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Abstract

:

Fluorescent nanodiamonds are frequently used as biolabels. They have also recently been established for magnetic resonance and temperature sensing at the nanoscale level. To properly use them in cell biology, we first have to understand their intracellular fate. Here, we investigated, for the first time, what happens to diamond particles during and after cell division in yeast (Saccharomyces cerevisiae) cells. More concretely, our goal was to answer the question of whether nanodiamonds remain in the mother cells or end up in the daughter cells. Yeast cells are widely used as a model organism in aging and biotechnology research, and they are particularly interesting because their asymmetric cell division leads to morphologically different mother and daughter cells. Although yeast cells have a mechanism to prevent potentially harmful substances from entering the daughter cells, we found an increased number of diamond particles in daughter cells. Additionally, we found substantial excretion of particles, which has not been reported for mammalian cells. We also investigated what types of movement diamond particles undergo in the cells. Finally, we also compared bare nanodiamonds with lipid-coated diamonds, and there were no significant differences in respect to either movement or intracellular fate.
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1. Introduction


The fluorescent nanodiamonds (FNDs) are promising long-term biolabels due to their unprecedented photostability [1,2,3]. They can host fluorescent defects such as the nitrogen vacancy (NV) center. These centers can be excited with a green laser (532 nm) and emit red fluorescence (a broad peak above 600 nm). NV centers occur naturally in nanodiamonds from high-pressure high-temperature (HPHT) synthesis, but their numbers can be increased by irradiation in several different ways. These increase the number of color centers and thus their fluorescence intensity [4]. Possibilities include irradiation with silicon ions [5], helium ions [6], or electrons [7,8]. For biological applications, the excellent biocompatibility of fluorescent nanodiamonds is also crucial [9]. In several previous studies, FNDs are introduced in mammalian cells and have shown no negative effects [10,11,12]. From these studies, it is known that mammalian cells passively take up FNDs in different ways depending on the cell type and exact conditions. The most reported uptake path is endocytosis. When nanodiamonds are endocytosed they are engulfed in an endosome and eventually escape from it [13]. Besides, little is known so far about the behavior of these FNDs after uptake or about what happens to them during cell division. Although most studies are limited to short times where division does not occur, there is a small number of articles on the behavior of FNDs during cell division in mammalian cells [14,15].



In this study, yeast cells were used as model organism. We have shown before that FNDs can be brought inside these cells [16]. For yeast cells, the uptake mechanisms of nanoparticles are unknown. As they are covered with a thick cell wall, the uptake is also a lot more artificial than in mammalian cells and there is probably no natural mechanism that the uptake is comparable to. To achieve uptake, two protocols have been established: One option is to permeabilize the cell wall, which allows the diamond particles to enter. It has also been shown in a previous work that the cells could proliferate after being treated with FNDs [16,17]. Another option, which we used here, is to remove the cell wall entirely. This method allows the diamonds to enter and regrow the cell wall [18]. Here, we investigate for the first time what happens during and after cell division in yeast. This is especially interesting for yeast cells, because the division is asymmetric. Asymmetric division can manifest itself in different ways, for instance, different cell content. In yeast cells, division results in differently sized mother and daughter cells. Before cell division, a diffusion barrier keeps molecules (in this case, FNDs) in the membrane of the mother and prevents them from entering the membrane of daughter cell. In the FNDs, other particles or molecules only leak into the daughter cells if they detach from the membrane in the mother cells or if the diffusion barrier becomes permeable [19]. This mechanism is in place to protect daughter cells from harmful substances like aging factors [20].



Compared to other organisms, yeast cells have several advantages for this kind of research. They are a relevant model to study the aging process, and they are widely used in biosynthesis and in food industry [21,22,23]. They are undemanding in cultivation and allow for easy genetic and molecular modifications [21].



Cell division is a very important step in the aging process of yeast cells. When investigating the transfer of FNDs during cell division, in principle, there are four possible outcomes after cell division:



	
FNDs could remain (preferentially) with the mother, for example, because they are regarded as harmful by the cell (see Figure 1a).



	
FNDs might (preferentially) move into the daughter cells (see Figure 1b).



	
FNDs might be excreted (see Figure 1c).



	
FNDs might end up randomly distributed between both mother and daughter cells (see Figure 1d).






The goal of this article is to determine which one of these possibilities is the case for nanodiamonds. To answer this question, we used FNDs in yeast cells using the spheroplasting process [18,24] (i.e., removing the cell wall) and we followed them during cell division. We investigated here which of the four possible outcomes occur and in what frequency.




2. Materials and Methods


2.1. Diamond Starting Material


2.1.1. Bare Particles


Throughout this article we used fluorescent diamonds with a hydrodynamic diameter of 70 nm (FND70) from Adamas Nanotechnology (Raleigh, NC, USA). They have a relatively broad size distribution and irregular shape [25]. According to the vendor, these particles are irradiated with an electron beam at 3 MeV to 5 × 1019 e/cm2 fluence followed by high temperature annealing above 600 °C under vacuum for 2 h [26]. The NV content was measured by the manufacturer by electron paramagnetic resonance to be approximately 2–2.5 ppm. This means each particle hosts approximately 300 nitrogen vacancy centers. We measured their fluorescence spectrum (see supplementary Figure S3) on a Thermo Fisher Varioskan microplate reader, with excitation wavelength at 532 nm, and analyzed it as shown by Fu et al. [27]. We found that the particles contain almost exclusively NV− centers, which is also in line with what others found for similar particles [28]. With our homebuilt confocal microscope we can detect ~1,000,000 counts per second for a single particle. This was determined in previous works where we spread particles evenly on a surface (confirmed by SEM) and measured the counts [25]. As they undergo a cleaning process in oxidizing acid, their surface is oxygen terminated and electronegative with zeta potential of −16 ± 1 mV.




