIM from the lipid membrane constitutes a further 

indication of its possible unassisted internalization. The metastable aggregate and the relatively 

short, compared to biologically relevant time scales, persistence are also excluding an eventual 



 9 

accumulation of AIM at the membrane level, which in turn could induce an increase of the 

membrane rigidity by simple chemical and physical processes. Indeed, only a persistence time 

reaching macroscopic scales, i.e. of the order of seconds, should be sufficient to justify alone a 

macroscopic alteration of the mechanical properties of the bilayer. 

 

Real-time morphology evolution of supported lipid bilayer exposed to metallodrugs 

The morphological changes of the DPPC/POPC (3:1) supported lipid bilayers (SLBs) were 

monitored in buffer solution at room temperature before and after addition of either AIM 2 or AIM 

3, at a final concentration of 50 µM, in the AFM fluid cell. The topographic images of SLB regions 

at the same location were recorded before and after exposure to the AIM metallodrugs for 30 and 

60 minutes as shown in Figure 3.  

 

4.0 µm 

0 min 30 min 

A
IM

 3
 

A
IM

 2
 

4.0 µm 

60 min 

4.0 µm 

4.0 µm 

0 min 30 min 

4.0 µm 

60 min 

4.0 µm 

10 nm 

-10 nm 

Figure 3. AFM images monitoring the real time evolution of DPPC/POPC SLB under the effects of 

either AIM 2 or AIM 3 after 0, 30 and 60 mins. Image scale bar is set to 4 µm. 
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Before exposure of the metallodrugs, the AFM images of native DPPC/POPC (3:1) SLB 

recorded in buffer solution showed the coexistence of two phases, wherein the lighter and darker 

levels correspond to DPPC- and POPC-enriched phases, respectively. The step height measured 

between the two phases was approximately 1.5 ±0.5 nm (see vertical cross-sections in Figure S2) 

and resulted from a difference in the thickness and mechanical properties of the DPPC and POPC 

layers. After 30 minutes of exposure to either metallodrug, DPPC/POPC SLB morphology 

remained unaltered, even after 60 min whatever the metallodrugs even if the concentration is 

extremely high (about 20 times the dose concentration used for tumoral cells treatment). We 

noticed a slight accumulation of aggregates over time at the SLB surface, especially when it was 

exposed to AIM 3. Such aggregation at the SLB surface without any significant modifications of 

SLBs domains was low and not clearly visible on all AFM imaging sequences but could be related 

to the high drug concentration. The absence of membrane damage or modifications are coherent 

with the results of the MD simulations which highlighted only transient aggregates having a sub-

µs persistence time and excluded the accumulation of the drug at the membrane. Indeed, it 

consistently appears that the hydrophobic forces acting on the AIM metallodrugs are not sufficient 

to lock them within the SLB, instead AIM can almost freely cross the membrane establishing an 

equilibrium between the medium bulk and the mica surface. As a matter of fact, a space of few 

nm, corresponding to 3 up to 5 water layers, is present between the SLB and the mica substrate 

allowing the establishment of the aforementioned equilibrium. 

 

Nanomechanical effect of metallodrugs on non-tumorigenic and tumorigenic cell lines as 

measured by AFM  
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The stiffness distribution for MCF 10A (Figure 4) and MDA-MB-231 (Figure 5) were 

measured for cells treated with AIM 2 or AIM 3 after 24 and 96 h and compared to untreated 

controls. Cell stiffness was calculated from the theoretical fittings of experimental force curves 

using the Sneddon model as illustrated by Figure S3 in the Supporting Information. As the 

experimental force curves were continuous, without any different elasticity regimes, we provide 

only the global values for the whole cells and not for each organelle, such as the nucleus, 

mitochondria or cytoplasm. The change in cell stiffness distribution was analyzed for both cell 

lines as a shift in their median and mean kPa (Table 1). Notably, our stiffness measurements for 

MCF 10A and MDA-MB-231 matches that of literature, in that non-tumorigenic cell lines (i.e. 

MCF 10A) are stiffer than tumorigenic cell lines (i.e. MDA-MB-231).32–35 

 

MCF 10A 
 

 
MDA-MB-231 

 
24 h  24 h 

Treatment 
Median 
(kPa) 

Mean 
(kPa) 

 Treatment 
Median 
(kPa) 

Mean 
(kPa) 

Control 6.85 8.64 ±6.81  Control 3.92 5.43 ±4.57 
AIM 2 2.66 4.84 ±4.96  AIM 2 3.55 4.62 ±4.06 
AIM 3 1.04 2.80 ±4.01  AIM 3 2.69 4.00 ±4.03 

       

96 h  96 h 

Treatment 
Median 
(kPa) 

Mean 
(kPa) 

 Treatment 
Median 
(kPa) 

Mean 
(kPa) 

Control 6.92 8.23 ±4.95  Control 4.44 5.93 ±6.15 
AIM 2 6.32 7.27 ±4.59  AIM 2 2.36 5.62 ±8.88 
AIM 3 2.78 4.53 ±4.29  AIM 3 3.62 6.29 ±8.19 

 

For untreated non-tumorigenic MCF 10A cells, cell stiffness is stable from 6.85 to 6.92 

kPa from 24 to 96 (Figure 4, a & d). Following 24 h of AIM 2 treatment, however, cell stiffness 

decreases significantly as compared to control (6.85 vs 2.66 kPa, P < 0.050). Similarly, AIM 3 

Table 1. AFM nanomechanical stiffness (kPa) median and mean values for MCF 10A and MDA-

MB-231 cells after 24 or 96 h with either no treatment (control), treatment with AIM 2 or AIM 3.  
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also cause a significant decrease in cell stiffness compare to control untreated cells (6.85 vs 1.04 

kPa, P < 0.050) (Figure 4, b & c). Interestingly, although AIM 2 treatment softens the cells after 

24 h, they stiffen again at 96 h to reach almost the same kPa as the control (6.32 vs 6.92 kPa). A 

similar trend was noted for AIM 3; a softening of the cells at 24 h followed by a re-stiffening at 

96 h (1.04 at 24 h and 2.78 kPa at 96 h), however, in this case, the cells were still much softer than 

the control at 96 h (6.92 vs 2.78 kPa) (Figure 4, e & f). Altogether, not only does AIM 2 and AIM 

3 cause significant differences to MCF 10A cell stiffness but the metallodrugs also caused different 

stiffness effects on the cells (AIM 2 vs AIM 3, P < 0.050).  

