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1. General introduction 
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1.1 Free radicals, oxidative stress, and ageing 

Free radicals, chemical substrates with at least one unpaired electron, 

strongly contribute to physiological and pathological processes1. Free radicals are 

by-products of the normal cellular metabolism that mostly takes place in 

mitochondria. A schematic representation of the cell’s metabolism in 

mitochondria is presented in figure 1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
Figure 1. Mitochondrial metabolism. Mitochondria as powerhouse of the cells 
generate energy in form of ATP by using oxygen (O2) and transport electrons (a). 
Mitochondria also have a system to eliminate waste byproducts with the help of 
enzymes including superoxide dismutase (SOD) (b). This enzyme converts free 
radicals to less reactive molecules like oxygen and hydrogen peroxide (H2O2). 
(Reprint from Spinelli and Haigis, 2018)2 
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Accumulation of free radicals during cell metabolism or an inadequate 

clearance system will lead to mitochondrial dysfunction3. Mitochondrial 

dysfunction has been proposed as driving force behind the aging process4 and 

oxidative stress in cells5. Oxidative stress itself plays a major role in development 

of chronic and degenerative diseases in the human body.  

 

1.2 Free radicals and antioxidants 

Cells have mechanisms to neutralize the effect of free radicals by 

producing antioxidants. Mechanisms of antioxidants to destroy free radicals 

have been classified in two ways. First, free radicals are converted into less 

reactive molecules by donating or removing the electron. The second mechanism 

is prevention of free radical formation by scavenging free radicals or stabilizing 

transition metal radicals like copper and iron6. Although cells can produce 

endogenous antioxidants like glutathione, exogenous antioxidants also play an 

important role in the cell’s defense against free radicals. Some of these 

antioxidants are promising anti-ageing drug candidates. 

 

1.3 Detection methods for free radicals 

Detection methods for free radicals have been developed for many years. 

Since these substrates occur in very small concentrations and have short lifetimes, 

finding the best method is not easy. One way is via detecting the expression of 

certain genes which encode enzymes involved in coping with stress indicating 

molecules (e.g superoxide dismutase or catalase)7. These gene expressions are 

then investigated using quantitative polymerase chain reactions (qPCR). Instead 

of detecting expressed genes one can also analyze the enzymes, which these 

genes encode for (most commonly by western blotting). The major advantage of 

these methods is that these enzymes are specific for certain radicals and one can 

 
 

differentiate between them. However, the enzymes have to be known in advance. 

Furthermore, spatial and temporal information on location and time of 

generating free radicals are lost. Another indirect method that can be used is the 

lipid peroxidation assay8  or DNA damage profiles9. Both detect damage caused 

by free radicals, reactive oxygen species (ROS) or other damaging sources. These 

methods suffer from low specificity and do not reveal spatial information.  

In contrast imaging approaches provide spatially and temporally 

resolved data. The two most common, non-destructive 3D imaging techniques 

for biomedical applications are fluorescence imaging and magnetic resonance 

imaging. Figure 2 shows some approaches for detecting free radicals. 

 

 
Figure 2. Approaches for detecting free radicals. (1) Using fluorescence based 
dyes and (2) spin trap for measuring free radicals production. (Reprint from 
Sigaeva et al, 2019)10 
 

Fluorescence imaging allows direct detection of free radicals. 

Additionally, it is relatively easy and very sensitive. The assays are based on an 

organic dye (e.g. H2DCFDA, luminol), which fluoresces when reacting with ROS. 
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However, there are two problems with this approach. First, often the ROS are 

consumed in the process and thus distinct time points and no real time curves 

are obtained. Furthermore, these dyes generally are non-specific and react with 

a wide range of different reactive molecules (as reactive oxygen species or 

reactive nitrogen species). Additionally, organic dyes, which are used in these 

techniques suffer from photo-bleaching and thus can only be used for short term 

studies. Quantum dots can be very photo-stable but are usually at least to some 

extent toxic11. Additionally, one does not obtain chemical information on the 

environment. 

Magnetic resonance imaging (MRI) and electron spin resonance 

spectroscopy (ESR) are the gold standard in many different scientific disciplines. 

Especially valuable is the ability to non-destructively reveal 3D information, 

which is element specific. Thus it allows for functional contrast. However, 

especially when high spatial resolution is required or only limited amounts of 

sample (as the interior of a single cell) are available the methods approach their 

limits. In conventional MRI, approximately 1012-1018 nuclei (or a factor of 1000 

less electron spins) are needed to generate an observable signal. This limits the 

resolution to about 3 µm3 at its best12,13.  

 

1.4 Diamond magnetometry as a tool for detecting free radicals 

Diamond magnetometry combines the advantages from fluorescence 

imaging (easy and sensitive) with specificity from magnetic resonance methods. 

The technique is based on a defect called nitrogen vacancy (NV) center in 

diamond crystals that can convert magnetic noise to an optical signal. The basic 

principle of diamond magnetometry is shown in figure 3.  

 

 
 

 
Figure 3. The basic principle of diamond magnetometry: (a) NV center in 
diamond14. (b) Energy diagram of an NV-center. (c) Optically detected resonance 
of an NV-center at different fields15,16.  

After excitation with a green laser the NV-center emits red photons. If 

the electron is in the ms = ±1 state there is also an alternative way to the ground 

state over a dark state. As a result less red photons are emitted and a decreased 

fluorescence is observed. If a microwave at the resonance frequency is applied 

that equals the difference between the two states (2.88 GHz at zero field) the spins 

flip into the ms = ±1 state. This effect can be observed as a drop in fluorescence. 

In presence of a magnetic field the ms = ±1 states are not equal in energy any more 

resulting in two resonance lines. 

Their distance is proportional to the field, which thus can be determined. 

The exact position of the resonance peaks reveals the presence of near-by (within 

some tens of nm distance from the defect) radicals. That this fluorescence can be 

read out with a confocal microscope constitutes an advantage since photons can 

be read out more sensitively. This new technique has already been successfully 

used to measure magnetic vortices17, record the magnetic signature of 

magnetosomes in living magnetotatic bacteria18, and quantify biomarker 

expression from cells with nanoparticle labels19. 
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1.5 Thesis objectives 

The aim of this thesis is to apply diamond magnetometry to measure free 

radicals in cells during the ageing process and when they are triggered by 

oxidative stress. To achieve this goal, in chapter 2, we established a diamond 

uptake protocol as initial step. In chapter 3, we followed the particles movement 

during cell division. To be able to control the location of diamond particles, in 

chapter 4 we modified the particles by using a specific antibody for targeting 

specific organelles. In chapter 5, we performed the first diamond magnetometry 

measurement in living cells. More specifically we detect free radicals formation 

during oxidative stress responses in two different cell stages (young and aged 

cells). Additionally, we were able to clearly differentiate between knock out 

mutants with an impaired metabolism. Finally in chapter 6, we discussed about 

the importance and relevance of this thesis. 
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Abstract 

Fluorescent nanodiamonds (FNDs) can be used as nanoscale magnetic resonance sensors 

and stable optical labels. As a first step for using FNDs as nanosensors inside cells, they 

have to be ingested. Several techniques that improve particle uptake have been used. A 

simple approach based on commercially available liposomes is used to improve uptake. 

Uptake into colon cancer cells (HT-29 cells) is demonstrated. Additionally, it is shown 

for the first time that one can facilitate diamond uptake into yeast cells by removing the 

cell wall and creating a so-called spheroplast. Finally, the characteristics of FNDs coated 

with lipids and their behavior inside the cells are evaluated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

2.1 Introduction 

Fluorescent nanodiamonds (FNDs) are a promising material for various 

biomedical applications including drug delivery, therapeutics, and imaging1,2. 

FNDs have superior physical and chemical properties including hardness and 

Young’s modulus, high thermal conductivity and electrical resistivity, chemical 

stability and resistance to harsh environments, and good biocompatibility1,3. 

Nitrogen vacancy (NV) centers in FNDs, atomic-sized defects with stable 

fluorescence, possess outstanding optical and magnetic properties4–6. The 

fluorescence is perfectly stable, which qualifies FNDs as interesting biolabels. 

Additionally, when irradiated with microwaves, the NV fluorescence changes 

based on its magnetic surrounding. As a result, it can be used as a magnetic 

resonance sensor that can be read out optically. To utilize these sensors in cells, 

they first have to enter the cell. Although some cells spontaneously ingest FNDs7–

12, most cells do not ingest FNDs by themselves.  

Introducing FNDs to the intracellular environment has been investigated 

by a variety of methods in a range of cell types. Methods that can be used include 

surface functionalization, pinocytosis, picoinjection, and gene gun 

bombardment13. Different coatings have been applied to achieve diamond 

uptake, such as recombinant polypeptide14, silica15,16, polymers, and nucleic 

acids17. However, the above mentioned methods require complex synthesis and 

are either rather harsh to the cells or might disturb their natural behavior.  

It has also been demonstrated that diamonds can be incorporated in lipid 

membranes18, which changes their crystallization properties. In combination with 

FND, several different lipid coatings have been investigated too. Hsieh et al. used 

a somewhat more complex protocol that allows elegant functionalization19. Vavra 

et al. also used a somewhat more complex approach based on silica-coated 

nanodiamonds which allows the introduction of spin labels into the coating20. 
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Sotoma et al. used a different lipid composition which is based on a cross linked 

diacetylene containing coating21. This approach is different since the cross-linked 

coating likely is more stable and remains on the diamond and it is unlikely that 

it supports membrane fusion. Hui et al. used yet another composition of lipids 

which leads to particles with rather different properties22. Their particles become 

very hydrophobic and are soluble in organic solvents.  