2.1.2. Coated Particles


For facilitating FNDs uptake in yeast cells, a liposome kit (Sigma, Zwijndrecht, The Netherlands) has been used as coating material. This kit contains 63 µmol L-α-phosphatidylcholine and 18 µmol stearylamine. After the coating process, the zeta potential value of FNDs becomes electropositive (36 ± 3 mV) [18]. To prepare FNDs coated with lipids (FND-lip), 2 µg mL−1 of FND solution was added into liposomes and was mixed by vortexing for 30 s.




2.1.3. Particle Characterization


Characterization of diamond and lipid-coated diamond particles (FND-lip) has been performed in a previous study [18]. There we characterized several properties for these particles. The findings are summarized here shortly. No significant differences in size between FND-lip and FNDs were observed. There we found that both FND-lip and FNDs are colloidally stable in water (PdI < 1). To further characterize the particles, we performed an analysis of the zeta potential. To this end, 4 µg/mL liposome-coated FNDs were diluted in sterile deionized water and 1 mL of the solution was injected into the cuvette and 4 µg/mL FND70 was used as control. The measurements were performed with a Malvern Zetasizer Nanosystem (Malvern, Cambridge, UK). All the measurements were set in 25 °C. Each measurement takes ~2 min. The zeta potential measurement showed that the 70 nm FNDs were electronegative (−15.73 ± 0.89 mV). After adding liposome, the particles became electropositive (35.67 ± 2.64 mV) [18]. Cryo TEM (recorded with Tecnai, Oregon, USA) revealed that the thickness of the lipid layer on diamond particles was 4.8 ± 1.2 nm [18]. It is also apparent from this previous study that the FNDs are actually coated by lipids. Performing optically detected magnetic resonance measurements (as routinely used in the field) on FNDs and FND-lip did not reveal any significant differences [18]. Although FNDs generally are known to have excellent biocompatibility [9,29], a very small decrease in metabolic activity has been reported for yeast cells and FND-lip [18].





2.2. Fluorescence Nanodiamond Particles Uptake


Saccharomyces cerevisiae BY4741 and HXT6-GFP strains were used as model organisms. According to the Saccharomyces genome database, the wild type strain BY4741 was used as a parent strain for an international systematic S. cerevisiae gene disruption project. Thus, it was chosen here for its broad use. These wild type cells were used for tracking intracellular movement of FNDs. The HXT6-GFP strain was used for quantifying FNDs. This modified strain expresses Hexose transporter 6 (glucose transporter) with green fluorescent protein (GFP) in the cell membrane, thus allowing imaging of the cell boundaries. Both cells were grown in synthetic dextrose (SD, Formedium, Norfolk, UK) complete medium until midlog phase (OD600 = 1.05). The spheroplasting protocol was modified from Karas et al. [24] and was performed to get the FNDs inside cells. The adaptation from the original protocol was that after spheroplasting they put the spheroplast on specific medium and we did not do that. In the spheroplast protocol, the cell wall is removed entirely from the yeast cells to create spheroplasts. To obtain these spheroplasts, the cells were washed with sterile demineralized water and centrifuged for 5 min at 2500× g at 10 °C. The supernatant was discarded, and 20 mL of 1 M D-sorbitol was added to the cells. The cells were again centrifuged for 5 min at 2500× g at 10 °C. After discarding the supernatant, 20 mL of SPEM (consisting of 1 M D-sorbitol, 10 mM EDTA, and 10 mM sodium phosphate) buffer was added followed by 40 µL zymolyase 20 T (Amsbio, UK) and 30 µL β-mercaptoethanol (Sigma, Zwijndrecht, The Netherlands). Cells were incubated at 30 °C while shaking at 75 rpm for 30 min. Twenty milliliters of 1 M D-sorbitol was added to stop the spheroplasting process, and the cells were centrifuged for 5 min at 1000× g at 10 °C. After the supernatant was discarded, 2 mL of STC (1 M sorbitol, 10 mM TrisHCl, and 10 mM CaCl2 and 2.5mM MgCl2) buffer was added and the mixture was incubated for 20 min at room temperature. In the end, 50 µL of 2 µg/mL FNDs at a size of 70 nm were added to the 200 µL yeast spheroplast suspension, followed by 5 min incubation at room temperature. Finally, the treated yeast cells were put in SD complete medium supplemented with 1 M D-sorbitol for 1 h at 30 °C to regrow their cell wall.




2.3. Immobilizing Yeast Cells


To monitor single cells during and after cell division they were immobilized using the following protocol; glass-bottom dishes with 4 compartments were coated with 0.1 mg/mL concanavalin A (Sigma, Zwijndrecht, The Netherlands). The coating process was followed by a washing step with sterilized demineralized water and a drying step in a 37 °C incubator. After the coated dish dried, 300 µL SD medium and 4 µL of cell suspension (strain BY4741, approximately 2.4 × 107 cells/mL) with internalized FNDs from the previous step were added in each compartment and the dish was sealed by parafilm to avoid evaporation of the medium.




2.4. Equipment


Imaging was performed on a home-built confocal microscope operating with a 532 nm excitation laser. The confocal microscope is similar to what is typically used in the diamond magnetometry community [30,31]. Below we shortly describe the most important specifications. A detailed description including a drawing (Figures S4 and S5) and a list with all the parts of our equipment can be found in the supplementary material. We have a homebuilt system because it allows for flexibility to perform diamond magnetometry. However, this functionality was not used in this article, and the measurements could have also been performed on a commercial system with similar capabilities. For detection, our instrument has an avalanche photodiode implemented for detection, which is capable of single photon counting. The fluorescent counts we receive for 70 nm diamond particles are typically ~1,000,000 per second for a single particle. These values are close to what we expect for this number of NV centers per particle. The instrument has built-in microwaves (which we do not use in this article) and uses sensitive detection with avalanche photodiodes. The set-up is equipped with a green laser at 532 nm, and we have the ability to track particles in 3D. The sample stage is designed in a way that allows for standard glass-bottom petri dishes to be measured. For the measurement, the sample suspension was dropped onto a microscope cover slide and evaporated at room temperature. The instrument was set to −12 dBm of microwave power and 1 mW of laser power. One-hundred repetitions were performed to obtain a sufficient signal-to-noise ratio [18]. To better identify the cells, the confocal microscope is equipped with a bright-field microscope, which is used to collect images simultaneously. Bright-field illumination is achieved with a 470 nm Fiber coupled LED supplied with T-Cube LED Driver. The images are collected using a Compact USB 2.0 CMOS Camera from Thorlabs, and an Olympus PLN 4x objective to focus the blue light with NA 0.1.