A cell stiffening over time was observed for the untreated tumorigenic MDA-MB-231 

cells, wherein the stiffness increased from 3.92 to 4.44 kPa from 24 to 96 h (Figure 5, a & d). 

Following 24 h of AIM 2 treatment, a small but significant decrease in cell stiffness was observed 

(3.92 vs 3.55 kPa, P < 0.050). Treatment with AIM 3 for 24 h also caused a significant decrease 

in cell stiffness as compared to the control (3.92 vs 2.69 kPa, P < 0.050) (Figure 5, b & c). After 

96 h, untreated MDA-MB-231 cells stiffened from 3.92 to 4.44 kPa. Interestingly, AIM 2 treatment 

caused a continual cell softening from 24 to 96 h (3.55 to 2.36 kPa) (Figure 5, b & e) whilst AIM 

3 followed a similar pattern as the control; an initial softening at 24 h followed by a stiffening after 

96 h (2.69 to 3.62 kPa) (Figure 5, c & f). Altogether, AIM 2 appeared to have the most significant 

effect on MDA-MB-231 cells causing the cells to soften notably from 24 to 96 h (Table 1).  
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Figure 4. AFM nanomechanical measurements of stiffness (kPa) distribution on MCF 10A 

cells after 24 h (a – c) and 96 h (d – f) with either no treatment (a, d), treatment with 2 µM 

AIM 2 (b, e) or AIM 3 (c, f). A box-and-whisker plot indicating the shift in median elasticity 

(kPa) of MDA-MB-231 cells from no treatment (control) and treatment with either AIM 2 or 

AIM 3 at 24 (g) and 96 h (h) is also indicated. 
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Figure 5. AFM nanomechanical measurements of stiffness (kPa) distribution on MDA-MB-

231 cells after 24 h (a – c) and 96 h (d – f) with either no treatment (a, d), treatment with 2 µM 

AIM 2 (b, e) or AIM 3 (c, f). A box-and-whisker plot indicating the shift in median elasticity 

(kPa) of MDA-MB-231 cells from no treatment (control) and treatment with either AIM 2 or 

AIM 3 at 24 (g) and 96 h (h) is also indicated. 
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Morphological effect of metallodrugs on non-tumorigenic and tumorigenic cell lines as measured 

by AFM  

AFM morphological imaging was performed to characterize and compare cellular 

morphology properties to the nanomechanical changes observed previously. MCF 10A (Figure 6) 

and MDA-MB-231 (Figure 7) cells were treated with either the AIM 2 or AIM 3 metallodrug for 

24 and 96 h, and were compared to non-treated cells of a similar time frame.   
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Figure 6. AFM morphological images on MCF 10A cells after 24 h (a – c) and 96 h (d – f) with either 

no treatment (a & d), treatment with AIM 2 (b & e) or AIM 3 (c & f). The first and third columns show 

the height sensor images and the second and fourth columns show the peak force error images. Image 

scale bar is set to 20 µm.   
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At 24 and 96 h, untreated MCF 10A cells had a similar polygonal or cobblestone 

appearance characteristic of epithelial cells (Figure 6, a & d). When treated with AIM 2, the cells 

become more elongated from 24 to 96 h (Figure 6, b & e). AIM 3 caused a similar elongation of 

the cells from 24 to 96 h (Figure 6, c & f) with a rounding of the cells at 24 h (Figure 6, c).  
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Figure 7. AFM morphological images on MDA-MB-231 cells after 24 h (a – c) and 96 h (d – f) with 

either no treatment (a & d), treatment with 2 µM AIM 2 (b & e) or AIM 3 (c & f). The first and third 

columns show the height sensor images and the second and fourth columns show the corresponding 

peak force error images. Image scale bar is set to 20 µm. 
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Untreated MDA-MB-231 cells grew in distinct spindle-like shapes at 24 and 96 h which is 

characteristic for this cell line (Figure 7, a & d). With AIM 2 treatment, the MDA-MB-231 cells 

increased in height and became slightly rounder at 24 h (Figure 7, b). At 96 h, the cells appeared 

slightly larger with cell edge ruffling (Figure 7, e). Similarly, with AIM 3 treatment, the MDA-

MB-231 cells increased in height from 24 to 96 h and displayed cell edge ruffling (Figure 7, c & 

d).  

 

Analysis of cell size and granulometry using flow cytometry 

Considering our results from MD simulations and SLB experiments, wherein we observed 

that only metastable aggregates have been identified by MD simulations with no noticeable change 

in the properties of the SLB recorded, we conclude that the metallodrugs penetrate into the internal 

structure. Hence, we can safely exclude that the differences in the mechanical properties of the 

membranes are due to the simple accumulation of the drugs at the membrane. The difference in 

cellular stiffness and morphology should be a result of the metallodrugs altering cellular 

architecture and/or signaling pathways by associating with the cellular membrane, cytoskeleton, 

nucleus or organelles which in turn could have an impact on the cell size and complexity within 

the cell. To further explore these observations, we performed flow cytometry analyses on both cell 

lines at 24 and 96 h after either AIM 2 or AIM 3 treatment to determine if a quantifiable size and 

complexity difference could be discerned.  

The cell size and granulometry of MCF 10A (Figure 8) and MDA-MB-231 (Figure 9) 

were measured for untreated and treated with AIM 2 or AIM 3 after 24 and 96 h. With flow 

cytometry analysis, an increase in FSC is commonly interpreted as a cell size increase, whilst an 

increase in the SSC is interpreted as an increase in the granulometry, or complexity, within the cell. 
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The change in cell size and granulometry was analysed as a percentage shift in the population after 

applying a threshold. This threshold was the same for both cell lines and served to exclude debris. 

