Role of cell cycle on the cellular uptake and dilution of nanoparticles in a cell population
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Nanoparticles are considered a primary vehicle for targeted therapies because they can pass biological barriers, enter and distribute in cells by energy-dependent pathways
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. Until now, most studies have shown that nanoparticle properties, such as size
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 and surface
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, can affect how cells internalise nanoparticles. Here we show that the different phases of cell growth, which constitute the cell cycle, can also influence nanoparticle uptake. Although cells in different cell cycle phases internalised nanoparticles with similar rates, after 24 hours of uptake the concentration of nanoparticles in the cells is ranked according to the different cell cycle phases: G2/M > S > G0/G1. Nanoparticles were not exported from cells but the internalised nanoparticle concentration is split when the cell divides. Our results suggest that future studies on nanoparticle uptake should consider the cell cycle because in a cell population, the internalised nanoparticle dose in each cell varies as the cell cycles.
Several studies have shown that the cellular uptake of nanoparticles can depend on many factors, including size
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 and/or shape
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 of the nanoparticle, sedimentation effects of large and dense particles13 and the composition of the protein corona on the nanoparticle
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. Some reports show saturation of the intracellular nanoparticle concentration within hours4,17, others after several days
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 and the impact of nanoparticles on cellular functions has been studied
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. It has also been shown that cell division can dilute the concentration of nanoparticles in the cell
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 and this has implications for uptake studies3. Until now, most studies have identified specific aspects of the nanoparticles that affect cellular uptake. Here we show that the state of the cell is equally important when considering how nanoparticles enter cells.
The cell cycle is a series of events that lead to cell division and replication and it consists of four phases: G1, S, G2 and M (as illustrated in Scheme 1a). The activation of each phase depends on the proper completion of the previous one26,27. The cell cycle commences with the G1 phase, during which the cell increases its size. During the S phase the cell synthesises DNA, and in the G2 phase it synthesises proteins to prepare for cell division. Finally, during the M phase, the cell divides and the two daughter cells enter the G1 phase; cells that have temporarily stopped dividing can enter a resting phase called G0. During each phase, cellular processes can vary greatly and this means that the rate at which a cell takes up foreign material may depend on its current phase
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. The interaction of protein corona-nanoparticle complexes with cells
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 could also depend on the cell cycle, because the expression of membrane proteins can vary during the cell cycle29. Other differences in uptake can arise from how close the cells are to one another31, and how old they are. Cell cultures commonly used in laboratory studies are a mixture of cells in different phases of their cell cycle, simultaneously undergoing progression and cell division (Scheme 1b). When nanoparticle internalisation is studied by adding nanoparticles to such cultures, it is therefore important to resolve how the state of the different cells affects the uptake.
To study accumulation during continuous nanoparticle uptake, A549 cells (human lung carcinoma) were incubated for up to 72 hours with carboxylated polystyrene nanoparticles (PS-COOH) of about 40 nm diameter, fluorescently labelled with a yellow-green dye similar to FITC (see Table 1 for nanoparticle characterisation). Nanoparticles were found to enter the cells, and the overlap between the red fluorescence from lysosomes labelled with LAMP1 antibody and the green fluorescence from the nanoparticles indicates that the nanoparticles accumulate in the lysosomes (Fig. 1a)
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3,14
. We performed all experiments during the exponential growth phase of the population (initial cell density around 8,800 cells/cm2) because nanoparticle uptake can depend on cell density (Supplementary Fig. S1). We note that at the end of the exponential growth phase (~120 hours after seeding; Supplementary Fig. S1) cells are closely packed, which affects cell cycle phase distributions, and potentially nanoparticle uptake rates. After 24 hours of nanoparticle exposure, the number of viable cells and intracellular ATP content for nanoparticle-treated and untreated cells are similar (Supplementary Fig. S2). Furthermore, DNA staining with propidium iodide shows no nanoparticle-induced perturbation of the cell cycle distribution for the systems studied here (Supplementary Fig. S3). It has previously been shown that these nanoparticles do not cause any acute toxic effects33. Therefore, they do not perturb major cellular functions and can be used to study nanoparticle uptake kinetics without complications due to cell death.