Here, we use a simple alternative lipid coating for cell uptake of FNDs 

for the first time. The advantage of such a coating is the simple coating process, 

and the possibility to tune the lipid composition23–25. Most interestingly, 

liposomes might be able to fuse with the cell membrane and thus offer a way to 

circumvent the natural endocytosis or speed up uptake. The same process has 

already been demonstrated for other nanoparticles that were encapsulated with 

lipids26,27. This is advantageous for all applications where the desired location is 

not the endosome. Since endosomes usually fuse with lysosomes, the particle is 

subjected to a harsh environment. From what we know so far, this likely does not 

affect the diamond particle itself. Furthermore, a large body of knowledge is 

available from the gene transfection or drug delivery fields on how to achieve 

targeting with lipid coatings. This knowledge can in a similar way also be applied 

to FNDs. Such a coating is also relatively biocompatible and biodegradable28.  

We have demonstrated the uptake of FNDs with lipid coating into cells 

and we have characterized the lipid coating used in this study (see Figure 1). We 

have also investigated the lipid-coated FNDs (FND-lip) behavior inside HT-29 

cells, a colon adenocarcinoma cell line, and Saccharomyces cerevisiae that has a 

thick cell wall. Neither of these cells spontaneously ingest diamond particles. 

Finally, we showed the suitability of FND-lip for optical labeling and quantum 

sensing applications. 

 

 
 

 

 

 
Figure 1. Schematic representation of diamond uptake into yeast. 1) The cell wall 
is removed. The remaining yeast cell, which is only covered by the cell 
membrane, is called spheroplast. 2) Nanodiamonds containing fluorescent 
defects are coated with lipids (FND-lip). 3) Finally, FND-lip particles are added 
to the spheroplasts. When their membranes fuse, diamond particles are released 
into the cytosol of the yeast cell. 
 

2.2 Results and discussions 

2.2.1 Characterization of FND‐lip 

Characteristics of FND-lip have been investigated using dynamic light 

scattering (DLS), cryo TEM (transmission electron microscopy), and optically 

detected magnetic resonance (ODMR). The DLS results (Figure 2) show an 

increase in particle size of the FND-lip compared to FNDs but the difference is 

not significant (P> 0.05). 

24

Chapter 2

25

2



 
 

 
Figure 2. Size determined by dynamic light scattering of FND-lip and FNDs. The 
measurement was performed at 25 °C. 
 

Both FND-lip and FNDs are colloidally stable in water (PdI < 1). 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). We used cryo TEM to confirm our results because DLS is not 

ideal for aggregates due to sedimentation and because diamond particles are 

nonspherical. Figure 3 shows the results of these measurements. We compare 

FNDs (a) with FND-lip (b).In the inset of Figure 3b, lipids are visible both free 

and as a coating. The liposomes form a tight layer around the diamond particles. 

The thickness of the lipid layer on diamond particles was 4.8 ± 1.2 nm. Performing 

optically detected magnetic resonance measurements on FNDs and FND-lip 

(Figure 4d) did not reveal any significant differences. 
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Figure 3. TEM images of FNDs a) and FND-lip b). The insets show a zoom-in at 
representative areas. Diamonds are shown in blue (false color) and liposome (free 
and as a coating are indicated with the red arrows). 
 

2.2.2 Cell uptake behavior 

We used two different cell types to investigate cell uptake behavior, 

FND-lip and FNDs. To investigate the uptake into cells, we performed confocal 

imaging after uptake. Confocal images of HT-29 cells are shown in Figure 4. 
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Figure 4.a) Uptake of FND-lip into HT-29 cells (the image is 100 × 100 μm2). b,c) 
are zooms into representative areas. Typical ODMR spectra taken from NV 
centers inside FND-lip in such HT-29 cells are depicted in d). Diamonds can be 
identified by their typical double peak pattern. We did not see any significant 
difference between ODMR spectra between coated and uncoated particles. e) 
shows uptake of bare FNDs into HT-29 cells (the image is 50 × 50 μm2). f) is again 
a zoom in. Blue arrows point to diamonds that are clearly inside the cells. 
 

The insets are included to give the reader a better view of the particle size 

and confirm that some of the particles are indeed within the cells. The images in 

Figure 4 are part of a z-stack. While large amounts of diamonds are present when 

using FND-lip (Figure 4a–c), considerably less uptake is observed with FND only 

(Figure 4e-f). To identify diamond particles and to show that it is still possible to 

do quantum measurements inside the cells, we performed ODMR measurements 

(see Figure 4d). The particles could indeed be identified as diamonds and coating 

did not alter the characteristic ODMR peaks from NV centers. 

 As a next step, we quantified the uptake into different cell types. Here, 

it is interesting to differentiate between objects and particles. All adjacent bright 

 
 

pixels are attributed to an object, which means that an object can be either a single 

particle or an aggregate. The number of particles is calculated by dividing the 

total number of bright pixels in the red channel by the number of bright pixels 

for single particles.  

Figure 5 shows that cells with FND-lip contain higher numbers of 

particles but less objects than FNDs. It indicates that FND-lip has a tendency to 

create aggregates. Compared to previous experiments by Hemelaar et al.8, the 

number of FND-lip and FNDs that can be internalized by yeast cells is lower than 

for spheroplasts. A possible reason is that once the cell wall is removed also 

naked FND can enter easily. Permeability changes also affect time that is required 

by particles to enter the cells which can be seen from comparing with Hemelaar 

et al8. 

Although we were not able to directly prove membrane fusion (see 

Figure 8), using liposome as a coating agent for FNDs helped the particles 

entering cells. It has been shown that liposome coating changed FNDs 

zetapotential from electronegative to electropositive. When FND-lip are taken up 

by the cells, they bind to the negatively charged plasma membrane. A previous 

study showed that cells ingested positively charged particles better than 

negatively charged ones29. 

As is known from the gene transfection field, spheroplasts have the 

disadvantage that they are more fragile than native cells30. This is likely also the 

reason why we see some reduced viability after the uptake protocol. Although 

spheroplasts cannot proliferate by budding, they still have abilities of normal 

yeast cells. Spheroplasts can also regenerate their cell wall and revert to normal 

reproducing cells when they are inoculated in solid medium supplemented with 

osmostabilizer31. 
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Figure 5.Quantification of FND-lip and FNDs ingested by yeast spheroplast cells 
and HT-29 EpCAM-GFP cells. In a,b) control group, yeast cells without any 
treatment for their cell wall were mixed with FND-lip and FNDs. For all 
situations, 100 cells were selected randomly and analyzed. In c,d), quantification 
of particle uptake for FND-lip and FNDs has been done in HT-29 EpCAM-GFP 
by selecting ten cell clusters (these cells grow in clusters not as individual cells). 
Data from all groups were analyzed by a homemade FiJi program. 
 

To test if the cells were still viable after diamond uptake, we performed 

MTT assays. The results are shown in Figure 6 for HT-29 cells (a) and as well for 

yeast spheroplasts in comparison to regular yeast cells (b). 

Cells incubated with FND-lip survived better than FNDs for all the cell 

types. While FND-lip group has better survival rate, there is no significant 

difference between FND-lip and FNDs groups (P value > 0.05 with 95% 

confidence interval). The FND-lip group has the highest percentage of cell 

survival compared to the other groups. The experiments indicate that adding 

liposomes have no harmful effect to cells. This is expected because liposomes are 

 
 

also natural cell membrane components. The relatively low viability compared 

to literature values with diamonds alone here most likely comes from uptake 

protocol. Especially for yeast cells, lower viability is expected since they undergo 

an uptake protocol where the cell wall is removed or partially removed. So, the 

“toxicity” does not come from the diamond themselves but from the method we 

use to achieve uptake. 

 

 
Figure 6. MTT assays for a) HT-29 cell and b) yeast cells/spheroplasts. 100% is the 
value that is obtained for a control with untreated cells. For all cell types, 
liposomes alone are favorable while FNDs slightly decrease the viability. A 
positive control with H2O2 shows decreased viability as expected. 
 

2.3 Conclusion 

Coating with liposomes offers a way to deliver FNDs into HT-29 cells 

and yeast cells, which do not ingest particles spontaneously. Through the 

creation of yeast spheroplasts, this method can even be extended to cells with a 

thick cell wall as yeast. This spheroplasting method could also be applied to use 

any of the other lipid-based coatings in literature for yeast cells. Since liposomes 

change the zeta potential of FNDs and since they might also fuse directly with 

the cell membrane, higher amounts of particles can be ingested. This could be 
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especially useful in combination with coatings which prevent aggregation or 

which lead to targeting. 

 

2.4 Experimental section 

The uptake behavior was evaluated with two different cell types: a colon 

cancer cell line called HT-29 and a S. cerevisiae BY4741 strain expressing HxT6-

GFP (green fluorescent protein). For HT-29, the cells were simply mixed with 

FND-lip. Since yeast cells have a thick cell wall, it is necessary to remove the cell 

wall first and then fuse with the liposomes. A schematic representation of uptake 

process into yeast is shown in Figure 1. 

 

Preparation of FND‐coated liposomes: FNDs used in this study were purchased 

from Adamas Nanotechnologies, Inc. (NC, USA; ND-NV-70, >300 NV 

centers/diamond particle) and have a diameter of 70 nm with concentration 1 mg 

mL−1 in deionized H2O. They were oxygen terminated by acid cleaning from the 

vendor. Liposome kit (Sigma cat no. L4395) that contained 63 μmol L-α-

phosphatidylcholine and 9 μmol cholesterol was mixed with deionized H2O. Size 

of liposomes could be decreased using a sonicator. To prepare FND-lip, 2 μg mL−1 

of FND solution was added into liposomes and was mixed by vortexing for 30 s. 

This liposome composition was chosen to contain a mixture of two 

phosphatidylcholines (PCs). The first were phosphatidylcholine (PC from egg 

source) head groups leading to liposomes with neutral zeta potential which were 

heavily hydrated32. The second had positively charged head groups. It was 

shown for ingesting other particles with this coating that positive charges from 

choline head in liposomes interacted with negative charges in cell membranes. 

Phospholipid bilayers of PCs were relatively soft membranes because of their 

unsaturated alkyl chains. During hydration process, flabby network-like 

 
 

structures formed and gave them an unstable structure. The structure stabilized 

through relaxation of membrane tension and appropriate amount of 

cholesterol33. 