Normalized percentages of the populations (Figure 10), after thresholding, were calculated using 

each cell line’s median population at either 24 or 96 h (Table 2).  

 

MCF 10A  

 

Size (mean, ±SD) 

 

MDA-MB-231 

 

Size (mean, ±SD) 

Treatment 24 h 96 h  Treatment 24 h 96 h 

Control 186.35 ±3.42 167.93 ±2.89  Control 188.46 ±6.07 183.45 ±0.87 

AIM 2 238.14 ±11.19 312.14 ±6.32  AIM 2 221.46 ±3.88 197.60 ±6.27 

AIM 3 229.45 ±4.58 272.95 ±55.81  AIM 3 223.40 ±5.32 198.86 ±2.96 

       

Granulometry (mean, ±SD)  Granulometry (mean, ±SD) 

 

Treatment 

 

24 h 96 h  24 h 96 h Treatment 

Control 15.44 ±0.34 21.71 ±0.54  Control 14.46 ±0.73 18.17 ±0.05 

AIM 2 25.97 ±0.95 47.97 ±1.49  AIM 2 19.61 ±0.81 27.17 ±0.52 

AIM 3 23.15 ±0.50 47.60 ±1.93  AIM 3 20.10 ±0.44 27.59 ±1.36 

 

Table 2. Flow cytometry results, before percentage normalization, indicating the effect of AIM 

2 and AIM 3 on the size and granulometry of MCF 10A and MDA-MB-231 after 24 or 96 h. 

All experiments were performed in triplicate. Results acquired as x 104.   
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Figure 8. Examples of the flow cytometry forward (size) vs. side scatter (granulometry) intensity 

plots of MCF 10A at 24 h and 96 h with either no treatment (control), treatment with 2 µM AIM 2 

or treatment with AIM 3. All intensity plots are shown after application of a threshold which included 

all living cells, whilst dots at less than 10 x 105 in the forward scatter area (FSC-A) and 20 x 104 side 

scatter area (SSC-A) were considered debris and were removed from the population. 
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Figure 9. Examples of the flow cytometry forward (size) vs. side scatter (granulometry) intensity plots 

of MDA-MB-231 at 24 h and 96 h with either no treatment (control), treatment with AIM 2 or 

treatment with AIM 3. All intensity plots are shown after application of a threshold which included all 

living cells, whilst dots at less than 10 x 10
5
 in the forward scatter area (FSC) and 20 x 10

4
 side scatter 

area (SSC) were considered as debris and were removed from the population. 
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For untreated non-tumorigenic MCF 10A cells, the population’s cell size decreased 9.89 

% from 24 to 96 h whilst the granulometry increased 40.56 % (Table 2). Following AIM 2 

treatment, however, the population’s cell size increased significantly with 27.79 % after 24 h (P = 

0.0476) and 85.88 % after 96 h (P < 0.0001) as compared to controls. Granulometry also increased 

markedly during this time; 68.15 % after 24 h (P < 0.0001) and 121.00 % after 96 h (P < 0.0001)  

MCF 10A MDA-MB-231 

Figure 10. The effect of iron-based complexes on the size and granulometry of MCF 10A and MDA-MB-

231 cells. Cells were treated with 2 µM AIM 2 or AIM 3 for 24 or 96 h and analyzed by flow cytometry to 

determine the effect of the metallodrugs on the size and granulometry of MCF 10A or MDA-MB-231. 

Results are shown as normalized percentage with ±SD with untreated cells at each time point used as 100 %. 
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(Figure 10). With AIM 3 treatment, there was a 23.13 % increase in size which was not 

significantly different from control (P = 0.1037) but a significant increase of 49.91 % in 

granulometry after 24 h (P < 0.0001) was noted. After 96 h with AIM 3 treatment, the population’s 

cell size and granulometry increased significantly by 62.54 % (P < 0.0001) and 119.32 % (P < 

0.0001), respectively, as compared to controls (Figure 10). Notably, both AIM 2 and AIM 3 had 

a similar change in the population’s cell size at both 24 h (AIM 2 vs AIM 3, P = 0.8943) and 96 h 

(P = 0.1448). AIM 2 had a greater effect on MCF 10A granulometry however at 24 h (AIM 2 vs 

AIM 3, P = 0.029) than at 96 h (AIM 2 vs AIM 3, P = 0.9162).  

For untreated MDA-MB-231 cells, the population’s cell size decreased by 2.66 % from 24 

to 96 h whilst the granulometry increased 25.64 % (Table 2). Following AIM 2 treatment, 

however, the size of the cells within the population increased significantly after 24 h by 17.51 % 

(P < 0.0001) and after 96 h by 7.71 % (P = 0.0074) as compared to controls at the same time 

points. Similarly, granulometry also increased significantly during this time; 35.58 % after 24 h (P 

< 0.0001) and 49.50 % after 96 h (P < 0.0001) (Figure 10). With AIM 3 treatment, there was also 

a significant increase in the population’s cell size (18.54 %, P < 0.0001) and granulometry (38.98 

%, P < 0.0001) after 24 h. After 96 h with AIM 3 treatment, the population’s cell size increased 

8.40 % (P = 0.0041) and the granulometry increased 51.84 % (P < 0.0001) as compared to controls 

(Figure 10). In the tumorigenic MDA-MB-231 cell line, AIM 2 and AIM 3 had a similar effect at 

24 h and 96 h on cell size (AIM 2 vs AIM 3, P = 0.8671 and P 0.9410) and granulometry (AIM 2 

vs AIM 3, P = 0.7165 and 0.7796), respectively.   
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Analysis of cellular structure using immunofluorescence confocal microscopy 