2.5. Tracking FND Movement during Cell Division


To separate the FND signal from other fluorescence, a 550 nm long-pass filter was used. A signal above 550 nm was attributed to the FNDs. It is also possible to use a filter above 600 nm (or higher), but there is a trade-off. If one uses a higher filter, the technique is more specific for ND. However, one also loses part of the signal and thus sensitivity. Therefore, if the background is comparably low, it is possible to choose a lower wavelength filter to gain sensitivity. We detect on average 90,000 ± 10,000 counts per second for the background of the cell, whereas the FNDs are 1,000,000 ± 500,000 counts per second (for control images without particles see supplementary information Figure S6). A laser power of 60 μW at the laser power output was chosen to limit potential damage to the cells from high laser power. First, we scanned an area (50 × 50 µm field of view) with cells. Then, we identified diamonds by observing stability of their fluorescence intensities, as diamonds are not bleaching. Usually, we observe a particle for ~10 min. If the fluorescence does not drop, it is most likely a diamond. Images were acquired every hour. Light intensity was measured using an Olympus UPLanSApo40x NA = 0.95 air objective and an Avalanche photodiode (SPCM-AQRF-15-FC) in single photon counting mode. Simultaneously, bright-field time series images were recorded continuously to give a better view of cell division. Confocal images were processed in FiJi software using specific plugins [31]. Deconvolution was performed to get clearer particle locations and lower background using Diffraction point spread function (PSF) 3D and Iterative deconvolve 3D plugins.




2.6. FND Quantification during Cell Division


While following the FNDs during cell division (using the above mentioned confocal microscope in Figures S4 and S5), FND quantification was performed after re-growing the cell walls. Four microliters of yeast spheroplast suspension contained approximately 9.6 × 104 cells (strain HXT6-GFP) that were fixed using 1% paraformaldehyde in PBS buffer of pH 7.4. The cell suspension was put between a glass slide and the cover glass and was imaged with Zeiss LSM 780 confocal laser scanning microscope (Zeiss, Oberkochen, Germany). FNDs were imaged at excitation/emission wavelength 561/650 nm and GFP was imaged at 488/525 nm. A homemade FiJi program was used for determine the number of particles that have been ingested by the cells [16] before and after cell division. To this end, a specific, custom-made FND quantification plugin was used to approximate the amount of internalized FNDs. The analysis was divided into three phases: Cell Selection, Masking, and Particle Analysis. During the first phase, images are visually inspected and random cells are selected. The images were composed of several slices (Z-stacks), and the cellular region was defined in all the three dimensions. In the horizontal plane, the selection considered an area containing only the cell of interest. In the height, the first and last slices containing the cell were identified. As a result, the first phase defines a volume that holds only the cell of interest. In the masking phase, that volume is molded to resemble the shape of the cell. The GFP signal (staining the cell membrane) is converted to binary using the Isodata algorithm to calculate the threshold [32], and the cell’s perimeter is detected in every slice. To avoid counting particles on the surface, the program excludes the outer micrometer of the volume. (As a result, the program slightly underestimates the real number of particles.) In the third step, a special function of Fiji analyses the particles, which are found in a selected region. Applying this function to the masked image, it is possible to directly obtain the number of objects (connected positive pixels) in the specified region. A threshold is used to separate the background light from the signal emitted by the FNDs. Every pixel with intensity less than the threshold is assumed as background and set as black, whereas every pixel with an intensity greater than or equal to the threshold is assumed as part of a particle. To find an adequate value for this parameter, the image was visually inspected and different values were probed. Finally, we chose the lowest possible value, which gives zero for a negative control image. In the end, this method gives two important values: the number of objects and the number of particles. An object here is defined as the amount of adjacent FND positive pixels. This means an object can be composed of a single diamond or can be an aggregate of multiple diamond particles. The difference between the number of objects and the number of particles reveals the aggregation status of the sample in the intracellular environment (rather than in a test tube as in DLS for instance).




2.7. Single Particle Tracking


To better understand the intracellular processes a nanodiamond can be subjected to, we performed single particle tracking. This was done for both uncoated (bare FNDs) and lipid-coated nanodiamonds (FND-lip) to study the impact of enclosing nanodiamonds in liposome vesicles inside the cell. As a liposome is larger (the thickness of liposome on FND surface was determined by TEM to be 4.8 ± 1.2 nm [18]) than an uncoated nanodiamond, we would expect it to move slower, according to Fick’s laws. If the particle is, on the other hand, actively moved to a specific compartment, a directed motion can be observed. Using a home-built confocal microscope (for details see supplementary material Figures S4 and S5), the sample was excited with a 532 nm laser. Matching the confocal image with a bright-field image was done to confirm if the diamond is inside the cell. After finding a particle, it was tracked for ~45 min. The custom-made software recorded 2 × 2 µm images of the particles throughout the tracks to make sure we are following the same particles. By applying a Gaussian fitting of the intensity profiles, the software calculates the position of the particle center. Cells were put in the coated glass-bottom dishes and, to keep the cells alive, we performed the experiments only for 45 min. This time was chosen conservatively after several preliminary experiments were cells died after longer exposure times. Temperature in the samples was ~25 degrees.