To determine uptake kinetics, we obtained mean intracellular fluorescence values from flow cytometry distributions of ≥ 15,000 cells, as described previously
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. Figure 1b shows the uptake of 40 nm PS-COOH by a cell population continuously exposed to nanoparticles during the exponential growth phase. Note that the result in Fig. 1b is the mean cell fluorescence averaged over all cells, and therefore refers implicitly to a mixture of cells that are in different phases of the cell cycle. The cell fluorescence intensity initially increases linearly, but saturates after one day. This saturation is not due to absence of nanoparticles in the extracellular medium because the extracellular nanoparticle concentration remains approximately fixed throughout the experiment (see Detailed Methods). Furthermore, when the cells were exposed to a higher nanoparticle concentration, uptake was higher (Supplementary Fig. S4), suggesting that the intracellular nanoparticle load is not saturated. The observed behaviour could result either from nanoparticles being exported from the cells, or from nanoparticles being split between cells upon cell division (Scheme 1c). The latter process is consistent with non-linear behaviour at a time-scale of the cell population doubling time (~22 hours according to the supplier; confirmed independently in Supplementary Fig. S1).
To identify cells that are in the G0/G1, S or G2/M phase, the DNA can be stained with 7-AAD and DNA synthesis can be monitored with the nucleoside analogue EdU (5-ethynyl-2’-deoxyuridine), as shown in Supplementary Fig. S5. In this way, the contributions from cells in the different phases to the average over all cells, which is shown in Fig. 1b, can be resolved. Figures 1c-d show the fluorescence of cells that are at that moment in G0/G1, S and G2/M, respectively, as a function of time. The concentration of nanoparticles in the cells can be ranked in increasing order according to the cell cycle phase: G2/M > S > G0/G1 (Fig. 1c). This ranking is formed progressively during one cell cycle (22 hours), and is statistically significant after 28 hours, because it does not vary with the number of cells taken into account when calculating the averages (Supplementary Fig. S6). 
Our interpretation is that nanoparticle export is negligible, and the ranking arises from cells that have divided and split their intracellular nanoparticle concentration, subsequently continued to cycle, and entered the different phases at different times. Hence, as illustrated in Fig. 1c (see also the Supplementary Discussion), during the first 10 hours of uptake there is no major difference between the concentrations of nanoparticles in cells in the different phases. Once a significant fraction of the cells in G0/G1 are cells that divided during the exposure to nanoparticles, then the G0/G1 cells show a reduced nanoparticle concentration in comparison to the other phases. When cells that have divided begin to populate the S phase, then those cells also show a reduced intracellular nanoparticle concentration (compared to the cells in G2/M, which have not yet divided). This ranking is a general phenomenon for dividing cells, which we have observed for different cell types (Supplementary Fig. S7), at higher nanoparticle concentrations and for nanoparticles of different size and material and therefore with different protein corona compositions7 (Supplementary Fig. S8).
The process described above has been simulated numerically by calculating nanoparticle uptake in a population of cells, with each cell progressing independently along the cell cycle. In the simulation, when cells reached the end of their cell cycle, they were split and two daughter cells restarted at the beginning of the cell cycle. All cells were assumed to traverse the cell cycle at the same rate, completing one cell cycle during 22 hours. The initial stage along the cell cycle of each cell was randomly chosen from an exponentially decaying distribution, because this ensures that the simulated population grows exponentially34. The durations of the phases were set such that the corresponding cell fractions agreed with those measured experimentally (Supplementary Fig. S5). The simulated cells also internalised nanoparticles with the same rate throughout the cell cycle. Export of nanoparticles from the cells was not simulated, and upon cell division both daughters took half of the nanoparticles of the parent cell. Further details can be found in the Supplementary Discussion. 
The results of the simulations are in striking agreement with the experimentally observed ranking and accumulation curves (Fig. 1e-f) lending support to our interpretation. With these simulations we explored also the effect of unequal partitioning of nanoparticles between daughter cells
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, by assuming that one daughter always took 70% of the nanoparticles of the parent cell. Our conclusions remain valid regardless of eventual asymmetry, because mean intracellular concentrations are unaffected and the distributions of intracellular concentration in different cells are too broad to establish such effects (Supplementary Fig. S9).
To fully differentiate nanoparticle export from dilution by cell division, S phase cells were labelled with EdU at the start of the experiment, allowing, together with DNA staining (7-AAD), the tracking of the EdU-labelled cells as they progress through the cell cycle and divide, as illustrated in Fig. 2a (Supplementary Fig. S10 shows a full time course). Note the difference with the experimental procedure shown in Fig. 1c-d, where S phase cells were instead labelled at the time of measurement. The incorporation of EdU does not affect cell cycle progression for the relevant times discussed here (Supplementary Fig. S11). The fraction of EdU-labelled cells that divide during the course of the experiment shows striking agreement with the corresponding result from simulations (Fig. 2b and Supplementary discussion). Note that the result from the simulation is a prediction because no further parameters apart from those already fixed (that is, the durations of the cell cycle and individual phases) were needed for its evaluation, providing a cross-check on the simulations. 