Due to these prominent external changes, we decided to further explore the internal effect 

of the iron-based complex treatment on MCF 10A and MDA-MB-231 cells by immunofluorescent 

microscopy to enable the visualization of the cell cytoskeleton (F-actin and α-tubulin), 

mitochondria, and nucleus. α-Tubulin was stained to visualize the cytoskeleton of the cells, 

specifically microtubule organization. Microtubules are involved in cellular movement, including 

cytoplasmic transport of membrane vesicles and organelles, chromosome alignment during 

meiosis/mitosis, nerve-cell axon migration, etc. As previously noted with our AFM morphological 

studies, untreated MCF 10A cells displayed their characteristic cobblestone-like growth pattern 

with organized α-tubulin architecture (Fig. 11, a – d). Following 24 h of AIM 2 treatment, cell 

appearance appeared unchanged (Fig. 11, e & f), however at 96 h the cells displayed more 

irregular, elongated shapes (Fig. 11, g & h). AIM 3 treatment had a similar effect and caused the 

MCF 10A cells to grow in more irregular, elongated shapes at 96 h (Fig. 11, k – l). For untreated 

MDA-MB-231 cells, their characteristic spindle-like growth was apparent at 24 and 96 h (Fig. 11, 

m – p). Both AIM 2 and AIM 3 treatment caused the cells to be noticeably larger after 24 h (Fig. 

11, q – r & u – v). At 96 h the cells were more irregular in shape, and exhibited microtubule and 

α-tubulin disorganization (Fig. 11, s – t & w – x). This disorganization was not noted for MCF 

10A. Interestingly, in MDA-MB-231 cells both AIM 2 and AIM 3 treatments caused an increase 

in the number of filopodia and thin, long structures similar to tunneling nanotubes (Fig. 11, q, s, 

u, w & x).  

  



 24 

 

  

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

(m) (n) (o) (p) 

(q) (r) (s) (t) 

(u) (v) (w) (x) 

MCF 10A 

MDA-MB-231 

C
o

n
tr

o
l 

A
IM

 2
 

A
IM

 3
 

C
o

n
tr

o
l 

A
IM

 2
 

A
IM

 3
 

24 h 96 h 

Figure 11. Immunofluorescence microscopy images on MCF 10A (a – l) and MDA-MB-231 (m – x) cells after 24 h (columns 1 & 2) and 96 h 

(columns 3 & 4) at 40X or 100X magnification. Cellular α-tubulin (green) and DNA (blue) was stained after either no treatment (a – d & m – p, 

respectively), treatment with AIM 2 (e – h & q – t, respectively) or AIM 3 (i – l & u – x, respectively). Image scale bar is set to 50 µm.  



 25 

Actin, another essential component of the cell cytoskeleton, provides stability and 

morphogenesis to cells, and is involved in crucial processes such as cell division, endocytosis and 

cell migration. For untreated MCF 10A cells, the F-actin fibers were structured as expected with 

some filopodia and lamellipodia formation (Fig. 12, a – d). However, after 24 h of AIM 2 or AIM 

3 treatment, the cells presented with more stress fibers, lamellipodial extensions and dense, 

unidirectional actin networks at their leading edges (Fig. 12, e – f & i – j). The effect was similar 

at 96 h after treatment with AIM 2 or AIM 3, where after the cells had prominent stress fibers and 

dense actin networks (Fig. 12, g – h & k – l). For untreated MDA-MB-231 cells at 24 and 96 h, 

highly organized F-actin fibers were observed (Fig. 12, n & p). At 24 and 96 h of AIM 2 treatment, 

however, the F-actin was more focused at the outside edges of the cells with increased stress fibers 

(Fig. 12, q – r & s – t). With AIM 3 treatment at 24 and 96 h, the cells were distinctly irregularly-

shaped with cell edge ruffling, and increased filopodia, lamellipodia, stress fibers and structures 

similar to tunneling nanotubes (Fig. 12, u & w). 
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Figure 12. Immunofluorescence microscopy images on MCF 10A (a – l) and MDA-MB-231 (m – x) cells after 24 h (columns 1 & 2) and 96 h 

(columns 3 & 4) at 40X or 100X magnification. Cellular F-actin (red), and DNA (blue) was stained after either no treatment (a – d & m – p, 

respectively), treatment with AIM 2 (e – h & q – t, respectively) or AIM 3 (i – l & u – x, respectively). Image scale bar is set to 50 µm. 
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Figure 13. Immunofluorescence microscopy images on MCF 10A (a – l) and MDA-MB-231 (m – x) cells after 24 h (columns 1 & 2) and 96 h (columns 3 

& 4) at 40X or 100X magnification. Cellular α-tubulin (green), cytochrome c (red), and DNA (blue) was stained after either no treatment (a – d & m – p, 

respectively), treatment with AIM 2 (e – h & q – t, respectively) or AIM 3 (i – l & u – x, respectively). Image scale bar is set to 50 µm. 
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The fluorescent staining of α-tubulin and cytochrome c of MCF 10A (Fig. 13, a – l) and 

MDA-MB-231 (Fig. 13, m – x) showed a clear difference in the mitochondrial arrangement 

between treated and untreated cells. Untreated MCF 10A cells displayed organized cytoskeletal 

structures with dispersed mitochondrial filamentous networks centered around the nucleus (Fig. 

13, a – d). A similar cytoskeletal and mitochondrial arrangement was observed after 24 h of AIM 

2 and 3 treatment, although the mitochondrial networks appeared more fragmented with AIM 3 

(Fig. 3, e & f and i & j). However, after 96 h both AIM 2 and 3 treatment caused a distinct change 

in the mitochondrial networks in the cells; instead of being centered mostly around the nucleus, 

the mitochondria were observed near both the nucleus and the leading edges of the cells (Fig. 13, 

g & h and k & l). This could be a stress response due to the iron-based complex treatment leading 

to the development of stress fibers and lamellipodial extensions. 36 Studies have also implicated a 

change in mitochondrial arrangement, wherein the mitochondria migrate to the focal adhesion 

points of cells, to promote motility. 37 In a 1D environment, MCF 10A cells are known to travel 

three times faster than MDA-MB-231 cells, however, MDA-MB-231 cells travel farther which is 

consistent with the metastatic potential of the cell lines. 38 Using a wound healing assay (see Figure 

S4 and Figure S5 in the Supplementary Information), we ascertained that neither 24 nor 72 h AIM 

2/3 treatment caused an increase in the metastatic potential of either cell line, rather the monolayer 

scratches were filled due to proliferation rather than the migration of cells.  