Recording images of a particle took 1.8 s per image. In total, we performed 1500 repetitions. To interpret these trajectories, mean square displacement (MSD) curves [33] were used. This value provides a measure on how far a particle travels within a certain time period (τ). These trajectories were divided into subtracks using a rolling window (200 repetitions) to gain more information about each segment of the trajectory.



The MSD curves were calculated from the coordinates of the recorded trajectories. The typical logarithmic scaling of a graphical representation of the MSD versus the time interval allows differentiating between three typical cases: purely random motion (diffusion), ballistic motion overlaying random diffusion, and confined diffusion. For all three cases we have simulated trajectories and calculated the corresponding MSD curves (see Figure 2), using Python.



For the simulated trajectories, a random generator drew 2000 displacements with varying step length between −1 and 1. To better simulate the actual movement of the microscopic particles, we assumed that we do not record every single displacement but only every third, by cumulating three displacements into one. This also ensures that the distribution of step sizes and displacements follow a normal distribution. For the ballistic motion, one additional drawing with a directed motion (only positive values for x and y) was added to the three random displacements. A confined displacement trajectory was generated like the random motion with an additional step: whenever the trajectory of the particle left a predefined area (here: 30 by 30 microns), the particle was reflected into the area—according to a particle hitting the wall of its confinement. However, this means that the particle becomes faster when it is reflected from the border, which can be seen in the slightly higher slope of the left side of the graph for confined motion in Figure 2 (green). The full Python script used to generate the trajectories and to calculate the mean squared displacements can be found in the supplementary material.



Simple diffusion is shown in red—the particle performs a random walk, slowly moving away from the original position, and can theoretically explore every point of the volume. Similar behavior can be observed for a particle floating in suspension. The green trajectory illustrates confined diffusion—the particle is walking randomly within a certain limited volume (e.g., a vesicle, a cytoskeletal “cage”, or even an entire cell) and cannot leave it, no matter how much time has passed. The blue trajectory shows the case of simple diffusion combined with directional motion. The particle has a preferred direction, in which it moves with a certain speed (e.g., being transported along the cytoskeleton by molecular motors). At the same time, the diffusional component results in deviations from the shortest straight line between the initial and the final positions.



At high τ, less data points contribute to the calculation, and thus the MSD calculation has a larger statistical uncertainty. To compensate for this, we used only the first 75% of the resulting curves for fitting.




2.8. Statistical Analysis


All statistical analyses were performed with GraphPad prism with 95% confidence interval. One-way analysis of variance (ANOVA) was performed to analyze significance between particle uptake experiments. Correlation assessment was performed for comparing cell size and number of particles, and the Student t-test was used to analyze single particle tracking parameters inside cells.





3. Results


3.1. FNDs Movement during Cell Division


The particles inside cells have been followed between 0 and 6 h after the particle uptake process. These times were used because according to Broach et al. [34], yeast cells proliferate for about 6 h in fermentable carbon sources (in this experiment, SD medium supplemented with 2% of glucose). Hu et al. used the same time span [35]. The microscopic images resulting from this experiment are shown in Figure 3. Observing the movement of FNDs in living cells during cell division, we found three different cases of what the cell does with the particles. To display the different cases that we differentiate, we show three cells that behave differently under the same conditions. There are several possible explanations for the biological variety leading to these different behaviors. The most important difference is probably that the cells are in different stages of their cell cycle when the experiment is started. Additionally, there are genetic differences as well as differences in the metabolic state of cells.




3.2. FND Quantification after Cell Division


As mentioned earlier, there exists biological variation between cells. Therefore, we measured 100 cells per condition to get a more complete picture of what happens and to obtain statistics. To analyze the distribution of FNDs over mother and daughter cells, a particle counting protocol [16] was performed before and after cell division (see Figure 4).



Comparing Figure 4a,b, we see that the overall number of particles/objects per cell is smaller after division than before. Thus, we surmise that for both particle types a large proportion of diamond particles is excreted from the cells. Excretion in yeast has been observed for diamond [17] as well as for other materials. The process has been described to happen when the cells are not in a balanced condition. This can be, for example, when the cells are transferred to a medium lacking a required compound. As a consequence, they are producing unusually large amounts of amino acids [36]. We do not find a significant difference in the number of objects per cell and number of particles per cell between FND-lip and bare FNDs. This is the case both before cell division and after cell division (p value < 0.05). Correlation analysis was performed for both groups, and the results show no correlation between cell size and number of particles in FND-lip (R2 = 0.0007) or FND (R2 = 0.0684). This finding suggests that particles move randomly during cell division.



Based on Jorgensen et al. (2002) [37], the volume of mother cells in yeast is approximately 420–820 nm3. We categorized the cells based on the volume. Cells with a volume greater than 420 nm3 were assigned to the mother group, whereas cells with smaller size are counted in the daughter group. Figure 5 shows the distribution of particles in mother and daughter during the measurement. We divided groups based on cell volume and the number of particles the cells contain.




3.3. Single Particle Tracking


In this study, we wanted to observe if the presence of liposomes has an effect on the particle behavior inside living cells. A control experiment with FNDs has been performed as a comparison with FND-lip. We compared the tracked pattern of particle movement in 3-dimensional trajectories and mean square displacement for both FNDs (Figure 6) and FND-lip (Figure 7). Due to the small size of yeast and the limited optical resolution, it is tricky to conclude whether a particle is inside or outside of a cell. However, we also observed the movement of particles in the medium alone and in glycerol. The medium alone is much less viscous than the cellular content, and the movement of the particles is too rapid to be tracked with our set-up. FNDs moving freely in glycerol explore substantially larger volumes than the particles tracked in the experiments with yeast cells (Supplementary Figure S1). We observe the displacements of 102–103 μm2 and largely unconstrained (simple) diffusion, with the values of α being 0.58 on average and not dropping below 0.32 (Supplementary Figure S2). Thus, the confined movement we observe in this set of experiments is much more consistent with a movement inside cells. For a comparison with the simulated data see supplementary information. The 3D trajectories suggest that liposome coating has only little effect on the movement of the particles. Both coated and uncoated particles were in a confined diffusion type of movement. Comparison of MSD curves showed that the displacement area was not statistically different between the particles with and without lipid coating.