This was promoted by alkyl chains in PCs group34. If there is endocytosis, 

the presence of liposome can provoke destabilization of endosomal membrane35. 

Unsaturated alkyl chains also decrease transition temperature (melting 

temperature) of phospholipid bilayer membrane in cells and induce membrane 

fluidity, behavior, permeability, membrane fusion, lateral pressure, and flip-flop 

dynamic36. 

 

Characterization of FND‐lip—Optically detected magnetic resonance (ODMR) 

measurement: To test if the FND-lip particles are still useful for quantum 

measurements, ODMR measurements were performed. For the measurements, 

customized equipment similar to what is commonly used in the field and as 

described previously was used5. In short, the equipment was a homebuilt 

confocal microscope with built in microwaves and sensitive detection with 

avalanche photodiodes. 

The sample suspension was dropped onto a microscope cover slide and 

evaporated in room temperature. The instrument was set to −12 dBm of 

microwave power, 1 mW of laser power, and 100 repetitions. 

 

Characterization of FND‐lip—Dynamic light scattering (DLS) measurement: 

The DLS measurement was used to determine the particle size and its changes 

after applying the coating. It was performed using Zetasizer nano system to 

determine diameter of particles. Samples were measured in triplicate and mixed 

in between to prevent sedimentation. DLS is not an ideal method to measure 

diamond aggregates due to sedimentation and the nonspherical shape of 
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diamonds37 is also not ideal for DLS. However, DLS is a fast method and averages 

over large particle numbers; therefore, it was still used here to get an impression 

on the particle sizes. 

 

Characterization of FND-lip—Zeta Potential Measurement: The sample of 5 μg 

mL−1 FND-lip was diluted in sterile deionized water. The measurements were 

performed in triplicate and 5 μg mL−1 FND70 (FNDs with a hydrodynamic 

diameter of 70 nm) was used as control. All the measurements were performed 

at 25°C. 

 

Characterization of FND-lip—Cryo TEM: To compensate the drawbacks of DLS, 

the results were also confirmed by using cryo TEM for complementary results. 

Samples were transferred to holy carbon-coated copper grids (Quantifoil 3.5/1) 

and frozen by rapid injection into liquid ethane (Vitrobot, FEI) and examined 

with FEI Tecnai T20 electron microscope operating at 200 keV. Images were taken 

under low dose conditions with a slow scan charged coupled device camera. 

 

Cell uptake behavior—cell culture of HT-29 cells: Cell culturing was done using 

standard conditions for this cell type. For this study, two different HT-29 cells 

were used. First, HT-29 EpCAM-GFP cell line that overexpresses the epithelial 

cell adhesion molecules fused to green fluorescent protein was used for particle 

uptake analysis. Second, HT-29 non-GFP cell line that has been used for 

evaluating lipid membrane interaction was used. The cells were maintained in 

Dulbecco’s modified eagle medium (DMEM) supplemented with 10% fetal 

bovine serum (FBS), 1% antibiotics (penicillin/streptomycin), and 1% glutamax. 

They were cultured in T-75 flask containing 10 mL of DMEM and grown in 

humidified incubator under an atmosphere of 95% air and 5% CO2 at 37°C. 

 
 

Culture medium was replaced every 48 h. When the cells reached 75–80% 

confluency, the medium was aspirated and the cell monolayer was treated with 

3 mL of 0.25% trypsin EDTA and incubated for 5 min at 37°C. After that, cells 

were visualized using a microscope to ensure complete detachment and 

resuspended in DMEM complete medium. 

 

Cell uptake behavior—FND-lip uptake in HT-29 EpCAM-GFP cells: The cells 

with 60% confluency were put in a glass bottom cell dish with four compartments 

with 300 μL DMEM complete medium for each compartment. 5 μg mL−1 FND-lip 

and FNDs were added per compartment and incubated for 2 h. To preserve the 

cells for later measurements they were fixed. To this end, all media were 

aspirated and 3.7% paraformaldehyde (PFA) solutions were added in each 

compartment. After incubation for 15 min at room temperature, the solution was 

replaced by 1% of PFA. 

 

Cell uptake behavior—FND-lip uptake in yeast spheroplast: S. cerevisiae 

BY4741 strain expressing HxT6-GFP was used since this strain is regularly used 

as a model organism to study aging on a molecular level. The HxT6-GFP mutant 

is a strain, which has GFP labels in the cell membrane. This allows to determine 

the cell borders via fluorescence. The yeasts were grown in synthetic dextrose 

(SD) complete medium supplemented with 5% D-glucose at 30°C with constantly 

shaking at 200 rpm. Creating yeast spheroplasts were done by following a 

modification procedure by Karas et al38. The procedure is described in short in 

the following. After reaching an OD600 (optical density at 600 nm) of 2.5–3, the 

cells were centrifuged at 2500 × g for 5 min at 10 °C and then the supernatant was 

removed. The cells were resuspended in 20 mL 1 M D-sorbitol and vortexed, and 

then centrifuged at 2500 × g for 5 min at 10°C and the supernatant was removed. 
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The pellet was resuspended thoroughly in 20 mL SPEM (containing 1 m D-

sorbitol, 10 × 10−3 M EDTA pH 8, and 10 × 10−3 M sodium phosphate) buffer 

solution followed by vortexing. Then, zymolyase-20T (Amsbio,UK) and β -

mercaptoethanol (Sigma, Netherlands) as an activator were added. The mixture 

was incubated for 30 min at 30°C while constantly shaking at 75 rpm. To stop the 

spheroplasting process, 20 mL of 1 M D-sorbitol was added and the mixture was 

centrifuged at 1000 ×g for 5 min at 10°C. After that the supernatant was removed. 

The pellet was incubated in 2 mL STC (contains 1 M D-sorbitol, 10 × 10−3 M Tris-

HCl, 10 × 10−3 M CaCl2, and 2.5 × 10−3 M MgCl2) buffer solution at room 

temperature for 20 min. 200 µL yeast spheroplast suspension was combined with 

50 µL of 5 µg mL−1 FND-lip solution and 50 µL of 5 µg mL−1 FNDs as control 

group. Then, the samples were mixed by gently flicking the tube and incubated 

at room temperature for 5 min. This was a lot shorter than a few hours, which is 

typically used for endocytosis. Yeast spheroplasts were fixed using 1% PFA in 

buffer PBS for microscopy imaging. As a negative control, yeast cells without any 

treatment of the cell wall were incubated with FND-lip and FNDs with the same 

concentration. 

 

Cell uptake behavior— Confirming spheroplast formation via secondary 

electron microscopy: First, yeast cells and yeast spheroplasts were embedded in 

epon and osmium stained as described before39. In short, yeast cells and yeast 

spheroplasts were fixed with 1% glutaraldehyde and 4% PFA in 0.1 M cacodylic 

acid and resuspended in 1% of low melt agarose and then cut into ≈1 mm3 

sections. All samples were post fixed in 1% osmium tetroxide/2.5% potassium 

ferrocyanide in 0.1 M cacodilate buffer for 2 h and then dehydrated through an 

increasing graded ethanol series (30%, 50%, and 70%) for 10 min per 

concentration and three times 100% ethanol for 20 min. The samples were left 

 
 

overnight in 1:1 ethanol and epon mixture at room temperature and replaced 

with pure epon and then incubated for 3 h at room temperature. After that, they 

were placed at 200 mbar vacuum for 10 min to remove air bubbles and then put 

at 58°C over the weekend. 

After embedding, semi thin sections of around 300 nm were prepared 

with a glass knife. Use of more expensive diamond knives was avoided to 

prevent potential damage of the knife by diamonds in the material. The sections 

were transferred to commercially available indium tin oxide (ITO)-coated glass 

plates. SEM measurements were performed on a Hitachi SU5000 using 2.5 keV 

and 29.6 µs dwell time and backscattering electron detection. The results in 

Figure 7 show a typical yeast cell as well as a spheroplast, after removal of the 

cell wall. 

 

 
Figure 7. Yeast cells a) compared to yeast spheroplasts. b) Yeast cells are 
surrounded by a thick cell wall, which is removed to create a yeast spheroplast. 
 

Cell uptake behavior—Evaluation of cell membrane interaction with FND-Lip: 

Interaction between cell membrane and liposomes was investigated. The main 

purpose of this experiment was to evaluate if the lipid coating remains with the 

diamonds and to evaluate if the liposomes are able to promote membrane fusion. 

This experiment was performed with HT-29 non-GFP cells. Liposome was 

labeled with 0.5% N-(7-Nitrobenz-2-Oxa-1,3-Diazol-4-yl)-1,2-Dihexadecanoyl-

sn-Glycero3-Phosphoethanolamine (NBD-PE) (Thermo Fisher, Netherlands) in 
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chloroform. After chloroform was evaporated, liposome-NBD PE was diluted in 

sterile deionized water and incubated with the cells for 20 min at 37°C with 5% 

CO2. Interaction was analyzed by using Zeiss LSM 780 confocal laser microscope 

(Zeiss, Germany) at 463/536 nm. Figure 8 shows the interaction between 

liposome-NBD PE (in green) and cells. 

 

 
Figure 8. Interaction between liposome-NBD PE with HT-29 non-GFP cells. 
Green represents liposome-NBD PE particles. While some of the liposomes 
remain in the cell membrane, part of the liposomes entered the cell. a) shows the 
sample with FND-lip and b) shows a sample with liposome only. While we 
cannot directly proof membrane fusion, we clearly observed uptake and we can 
see that the lipid coating remains with the diamond particles. 
 
Cell uptake behavior—Evaluation of endosomal pathway of FND-Lip: To 

further investigate the uptake mechanism, testing was performed for 

colocalization with endosomes. This was done in HT-29 non-GFP cells. First, cells 

with FND-lip were fixed with 4% PFA in phosphate buffered saline (PBS) pH 7.4 

 
 

for 10 min at room temperature followed by cell permeabilization with PBS 

containing 0.5% Triton X-100(Sigma, Netherlands) for 10 min. 