After loading the cells with nanoparticles and subsequently removing the nanoparticle source, we observe a decay of the cell fluorescence intensity averaged over all cells (Fig. 2c, ‘all’), potentially due to either (or both) dilution of the intracellular nanoparticle load upon cell division or nanoparticle export. In order to exclude the contribution of cell division, we selectively analysed the cell fluorescence of the divided EdU-labelled cells (Fig. 2, ‘after division’) and all other cells (Fig. 2, ‘complement’). Any decrease of fluorescence over time for these two subpopulations cannot be attributed to cell division. Figure 2c shows that the average cell fluorescence intensity of the two subpopulations remains constant over time. Thus, nanoparticle export is negligible and the fluorescence decay of the total population is due to cells dividing and diluting their nanoparticle load. Indeed, the average fluorescence of all cells is well-described by the decay expected due to cell division (Fig. 2c, solid line). Furthermore, the average fluorescence of divided cells is half of the initial fluorescence (Fig. 2c) and the EdU and total DNA (7-AAD) intensities are also accordingly reduced by cell division (Supplementary Fig. S10).
To further clarify the influence of any differences in the rates at which nanoparticles enter cells in the different cell cycle phases, we EdU-labelled the S phase cells and followed those cells as they progressed through the cell cycle, as above (Fig. 2). After 2, 6 and 12 hours, many of the EdU-labelled cells are in the S, G2/M and G0/G1 phases, respectively (Supplementary Fig. S12). By incubating cells with nanoparticles at those times and selectively analysing the fluorescence of EdU-labelled cells that are known to be in the given phase (Supplementary Fig. S13), we can resolve nanoparticle uptake for each phase. Figure 3 compares the uptake kinetics of cells in the different phases. We observe that for this system, the uptake rate (slope) is largely independent of the phase. This is corroborated independently by comparing the rate of uptake of cells in the respective phases with EdU-negative cells (Supplementary Fig. S14). The G2/M rate is marginally higher than the S and G0/G1 phases, and this is not due to a larger bleed-through of the EdU fluorescence into the nanoparticle signal (Supplementary Fig. S15), nor to a larger surface area of G2/M cells (Supplementary Fig. S16). Nevertheless, this small difference in uptake rate cannot account for the observed intracellular concentration ranking, as shown with the simulations where these parameters may be explored (Supplementary Fig. S17).
We end by commenting on the long reported observation that serum deprivation affects cell cycle progression, and transfection efficiency, following exposure to encapsulated DNA in gene delivery. Serum deprivation enriches the fraction of cells in G0/G1 (also referred to as G0/G1 synchronisation), an effect that is reversible after exposure to serum for 24 hours (Fig. 4a). Figure 4b shows that in the first hours, uptake is not affected by the enrichment in G0/G1, consistent with nanoparticle uptake being largely independent of cell cycle phase. However, over longer time periods, when the G0/G1 enrichment is already lost (Fig. 4a), the previously serum-deprived cell population has higher nanoparticle uptake. We can interpret this as the G0/G1 cells accumulating nanoparticles for longer before division (and subsequent dilution of intracellular load). Hence the serum-deprived population will have accumulated more nanoparticles at later exposure times, as indeed will any G0/G1 enriched population. It is possible that shifts of cell cycle phase distributions and nanoparticle uptake have been observed, but not recognised as such, in the past, and they may have affected transfection efficiency in starved cell cultures.
In summary, the nanoparticles studied here do not disrupt cell cycle progression and once internalised localise in lysosomes, where they remain. Nanoparticle export is negligible and dilution of the intracellular nanoparticle load occurs by cell division. Uptake rates during the different cell cycle phases are comparable. Nevertheless differential accumulation in the different phases, with characteristic ranking in the order G2/M > S > G0/G1, arises because for times shorter than the cell cycle duration, G2/M phase cells have not yet divided, and therefore have accumulated nanoparticles for longer, while cells in S phase have accumulated nanoparticles after cell division and G0/G1 phase cells have just divided, and have not had time to internalise many new nanoparticles. Nanoparticle uptake curves that deviate from linearity result from averaging over the uptake of cells that are in the different cell cycle phases. It is now clear that future studies and models of nanoparticle uptake must accommodate the cell cycle, these being inseparable phenomena, even where the rates of uptake are cell cycle phase-independent. For example, biological or toxicological experiments using the same cells and nanoparticles, but prepared slightly differently, may have different amounts of cells in the different cell cycle phases. Since many biological effects will depend on the internalised nanoparticle concentration, the role of the cell cycle is implicit also in such experiments.