For untreated MDA-MB-231 cells, the cytoskeleton appeared well organized with 

mitochondria appearing in a distinct cluster to one side of the nucleus (Fig. 13, m – p) which 

coincides with literature 36,39,40. After 24 h of AIM 2 treatment, larger and more disperse networks 

of mitochondria were observed (Fig. 13, q & r) which subsided after 96 h (Fig. 13, s & t). With 

AIM 3 treatment at 24 h, although the mitochondria were to one side of the nucleus (as in control 
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cells), the clusters were larger, denser and more fragmented (Fig. 13, v). Similarly, at 96 h, large 

irregularly-shaped cells with large cytoplasmic structures and dense fragmented mitochondrial 

networks were apparent (Fig. 13, w & x). These structures could be the localization of AIM 2/3 in 

vacuoles within the cell cytoplasm or due to interaction of the metallodrugs with cytoskeleton 

proteins or matrix metalloproteinase activity41–45. These interactions could reduce the metastasis-

related properties of triple-negative breast cancer cells such as migration, invasion and re-

adhesion.   

Thus, AIM 2 treatment causes MCF 10A cells to have irregular, elongated shapes with less 

microtubule organization. With AIM 3 treatment, there was a similar increase in size of cells, as 

well as an increase in stress fibers and a distinct spatial shift of the mitochondrial networks. For 

MDA-MB-231 cells, AIM 2 and AIM 3 treatments caused; distinct cytoplasmic disorganization; 

increased cell edge ruffling; and increased filopodia, tunneling nanotube-like structures, and stress 

fibers. This coincides with previous literature and our AFM nanomechanical results that there is a 

correlation between cytoskeletal organization and stiffness. 32 Thus, considering the 

nanomechanical and morphological AFM data, as well as the flow cytometry data, we surmised 

the following; MCF 10A cells treated with AIM 2 for 24 h were softer, more elongated and were 

larger and more complex. After 96 h, the cells stiffened (approaching control kPa) but had 

increased in size and granulometry. After 96 h, the cells had stiffened to almost control kPa, with 

an elongated shape, and a dramatically increased size and complexity as compared to control. With 

AIM 3 treatment at 24 h, cells were significantly softer than control, as well as rounder, larger and 

more complex. After 96 h, the cells stiffened slightly (but did not return to control stiffness), 

became elongated, and were larger and more complex. MDA-MB-231 cells treated with AIM 2 

for 24 h were: softer, rounder, slightly larger, and increased internal complexity. After 96 h, the 
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cells continued to soften, were larger with increased complexity within the cell. With AIM 3 

treatment at 24 h, cells were softer, rounded, and were larger and more complex than controls. At 

96 h, cells were stiffening, were slightly larger, and had increased complexity. 

Thus, overall, our results indicated that AIM 2 actions on cells mechanical properties seems 

to depend on the specific cell lines. Metal-based complexes have been shown to affect the 

organization of cell cytoskeleton and induce changes in the architecture of cytoskeleton 

networks.46 The disorganization or modification in the cytoskeleton may come from a biological 

response of the cells due to a metabolic change as evidenced by changes in the mitochondrial 

networks of the cells. This assumption is supported by the fact that the AIM complexes do not 

accumulate within the cell membrane, as observed on SLB and MD simulations, but cross the 

plasma membrane thus enabling the compounds to interfere with cell metabolism and cytoplasm 

organization. The latter experiencing a statistically significant decrease of their stiffness upon the 

effects of the metallodrug while the effects on the former are less evident and generalizable.  

Furthermore, the results on model SLB and by MD simulations are excluding that those 

effects could be due to the simple chemical accumulation of the drug at the membrane interface. 

Indeed, the AFM images of the treated SLB show no difference with the control, and MD 

simulations  clearly indicated that both drugs only form metastable interactions with the membrane 

having a permanence time scarcely exceeding the µs time-scale. The MD simulation have also 

suggested that the metallodrug could be spontaneously internalized through the lipid membrane 

without necessitating the action of specific carriers, a result highly promising for their possible 

pharmacological use. These considerations are extremely promising in the framework of combined 

chemotherapy applications as they point towards the possible use of such compounds as adjuvants 

or sensitizers.  
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In regards to the mechanism of action elicited by AIM 2/3, in a previous study we noted 

that both AIM 2 and AIM 3 had an effect on cell viability. 20 In the same study we ascertained that 

although the toxicity of iron (II) complexes is often associated with oxidative stress, in the case of 

AIM 2/3, the iron is strongly protected by the ligand thus no Fenton reaction is induced. Instead, 

the interaction of the complexes with DNA was evident and could be related to an inhibition in 

duplication and structural modifications preventing recognition by and interactions with enzymes 

leading to a change in cellular structure and behaviour. Notably, the mechanisms of action 

regarding how metal-based drugs induce cytotoxicity are not fully understood and, in most cases, 

will include a variety of biological targets including nucleic acids, proteins membrane 

phospholipids, and thiol-containing molecules. 47 Various metals have been thought to have 

different effects, for example; the mode of action for platinum complexes includes the induction 

of changes in the structure of nucleic acids due to the increased formation of adducts which may 

effect replication and transcription resulting in cell death; 48–51 ruthenium has been associated with 

G2/M cell cycle arrest; and iron-complexes have been speculated to interact with a family of 

metallo-nuclease enzymes leading to oxidative DNA single-strand breaks. 52 Both 

chemotherapeutic agents and metal-based complexes interact and have an effect on cancer cell 

shape, cytoskeletal architecture and the cell cycle, 53–55 and metal-based complexes such as iron 

have been noted for their ability to inhibit tubulin polymerization and affect microtubule 

organization. 56–58 Similar effects have been seen with gold, platinum and ruthenium complexes 

able to target actin polymerization and microtubule networks. 59,60 To be able to provide more 

exact mechanisms of action for iron-based complexes in cancer therapy, we plan to unravel the 

precise biological signaling pathways activated and leading to this cytoarchitectural change 

induced by our iron-based complex treatment.  
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CONCLUSION 

In this contribution we demonstrated the influence of iron-based complexes on the morphological 

and structural properties of two distinct breast cell lines. Based on the results, we support our initial 

hypothesis that iron (II)-based complexes affect the cytoarchitecture and intracellular structural 

rearrangements of cells which lead to global changes in mechanical deformability of the cell. 