Cells were incubated with 1% bovine serum albumin in PBS (PBSA) for 

30 min to block unspecific antibody. Early endosomal antibody 1 (EEA1) 

(Thermo fisher, Netherlands) was used as primary antibody and diluted in 0.1% 

PBSA (1:200). It was incubated with the cells for 1 h at room temperature and 

followed by washing step with 1% PBSA. 

After incubation with primary antibody, cells were incubated in 

secondary antibody donkey anti rabbit FITC (Thermo Fisher, Netherlands) in 

0.2% PBSA (1:100) for 45 min at room temperature followed by a washing step 

with 1% PBSA. All samples were wrapped with tin foil to avoid light exposure. 

Evaluation was performed with a confocal laser scanning microscope at 463/536 

nm and colocalization analysis Coloc2 plugin in FiJi software. Figure 9 shows 

endosomes (green) and FND-lip (red) in HT 29 non-GFP cells. It is clear from the 

analysis that diamonds do not colocalize with early endosomes. 

To quantify this finding, the Pearson correlation (r) was calculated as 

defined by Manders et al40. A value of 0.12 ± 0.61 was received which means FND-

lip has little correlation with EEA1. 

 

 
Figure 9. Colocalization: Early endosomes are shown in green and FNDs in red 
after incubation with FND-lip for 2 h at 37 °C. It can be seen qualitatively that 
diamond particles do not colocalize with the endosomes. 
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Cell uptake behavior—Characterization of FND-Lip uptake and particles 

analysis: To quantify FND uptake, 4 µL fixed yeast spheroplast cells were put 

between a poly-L-lysine–coated glass slide and a cover glass, and imaged by 

using Zeiss LSM 780 confocal laser scanning microscope (Zeiss, Germany). HT-

29 EpCAM-GFP cells that were fixed in 1% PFA were observed by using confocal 

laser scanning microscope. FND particles were imaged at 561/650 nm and GFP 

was imaged at 488/525 nm. The number of particles that were ingested by cells 

was determined by a homemade FiJi program6. In short, 100 yeast and 

spheroplast cells and 10 clusters of HT-29 EpCAM-GFP were selected randomly 

and an algorithm was applied to find area of the well in 3D. The volume close to 

the membrane was automatically subtracted to avoid false positive results from 

particles on the surface. 

 

Cytotoxicity assay—MTT assay for HT-29 cells: The MTT [3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenylterazolium bromide] assay was performed for 

assessing metabolic activity and cytotoxicity in HT-29 cells. The cells were seeded 

at a density of 1.5 × 104 cells per well in 96-well microliter tissue culture plates 

and placed in a 5% CO2 humidified incubator until 60% confluentcy. DMEM 

complete medium was removed and 5 µg mL−1 FND-lip, 5 µg mL−1 FND, or 5 µg 

mL−1 liposome in culture medium were added. Pure medium and cytotoxic 

hydrogen peroxide (H2O2) served as negative and positive controls. All samples 

were incubated for 2 h. Following the treatments, medium was removed and 100 

µL MTT solution (5 mg mL−1 MTT in sterile PBS) was added to each well followed 

by incubation for 4 h. Subsequently, the MTT solution was removed and 200 µL 

isopropanol was added to each well, to dissolve formazan crystals, followed by 

incubation for 10 min at 37 °C. Optical densities were read with microplate reader 

 
 

Fluostar Optima (BMG Labtech, Ortenberg, Germany) at 540 nm. Cell viability 

rate was calculated as percentage of MTT absorption as follows. 

% survival = (mean experimental absorbance ÷ mean control absorbance)
× 100% 

 

Cytotoxicity assay—MTT assay for S. Cerevisiae cells: Cells were grown in SD 

medium to early exponential or stationary phase and washed with sterile water. 

Cell density was adjusted to an OD600 of 2. 1 mL of cell suspension was mixed 

with 5 µg µL−1 FND-lip, 5 µg mL−1 FND, or 5 µg mL−1 liposome in SD medium 

and incubated for 2 h in an incubator at 37°C. The MTT assay was done by 

following Gerlier and Thomasett’s (1986) protocol41. The only adaptation made 

was using lower speed of centrifugation (1000 ×g) for the spheroplasts, compared 

to the speed used for yeast cells with a cell wall. 
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Figure S1. Interaction between liposome‐NBD PE with HT‐29 non GFP cells. 
Green represents liposome‐NBD PE particles.  While some of the liposomes 
remain in the cell membrane, part of the liposomes entered the cell. All images 
show the sample with FND‐lip (as Fig 3 of the main manuscript) 
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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 ageing 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. 

 

Keywords: fluorescent nanodiamonds; cell division; yeast 

 

 

 

 

 

 

 

 

 
 

3.1 Introduction 

The fluorescent nanodiamonds (FNDs) are promising long-term 

biolabels due to their unprecedented photostability1–3. 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 intensity4. Possibilities include irradiation with silicon ions5, 

helium ions6, or electrons7,8. For biological applications, the excellent 

biocompatibility of fluorescent nanodiamonds is also crucial9. In several previous 

studies, FNDs are introduced in mammalian cells and have shown no negative 

effects10–12. 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 it13. 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 cells14,15. 

In this study, yeast cells were used as model organism. We have shown 

before that FNDs can be brought inside these cells16. 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 
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a previous work that the cells could proliferate after being treated with FNDs16,17. 

Another option, which we used here, is to remove the cell wall entirely. This 

method allows the diamonds to enter and regrow the cell wall18. 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 permeable19. This mechanism is in place to protect 

daughter cells from harmful substances like aging factors20. 

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 industry21–23. They are 

undemanding in cultivation and allow for easy genetic and molecular 

modifications21. 

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: 1. FNDs could remain 

(preferentially) with the mother, for example, because they are regarded as 

harmful by the cell (see Figure 1a). 2. FNDs might (preferentially) move into the 

daughter cells (see Figure 1b). 3. FNDs might be excreted (see Figure 1c). 4. FNDs 

might end up randomly distributed between both mother and daughter cells (see 

Figure 1d). 

 

 
 

 
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. 
 

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 process18,24 (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. 

 

3.2 Materials and methods 

3.2.1 Diamond starting material 

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 

shape25. 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 h26. The NV content was measured by the 

manufacturer by electron paramagnetic resonance to be approximately 2–2.5 

 Cell division: 

 Possible outcomes: 
(a) (b) (c) (d) 
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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 particles28. 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 counts25. As they undergo a cleaning process in oxidizing 

acid, their surface is oxygen terminated and electronegative with zeta potential 

of −16 ± 1 mV. 

 

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. 

 

Particles characterization. Characterization of diamond and lipid-coated 

diamond particles (FND-lip) has been performed in a previous study18. 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-1 liposome-coated FNDs were diluted in 

sterile deionized water and 1 mL of the solution was injected into the cuvette and 

 
 

4 µg mL-1 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 nm18. 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 

differences18. Although FNDs generally are known to have excellent 

biocompatibility9,29, a very small decrease in metabolic activity has been reported 

for yeast cells and FND-lip18. 

 

3.2.2 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 
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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 Tris HCl, 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-1 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. 

 

3.2.3 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-1 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-1) 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. 

 

3.2.4 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 community30,31. 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 ratio18. To better 

identify the cells, the confocal microscope is equipped with a bright-field 
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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. 

 

3.2.5 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 

plugins31. Deconvolution was performed to get clearer particle locations and 

 
 

lower background using Diffraction point spread function (PSF) 3D and Iterative 

deconvolve 3D plugins. 

 

3.2.6 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 cells16 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 threshold32, 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, 
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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). 

 

3.2.7 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 nm18) 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 ~25OC. 

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) curves33 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 
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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 x 30 µm), 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. 

 

 
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: 

(a)     
    

 (b) 

 
 

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. 

 
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. 

 

3.2.8 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. 
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3.3 Results 

3.3.1 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 span35. 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. 

 

 

 

 

 

 

 
 

 
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 µm long. 
 
 
3.3.2 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 protocol16 was performed before 

and after cell division (see Figure 4). 
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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. 

 
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 diamond17 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 acids36. 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. 

 

 
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. 

 
3.3.3 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 
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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. 

 
 

 
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. 

 
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. 
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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. 
 

3.4 Discussion and conclusion 

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 observed38. As the protein aggregates grow, they can reach 

sizes of 600 nm39. We do not see this for FNDs. In this case, one might assume 

that non-aggregated 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 cell40, 

attachment to the nucleus and the vacuole41, or to the surface of endoplasmic 
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reticulum and anchored mitochondria42. 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 

integrity43, which is used for intracellular transport44. 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 particles45. 

 
 

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. 
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Supplementary information 

 
Figure S1. 3D trajectories of FNDs: (A) Bare FND moving in glycerol. (B) Bare 
FND in the yeast cell. (C) Liposome-coated FND moving in the yeast cell. The 
scale is preserved for all trajectories. The colors change, as the particle progress 
over the trajectory. Note that the movement of FNDs in yeast cells occurs in a 
substantially smaller volume, as compared to the FND, freely diffusing in 
glycerol. 
 

 

 
Figure S2. Estimated values of α over the 3D trajectories of FNDs: (A) Bare FND 
moving in glycerol. (B) Bare FND in the yeast cell. (C) Liposome-coated FND 
moving in the yeast cell. The color scale is preserved for all trajectories. Note that 
the calculated values of α is substantially lower for FNDs moving in yeast cells, 
reflecting the smaller volume available to the particles.  

 
 

 

Figure S3. Spectrum from FNDs. The data points (in blue) are well fitted by the 
sum (in red) of seven Lorentzians (in black). This reveals that the NV centers are 
mostly in there negatively charged state as characterized by a zero phonon lines 
at 637 nm and of seven phonon bands spaced by 63meV at lower energies1. 
Supporting Information on the python script to generate typical trajectories 
representing ballistic, random and confined motility, and to analyze their mean 
squared displacement (MSD). 