From a broader perspective there are also important implications. The non-linear uptake kinetics could be mistaken for export, masking a permanent intracellular load. Hypotheses of cell-level clearance should therefore be explicitly evaluated in future. We also note that cancerous cells will experience greater dilution of their therapeutic nanoparticle load than healthy cells, because they divide faster. The consequences of such effects in nanoparticle therapies based on explicit cancer cell-targeting or the leaky vasculature of tumours (enhanced permeability effect)35-37 might need further clarification. One possibility is the use of combined therapies, in which one component slows or arrests cell division, and another delivers the therapy. Alternatively, cell cycle phase-dependent targeting (for instance with cell-surface-phase-specific markers) could exploit cell cycling: targeting the S or G2/M phases could, though the nanoparticle load will be diluted upon cell division, be favourable because cancerous cells would pass through such phases more often than healthy cells, thereby gaining a larger intracellular dose of nanoparticles. From a practical point of view, the techniques developed here are well-placed to address many aspects of the impact of cell cycle on the interactions of nanoparticles with cells.
Methods
Cell culture
Tissue culture reagents were purchased from GIBCO Invitrogen Corporation/Life Technologies Life Sciences (Carlsbad, CA) unless otherwise specified. A549 cells (ATCC-CCL-185) were maintained as monolayer cultures in MEM supplemented with 10% foetal bovine serum (FBS), 1% penicillin-streptomycin and 1% non-essential amino acids (cMEM) at 37˚C and 5% CO2. 1321N1 (ECACC-86030402) and SH-SY5Y (ATCC-CRL-2266) cells were grown in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and 1% non-essential amino acids at 37˚C and 5% CO2. hCMEC/D3 cells (immortalised human brain capillary endothelial cells) were kindly provided by Florence Miller, BB Wecksler (Inserm, France) and were grown as monolayer cultures in EBM-2 medium containing vascular endothelial growth factor (VEGF), insulin-like growth factor-1 (IL-1), epidermal growth factor (EGF), basic ﬁbroblast growth factor (bFGF), 2% FBS, gentamicin sulphate/amphotericin B and hydrocortisone (Lonza Biosciences) at 37˚C and 5% CO2.
Nanoparticles
Fluorescently labelled carboxylated polystyrene nanoparticles (PS-COOH, Invitrogen, yellow green, 40 and 100 nm) and silica nanoparticles (Kisker, green, 50 nm) were used without further modification or purification. Nanoparticle size (hydrodynamic diameter) and surface charge (zeta potential) were measured by Dynamic Light Scattering (DLS) using Malvern Zetasizer Nano ZS90 (Worcestershire, UK). Freshly prepared nanoparticle dispersions were characterised in phosphate buffered saline (PBS) at 25 °C and complete cell culture media (cMEM) at 37 °C. DLS measurements are the average of a minimum of 5 runs, each containing 100 sub-measurements; results are reported in Table 1, and are in agreement with previous literature
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Flow cytometry assays
For uptake experiments, 35 mm diameter plates were seeded with 150,000 cells and were grown for 24 hours. Nanoparticle dispersions were prepared freshly under sterile conditions by diluting the stock in the corresponding FBS-supplemented growth medium to the required concentration, immediately prior to their addition to plates. Cells were harvested with 0.05% Trypsin-EDTA 1x and finally fixed and stained using the Click-iT EdU Flow Cytometry Kit (Invitrogen Corporation/Life Technologies Life Sciences, Carlsbad, CA), following manufacturer’s instructions. Sample analysis was carried out on Dako CyAn-ADP flow cytometer equipped with 405 and 488 nm lasers. A total of ≥ 15,000 events were acquired per sample. Data were analysed using the Summit software (DAKO). For further experimental details see the Detailed Methods in Supplementary Information.
Perturbations of the cell cycle after nanoparticle exposure were studied by total DNA staining. Cells were harvested and fixed with 70% ice-cold ethanol at 4˚C for 1 hour. After centrifugation, cells were resuspended in 0.5 ml PBS, treated with 50 µl RNAse 1 mg/ml for 5 minutes and stained with 25 µl propidium iodide 1 mg/ml (Sigma-Aldrich Fine Chemical Co., St. Louis, MO) for their analysis by flow cytometry.
To study uptake at different degrees of confluence, 60 mm plates were seeded with different starting cell densities (40,000, 250,000 or 1,500,000 cells per plate) and after allowing 24 hours for adhesion, cells were incubated with nanoparticles at 25 µg/ml in cMEM for up to 24 hours. Cells were finally harvested, fixed with 70% ethanol and stained with propidium iodide as explained above.
Cell growth curve
In order to construct the cell growth curves, 40,000 cells were seeded on 60 mm diameter plates and were grown for up to eleven days without medium renewal. Samples were harvested at different time points, resuspended in 1 ml of PBS and counted manually with 0.4% Trypan blue (HyClone, Thermo Fisher Scientific) in a haemocytometer chamber.
Culture synchronisation
In order to obtain G0/G1-cells enriched cultures, plates were washed three times with PBS and incubated in FBS-free MEM (starvation) for 24 hours. To compare the uptake of a synchronised culture to that of a non-synchronised one, care was taken to ensure a similar number of cells by determining the cell number after 24 hours of starvation, and preparing the non-synchronised cultures with that same number of cells. G0/G1-enrichment was analysed by propidium iodide staining and flow cytometry as described above. To measure nanoparticle uptake in the G0/G1-enriched cultures, FBS-free MEM was first replaced by cMEM for 2 hours to reduce starvation effects and only then the cells were exposed to the nanoparticle dispersions, also in cMEM.
ATP Content Luminiscence Assay
Intracellular levels of adenosine triphosphate (ATP) were quantified with the CellTiter-Glo Luminescent Cell Viability Assay (Promega Corporation, USA) according to the manufacturer´s recommendations. Relative luminescent units (RLU) were detected with Varioskan Flash plate reader (Thermo Scientific).