Consequently, complexes such as iron-based metallodrugs, which modify the stiffness of tumoral 

cells could be promising in improving cancer therapeutics.   
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MATERIAL AND METHODS 

Chemicals  

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC,  99%), 1-palmitoyl-2-oleoyl-

glycero-3-phosphocholine (POPC,  99%), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES, 99.9%), NaCl, anhydrous CaCl2, spectrometric grade chloroform and methanol were 

purchased from Sigma-Aldrich, Saint-Quentin-Fallavier, France. At room temperature DPPC is in 

a gel-like state (transition temperature ± 41°C) whereas POPC, containing unsaturated 

hydrocarbon chains, is in a liquid disordered state (transition temperature ± -2°C). 

 

Molecular dynamic simulations 

All-atom molecular dynamics (MD) simulations of a lipid bilayer constituted of 356 POPC 

lipids, disposed in two symmetric leaflets of 178 unit each, was performed in the presence of either 

the AIM 2 or the AIM 3 compound. The lipid bilayer was solvated using 3000 water molecules, 

71 K+ and 73 Cl- ions were added to mimic physiological salt conditions and to assure 

electroneutrality as AIM 2/3 holds a +2 charge, periodic boundary conditions (PBC) were used 

throughout. The production equilibrium dynamic was preceded by 36 ns of constrained 

equilibration, to allow for the bilayer relaxation, and was propagated for 200 ns. Having observed 

no spontaneous penetration of AIM into the bilayer lipid core, we proceeded to 4 ns of steered 

MD, using the Colvar module,61 to force the positioning of AIM 2 and AIM 3 at the center of the 

bilayer. This step was followed by unconstrained MD to observe the continued evolution of the 

system. Different MD replica starting from different initial conditions have been performed to 

assure a good sampling of the conformational space. MD simulations were run in the constant 

pressure and temperature (NPT) ensemble at 300 K and 1 atm, using NAMD code,62 while the 
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results have been visualized and analysed using VMD,63 AMBER lipid force field64 was used to 

describe the POPC, while TIP3P model65 has been chosen for water molecules. The AIM 2 and 

AIM 3 force field was built based on generalized AMBER force field (gaff)66 as describe in our 

previous work.20  

 

Supported Lipid Bilayer preparation for AFM experiments 

Prior to the build-up of the SLB mimicking cell membrane, unilamellar liposomes of DPPC 

and POPC were prepared by dissolving the lipids in chloroform and then depositing them on the 

wall of a rotating round bottom vial under a stream of nitrogen gas. Subsequently, each vial was 

kept under vacuum overnight, to avoid any trace presence of chloroform, and filled with 5 mL of 

HEPES-Ca buffer (10 mM HEPES, 150 mM NaCl, 1 mM CaCl2, pH 7.4) to obtain lipids 

suspension with a concentration of 1 mM. Suspension of small unilamellar vesicles (SUVs) was 

obtained by sonication of the lipid solution until clear (3 cycles of 2 min each) using a 500 W 

probe sonicator at 35% of the maximal power (VibraCell 505, VWR International S.A.S, 

Fontenay-sous-Bois, France). During this procedure the suspension was kept on ice to limit heating 

and lipid denaturation. Finally, the SUVs suspension was filtered through 0.2 µm pore nylon filters 

to eliminate titanium particles and then stored at 4˚C until use (storage never exceed 7 days). 

Supported DPPC/POPC (3:1, v/v) bilayers were obtained by the vesicle fusion method. 67–69 The 

prepared suspensions of liposomes were left to spontaneously deposit onto a freshly cleaved mica 

surface mounted into the AFM fluid cell (preheated at 65°C) by incubating the liposome solutions 

at 65 ˚C for 45 min. Preheated (65°C) HEPES buffer (10 mM HEPES, 150 mM NaCl, pH 7.4) was 

then added into the AFM fluid cell, and was gradually allowed to cool to room temperature and 

then rinsed 3 times with HEPES buffer before the AFM experiments.  
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AFM real-time imaging of SLB were performed with a Bioscope Resolve (Bruker France 

SAS, Palaiseau, France) operating in PeakForce-Quantitative Nano-Mechanical (PeakForce 

QNM) imaging mode. Topography images were performed in HEPES buffer at 25°C with a 

resolution of 512 × 512 pixels, a scan rate of 0.8 Hz, a maximal applied force of 0.25 nN and using 

silicon nitride AFM-tips with a nominal spring constant of 0.12 N/m (PeakForce-HIRS-SSB tips, 

Bruker France SAS). Real-time imaging sequences were performed in independent triplicates by 

recording SLBs images every 15 minutes. 