 

This code is optimized for python 3.6 and higher, using the Spyder distribution 
3.3.4. 
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The code has the following parts:  

Loading of the needed modules:   Line 1 – 11 
Definition of Parameters:  Line 12 - 15 
  
Generation of trajectory depicting random motility:  Line 16 -41 
Preparing a common plot for all trajectories Line 42 - 51 
MSD calculation and plot, random trajectory: Line 52 – 111 
Preparing a common plot for all MSDs: Line 112 - 120 
  
Generation of trajectory depicting ballistic motility:  Line 121 -143 
MSD calculation and plot, ballistic trajectory: Line 144 – 191 
  
Generation of trajectory depicting confined motility:  Line 192 - 295 
MSD calculation and plot, confined trajectory: Line 296 – 337 
  
Finalizing a common plot for all MSDs: Line 338 - 343 

 

Description of the home built diamond magnetometer: 

Figure S4 shows a schematic representation of the first part where the green laser 
beam is generated. 

 

 
 

 

Figure S4. First part of the optical setup: (1) laser, (2) filter wheel to tune laser 
intensity, (3) beam splitter cube, (4) Acoustooptical modulator which allows for 
laser pulsing, (5) λ/4 plate, (6) lenses increase beam size to ease fiber coupling, (7) 
coupling into a fiber. 
 

The setup consists of a Neodym YAG laser, which emits green light at 

532 nm. To tune laser intensities the beam is directed through a manually 

adjustable filter wheel. If pulsing is desired, the laser is directed through the path 

between (3) and (5) in Fig 4S This path consists of a beam splitter cube which 

directs the beam through an acoustooptical modulator, through a λ/4 plate and 

is then reflected back through the same aperture, which allows fast and precise 

laser pulsing. Finally, the beam is coupled into a fiber and directed to the second 

part of the setup, which is shown in Figure S5. There the laser is directed through 

a dichroic mirror (3) which divides the incoming laser light from the red 

fluorescence which is emitted from the NV centers. The next element in the path 

is a scanning mirror (4) which allows addressing different parts of the sample. 

Different heights can be scanned by moving an objective with a piezo-stage.  
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Figure S5. Second part of the optical setup: (1) fiber port, (2) lenses to change 
beam size (3) dichroic mirror to direct only the NV fluorescence to the detector, 
(4) scanning mirror allows to move the laser to different locations on the sample, 
(5) lenses (6) objective that allows for focus scanning, (7) homemade micro 
fabricated microwave strip line with sample on top (8) 3D stage for positioning a 
small permanent magnet close to the sample. 
 

The sample, containing the diamonds, is located on top of a micro-

fabricated (standard lift off lithography) microwave strip line. The strip line 

allows for microwave sweeping in order to find magnetic resonance line. After 

excitation the defect emits red shifted fluorescence, which is directed back the 

same path until the dichroic mirror. There it is separated from reflected green 

light and enters the detection path (3)-(10). After passing a pinhole the light is 

detected by an avalanche photo-diode with single photon sensitivity. To reduce 

counts from reflected light the detection path is contained within a dark box 

(which for simplicity is not shown in the drawing.) While the basic optical setup 

has already been built in our laboratory, additional parts will be implemented to 

improve sensitivity and spectral resolution. 

 

 

 
 

 

Figure S6. Background from yeast without diamond particles. (a) shows a typical 
confocal image of yeast at time zero and (b) shows a brightfield image of the same 
sample. (c) is a confocal image at the 6 hour time point and (d) a bright field image 
of the same sample. As expected, no particles are visible if the blue light for bright 
field imaging is on the background is around 90.000 counts/second and 50.000 
counts per second when the light is off 
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Abstract 

Nanodiamonds are widely used for drug delivery, labelling or nanoscale sensing. For all 

these applications it is highly beneficial to have control over the intracellular location of 

the particles. For the first time, we have achieved targeting the nucleus of yeast cells. In 

terms of particle uptake, these cells are challenging due to their rigid cell wall. Thus, we 

used a spheroplasting protocol to remove the cell wall prior to uptake. To achieve nuclear 

targeting we used nanodiamonds, which were attached to antibodies. When using non-

targeted particles, only 20% end up at the nucleus. In comparison, by using diamonds 

linked to antibodies, 70% of the diamond particles reach the nucleus. 

 

Keywords: fluorescence nanodiamonds, nucleus targeting, yeast cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

4.1 Introduction 

Fluorescent nanodiamonds (FNDs) show perfectly stable 

fluorescence1,2,3. Thus they are potentially useful for long term fluorescent 

labelling and tracking4,5,6. Additionally, it is particularly useful that FNDs are 

very well visible for multiple imaging techniques7. Furthermore, FNDs are 

interesting carriers for drugs in drug delivery. Their small size, inertness and 

biocompatibility leads to longer circulation times or sustained release of the 

drug8,9. Additionally, nanodiamonds can help to dissolve otherwise non-soluble 

drugs and thus increase bioavailability10. Another possible benefit is that 

nanodiamonds can help drug delivery particles to evade macrophages11. Benefits 

for drug delivery have been demonstrated for a number of drug candidates12,13. 

FNDs also function as a tool for nanoscale intracellular sensing of magnetic fields. 

They change their optical properties based on their magnetic surrounding. Thus, 

they have been used to sense temperatures14,15, pH16, or magnetic fluctuations17,18. 

They have been introduced to the intracellular environments of many types of 

cells19,20 and show excellent biocompatibility21.  

For all the above-mentioned applications, it is essential to not just bring 

nanodiamonds to random locations, but to control their fate. A limited number 

of studies have attempted this. In these articles, the nanodiamonds were placed 

in specific organelles in mammalian cells22–26.  

Targeting fluorescent nanodiamonds has been done for mostly 

cancer/tumor diagnostic applications24,27. As a first, we have been able to achieve 

targeting in Saccharomyces cerevisiae (yeast cells). For this purpose, we used FNDs 

linked to antibodies. Linking FNDs to antibodies has already been achieved 

several times before for different applications28,29,22. Yeasts were chosen for this 

study due to their relevance as a model organism for aging. It is also frequently 

used in food processing as well as in biotechnology and biosynthesis. Since yeast 
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cells are surrounded by a rigid cell wall, it is important to overcome this barrier. 

There are several options to achieve this. Firstly, one can either treat yeast cells 

chemically or with electroporation19. This induces pores in the surface or even 

removes the cell wall altogether30. The second process, called spheroplasting, was 

chosen here because the relatively large particles might be challenging for uptake 

through small pores. Several different methods exist to achieve spheroplasting31–

33. They might all work for this application, however, we opted for a method that 

has already been used successfully for nanodiamonds30. Within yeast cells, we 

chose to target the nuclear pore complex (NPC), which is the port of entry to the 

nucleus. In mammalian cells FND targeting to the nucleus has been achieved 

before34. This is an important organelle since it contains the genetic blue print and 

plays a key role in the cell cycle35. Hence, it is an important target area for drug 

delivery. In addition to this, DNA damage that occurs in the nucleus causes 

cancer. This makes the nucleus a compelling location for sensing applications 

using nanodiamonds. Labelling specific molecules on the nucleus is also of 

interest for imaging. Lastly, the nucleus is relatively easy to identify which makes 

it an interesting model system to evaluate and compare targeting strategies. 

Schematic scheme of targeting strategy is represented in figure 1. 

 

 
 

 
Figure 1. Schematic representation of the targeting strategy in yeast cell. An 
antibody with a binding domain to the nuclear pore complex (NPC) was linked 
with FNDs. After using a spheroplasting protocol, FND-antibody particles are 
ingested and will accumulate on the nucleus. 
 

4.2 Materials and methods  

4.2.1. Fluorescent nanodiamonds starting material 

Fluorescent nanodiamonds with a hydrodynamic diameter of 70 nm 

from Adamas Nanotechnology (Raleigh, NC, USA) were used for this study. 

They have a relatively broad size distribution and irregular shape. According to 

the vendor, these particles are irradiated to host approximately 500 nitrogen 

vacancy (NV) centers per particle. Since they undergo a cleaning process in 

oxidizing acid, their surface is oxygen terminated. They have been extensively 

characterized in previous works7,36. 

 

4.2.2. Preparation of FNDs conjugated antibody (FND-AB) 

Monoclonal anti-nuclear pore complex (anti-NPC) antibodies (Pro Sci, 

Poway, CA, USA) were used for preparing FND-AB. According to the vendor, 

these antibodies have reactivity to yeasts and are produced in mice. Four 

microliters of anti-NPC antibodies (1 mg mL-1) were added to 4 µL of FNDs (1 
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mg mL-1) and were incubated for 20 min at room temperature. We chose to have 

approximately 7 antibodies per FND. During this process, the antibodies most 

likely adsorb non-specifically to the diamond surface. Such adsorption has 

already been reported for a large number of different proteins including 

antibodies37,38. The mixture was vortexed and stored at 4 °C before being used.  

 

4.2.3. Zeta potential and size measurements 

Zeta potential and size measurements of FND–AB were performed with 

a Malvern Zetasizer Nanosytem (Westborough, MA, USA). The FND–AB were 

diluted in ultrapure water to a total volume of 1 mL. The samples were measured 

in triplicate and all the measurements were done at 25 °C. As a control, bare FNDs 

were measured. To monitor particle behavior in yeast culture medium, zeta 

potential and size of FND and FND–AB have been measured in a yeast culture 

medium.  

 

4.2.4. Fourier-transform infrared spectroscopy (FTIR) measurements 

FTIR spectra were collected to evaluate antibody conjugation to the FND 

surface and performed with an Agilent FTIR spectrometer (Santa Clara, CA, 

USA). For this experiment, a germanium crystal was used as a sample holder. 