Confocal Imaging
150,000 A549 cells were grown on 15 mm glass coverslips inside a 35 mm plate for 24 hours before nanoparticle exposure for different time intervals. Cells were fixed and permeabilised with ice-cold methanol, stained with anti-LAMP1 antibody (ABcam, UK) and far red Alexa649 anti-mouse secondary antibody (ABcam, UK). Nuclei were stained with DAPI (Sigma-Aldrich Fine Chemical Co., St. Louis, MO). Cells were imaged with LSM500 Zeiss confocal microscope using the lasers 364 nm, 488 nm and 633 nm.
References
1
Kagan, V. E. et al. Fantastic voyage and opportunities of engineered nanomaterials: What are the potential risks of occupational exposures? J. Occup. Environ. Med. 52, 943-946 (2010).
2
Oberdörster, G. Safety assessment for nanotechnology and nanomedicine: concepts of nanotoxicology. J. Intern. Med. 267, 89-105 (2010).
3
Salvati, A. et al. Experimental and theoretical comparison of intracellular import of polymeric nanoparticles and small molecules: toward models of uptake kinetics. Nanomedicine: NBM. doi:10.1016/j.nano.2011.03.005 (2011).
4
Chithrani, B. D., Ghazani, A. A. & Chan, W. C. W. Determining the size and shape dependence of gold nanoparticle uptake into mammalian cells. Nano Lett. 6, 662-668 (2006).
5
He, C. et al. Effects of particle size and surface charge on cellular uptake and biodistribution of polymeric nanoparticles. Biomaterials 31, 3657-3666 (2010).
6
Rejman, J., Oberle, V., Zuhorn, I. S. & Hoekstra, D. Size-dependent internalization of particles via the pathways of clathrin-and caveolae-mediated endocytosis. Biochem. J. 377, 159-169 (2004).
7
Lundqvist, M. et al. Nanoparticle size and surface properties determine the protein corona with possible implications for biological impacts. Proc. Natl. Acad. Sci. U. S. A. 105, 14265-14270 (2008).
8
Walczyk, D. et al. What the cell "sees" in bionanoscience. J. Am. Chem. Soc. 132, 5761-5768 (2010).
9
Jiang, W., Kim, B. Y. S., Rutka, J. T. & Chan, W. C. W. Nanoparticle-mediated cellular response is size-dependent. Nature Nanotech. 3, 145-150 (2008).
10
Chithrani, B. D. & Chan, W. C. W. Elucidating the mechanism of cellular uptake and removal of protein-coated gold nanoparticles of different sizes and shapes. Nano Lett. 7, 1542-1550 (2007).
11
Gratton, S. E. A. et al. The effect of particle design on cellular internalization pathways. Proc. Natl. Acad. Sci. U. S. A. 105, 11613-11618 (2008).
12
Cho, E. C., Au, L., Zhang, Q. & Xia, Y. The effects of size, shape, and surface functional group of gold nanostructures on their adsorption and internalization by cells. Small 6, 517-522 (2010).
13
Cho, E. C., Zhang, Q. & Xia, Y. The effect of sedimentation and diffusion on cellular uptake of gold nanoparticles. Nature Nanotech. 6, 385-391 (2011).
14
Lesniak, A. et al. Serum heat inactivation affects protein corona composition and nanoparticle uptake. Biomaterials 31, 9511-9518 (2010).
15
Xia, X.-R., Monteiro-Riviere, N. A. & Riviere, J. E. An index for characterization of nanomaterials in biological systems. Nature Nanotech. 5, 671-675 (2010).
16
Aggarwal, P. et al. Nanoparticle interaction with plasma proteins as it relates to particle biodistribution, biocompatibility and therapeutic efficacy. Adv. Drug Deliv. Rev. 61, 428-437 (2009).
17
Wilhelm, C. et al. Interaction of anionic superparamagnetic nanoparticles with cells: kinetic analyses of membrane adsorption and subsequent internalization. Langmuir 18, 8148-8155 (2002).
18
Cho, E. C., Xie, J., Wurm, P. A. & Xia, Y. Understanding the role of surface charges in cellular adsorption versus internalization by selectively removing gold nanoparticles on the cell surface with a I2/KI etchant. Nano Lett. 9, 1080-1084 (2009).
19
Lin, H.-C. et al. Quantitative measurement of nano-/microparticle endocytosis by cell mass spectrometry. Angew. Chem. Int. Ed. Engl. 49, 3460-3464 (2010).
20
Trono, J. D. et al. Size, concentration and incubation time dependence of gold nanoparticle uptake into pancreas cancer cells and its future application to X-ray drug delivery system. J. Radiat. Res. 52, 103-109 (2011).
21
Nel, A. E. et al. Understanding biophysicochemical interactions at the nano-bio interface. Nature Mater. 8, 543-557 (2009).
22
Colvin, V. L. The potential environmental impact of engineered nanomaterials. Nature Biotechnol. 21, 1166-1170 (2003).
23
Rivera Gil, P. et al. Correlating physico-chemical with toxicological properties of nanoparticles: the present and the future. ACS Nano 4, 5527-5531 (2010).
24
Errington, R. J. et al. Single cell nanoparticle tracking to model cell cycle dynamics and compartmental inheritance. Cell Cycle 9, 121-130 (2010).
25
Summers, H. D. et al. Statistical analysis of nanoparticle dosing in a dynamic cellular system. Nature Nanotech. 6, 170-174 (2011).
26
Hartwell, L. & Weinert, T. Checkpoints: controls that ensure the order of cell cycle events. Science 246, 629-634 (1989).
27
Hartwell, L. H., Culotti, J. & Reid, B. Genetic control of the cell-division cycle in yeast, I. Detection of mutants. Proc. Natl. Acad. Sci. U. S. A. 66, 352-359 (1970).
28
Raucher, D. & Sheetz, M. P. Membrane expansion increases endocytosis rate during mitosis. J. Cell Biol. 144, 497-506 (1999).
29
Boucrot, E. & Kirchhausen, T. Endosomal recycling controls plasma membrane area during mitosis. Proc. Natl. Acad. Sci. U. S. A. 104, 7939-7944 (2007).
30
Schweitzer, J. K., Burke, E. E., Goodson, H. V. & D'Souza-Schorey, C. Endocytosis resumes during late mitosis and is required for cytokinesis. J. Biol. Chem. 280, 41628-41635 (2005).
31
Snijder, B. et al. Population context determines cell-to-cell variability in endocytosis and virus infection. Nature 461, 520-523 (2009).
32
Shapero, K. et al. Time and space resolved uptake study of silica nanoparticles by human cells. Mol. BioSyst. 7, 371-378 (2011).