 

Cell Culture 

The MCF 10A (human breast epithelial, ATCC CRL-10317) and MDA-MB-231 (human 

breast epithelial adenocarcinoma, ATCC HTB-26) immortalized cell lines were purchased from 

the American Type Culture Collection (ATCC). For our experiments, the MCF 10A cell line was 

considered non-tumorigenic and acted as the counterpart to the triple negative, metastatic and 

tumorigenic MDA-MB-231 cells. MCF 10A cells were grown in DMEM/Nutrient Mix F-12 

(Gibco, Thermo Fisher Scientific, Illkirch, France) with phenol red and supplemented with 5 % 

(v/v) horse serum (Gibco, Thermo Fisher Scientific, Illkirch, France), epidermal growth factor 20 

ng/mL (Merck, Sigma-Aldrich, Saint-Quentin-Fallavier, France), insulin 10 μg/mL (Merck, 

Sigma-Aldrich, Saint-Quentin-Fallavier, France), hydrocortisone 0.5 μg/mL (Merck, Sigma-

Aldrich, Saint-Quentin-Fallavier, France), cholera toxin 100 ng/mL (Merck, Sigma-Aldrich, Saint-

Quentin-Fallavier, France), and 1 % 10 000U penicillin/mL and 10 mg streptomycin/mL (Merck, 

Sigma-Aldrich, Saint-Quentin-Fallavier, France). MDA-MB-231 cells were grown in RPMI 1640 

without phenol red (Gibco, Thermo Fisher Scientific, Illkirch, France) supplemented with 10 % 

(v/v) fetal calf serum (Merck, Sigma-Aldrich, Saint-Quentin-Fallavier, France), 1 % 10 000U 
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penicillin/mL and 10 mg streptomycin/mL, and 2 mM L-glutamine (Merck, Sigma-Aldrich, Saint-

Quentin-Fallavier, France). Both cell lines were maintained at 37◦C in a humidified atmosphere of 

5 % CO2 and were regularly tested for Mycoplasma sp. during experimentation.  

 

Nanomechanical and morphological characterization of cells by AFM 

To visualize and quantify the effect of AIM 2 and AIM 3 on the stiffness and outer 

morphology of the cell’s AFM analyses were performed. Nanomechanical and morphological 

measurements were performed in a liquid environment using a Bioscope Resolve (Bruker Nano 

Surface, Bruker France S.A.S, Palaiseau, France) and a MFP3D-BIO instrument (Asylum 

Research Technology, Oxford Instruments Company, Wiesbaden, Germany) respectively.  

Biomechanical properties of cells were obtained by nanoindentation technique using 

silicon nitride cantilevers purchased from Bruker (MLCT, Bruker France S.A.S, Palaiseau, France) 

with spring constant of about 0.01 nN.nm-1 at indentation rate of 1 µm.s-1. MCF 10A and MDA-

MB-231 cells were seeded at a density of 4 x 104 or 1.5 x 105 cells/mL respectively in 10 cm cell 

culture plates (Nunclon Delta Surface, Thermo Fisher Scientific, Roskilde, Denmark) and 

incubated overnight to allow cell attachment. Cells were treated with 2 µM (w/v) of AIM 2 or AIM 

3, a dosage previously determined to induce significant effects on the proliferative ability of MCF 

10A cells, 20 and incubated for 24 or 96 h. The nanoindentation technique was performed in the 

appropriate warmed cell culture medium by recording at least 3 Force-Volume Images (FVI) at 

different locations of the petri dish containing at least 6 to 8 cells. Each FVI consisted of a grid of 

50 50 force curves measured adopting a 1 µm.s-1 approach rate of the tip toward the sample. The 

cell stiffness (Young’s modulus) E was evaluated by analysing the force-indentation curves within 
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the framework of the Sneddon model 70,71. In this model, the Young’s modulus is related to the 

applied force according to the equation (1) given below: 
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where δ is the indentation depth,  the Poisson coefficient, α the semi-top angle of the 

conical tip and fBECC is the bottom effect cone correction function that considers the stiffness of 

the petri dish substrate supporting the cells. All FVI were analysed using an automatic MATLAB 

(The MathWorks Inc., Natick, MA, USA) algorithm detailed elsewhere 72 and the average and 

median Young’s moduli values given in this work were derived from at least 1000 force curves. 

For the morphological analyses, MCF 10A and MDA-MB-231 cells were seeded at a 

density of 4 x 104 or 1.5 x 105 cells/mL respectively in 6 cm cell culture plates (Nunclon Delta 

Surface, Thermo Fisher Scientific, Roskilde, Denmark) and incubated overnight to allow for cell 

attachment. Subsequently, cells were treated with 2 µM (w/v) of AIM 2 or AIM 3 and incubated 

for 24 or 96 h. The cell monolayers were fixed with 4 % (w/v) paraformaldehyde (Electron 

Microscopy Sciences, Hatfield, PA, USA) for 20 min and washed with PBS (phosphate buffered 

saline; Gibco, Thermo Fisher Scientific, Illkirch, France). Cell topography was obtained by AFM 

operating in peak-force tapping™ mode using silicon nitride cantilevers purchased from Bruker 

(PeakForce-HIRS-SSB, Bruker France S.A.S, Palaiseau, France) with spring constant of about 

0.12 nN.nm-1 and all images were recorded with a resolution of 512  512 pixels for a scan rate of 

0.5 Hz.  

 

Analysis of cell size and granulometry using flow cytometry 
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To quantify the effect of AIM 2 and AIM 3 on the size and granulometry of the cells, flow 

cytometry analyses were performed on the cell lines. MCF 10A and MDA-MB-231 cells were 

seeded at a density of 4 x 104 or 1.5 x 105 cells/mL respectively into 6-well cell culture plates 

(Sarstedt, Nümbrecht, Germany) and incubated overnight to allow for cell attachment. 

Subsequently, cells were treated with 2 µM (w/v) of AIM 2 or AIM 3 and incubated for 24 or 96 

h. The flow cytometry instrument sorted the cells by size and granulometry and required no prior 

staining. Thus, prior to acquisition, cells in each condition was washed three times in PBS, 

harvested by 0.05 % trypsin/EDTA (Gibco, Thermo Fisher Scientific, Illkirch, France) and 

centrifuged for 5 min at 1100 rpm to form a pellet. Following supernatant aspiration, the cells were 

gently resuspended in 300 µL of PBS and immediately analyzed using a Cytoflex cytometer 

(Beckman Coulter, Villepinte, France). Twenty thousand events in the population of cells were 

detected depending on their size (forward scatter, FSC) and granulometry (side scatter, SSC) 

gating, whilst the cells outside the gate were excluded (FSC-Height/FSC-Area gate). Each 

experiment was performed in triplicate and the data was analyzed using the CytExpert 2.3 software 

(Beckman Coulter, Villepinte, France). 

