Internalization of protein adsorbed nanoparticles in living cells: pulsed versus continuous uptake

1. Purpose of the visit

In the medical industry the biological response on nanoparticles is crucial for numerous applications that have emerged in recent years. The utilization of nanoparticles (NPs) in magnetic resonance imaging (MRI) and targeted drug delivery are main examples. Further, the determination of bioactivity and toxicity of submicroscopic particles, like particular matter or NPs in detergents, are contemporary issues, where visualization with labelled NPs by fluorescent dyes is required and offers new potential for in vitro and in vivo fluorescence imaging.
This project is concerned with the investigation of the interaction of NPs with living cells dependent on the way to exposure NPs to cells. It is carried out in collaboration with Kenneth Dawson, Iseult Lynch, Peter Sandin (UCD) and Joachim Raedler (LMU). The exchange visit connects proven methods for continuous incubation of cells with NPs to the new paradigm for pulsed cell-NP exposure. The aim of the project is to begin to define which aspects of the nanoparticle interaction with living cells are. Therefore, the pulsed uptake experiments open powerful tools. Beside concentration dependence and incubation time dependence, the so called “pulse times” and “chase times” play an important role in the internalization process. A critical parameter that is closely connected to these aspects is the nature of the outermost layer of surface-adsorbed proteins that is built during the time, NPs are suspended in serum containing medium while they are incubated with cells for internalization. NPs rarely exist in their bare form in physiological conditions. Their surfaces are covered by an outer protein layer (corona) which tends to lead to a disruption of the protein structure and a different organization of the proteins which causes a variety of peptide units (epitopes) to be expressed at the surface in a non-native manner. This is expected to influence the binding of NPs to the cell membrane as well as the following internalization.

2. Description of the work carried out during the visit

In order to figure out the impacts of parameters in NP binding and internalization in cells, we focus our experiments on the pulsed uptake compared to the continuous incubation. For this we suspend the NPs in serum containing medium before addition to the cells, which results in a reaction in the uptake efficiency depending on time NPs stay in the medium. For defining further aspects of internalization, experiments in variation of the NP concentration as well as of the incubation time are carried out. 

For the purpose of visualization and quantification of NP binding and internalization efficiency we use two different fluorescently labeled FluoSpheres® fluorescent microspheres (Molecular Probes). The yellow-green polystyrene NPs contain a dye with an excitation maximum at a wavelength of 505 nm and an emission maximum at 515 nm. Further we use dark-red polystyrene NPs, which have their excitation maximum at 660 nm and an emission maximum at 680 nm as well as red polystyrene NPs (excitation maximum: 580 nm, emission maximum: 605 nm). All of them have a nominal size of 40 nm. In order to decrease nonspecific binding we use carboxylate-modified beads that have a high density of pendent carboxylic acids on their surface. We utilize dynamic light scattering techniques to measure the hydrodynamic radius, polydispersity and zeta-potential of the NPs. 

We are using A549, a carcinomic human alveolar basal epithelial cell line, which is known very well. The doubling time is about 22 h. 
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	Figure 1: Medianes of  Fluorescence Signal per cell. 6p: 6 pulses with 30 min. pulse time; 3p: 3 pulses with 60 min. pulse time; 2p: 2 pulses with 90 min. pulse time; between all the pulses there is a chase time of 45 min.; 1h-8h: continuous incubation with NPs.
	Figure 2: Hydrodynamic Radius of the yellow-green NPs determined by Dynamic Ligth Scattering Measurements at different time points after solving in complete medium, PBS and water.



For NP uptake studies, cells are seeded on 35 mm plates 20 h before addition of NPs. The NP stock is sonicated and vortexed before NPs are first diluted in PBS and then in complete serum containing medium (NP-cMEM solution). This solution is put directly onto the cells. After incubation the cells are washed three times. For measuring the NP binding and uptake during incubation, the cells where fixed with 10% formaldehyde. 

The fluorescence signal per cell is quantified by measurements with a flow cytometer (CyAn ADP). Two lasers emitting light at a wavelength of 488 nm and 642 nm are used for exciting the fluorescent NPs. Both yellow green NPs and red NPs are excited by the same laser (488 nm). This necessitates compensation of the spillover of the emission fluorescence signal of the yellow-green dye in the red fluorescence signal detection. The median of the fluorescence intensity signal is used as comparable figure.

In the following section the relevant experiment results are summarized. 