33
Bexiga, M. G. et al. Cationic nanoparticles induce caspase 3-, 7- and 9-mediated cytotoxicity in a human astrocytoma cell line. Nanotoxicology doi: 10.3109/17435390.2010.539713 (2011).
34
Steel, G. G. Growth Kinetics of Tumors: Cell Population Kinetics in Relation to the Growth and Treatment of Cancer (Oxford Univ. Press, Oxford, 1977).
35
Fang, J., Nakamura, H. & Maeda, H. The EPR effect: unique features of tumor blood vessels for drug delivery, factors involved, and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 63, 136-151 (2011).
36
Ruoslahti, E., Bhatia, S. N. & Sailor, M. J. Targeting of drugs and nanoparticles to tumors. J. Cell Biol. 188, 759-768 (2010).
37
Wang, M. & Thanou, M. Targeting nanoparticles to cancer. Pharmacol. Res. 62, 90-99 (2010).


Acknowledgements
Funding for the project has been generously provided by the INSPIRE (Integrated NanoScience Platform for Ireland) programme, funded by the Irish Government’s Programme for Research in Third Level Institutions, Cycle 4, National Development Plan 2007-2013 (JA.K.), and the Irish Research Council for Science, Engineering and Technology (C.Å.), and is based upon works supported by the Small Collaborative project NeuroNano funded by the European Commission 7th Framework Programme (NNP4-SL-2008-214547), Science Foundation Ireland under Grant No. [SFI/SRC/B1155] and [09/RFP/MTR2425] and the European Science Foundation Research Networking Programme EpitopeMap. Dr. Alfonso Blanco (Conway Institute Flow Cytometry Facility, University College Dublin) is kindly acknowledged for technical support with flow cytometry. Use of the Conway Institute Imaging Facility (University College Dublin) is also acknowledged. Endothelial hCMEC/D3 cells were kindly provided by F. Miller and B.B. Wecksler (Inserm, France).