After measuring the background of the crystal, 15 µL of FND or FND–AB were 

dropped onto the crystal and spectra were collected. Further characterization of 

the particles by optically detected magnetic resonance is shown in the 

supplementary information, Figure S6  

 

4.2.5. Co-localization of FND–AB 

To perform a preliminary evaluation of the conditions needed for 

antibody conjugation we used fluorescein (FITC) labelled antibodies, which were 

 
 

attached to FNDs. The antibodies we used were monoclonal immunoglobulin G 

1 (IgG 1) produced in mice and purchased from ProSci Inc. (Poway, CA, USA). 

Then, we investigated colocalization. Using this data, we evaluated the stability 

of the conjugate. If the conjugate was stable, the FITC signal co-localizes with the 

red signal from FNDs. To perform the assay, the mixture was diluted in ultrapure 

water and dropped on top of a glass surface. After air-drying, the sample was 

observed using a Zeiss LSM 780 confocal laser scanning microscope (Zeiss, Jena, 

Germany).  

For FITC labelled antibodies, a 488 nm Argon (Ar) laser with 2% power 

was used. Since the samples were diluted in water, acquisition was performed 

between 508–597 nm. The FNDs were imaged using a 561 nm DPSS (diode-

pumped solid state) laser (Roseville, CA, USA), and the photons were collected 

from 606–694 nm. Identification of FNDs and FITC labelled antibodies was 

confirmed by measuring spectra in the instrument’s lambda mode. Since the final 

application of this work is in magnetometry where background light is 

detrimental, we only used the labelled antibodies for the preliminary evaluation 

(in Figure 2). 
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Figure 2. Confocal microscope images of FND–AB. Fluorescein (FITC) 
labelled antibodies (A), FNDs (B), and merged images (C). (D–F) show FITC, 
FND and merged images in magnification. 

 

 

4.2.6. Particle uptake in Saccharomyces cerevisiae 

Saccharomyces cerevisiae BY4741 was used in this study. These cells were 

also used in our previous work where we established the behavior of pristine 

particles during uptake and cell division30. Yeast cells were grown in synthetic 

dextrose (SD) complete medium until mid-log phase (OD600 = 1.05). Since yeast 

cells have a thick cell wall, it had to be made permeable19 or removed entirely30. 

Here, we chose to remove the cell wall entirely and form so-called spheroplasts. 

The spheroplasting protocol was adapted from Karas et al.39. To obtain 

spheroplasts, the cells were washed with sterile demineralized water and 

centrifuged for 5 min at 2500 xg 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 xg at 10 °C. After discarding the supernatant, the pellet was diluted 

in 20 mL of SPEM (consisting of 1 M D-sorbitol, 10mM EDTA, and 10mM sodium 

phosphate) buffer and 40 µL zymolyase 20T (Amsbio, Abingdon, UK). Hereafter, 

(A) (B) (C) 

(D) (E) (F) 

5 μm 5 μm 5 μm 

 
 

30 µL of β-mercaptoethanol (Sigma, Zwijndrecht, Netherlands) was added. The 

suspension was then incubated at 30 °C while shaking at 75 rpm for 30 min. Cells 

were monitored with a light microscope to determine when the spheroplasting 

process was completed (spheroplasts are brighter than normal yeast cells). The 

spheroplasting process was stopped by adding 20 mL of 1 M D-sorbitol followed 

by centrifugation for 5 min at 1000 xg at 10 °C. After the supernatant was 

discarded, 2 mL of STC (1 M sorbitol, 10 mM Tris HCl, 10 mM CaCl2 and 2.5 mM 

MgCl2) buffer were added to the pellet followed by incubation for 20 min at room 

temperature. In the end, 50 µL of bare FNDs or FND–AB in 1 M D-sorbitol were 

added to the suspension followed by 10 min of incubation time at room 

temperature. 

 

4.2.7. Immobilizing yeast cells 

In order to monitor single cells, they were immobilized using the following 

protocol: glass bottom dishes with 4 compartments were coated with 0.1 mg mL-

1 concanavalin A (Sigma, Zwijndrecht, Netherlands) in sterile demineralized 

water. This coating process was followed by a washing step with sterilized 

demineralized water. Then the coated dishes were dried in a 37 °C incubator. 

After drying, 300 µL SD medium without glucose and 4 µL of cell suspension 

(approximately 2.4 x 107 cells mL-1), with internalized particles from the previous 

step, were added into each quarter. 

 

4.2.8. Biocompatibility assay  

Biocompatibility of FND and FND–AB has been tested by using an 3-

(4,5-dymethylthiazol-2-yl)-2,5-dyphenyltetrazolium bromide (MTT) assay. After 

creating yeast spheroplasts, cells were placed into 1.5 mL sterile tubes and FND 

and FND–AB were added into cell suspension. Five milligrams per milliliter of 
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3-(4,5-dymethylthiazol-2-yl)-2,5-dyphenyltetrazolium bromide (MTT) (Sigma, 

Zwijndrecht, Netherlands) in sterile PBS was added. Then we incubated at 30 °C 

for 2 h. Cells were centrifuged at 1000 xg for 5 min at 10 °C. After discarding the 

supernatants, 2-propanol (Merck, Amsterdam, Netherlands) was added to dilute 

formazan and the samples were vortexed for 5 min. Cells were centrifuged at 

1000 xg for 5 min at 10 °C; then the supernatants were collected and placed into 

96-well plates. Absorbance was measured using a microplate reader (Fluostar 

optima, Ortenberg, Germany) at 540 nm. One percent of H202 (Merck, 

Amsterdam, Netherlands) was used as positive control.  

 

4.2.9. Distance measurement from the nucleus 

All images were analyzed using FiJi. Z-stacks were recorded starting from 

the bottom border of the cell to the upper side. By finding the middle layer of the 

cell with clear cell border and bright particle the images were selected. A scale 

line was drawn multiple times for statistical purposes between the center of the 

particle to the border of the nucleus to measure the distance. Cells were chosen 

randomly. However, we did inspect the cells that were chosen for their size to 

exclude systematic errors due to this. We did not observe any significant 

differences in the cell sizes of the respective groups. 

 

4.2.10. Statistical analysis  

Distance measurements were analyzed using a two-way ANOVA. If the 

results were significant, a Sidak post hoc test was performed to determine the 

significance within groups. The results from the MTT assay were analyzed using 

a one-way ANOVA and followed by Tukey as a post hoc test. Significance level 

was set at 0.05 and the analysis was performed by using Graph Pad v.8 software 

(GraphPad Software, San Diego, CA, USA). 

 
 

4.3. Results 

3.1. Characterization of FND–AB  

Characterization of FND–AB was performed by measuring zeta potential 

and particle size for both groups. We found that the zeta potential of FND–AB 

was +23.03 ± 0.5 mV while FNDs was −17.87 ± 0.2 mV. Particle size for FND–AB 

was 523.87 ± 14.8 nm and 83.59 ± 1.2 nm for the FND group, with a particle 

dispersion index (PDI) of 0.15 ± 0.002 (FND group) and 0.35 ± 0.03 (FND–AB) (see 

the supplementary information of zeta potential and size distribution graphs, 

Figure S1 and S2. Additionally, we performed co-localization measurements 

between fluorescent antibodies and diamonds. From co-localization data, we 

conclude that approximately 73% of antibodies bind to FNDs. Confocal 

microscope images of FND–AB are presented in Figure 2. 

For the experiments in cells we used non-fluorescent antibodies from 

which we assume that the binding characteristics to FNDs are comparable. Since 

free antibodies were invisible in our experiments in cells and did not disturb the 

targeting (unless they are so abundant that they hinder the conjugated FNDs to 

bind), there was no need to remove the unreacted antibodies. 

 

4.3.2. Biocompatibility of FND–AB 

While the biocompatibility of bare FND has already been shown in the 

literature, this hasn’t been tested for FND–AB. As expected, the presence of 

antibody on the FND surface does not have a negative effect on the metabolic 

activity level of yeasts. Results from MTT assay are presented in Figure 3. Our 

data also confirms the excellent biocompatibility of FNDs. 
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Figure 3. 3-(4,5-dymethylthiazol-2-yl)-2,5-dyphenyltetrazolium bromide 
(MTT) assay for analyzing metabolic activity of yeast cells. Yeasts without 
any treatment were used as a comparison (grey dots) and 1% of H202 was 
used as positive control. Compared to yeasts without any treatment, both 
FND and FND–AB group have no significant effect on metabolic activity in 
yeast cells. Both groups only show significant difference with the positive 
control. Data were analyzed by using one-way ANOVA and followed by 
Tukey post hoc test. The significance level was set at 0.05 and **** indicated 
P < 0.0001. 

 

4.3.3. Position of FNDs and FND–AB inside cells 

Positions of particles were followed by confocal microscopy between 0 

and 24 h after uptake by the cells. It has to be noted here that we did not follow 

specific cells during 24 h continuously, but that we collected data on the average 

location. Representative images are shown in Figure 4. Particles in the FND 

group were mostly located inside the cell, however, they were still only close to 

the cell wall although they had been followed for 24 h. Contrarily, the particles 

from the FND–AB group are on average closer to the nucleus with increasing 

incubation time. The reason is likely that the FND–AB remain attached (longer) 

to the NPC once they arrive there. It should be noted that there was not much 

difference in the number of FNDs that were inside the cells. This is due to the 

 
 

excretion of nanodiamonds from yeast over time, which has previously been 

reported40. 

 

Figure 4. Position of particle (red) inside the cell at different time points. 
FND (a) and FND–AB (b) groups were followed between 0 and 24 h after 
the particles were taken up by the cells. Scale bars in all images are 0.75 µm. 
 

The successful rate of nanodiamond targeting was evaluated by calculating 

the distance from the particles to the nucleus (Figure 5), and the proportion of 

targeted and non-targeted particles from both groups (Figure 6). 

(a) FND                            (b) FND-AB 
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Figure 5. Distance measurement from particles to the border of the nucleus. 
Experiments were performed in 10 cells. Significance level was set at 0.05. 
**** indicates P < 0.0001. Error bars represent standard errors. 
 