3. Description of the main results obtained
3.1. Pulsed versus Continuous Uptake
Based on the fact that during continuous incubation of NPs with cells in compete serum containing medium (cMEM) proteins can accumulate at the surface of the NPs and build a protein corona, we investigate the change of binding and internalization efficiency with pulsed NP addition. Pulsed NP addition is realized by incubating NP solved in cMEM with cells at 37°C for a certain pulse time (pt). The cells where washed three times with PBS before incubating them in cMEM again at 37°C without NPs for a chase time (ct). After this time the next NP pulse is added.

In Figure 1 the median of the distribution of the Fluorescence Intensities per cells measured by flow cytometer are shown. The highest signal occurs when NPs are added by six pulses.
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	Figure 3: Fluorescence Signal of cells after 8 h of continuous incubation with NPs (8h) compared to 8 h of incubation, but changing NP-cMEM-solution every 1.5 h (8h ch) and 6 NP-pulses with 30 min. pulse time and 45 min. chase time (6p).
	Figure 4: 8h and 3h: continuous incubation; 3h ch: continuous incubation, but changing NP-cMEM-solution every 30 min. ;  6p fresh: 6 pulses with 30 min. pulse time and 45 min. chase time; 6p aged: as 6p fresh, but adding aged NP-cMEM solutions for each pulse.


with a pt of 30 min. and a ct of 45 min. between the pulses (6p). Compared to three 60 min. pulses (3p) and to two 90 min. pulses (2p), the Fluorescence Intensity increases with number of pulses although the total incubation time with NPs of all three is 3 h. Continuous incubation of 3h with NPs causes a significant lower signal than the pulsed addition. 

Further looking at the six pulses sample 6p, where the time from first pulse till the last washing step after the 6th pulse is 8 h shows that in this case binding and internalization are more efficient than with continuous incubation of 8 h (8h).

One possibility for lower fluorescence intensity is the aggregation of NPs in cMEM over the time of incubation. Aggregation can cause lower binding rates as well as lower subsequent internalization into the cell. Further the fluorescence intensity of aggregates does not grow linearly with the number of NP per aggregate. The fluorescence intensity is lower by the same amount of bound and integrated, but aggregated, NPs compared to single NPs. By measuring the hydrodynamic radius of NPs suspended in cMEM over 22 h, aggregation of NPs as a reason for lower fluorescence intensity per cell can be excluded (see Figure 2). Also the polydispersity index and the zeta-potential stay constant with time NPs are in cMEM (see attachment). In addition NP aggregation in PBS and in distilled water is checked and as well as in cMEM no significant changes are found. Beside this the fluorescence stability of the NPs over 24 h in cMEM is verified (data not shown).  

3.2. Aging of NP-cMEM solution
According to the results in chapter 3.1. we investigated the binding and uptake behavior of pulsed and continuous incubation depending on the NP-cMEM solution (sol). In Figure 3 we compared the Fluorescence Intensity of 8 h continuous incubation to 8 h incubation by changing the NP-cMEM sol every 1.5 h. After removing the old sol, a fresh NP-cMEM sol is added to the cells and incubated again. This causes a significant higher fluorescence signal than without changing sol. That signal of 8 h continuous incubation with changing sol is little higher than with pulsed NP addition. There the total NP incubation time is just 3 h and the time from first pulse till last washing step is 8 h.
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	Figure 5: Preparation of NP-cMEM solution at time point 0 min.. Addition of solution to cells at different time points (= Age of NP-solution) 0 min., 30 min., 60 min., 120 min., 240 min., 480 min. and incubation for 10 min..
	Figure 6: 8h cont. incubation, but changing NP-cMEM- sol every 1.5 h. Before addition of fresh (f) or aged (a) sol, cells where washed 0x (ch 0w f), 1x (ch 1w f) and 3x (ch 3w f and ch 3w a). 6p f and 6p a: pt=10 min., ct=80 min.; 8h: cont. incubation.


In Figure 4 the experiment is repeated with 3 h of continuous incubation with and without changing the solution every 30 min. and the same effect is observed. Further the pulsed addition of NP-cMEM sol is compared to the pulsed addition of aged NP-cMEM sol. Aged NP-cMEM sol means that the NP are suspended in cMEM at the beginning of the experiment and not fresh just before the pulse as usually. The Fluorescence Intensity of cells with pulses of fresh prepared sol is connotatively higher. These are indicators for differences in binding and uptake behavior depending on the time NPs are in cMEM.