Additional information 

Supplementary information accompanies this paper at www.nature.com/naturenanotechnology. Reprints and permission information is available online at http://npg.nature.com/reprintsandpermissions/. Correspondence and requests for materials should be addressed to A.S. and K.A.D.
Author Contributions
JA.K. performed experiments, analysed and interpreted data and wrote the paper; C.Å. developed the numerical simulations and analytical tools, analysed and interpreted data and wrote the paper; A.S. supervised the experimental work, analysed and interpreted data and wrote the paper; K.A.D. interpreted data and wrote the paper.
Competing Financial Interests statement
The authors have no competing interests as defined by Nature Publishing Group, or other interests that might be perceived to influence the results and/or discussion reported in this article.
Figures and Table
Scheme 1: The cell cycle and its role in nanoparticle uptake. a, The cell cycle, which is a series of events that lead to cell division and replication, consists of four phases: G1, S, G2 and M. Cells in the different phases are distinguished by blue, pink and green nuclei for the G1, S, and G2/M phase, respectively. The cell cycle commences with the G1 phase, during which the cell increases its size. During the S phase the cell synthesises DNA, and in the G2 phase it prepares for cell division, which occurs during the M phase. Then the two daughter cells enter the G1 phase. b, A cell culture contains a mixture of cells in different phases of their cell cycle, simultaneously undergoing progression and cell division. c, Nanoparticle uptake in a cycling cell. The yellow-green circles represent the nanoparticles which, inside cells, accumulate in the lysosomes, represented by the oval compartment.When the cell divides, the internalised nanoparticles are split between the two daughter cells. Scheme is not to scale.
Figure 1 – Internalisation of nanoparticles and ranking of the concentration of nanoparticles in the cells. a, b A549 cells were exposed to 40 nm yellow-green PS-COOH (25 µg/ml in cMEM) for up to 72 hours before imaging and flow cytometry measurements. a, Confocal images after 5, 24 and 72 hours of exposure show nanoparticles accumulated in the lysosomes. Blue: nuclei (DAPI); red: lysosomes (LAMP1 antibody); green: nanoparticles. b, The mean cell fluorescence intensity obtained by flow cytometry as a function of time shows linear increase due to particle uptake but plateaus after one day due to cell division. Error bars are standard deviation over three replicates. c,d A549 cells were exposed to similar nanoparticles for up to 28 hours before flow cytometry measurements. Mean fluorescence intensity as a function of exposure time (c) and distributions of cell fluorescence intensity after 2, 12 and 28 hours of exposure to nanoparticles (d) for all cells and cells in the G0/G1, S and G2/M phases (defined in Supplementary Fig. S5). The results and the scheme show that the intracellular concentration of nanoparticles is ranked according to the cell cycle phases: G2/M > S > G0/G1. e,f, Numerical simulation corresponding to data in panels d and c, respectively, show good agreement with the experimental results.