A statistical analysis has been done to compare the displacement between bare and lipid-coated diamonds. It indicates that there is no significant difference between the two groups with p-value 0.1131 (Figure 8a). Alpha indicates the how freely a particle moves. The higher the value of alpha, the larger is the volume available to the particle. The results showed a significant difference in alpha (p value 0.007) between the two groups (Figure 8b). The presence of liposomes surrounding FNDs facilitates aggregate formation and thus results in change in the volume and limitation of the movement. This difference is reflected in a lower alpha value in FNDs-lip (Figure 8b). The diffusion coefficient Figure 8c shows no significant difference (p value 0.972) between uncoated and FND-lip.





4. Discussion and Conclusions


Here we provide the first analysis of the fate of FNDs during and after yeast cell division. We found that there are multiple routes that the particles can take and in total we observed three different fates of particles during cell division. For bare FNDs, 14.9% of particles stayed in the mother cell, compared to 21.6% for the FND-lip (Figure 3a). Twenty-one percent of the bare FNDs and 28.4% for the FND-lip ended up in the daughter cells (Figure 3b). Finally, 98.35% of particles for FNDs and 98.38% of the particles for FND-lip were most likely excreted from the cell (Figure 3c).



Surprisingly, the distribution of particles between mother and daughter cells (result in Figure 5) shows that more daughter cells in both groups (both bare FND and FND-lip) contain more particles than mother cells (Figure 5). There is a large body of literature available where nanoparticles interact with yeast. However, these articles are almost exclusively concerned with the toxic effect that nanoparticles could have on yeast. The distribution between mother and daughter cells is so far investigated for heat-induced protein aggregates (80 nm) [38]. The size of FNDs used for this study (70 nm) is comparable to these particles. However, in the case of FNDs, we did not observe more particles being retained in the mother cells, which was typical for protein aggregates in dividing yeast cells. This discrepancy can be explained in different ways.



A first explanation is related to the size of the particles. For heat-induced protein aggregates, passive aggregate formation, fusion, growth, and exclusion from the bud was observed [38]. As the protein aggregates grow, they can reach sizes of 600 nm [39]. We do not see this for FNDs. In this case, one might assume that nonaggregated FND particles are substantially smaller, thus it is easier for them to cross the bud neck and end up in the daughter cell.



On the other hand, there are a number of models that suggest the impact of certain active control mechanisms on the particle distribution in the dividing cells. The protein aggregates are thought to be retained in mother cells due to their tethering to actin cables, retrogradely moving to the mother cell [40], attachment to the nucleus and the vacuole [41], or to the surface of endoplasmic reticulum and anchored mitochondria [42]. The first model suggests active transport of the aggregates out of the bud, whereas the second and third models explain the asymmetric distribution of the aggregates by general decrease in their mobility. If any of these models are true, it might mean that FNDs simply lack certain features of protein aggregates and are thus “invisible” for those mechanisms of active control. Molecules that are adsorbed on the diamond surface could also influence how they interact with the cells. It has been shown for other nanoparticles that the protein corona can dictate the interaction with cells. Drug-loaded nanodiamonds, on the other hand, behave more like bare diamond particles in mammalian cells than drug molecules alone. The fact that FND and FND-lip behave similarly, despite the different surface chemistry, indicates that here the behavior might also be dictated by the diamond particle. It can be useful that both mother cells and daughter cells contain diamonds. This way it is possible to observe and track both. Additionally, FNDs might also be considered “safe” for the cells and are thus not actively hindered from entering daughter cells.



The spheroplasting process might also affect the fate of FNDs by giving a stress condition to the cells after being treated by zymolyase affect cell wall integrity [43], which is used for intracellular transport [44]. In this case, changing of cell wall components (especially actin) due to spheroplasting process will affect particle movement during cell division. Both yeast and spheroplasts have a cell membrane; in spheroplasts, only the cell wall is removed. When FND-lip (which have a positive zeta potential) are taken up by the cells, they bind to negatively charged components of the plasma membrane. Another study also showed that positively charged particles can be ingested by the cells better than negatively charged particles [45].



Finally, we also observed and quantified movement of particles during cell division. We mainly find confined diffusion for both coated and uncoated particles without showing significant differences between displacement and diffusion coefficient. On the other hand, we have noticed a significant difference in alpha. This is due to the fact that coated particles have the tendency to aggregate. Thus, this movement is more confined.



The results from this study might in the future be useful for labeling yeasts with diamonds or magnetometry in yeast cells. Additionally, this work might be interesting to compare with how other nanoparticles behave during cell division.








Supplementary Materials


The following are available online at https://www.mdpi.com/2079-4991/10/3/516/s1, Figure S1: title, Table S1: title, Video S1: title.





Author Contributions


A.M. and T.H. contributed equally to this manuscript. A.M. and T.H. performed the experiments. A.M. and T.H. analyzed the data. F.P.P.M. designed the FiJi script for particle counting. A.S., M.C., and C.M. developed MatLab software to analyze particle tracking. M.C. and F.P.P.M. built the custom-made confocal microscope, which was used in tracking analysis. A.H. performed the simulations of particle tracks. R.S. leads the research group. A.M., T.H., A.S., K.J.v.d.L., and R.S. wrote the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


Part of the work was performed at UMCG Imaging and Microscopy Center (UMIC) under NWO grant 175-010-2009-023. A. Morita acknowledges Lembaga Pengelola Dana Pendidikan (LPDP) Republic of Indonesia for PhD scholarship. R. Schirhagl acknowledges financial support from the European commission via an ERC starting grant (714289—Stress Imaging).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Balasubramanian, G.; Chan, I.Y.; Kolesov, R.; Al-Hmoud, M.; Tisler, J.; Shin, C.; Kim, C.; Wojcik, A.; Hemmer, P.R.; Krueger, A.; et al. Nanoscale imaging magnetometry with diamond spins under ambient conditions. Nature 2008, 455, 648–652. [Google Scholar] [CrossRef] [PubMed]