 

Immunofluorescence microscopy 

To visualize the internal effect of AIM 2 and AIM 3 on the cells, immunofluorescent 

microscopy experiments were performed on the cell lines. MCF 10A and MDA-MB-231 cells 

were seeded at a density of 4 x 104 or 1.5 x 105 cells/mL respectively onto glass coverslips placed 

in 6 cm cell culture plates (Nunclon Delta Surface, Thermo Fisher Scientific, Roskilde, Denmark) 

and incubated overnight to allow for cell attachment. Subsequently, cells were treated with 2 µM 

(w/v) of AIM 2 or AIM 3 for 24 or 96 h. The cell monolayers growing on the glass coverslips were 
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fixed with 4 % (w/v) paraformaldehyde for 20 min, washed with PBS, and permeabilized with 0.2 

% Triton X-100 (Merck, Sigma-Aldrich, Saint-Quentin-Fallavier, France) and 3 % bovine serum 

albumin (BSA; Merck, Sigma-Aldrich, Saint-Quentin-Fallavier, France) in PBS for 30 min at 

room temperature. Cells were incubated with rabbit anti-α-tubulin monoclonal antibody 

(Ab52866; Abcam, Paris, France) diluted 1:500 (v/v), and purified mouse anti-Cytochrome c 

monoclonal antibody (556432; BD Biosciences, San Jose, CA, USA) diluted 1:400 (v/v) in PBS 

containing 0.2 % Triton X-100 and 3 % BSA for 45 min to label the α-tubulin within the 

cytoskeleton and the cytochrome c of the mitochondria. After washing with PBS containing 0.2 % 

Triton X-100 and 3 % BSA, cells were stained with fluorescein F(ab')2 fragment of goat anti-

rabbit IgG (A10526; Molecular Probes, Thermo Fisher Scientific, Illkirch, France) and goat anti-

mouse Alexa Fluor 594 secondary antibodies (A11032; Molecular Probes, Thermo Fisher 

Scientific, Illkirch, France) diluted 1:200 (v/v) in PBS containing 0.2 % Triton X-100 and 3 % 

BSA for 30 min. Cells were also incubated with Alexa Fluor 594 Phalloidin (A12381; Thermo 

Fisher Scientific, Illkirch, France) diluted 1:30 (v/v) in PBS containing 0.2 % Triton X-100 and 3 

% BSA for 45 min to visualize the F-actin of the cytoskeleton. For all experiments the nuclei were 

counterstained with Hoechst 33342 dye (Invitrogen, Thermo Fisher Scientific, Illkirch, France), 

diluted 1:10 000 (v/v) in PBS, for 10 min. After washing twice with PBS containing 0.2 % Triton 

X-100 and 3 % BSA, cells were mounted onto glass slides using FluorSave Reagent (Calbiochem, 

Sigma-Aldrich, Saint-Quentin-Fallavier, France) and was observed with an epifluorescence 

microscope (Nikon Eclipse 80i, Melville, NY, USA) with a ×40 and ×100 oil immersion objective 

(Nikon, Melville, NY, USA). Images were collected with a digital camera (Nikon, DS-Ri1, 

Mellville, NY, USA). 
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Statistical analysis 

GraphPad Prism 7 software (GraphPad Prism Software Inc., San Diego, CA, USA) was used for 

all statistical analyses. To evaluate the Young’s modulus for each cell line in each treatment and 

non-treated group, 10 – 15 cells were examined, and up to 200 force-displacement curves were 

obtained. The mean and median ± standard deviation (SD) values were calculated and analyzed 

by a Kruskal-Wallis one-way analysis of variance (ANOVA) to compare the cellular stiffness 

effect of AIM 2/3 treatment on both cell lines. In all box plots, the boxes represent the interquartile 

range between first and third quartiles, whereas the whiskers represent the 95% and 5% values, 

and the squares represent the average. To evaluate the effect of AIM 2/3 on the cell lines’ size and 

granulometry over time using flow cytometry, three independent experiments were performed with 

20 000 cells analyzed in each sample. The flow cytometry determined median values were 

analyzed by a two-way ANOVA with a Tukey’s comparison test. An alpha level of 0.05 was set 

for all tests (95 % confidence interval), and the level of statistical difference was considered as not 

significant at P > 0.05 (ns), and significant from P ≤ 0.05 (*), P ≤ 0.01 (**) to P ≤ 0.001 (***). P 

values with ≤ 0.0001 were denoted as ***. 
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SUPPRTIG INFORMATION  

Figure S1. UV-vis spectroscopy data concerning the aggregation of AIM 2 and AIM 3 at different 

volumes of fetal bovine serum (FBS).  

Figure S2. AFM images monitoring the real time evolution of DPPC/POPC SLB under the effects 

of either AIM 2 or AIM 3 after 0, 30 and 60 mins. Vertical cross-section indicating height 

measured at dashed line of images. Image scale bar is set to 4 µm. 

Figure S3. Representative force curves recorded on MCF 10A and MDA-MB-231 cells after 24 h 

without metallodrug treatment (a – c), after 24 h treatment with 2 µM AIM 2h (d – f) and after 24 

h treatment with 2 µM AIM 3 (b, e). Circles corresponds to experimental data and the red lines to 

the theoretical fittings derived from Sneddon Model according to algorithm developed by 

Polyakov et al.  

Description of wound healing assay methodology.  

Figure S4. Wound healing scratch test assay images of MCF 10A (a – l) and MDA-MB-231 (m – 

x) cells after 24 h of AIM 2 or AIM 3 pre-treatments at 40X magnification. The ability of the cells 

to migrate, after a scratch was applied to the monolayer, was monitored immediately after at 0, 6, 

24 and 48 h. 

Figure S5. Wound healing scratch test assay images of MCF 10A (a – l) and MDA-MB-231 (m – 

x) cells after 72 h of AIM 2 or AIM 3 pre-treatments at 40X magnification. The ability of the cells 

to migrate, after a scratch was applied to the monolayer, was monitored immediately after at 0, 6, 

24 and 48 h. 
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