To quantify the aging effect of sol, we prepare a NP-cMEM sol at time point 0 min. and incubate the cells with this sol. at different time points for 10 min.. The sol is stored at 37°C between preparation and addition. In Figure 5 the Fluorescence Intensity depending on the age of the sol is shown. The signal decreases significantly during the first 2 h. This means that during that time some parameters in the NP-cMEM sol change influencing the binding and internalization. As mentioned in chapter 3.1. NP aggregation can be excluded by DLS measurements.

The results of fresh and aged pulsed uptake (6p f, 6p a) in Figure 3 can be verified by the results in Figure 6. Furthermore there occurs a difference in Fluorescence depending on the washing steps between removing old medium and adding next NPs. The signal increases with the number of washing steps. The total incubation time is 8 h and the sol are changed every 90 min.. As well as before we measure a lower Fluorescence Intensity when using an aged NP-cMEM sol. But this signal is nevertheless higher than 8 h of continuous incubation without washing and changing NPs between. This denotes the influence of washing steps as well as the aging effect of NPs in cMEM.

3.3. NP-uptake dependent on concentration, incubation time, pulse time and chase time

The NP concentration added to the cells is a crucial parameter in NP uptake. We are interested in the curve progression and the saturation concentration. In Figure 7 the Fluorescence Intensity per cell is measured for NP concentrations between 50 (g/ml. Till 250 (g/ml we 
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	Figure 7: Linear increase in fluorescence intensity per cell at lower NP-concentrations. The gradient decraeses with higher concentrations. Shown are data points from two different experiment days.
	Figure 8: Continuous incubation of cells with NP-cMEM-solution for 0 min., 5 min., 15 min., 30 min., 45 min., 1 h, 2 h, 4 h, 6 h and 8 h.
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	Figure 9: Pulse time dependent incubation of cells with NPs. Between all pulses there is a chase time of 45 min..
	Figure 10: Chase time dependent incubation of cells with NPs. The pulse time before all chase times is 10 min..


observe a curve linearity. The gradient decreases with higher concentrations, but no saturation is reached till the highest concentration of 600 (g/ml. When visualizing the NPs after the addition of a relatively low concentration of 50 (g/ml to cells with the confocal microscope, we observe cells almost covered by fluorescent NPs. One reason for the increase of the fluorescence signal also at concentrations higher than 350 (g/ml can be the faster contact between NPs and cells within the 5 min. of incubation.

A further crucial parameter in particle uptake is the time, cells are incubated with NPs-cMEM sol. After this the cells are washed three times with PBS and incubated in cMEM without NP for one hour before they are fixed with formaldehyde for flow measurements. Figure 8 shows the Fluorescence Intensity per cell increasing with the time of incubation with NPs. During the first 6 h the curve goes linearly before the gradient decreases. For the Fluorescence Intensity at 8 h we have to take into account the doubling time of the A549 cells. Both the 
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	Figure 11: Different numbers of pulses with yellow-green NPs are followed by one last pulse with red NPs (1yg r, 2yg r, 3yg r, 4yg r). 4yg: 4 pulses with yellow-green NPs  without a last red NP pulse. r: one red NP pulse without yellow-green NP pulse before. Left: Pulse time (pt) = 15 min., chase time (ct) = 60 min. Right: Pulse time (pt) = 30 min., chase time (ct) = 45 min..


doubling time and the aging of the NP-cMEM sol can be responsible for the lower increase in Fluorescence Intensity per cell.

Related to the pulsed NP-addition, a fundamental parameter is the pulse time as well as the following chase time. We assume that during the pulse time NPs bind fast to the cells while during the chase time bound NPs can be still internalized. Results in Figure 9 confirm this assumption. We detect a fluorescence signal per cell at a pulse time of 0 min. This means NPs are added and subsequently removed. After washing, they are incubated for a chase time of 45 min. before the next pulse takes place. This indicates the fast binding und internalization during chase time. The longer the pulse time at constant chase time the more NPs are bound and internalized. The highest increase occurs within the first 5 min.. Pulse times longer than 30 min. do not cause a significant change in fluorescence intensity. Similar results can be observed in Figure 10. At a constant pulse time of 10 min. the uptake increases with the duration of chase time. The rise is high comparing chase times of 0 min., 10 min. and 30 min.. Longer chase times than 45 min. do not generate such a huge effect in the signal.