	



Bradac, C.; Gaebel, T.; Naidoo, N.; Sellars, M.J.; Twamley, J.; Brown, L.J.; Barnard, A.S.; Plakhotnik, T.; Zvyagin, A.V.; Rabeau, J.R. Observation and control of blinking nitrogen-vacancy centres in discrete nanodiamonds. Nat. Nanotechnol. 2010, 5, 345–349. [Google Scholar] [CrossRef] [PubMed]

	



Dolde, F.; Fedder, H.; Doherty, M.W.; Nobauer, T.; Rempp, F.; Balasubramanian, G.; Wolf, T.; Reinhard, F.; Hollenberg, L.C.L.; Jelezko, F.; et al. Electric-field sensing using single diamond spins. Lett. Nat. Phys. 2011, 7, 459–463. [Google Scholar] [CrossRef]

	



Laube, C.; Oeckinghaus, T.; Lehnert, J.; Griebel, J.; Knolle, W.; Denisenko, A.; Kahnt, A.; Meijer, J.; Wrachtrup, J.; Abel, B. Controlling the fluorescence properties of nitrogen vacancy centers in nanodiamonds. Nanoscale 2019, 11, 1770–1783. [Google Scholar] [CrossRef]

	



Hickey, D.P.; Jones, K.S.; Elliman, R.G. Amorphization and graphitization of single-crystal diamond—A transmission electron microscopy study. Diam. Relat. Mater. 2009, 18, 1353–1359. [Google Scholar] [CrossRef]

	



Bosia, F.; Argiolas, N.; Bazzan, M.; Olivero, P.; Picollo, F.; Sordini, A.; Vannoni, M.; Vittone, E. Modification of the structure of diamond with MeV ion implantation. Diam. Relat. Mater. 2011, 20, 774–778. [Google Scholar] [CrossRef]

	



Dantelle, G.; Slablab, A.; Rondin, L.; Laine, F.; Carrel, F.; Bergonzo, P.; Perruchas, S.; Gacoin, T.; Treussart, F.; Roch, J.-F. Efficient production of NV colour centres in nanodiamonds using high-energy electron irradiation. J. Lumin. 2010, 130, 1655–1658. [Google Scholar] [CrossRef]

	



Boudou, J.; Curmi, P.A.; Jelezko, F.; Wrachtrup, J.; Aubert, P.; Sennour, M.; Balasubramanian, G.; Reuter, R.; Thorel, A.; Gaffet, E. High yield fabrication of fluorescent nanodiamonds. Nanotechnology 2009, 20, 1–11. [Google Scholar] [CrossRef]

	



Chipaux, M.; van der Laan, K.J.; Hemelaar, S.R.; Hasani, M.; Zheng, T.; Schirhagl, R. Nanodiamonds and their Applications in cells. Small 2018, 14, 1704263. [Google Scholar] [CrossRef]

	



Mitura, K.A.; Włodarczyk, E. Fluorescent nanodiamonds in biomedical applications. J. AOAC Int. 2018, 101, 1297–1307. [Google Scholar] [CrossRef]

	



Hemelaar, S.R.; Saspaanithy, B.; L’Hommelet, S.R.M.; Perona Martinez, F.P.; van der Laan, K.J.; Schirhagl, R. The response of HeLa cells to fluorescent nanodiamond uptake. Sensors 2018, 18, 355. [Google Scholar] [CrossRef] [PubMed]

	



Vaijayanthimala, V.; Tzeng, Y.; Chang, H.; Li, C. The biocompatibility of fluorescent nanodiamonds and their mechanism of cellular uptake. Nanotechnology 2009, 20, 425103. [Google Scholar] [CrossRef] [PubMed]

	



Chu, Z.; Miu, K.; Lung, P.; Zhang, S.; Zhao, S.; Chang, H.; Lin, G.; Li, Q. Rapid endosomal escape of prickly nanodiamonds: Implications for gene delivery. Sci. Rep. 2015, 5, 1161. [Google Scholar] [CrossRef] [PubMed]

	



Fang, C.; Vaijayanthimala, V.; Cheng, C.; Yeh, S.; Chang, C.; Li, C.; Chang, H. The Exocytosis of fluorescent nanodiamond and its use as a long-term cell tracker. Small 2011, 7, 3363–3370. [Google Scholar] [CrossRef] [PubMed]

	



Liu, K.; Wang, C.; Cheng, C.; Chao, J. Endocytic carboxylated nanodiamond for the labeling and tracking of cell division and differentiation in cancer and stem cells. Biomaterials 2009, 30, 4249–4259. [Google Scholar] [CrossRef]

	



Hemelaar, S.R.; van der Laan, K.J.; Hinterding, S.R.; Koot, M.V.; Ellermann, E.; Perona-Martinez, F.P.; Roig, D.; Hommelet, S.; Novarina, D.; Takahashi, H.; et al. Generally applicable transformation protocols for fluorescent nanodiamond internalization into cells. Sci. Rep. 2017, 7, 5862. [Google Scholar] [CrossRef]

	



van der Laan, K.J.; Naulleau, J.; Damle, V.G.; Sigaeva, A.; Jamot, N.; Perona-Martinez, F.P.; Chipaux, M.; Schirhagl, R. Towards using fluorescent nanodiamonds to study chronological ageing in Saccharomyces cerevisiae. Anal. Chem. 2018, 90, 13506–13513. [Google Scholar] [CrossRef]

	



Morita, A.; Martinez, F.P.P.; Chipaux, M.; Jamot, N.; Hemelaar, S.R.; van der Laan, K.J.; Schirhagl, R. Cell uptake of lipid-coated diamond. Part. Part. Syst. Charact. 2019, 36, 1900116. [Google Scholar] [CrossRef]