According to Figure 5, particles from the FND–AB group were on 

average closer to the nucleus with increasing incubation time, whilst particles 

from the FND group remained in the same position. Figure 6 shows that FND–

AB were mostly targeted on NPC (70%) compared to FNDs which only had 20% 

of particles targeted. 

 

4.4 Discussion 

We provided a targeting strategy of FNDs in yeast cells using antibodies. 

Comparing with the literature we can speculate that the antibodies bind 

primarily via electrostatic interactions. Kong et al.28 have reported that 

adsorption of proteins on nanodiamonds generally comes from the interplay of 

ionic interaction, hydrogen bonding, van der Waals interaction, and hydrophobic 

interaction between protein and surface. Smith et al.41 report that primarily 

hydrostatic interactions play a role in antibody binding. Although their article is 

on detonation nanodiamonds, this might be the case here as well. We found that 

using the antibody gave a higher success rate of targeting compared to the bare 
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FND particles. FND–AB were on average closer to the nucleus after the 24 h of 

incubation (Figure 5). The FNDs, however, remained in the same position (mostly 

close to the border of the cells (Figure 4)) within the same incubation time. After 

calculating the proportion of targeted particles (see Figure 6), FND–AB had more 

cells with targeted particles (70%) compared to the FND group (20%). This means 

that using a combination of antibody and FND helps to achieve better targeting.  

Targeting nanoparticles to the nucleus has been studied for years. 

Previous studies mentioned that nuclear targeting for nanoparticles had several 

barriers like selectivity of cell membrane, endosomal entrapment, lysosomal 

degradation, cytoplasmic trafficking, and most importantly nuclear entry42. 

According to Chu and co-workers (2015)43 FNDs have a sharp edged shape which 

can break the endosomal membrane. It means particles can escape the endosome 

and degradation of chemical component on the surface (antibody) can be 

minimized. 

Apart from the antibodies we used there are some alternative strategies 

for targeting. These include controlling nanoparticle size or modifying the 

surface charge44. In this study, using antibodies can modify the surface charge of 

FND particles. Additionally, since most cell membranes are negatively charged, 

shifting the surface charge from negative to positive helps cells take up particles 

more easily.  

In this study, we used FND particles larger than 70 nm. This means the 

particles could not pass the NPC to enter the nucleus. However, for many 

applications it is already useful to target the nucleus surface or the NPC. 

 

4.5. Conclusions 

Based on the results, we conclude that using antibody linked FNDs helps 

to achieve intracellular targeting. For further study, controlling the particle size 
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and surface charge might improve the efficacy of targeting FNDs through specific 

organelles. There are two applications that we foresee for this material. Firstly, 

the FND–AB could function as long-term fluorescent label. Secondly, and 

arguably the most interesting, is their possibility to perform nanoscale MRI. The 

latter concept has been demonstrated earlier this year for random locations45. 

However, the particles demonstrated in this study would allow magnetometry 

specifically at the nucleus. 
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Supplementary information 

 

 
Figure S1. Average of value of zeta potential from FND and FND-AB particles in 
water. FND particles originally have a zeta potential (-17,87±0,2 mV) (left curves) 
and when they combine with the antibody, the zeta potential becomes positive 
(+23,03±0,5 mV) (right curves). All measurements were performed at 25oC and in 
triplicates. 
 

 
Figure S2. Average value of particle size distribution from FND and FND-AB in 
water. FND particles have an average size of 83,59±1,2 nm and FND-AB of 
523,87±14,8 nm All measurements were performed at 25oC and in triplicates. 
 

 
 

 
Figure S3. Average values of zeta potential from FND and FND-AB in yeast 
medium. Yeast medium, which contain yeast nitrogen base and 2% D-Glucose 
change the zeta potential of FND-AB particles. FND-AB become negative while 
the FND particles remain negative. All measurement were performed at 25oC and 
in triplicates. 
 
 

 
Figure S4. Average value of particle size from FND and FND-AB in yeast 
medium. Adding both FND and FND-AB into yeast culture medium affects the 
particle size. Both groups increase drastically in size. All measurements were 
performed at 25oC and in triplicates. 
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Figure S5. FTIR spectra of FND and FND-AB particles. The difference between 
the two spectra can be attributed to the presence of antibodies (which are 
proteins). The broad peak at 3369 cm-1 can be attributed to OH stretching in FND 
and OH and NH stretching in FND AB. The small side peak at 3300 comes from 
CH stretching and is absent in the diamond spectrum. The band at 1639 can be 
attributed to C=C stretching. The band at 1463 comes from CH bending and is 
also only present in FND-AB. The bands around 1103 are due to CN and CO 
stretching. 
 
 
Optically detected magnetic resonance (ODMR) measurements 

ODMR allows to use FNDs to read out their magnetic surrounding, to 

differentiate nanodiamonds from other particles. After selecting an FND or FND-

AB we recorded an optically detected magnetic resonance with a home-built 

microscope1. The frequency was swept around the expected resonance frequency 

of the NV-centre at 2.87GHz.  

 

 
 
 
 

 
 

 
Figure S6. Comparing between ODMR measurements from bare FND versus 
FND-AB, the results are similar. (The difference in intensity is FND dependent 
and varies with distance from the microwave wire). This confirms that FND-AB 
are suitable for magnetic sensing experiments.  
 
Reference 
1. Hemelaar SR, de Boer P,  Chipaux M, et al., Nanodiamonds as multi-

purpose labels for microscopy. Sci Rep. 7, 1-9 (2017).  
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Abstract 

Free radicals play a key role in the ageing process. The strongly debated free radical theory 

of ageing even states that damage caused by free radicals is the main cause of aging on a 

cellular level. However, free radicals are small, reactive and short lived and thus 

challenging to measure.  

We utilize a new technique called diamond magnetometry for this purpose. We make use 

of nitrogen vacancy centers in nanodiamonds. Via a quantum effect these defects convert 

a magnetic resonance signal into an optical signal. While this method is increasingly 

popular for its unprecedented sensitivity in physics, we use this technique here for the 

first time to measure free radicals in living cells. Our signals are equivalent to T1 signals 

in conventional MRI but from nanoscale voxels from single cells with sub-cellular 

resolution. With this powerful tool we are able to follow free radical generation after 

chemically inducing stress. In addition, we can observe free radical reduction in presence 

of an antioxidant. We were able to clearly differentiate between mutant strains with 

altered metabolism. Finally, the excellent stability of our diamond particles allowed us to 

follow the ageing process and differentiate between young and old cells. We could confirm 

the expected increase of free radical load in old wild type and sod1Δ mutants. We further 

applied this new technique to investigate tor1Δ and pex19Δ cells. For these mutants an 

increased lifespan has been reported but the exact mechanism is unclear. We find a 

decreased free radical load in, which might offer an explanation for the increased lifespan 

in these cells.  

 

 
 

 

 

 
 

5.1 Introduction 

Free radicals are involved in many processes in healthy cells and 

organisms, such as mitochondrial metabolism, cell death and signaling of cells. 

They are also part of the working mechanism of many drugs. Additionally, they 

are suspected to play a crucial role in numerous pathogenic conditions including 

the diseases responsible for most deaths worldwide: cardiovascular diseases, 

cancer or immune responses to pathogens1. Free radicals also play a critical role 

in ageing. The free radical theory of ageing states that free radicals are the major 

cause of ageing on the cellular level2. Despite their relevance, we know fairly little 

about them. The reason is that they are produced in low concentrations (ranging 

from nanomolar to micromolar concentrations) 3,4 and have short lifetimes. 

Quantifying, identifying and localizing free radicals has been recognized as main 

bottlenecks to translate free radical biology into biomedical advances5. 

There are several ways to detect free radicals in cells. The different 

methods can be divided in indirect and direct methods. The indirect ones 

measure the cellular response towards a certain species. This is done for instance 

by detecting the expression of certain genes which encode enzymes involved in 

coping with stress (e.g. superoxide dismutase or catalase)6. One way to achieve 

this goal is via quantitative reverse transcription polymerase chain reaction (RT-

qPCR). The major advantage is that these enzymes are specific and one can 

differentiate between different species. However, one needs to know in advance 

which enzymes or molecules are involved (which is often unknown).  

Additionally, the actual radical species are converted into each other7. So if you 

for instance have more catalase, it doesn’t necessarily mean that it is the hydrogen 

peroxide production that went up. Furthermore, it takes some time for a cell to 

change the gene expression patterns and even more time is needed to adjust 

proteins expression. Thus, these data always represent the samples history rather 
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than the current situation. Furthermore, spatial and temporal information on 

where in the cell and when the chemicals were generated is lost. 

In contrast imaging is a more direct approach and provides spatially 

resolved data. Fluorescence imaging allows direct detection of free radicals. 

Additionally, it is relatively easy and photons can be detected very sensitively (in 

principle single photon counting is possible). Thus, the spatial resolution that is 

achieved is only limited by diffraction, down to a few hundreds of nm, which can 

be even be improved by super-resolution techniques. The assays are based on 

organic dyes (like 2,7-dichlorofluorescin diacetate (H2DCFDA) which is used for 

comparison in this work), which fluoresce when reacting with reactive oxygen 

species (ROS). However, there are several problems with this approach. First, 

although there is some overlap between ROS and free radicals they are not the 

same (there are some ROS that are not radicals as for instance H2O2 while there 

are also some radicals that are not ROS as for instance nitrogen based radicals or 

radical degradation products of biomolecules). Secondly, the ROS-specific dyes 

are often consumed in the process and thus distinct time points and no real time 

curves are obtained. These dyes mostly are not specific to radicals and react with 

a wide range of different reactive molecules. Only a limited number of specific 

dyes for radicals are available. There is currently no probe available, which can 

detect the sum of all radical. Additionally, organic dyes which are used in these 

techniques usually suffer from photo-bleaching and thus can only be used for 

short term studies8,9. These organic dyes are especially in high concentrations also 

often somewhat toxic. Another drawback is that organic dyes always measure 

the history of the sample rather than the current status and the detected value 

can only increase. So detecting inhibition or the effect of an antioxidant in real-

time is not possible. 