Figure 2 – Nanoparticle export is negligible. A549 cells were exposed to 40 nm yellow-green PS-COOH (25 µg/ml in cMEM) for 4 hours, then the S phase cells were EdU-labelled for 30 min and cells grown further in nanoparticle-free media, prior to cell fluorescence measurement by flow cytometry. a, EdU-DNA double-scatter plots 0, 5 and 8 hours after EdU-labelling. (Full time course in Supplementary Fig. S10.) The indicated regions show EdU-labelled cells after division (‘after division’) and all other cells (‘complement’). b, Fraction of divided EdU-labelled cells, showing excellent agreement with the prediction from the corresponding numerical simulation (solid line). c, Mean cell fluorescence of all cells, divided EdU-labelled cells and their complement. The solid line is a fit to the result expected due to cell division alone. Dashed lines are horizontal fits. The good agreement indicates that export is negligible and the internalised nanoparticle load decreases only by cell division.   
Figure 3 – Nanoparticle uptake rates during the different phases of the cell cycle. Independent uptake experiments of 40 nm yellow-green PS-COOH nanoparticles (25 µg/ml in cMEM) were performed on A549 cells 2, 6 and 12 hours after EdU-labelling, at which times many EdU-positive cells are in the S, G2/M and G0/G1 phases, respectively (see Supplementary Fig. S12). The presented values are the means of the cell fluorescence intensity of cells in the S, G2/M and G0/G1 phases (as defined in Supplementary Fig. S13) obtained by flow cytometry. Error bars represent the standard deviation of three replicates. Solid lines are linear fits performed to determine the uptake rates. The results show that the uptake rate is comparable for all the phases of the cell cycle. 
Figure 4 - Nanoparticle uptake in synchronised cell cultures. a, DNA histograms (obtained by propidium iodide staining) of non-synchronised A549 cells, a population enriched in G0/G1 phase by serum deprivation (‘synchronised’), and populations synchronised by the same procedure and subsequently exposed to nanoparticle-free cMEM (for 6 and 24 hours) to revert the synchronisation and restart cell cycle progression (‘restarted’). b, Mean cell fluorescence intensity obtained by flow cytometry, after exposure to nanoparticles (40 nm yellow-green PS-COOH 25 µg/ml in cMEM) in synchronised and non-synchronised A549 cells (with the same starting cell number). Error bars represent standard deviation of three independent replicates. The results show similar nanoparticle uptake during the first 5 hours of exposure, but over 24 hours the synchronised cells accumulate more nanoparticles.
Table 1: Physical-chemical characterization of the nanoparticles used in this study. 40 nm and 100 nm PS-COOH nanoparticles and 50 nm silica nanoparticles were dispersed in PBS at 25°C and cell culture medium containing 10% serum protein (cMEM) at 37°C to the respective concentrations indicated in the table. The nanoparticle dispersions were analysed using a Malvern Zetasizer Nano ZS90. The presented results are the average over five measurements with the error indicating the standard deviation. The obtained results are in agreement with those previously reported in literature for the same nanoparticles under the same conditions3,14,32.

	Sample
	Medium
	T

(˚C)
	Diameter a
(Z-average, nm)
	PDI b
	Diameter c
(nm)
	Zeta Potential

(mV)
	pH

	40nm

PS-COOH

25 µg/ml
	PBS
	25
	76 ± 1
	0.11
	-
	-34± 1
	7.1

	
	cMEM
	37
	-
	-
	100 ± 4
	-2 ± 1
	7.4

	100nm PS-COOH

25 µg/ml
	PBS
	25
	103 ± 1
	0.01
	-
	-35 ± 2
	7.1

	
	cMEM
	37
	117 ± 2
	0.25
	-
	-11± 1
	7.4

	50nm SiO2
100 µg/ml
	PBS
	25
	44 ± 1
	0.07
	-
	-18± 1
	7.1

	
	cMEM
	37
	-
	-
	74 ±8
	-1± 2
	7.4


a z-average hydrodynamic diameter extracted by cumulant analysis of the data. b Polydispersity index from cumulant fitting. c Average hydrodynamic diameter determined from CONTIN size distribution. A smaller peak of objects around 10nm was also given, probably due to small protein aggregates.
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