	



Neiman, A.M. Sporulation in budding yeast. Genetics 2011, 189, 737–765. [Google Scholar] [CrossRef]

	



Baldi, S.; Bolognesi, A.; Meinema, A.C.; Barral, Y. Heat stress promotes longevity in budding yeast by relaxing the confinement of age-promoting factors in the mother cell. Elife 2017, 6, e28329. [Google Scholar] [CrossRef]

	



Kaeberlein, M.; Burtner, C.R.; Kennedy, B.K. Recent developments in yeast aging. PLoS Genet. 2007, 3, 655–660. [Google Scholar] [CrossRef] [PubMed]

	



Hou, J.; Qiu, C.; Shen, Y.; Li, H.; Bao, X. Engineering of Saccharomyces cerevisiae for the efficient co-utilization of glucose and xylose. FEMS Yeast Res. 2017, 17, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Walker, G.; Hill, A. Saccharomyces cerevisiae in the Production of Whisk(e)y. Beverages 2016, 2, 38. [Google Scholar] [CrossRef]

	



Karas, B.J.; Jablanovic, J.; Irvine, E.; Sun, L.; Ma, L.; Weyman, P.D.; Gibson, D.G.; Glass, J.I.; Venter, J.C.; Hutchison, C.A., III; et al. Transferring whole genomes from bacteria to yeast spheroplasts using entire bacterial cells to reduce DNA shearing. Nat. Protoc. 2014, 9, 743–750. [Google Scholar] [CrossRef] [PubMed]

	



Hemelaar, S.R.; De Boer, P.; Chipaux, M.; Zuidema, W.; Hamoh, T.; Perona Martinez, F.; Nagl, A.; Hoogenboom, J.P.; Giepmans, B.N.G.; Schirhagl, R. Nanodiamonds as multi-purpose labels for microscopy. Sci. Rep. 2017, 7, 720. [Google Scholar] [CrossRef]

	



Shenderova, O.A.; Shames, A.I.; Nunn, N.A.; Torelli, M.D.; Vlasov, I.; Zaitsev, A. Synthesis, properties, and applications of fluorescent diamond particles. J. Vac. Sci. Technol. B 2019, 37, 030802. [Google Scholar] [CrossRef]

	



Fu, C.; Lee, H.; Chen, K.; Lim, T.; Wu, H.; Lin, P.; Wei, P.; Tsao, P.; Chang, H.; Fann, W. Characterization and application of single fluorescent nanodiamonds as cellular biomarkers. Proc. Natl. Acad. Sci. USA 2007, 104, 727–732. [Google Scholar] [CrossRef]

	



Rondin, L.; Dantelle, G.; Slablab, A.; Grosshans, F.; Treussart, F.; Bergonzo, P.; Perruchas, S.; Gacoin, T.; Chaigneau, M.; Chang, H.-C.; et al. Surface-induced charge state conversion of nitrogen-vacancy defects in nanodiamonds. Phys. Rev. B 2010, 82, 115449. [Google Scholar] [CrossRef]

	



Van der Laan, K.; Hasani, M.; Zheng, T.; Schirhagl, R. Nanodiamonds for In Vivo Applications. Small 2018, 1703838, e1703838. [Google Scholar] [CrossRef]

	



Loretz, M.; Pezzagna, S.; Meijer, J.; Degen, C.L. Nanoscale nuclear magnetic resonance with a 1.9-nm-deep nitrogen-vacancy sensor. Appl. Phys. Lett. 2014, 104, 033102. [Google Scholar] [CrossRef]

	



Zheng, T.; Perona Martínez, F.; Storm, I.M.; Rombouts, W.; Sprakel, J.; Schirhagl, R.; de Vries, R. Recombinant Protein Polymers for Colloidal Stabilization and Improvement of Cellular Uptake of Diamond Nanosensors. Anal. Chem. 2017, 89, 12812–12820. [Google Scholar] [CrossRef] [PubMed]

	



Torrano, A.A.; Blechinger, J.; Osseforth, C.; Argyo, C.; Reller, A.; Bein, T.; Michaelis, J.; Brauchle, C. A fast analysis method to quantify nanoparticle uptake on a single cell level. Nanomedicine 2013, 8, 1815–1828. [Google Scholar] [CrossRef] [PubMed]

	



Dougherty, R. Extensions of DAMAS and Benefits and Limitations of Deconvolution in Beamforming. In Proceedings of the 11th AIAA/CEAS Aeroacoustics Conference, Monterey, CA, USA, 23–25 May 2005. [Google Scholar] [CrossRef]

	



Broach, J.R. Nutritional control of growth and development in yeast. Genetics 2012, 192, 73–105. [Google Scholar] [CrossRef] [PubMed]

	



Hu, J.; Zhu, X.; Wang, X.; Yuan, R.; Zheng, W.; Xu, M.; Ao, P. Two programmed replicative lifespans of Saccharomyces cerevisiae formed by the endogenous molecular-cellular network. J. Theor. Biol. 2014. [Google Scholar] [CrossRef]

	



Velasco, I.; Tenreiro, S.; Calderon, I.L.; Andre, B. Saccharomyces cerevisiae Aqr1 Is an Internal-Membrane Transporter Involved in Excretion of Amino Acids. Eukaryot. Cell 2004, 3, 1492–1503. [Google Scholar] [CrossRef]

	



Jorgensen, P.; Nishikawa, J.L.; Breitkreutz, B.; Tyers, M. Systematic identification of pathways that couple cell growth and division in yeast. Science 2002, 297, 1070850. [Google Scholar] [CrossRef]

	



Andrade-Restrepo, M. Is aggregate-dependent yeast aging fortuitous? A model of damage segregation and aggregate dynamics. Biophys. J. 2017, 113, 2464–2476. [Google Scholar] [CrossRef]

	