3.4.  NP-uptake independent on number of pulses before 

According to these results we focus our research on the influence of pulsed NP-addition to the cells. Therefore we are using both red NPs (r) additionally to the yellow-green NPs (yg) described in chapter 2. This is necessary for differentiating the last pulse with red NPs from the pulses with yg NPs before. We are interested in the dependence of uptake during and after the last pulse depending on the amount of prior NP-pulses. In Figure 11 the emission fluorescence intensities of r and yg NPs per cell are plot for different numbers of NP pulses. The increase of the yg signal depending on the number of yg pulses is linear. For the last pulse using red NPs we observe no significant changes in binding and internalization. This means that the pulsed uptake is nearly constant and consequently independent of the internalized NPs before. That effect can be observed for different pulse times and chase times. To exclude any overspill fluorescence of the yg particles in the detecting channel of the red NPs because of excitation by the same laser at 488 nm, the experiment is repeat using the dark-red NPs (dr) instead of r NPs. These dr NPs can be excited by a laser emitting at 633 nm. 
[image: image13.emf]pulse time: 10 min

chase time: 45 min

0

100

200

300

400

500

600

700

800

900

1000

ctrl 1dr 1yg

1dr

2yg

1dr

3yg

1dr

4yg

1dr

5yg

1dr

6yg

1dr

7yg

1dr

Fluorescence Intensity


	Figure 12: Different numbers of pulses with yellow-green NPs are followed by one last pulse with red NPs (1yg 1dr, 2yg 1dr, 3yg 1dr, 4yg 1dr, 5yg 1dr, 6yg 1dr, 7yg 1dr). 1dr: one dark-red NP pulse without yellow-green NP pulse before. Pulse time (pt) = 10 min., chase time (ct) = 45 min..


The results are displayed in Figure 12. The pulse time is 10 min. followed by a chase time 0f 45 min.. As shown before the increase of the yg fluorescence is linear till the number of 5 yg pulses. At higher amounts of yg pulses the doubling time has to be taken into account. The dr signal of the last NP pulse confirms the former results with r NPs in Figure 11 that the uptake according to the last pulse is independent of the number of pulses before.
4. Conclusions
· Binding and Internalization of NPs in cells is dependent on the duration, the NPs are suspended in complete medium (cMEM) before. The longer the NPs are suspended in cMEM before addition to the cells the lower the Fluorescence Intensity is. Aggregation of the NPs and bleaching effects of the fluorescent dye could be excluded. The building of a protein corona on the surface of the NP in cMEM could influence the receptor mediated binding of NPs on the outer cell membrane and the subsequent uptake. The focus of next investigations lies on the determination of the proteins binding on carboxylated polystyrene NPs in complete medium. This will be done in the group of Kenneth Dawson.
· Washing steps after chase time and before next NP-pulse influence binding/internalization rate. It is possible that bound but not internalized NPs block receptors of the outer cell membrane. Three washing steps can cause unbinding of these NPs, which enables new binding of fresh NPs with subsequent internalization.

· Internalization increases with the duration of continuous incubation of cells with NPs. Within the first 6h of incubation the increase of Fluorescence Intensity is nearly linear before the gradient decreases. A theoretical model that takes into account the doubling time of cells will be developed in the group of Kenneth Dawson.

· A significant fluorescence signal is measured, when NPs are removed subsequent after addition. This is an indicator for fast binding of NPs on cells directly after addition.

· Binding and Internalization is dependent on the concentration of NPs per solution added to the cells. The increase is linear till a concentration of 250 µg/ml. The increase abates with higher concentrations, but no saturation is reached till a concentration of 600 µg/ml. At a concentration of 50 µg/ml, images of cells with NPs taken by confocal microscopy show that a “carpet” of NPs mostly covers the cells. 

· Continuous incubation of NPs with cells is less effective in binding and internalization than compared to pulsed NP exposure. Short pulse times, during them cells are incubated with NP solutions, followed each by short chase times, when the NP solutions are replaced by complete Medium, result in an a higher fluorescence signal compared to continuous incubation times.

· Fluorescence Intensity is dependent on the duration of pulse and chase time. The longer the pulse time followed by same chase times the higher the fluorescence signal. The highest increase occurs within the first 5 min. This is a further indicator for fast binding of the NPs on the outer cell membrane within the first minutes. The longer the chase time after a certain pulse time, the higher the fluorescence signal is. The highest increase of the signal is till a chase time of 30 min. During the chase time, bounded but not yet internalized NPs can be endocytosed. The uptake rate (NP uptake per time) decreases with time after removal of the NP solution. Bounded, but not internalized NP after a long time, could be removed by the following washing step before the next NP pulse follows.