Paoletti, C.; Quintin, S.; Matifas, A.; Charvin, G. Kinetics of formation and asymmetrical distribution of Hsp104-bound protein aggregates in yeast. Biophys. J. 2016, 110, 1605–1614. [Google Scholar] [CrossRef]

	



Liu, B.; Larsson, L.; Caballero, A.; Hao, X.; Oling, D.; Grantham, J.; Nystrom, T. The polarisome is required for segregation and retrograde transport of protein aggregates. Cell 2010, 140, 257–267. [Google Scholar] [CrossRef]

	



Spokoini, R.; Moldavski, O.; Nahmias, Y.; England, J.L.; Schuldiner, M.; Kaganovich, D. Confinement to organelle-associated inclusion structures mediates asymmetric inheritance of aggregated protein in budding yeast. Cell Rep. 2012, 2, 738–747. [Google Scholar] [CrossRef]

	



Zhou, C.; Slaughter, B.D.; Unruh, J.R.; Guo, F.; Yu, Z.; Mickey, K.; Narkar, A.; Ross, R.T.; McClain, M.; Li, R. Organelle-based aggregation and retention of damaged proteins in asymmetrically dividing cells. Cell 2014, 159, 530–542. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-peña, J.M.; Diez-Muniz, S.; Bermejo, C.; Nombela, C.; Arroyo, J. Activation of the yeast cell wall integrity MAPK pathway by zymolyase depends on protease and glucanase activities and requires the mucin-like protein Hkr1 but not Msb2. FEBS Lett. 2013, 587, 3675–3680. [Google Scholar] [CrossRef]

	



Lesage, G.; Bussey, H. Cell wall assembly in Saccharomyces cerevisiae. Microbiol. Mol. Biol. Rev. 2006, 70, 317–343. [Google Scholar] [CrossRef] [PubMed]

	



Fröhlich, E. The role of surface charge in cellular uptake and cytotoxicity of medical nanoparticles. Int. J. Nanomed. 2012, 7, 5577–5591. [Google Scholar] [CrossRef]








[image: Nanomaterials 10 00516 g001 550] 





Figure 1. In asymmetric cell division, a yeast cell produces a smaller daughter cell. Except for the size, the daughter cells are similar to the mother cells. Both of them have nuclei (red), a vacuole (green), and other organelles (gray). When fluorescent nanodiamonds (FNDs) (purple) are inside the cells during division, they can (a) stay in the mother cell, (b) move to the daughter cell preferentially, (c) being excreted by the cells, or (d) being equally distributed. 
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Figure 2. Three possible types of the particle movement generate three distinct trajectory types: random (red), ballistic (blue), and confined (green). The trajectories (a) represent the movements a particle may execute over 2000 steps: random (red), random diffusion with overlying ballistic motion (blue), and confined (green), wherein the trajectory of the particle is limited by a predefined border (here: 30 by 30 microns) that reflects the particle. (b) The mean squared displacements of the trajectories. 






Figure 2. Three possible types of the particle movement generate three distinct trajectory types: random (red), ballistic (blue), and confined (green). The trajectories (a) represent the movements a particle may execute over 2000 steps: random (red), random diffusion with overlying ballistic motion (blue), and confined (green), wherein the trajectory of the particle is limited by a predefined border (here: 30 by 30 microns) that reflects the particle. (b) The mean squared displacements of the trajectories.



[image: Nanomaterials 10 00516 g002]







[image: Nanomaterials 10 00516 g003 550] 





Figure 3. Different cases for particle fate during cell division. The red particles show the position of the fluorescent nanodiamonds, whereas green color indicates the cell stained with GFP. The first row shows images at 0 h while the second row shows the same cells at 6 h. In panels (a,b), the particles have remained in the mother cells over time. In panels (c,d), the particle has moved to the daughter cell. In panels (e,f), the particle that was in the cell at time zero has completely moved out of the cell after 6 h. The scale bars are 2 micrometers long. 
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Figure 4. Comparison of number of objects and particles in FND-lip and bare FND group before (a) and after (b) cell division. The correlation between particle number and cell volume is shown in panel (c) for FND-lip and in panel (d) for bare FNDs. The red line represents the cutting point between mother and daughter cells. One-hundred cells have been used for these experiments, and error bars represent standard deviation with significance level 0.05. 
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Figure 5. Particle distribution after cell division in yeast cells (in percentages). From the FND-lip and bare FND groups. There are more daughter cells that are containing particles than mother cells. 
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Figure 6. Movement of bare diamonds in cells. The mean square displacement (MSD) curves of bare FNDs on top (A) show only confined diffusion. Panel (B) shows the complete three-dimensional trajectory, showing the types of movement detected at each segment of the trajectory. The only types of movement observed were confined diffusion (blue) and ultraconfined diffusion (magenta), for which the calculated α approaches 0, and no displacement can be detected. The final part of the trajectory, for which no analysis can be performed, is shown in black. The right lower panel (C) shows the values of α observed at different segments of the trajectory. 
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Figure 7. Movement of FND-lip in cells. (A) MSD curves of lipid-coated FNDs. MSD analysis reveals that they only move in confined diffusion and ultraconfined diffusion modes. The image on the left side of the bottom panel (B) is the three-dimensional trajectory, colored to show the modes of motion that have been detected at different segments of the track. Just like in bare FNDs, no other types than confined and ultraconfined diffusion were observed. The 3D trajectory on the right (C) shows the fluctuations of estimated α, reflecting the degree of confinement. Note that the overall volume explored by the particle is smaller, compared to the bare FNDs, resulting in lower α values. 
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Figure 8. Statistical comparison between bare-FNDs and FNDs-liposome. Panel (a) compares the displacement of each particle. Panel (b) is a comparison between alphas of each particle. A significant decrease was found in the case of FND-lip. Panel (c) is a comparison between the diffusion coefficient. All of these experiments have been done in triplicates, error bars represent standard deviation, and statistical differences are tested at significance level 0.05. * indicates p ≤ 0.05. 
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