 
 

Furthermore, direct techniques also include conventional magnetic 

resonance imaging (MRI) and electron spin resonance spectroscopy (ESR) that 

are the gold standard in many different scientific disciplines. These techniques 

allow for functional contrast. However, especially when high spatial resolution 

is required or only limited amounts of sample are available, the methods 

approach their limits. In conventional MRI, approximately 1012-1018 atomic nuclei 

(or a factor of 1000 less electron spins) are needed to generate an observable 

signal. This limits the resolution to about 3 μm3 at its best10,11. In addition, these 

techniques require large and powerful magnets, which reflect on the price, 

complexity and availability of the instruments.  

Solutions to circumvent these problems are emerging from the field of 

diamond magnetometry that makes use of defects in diamonds which change 

their optical properties based on their magnetic surroundings12,13,14 . 

The most prominent of these defects, the so-called nitrogen vacancy 

center (NV center), is so sensitive that even the small magnetic signal of single 

electrons15 or nuclear spins16,17 can be detected. In physics, this technique has 

successfully been used for a number of applications including magnetic 

characterization of materials under high hydrostatic pressures18,19,20, 2-

dimentional materials magnetic nanoscale microscopy21 or high speed study of 

magnetic domain walls22, magnetic fields of nanoparticles23 or the presence of 

molecules on the diamond surface24,16,25. Diamond magnetometry has also been 

used to measure spin labels in solution or even in a biological environment26. A 

study from Ermakova et al (2013)27 showed the detection of iron in ferritin (a 

protein family found in many living organisms). Steinert et al. were able to record 

data from cells that were fixed, sliced and labeled with contrast agents28. Le Sage 

et al. recorded the magnetic signature of magnetosomes (naturally occurring iron 

nanoparticles) in living magnetotactic bacteria23. Glenn et al. investigated cells 
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that were labeled with magnetical nanoparticles29. This way they were able to 

quantify biomarker expression at a single cell level.  

Here we use diamond magnetometry for the first time for measuring the 

natural metabolism in living yeast cells. Such yeast cells are popular in ageing 

research for several reasons. Many processes in ageing and coping with stress are 

highly conserved between different organisms including yeast. Unlike in most 

other cells is possible to differentiate between young and old cells by size. 

Additionally, yeast can age in two different ways: replicatively (by dividing) and 

chronologically (by spending time in a non-replicative stage). Both are used 

extensively to model ageing in different types of human cells.  

In our article, we detect the free radical formation during stress responses 

or the addition of antioxidants and chronological ageing of yeast cells. Despite 

the relevance, such information remained unavailable so far. 

 

5.2 Results and discussions 

In this study, we provide a new approach for detecting free radicals during stress 

conditions and the aging process in yeast. Figure 1 shows a typical workflow for 

a magnetometry experiment. After uptake into yeast cells as described earlier30, 

we first collect confocal images of yeast cells. By imaging Z-stacks (Figure 1 (A)) 

we determined if a particle was indeed inside the cell. Once a diamond 

nanoparticle was identified, we performed a magnetometry measurement. More 

specifically we used a so-called relaxation or T1 measurement of the NV center 

spins. This technique, which requires optical manipulation only, is sensitive to 

the spin noise generated by free radicals31. The pulsing sequence that is needed 

is shown in Fig 1 (B) and a typical measurement in Fig 1 (C). During this sequence 

the NV centers are brought into the (bright, polarized) ground state. After 

different amounts of time (=dark time τ) we then probed whether or not the NV 

 
 

centers remained in this state. If there is spin noise (in our case from free radicals) 

present, this process occurs faster. The characteristic time this process takes is 

called relaxation time or T1 time. It gives a measure for the concentration of 

radicals in the surrounding of the diamond particle. After an initial measurement 

of the T1 of a nanodiamond in a cell, we perform a biological intervention on the 

cell and observe the effect on the T1 (on the same nanodiamond, in the same cell). 

Each set of experiment was reproduced 4 or 5 times. 
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Figure 1. Concept of detecting radical formation in yeast. (A) shows a z-stack of 
yeast cells with FNDs inside (red: FNDs, green: green fluorescent protein (GFP) 
(B) shows a schematic of a yeast cell triggered by H2O2 to induce the oxidative 
stress response by inducing free radical generation. FNDs with NV center sense 
the magnetic noise that is produced by free radicals. (C) shows the pulsing 
sequence that is produced in a home-built diamond magnetometry setup. We use 
laser pulses at a varying distance to pump NV defect in the ground state. After 
different dark times we record the photoluminescence signals to determine how 
long the NV center remains in this polarized state. In presence of noise from 
radicals surrounding the NV centers this process occurs faster. Thus, this T1 time 
gives a measure for the concentration of radicals in the surrounding. (D).  
 

 
 

5.2.1 Comparing wild-type and knock out strains before and after ageing 

We used 4 different yeast strains and observed the free radical load 

during the aging process. We chose wild type cells and three knockout mutant 

sod1Δ, tor1Δ, and pex19Δ, which are expected to have an impaired metabolism. 

Superoxide dismutase (SOD) is an enzyme that is found in mitochondria 

(MnSOD (encoded by the SOD2 gene)) and also in the cytoplasm (Cu/ZnSOD 

(encoded by SOD1 gene))32. SOD controls the level of H2O2 and engages in 

metabolic regulation as a response to the presence of oxygen and glucose33,34. 

SOD also binds to two casein kinases through localized production of H2O2. In 

short, SOD is very crucial for dismutating O2- free radicals35. Deletion of the SOD1 

gene in yeast (sod1Δ) causes extensive damage of DNA and oxidative stress in 

cells36. This means free radical production cannot be inhibited and the cells 

cannot degrade free radicals. As consequence, intracellular free radical levels are 

expected to increase. 

The tor1Δ mutant was chosen because TOR1 (target of rapamycin) 

regulates cell growth and metabolism. It has been found in several cellular 

locations but mainly on the vacuolar membrane37,38. It also regulates the 

transcription factors Msn2 and Msn4, which are responsible for different stress 

responses39,40. Deletion of TOR1 in yeast (tor1Δ) decreases cell metabolism.  

The PEX19 (peroxin 19) is gene that is responsible for peroxisome 

membrane biogenesis41. Such a defect on peroxisome membrane biogenesis will 

affect the metabolism of peroxisomes which are responsible for the generation of 

superoxide and nitric oxide42. However, for both TOR1 and PEX19 it is unknown 

how this exactly influences the free radical load. The differences in T1 values of 

the 4 yeast strains can be found in Figure 2. 
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Figure 2. Representative T1 curves in cells before any interventions (A) and 
average values (B) in 4 different yeast strains. Wild type strain (BY4741) (red) has 
the highest T1 signal (meaning the lowest free radical load) compared with the 3 
isogenic mutants (sod1Δ (green), pex19Δ (orange), and tor1Δ (blue)). All 
measurements were performed at room temperature in living yeast cells. The 
data were analyzed by using one way ANOVA followed by Tukey post hoc test. 
Analyzes were done against the wild type group. Significance level was set to 
0.05. ** indicates P≤0.01.  
 

All mutant strains have lower T1 values and thus higher free radical 

loads compared to the wild type strain. The lowest value was detected in tor1Δ. 

We also compared all our measurements with 3 conventional methods, the MTT 

assay (a measure for metabolic activity), the H2DCFDA assay (measuring ROS 

production) and the HPF assay (measuring hydroxyl radicals (*OH)). In Figure 

S1 of the supplementary information we show the results for the standard 

techniques. While all other trends are the same we find that the metabolic activity 

in tor1Δ was lowest. While comparing ROS production level, sod1Δ showed the 

highest ROS production compared to others. Looking at [*OH] level between 

those 4 strains, sod1Δ also showed the higher level of [*OH] and tor1Δ has the 

lowest [*OH]. From the data in Figure S1 (and even more so in the detailed 

comparison of the methods in Figure S11) it is clear that the data that T1 provides 

is unique.  

 
 

While the trends are often correlated, none of them measures the exact 

same as relaxometry (the local concentration of all radicals at a given moment). 

The H2DCFDA and MTT measurements are dominated by the non-radical 

species, which are way more abundant. HPF on the other end only measures a 

small subset of the radicals that are created. 

Additionally, the existing methods do not allow following the same cell 

during the entire experiment. Thus, these results are always an average of a 

population of cells whereas T1 signals are from one specific cell. As mentioned 

earlier there is also a fundamental difference in what kind of data one obtains. 

The existing methods always reveal the history of the sample and capture 

everything that has been generated between adding the compound and the 

measurement. Since these compounds can diffuse, the location (especially for 

long measurements) is very inaccurate. Our relaxometry based approach on the 

other hand measures the current situation. 

 

5.2.2 Investigating stress responses and ageing 

Next, we observed the yeast’s free radical response to the addition of a 

chemical stress. To this end 1% H2O2 was used because it is highly diffusible and 

below a lethal concentration for yeast. Additionally, it is commonly used as a 

bleaching agent and also to induce stress in cells43,44. We first measured the initial 

condition of the cells (before any intervention). We then triggered them with 

H2O2 and measure in the same cells at the same location again. As expected, the 4 

strains responded differently when they were exposed to stress (see Fig. 3). In 

Figure 3 A, B, C, and D we display the evolution of T1 caused by H2O2. We also 

compared these results with metabolic activity, ROS production and *OH radical 

production (supplementary information figure 2,3, 4 and 12).  
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We next investigated the effect of 2 stress factors: ageing and H2O2 as 

chemical stress. Here, we compare between T1 before and after H2O2 in aged cells 

(see Figure 3 (E), (F), (G), (H)). It is worth mentioning that the high photostability 

of diamonds allows for a very powerful control, as the reference measurements 

can be performed on the same particle in the same location within the same cell. 

In contrast, with organic dyes/other nanoparticles, one usually has to use the data 

from different cells as a baseline for the experiments. 

 

 
Figure 3. Aging and stressed cells. We plot the T1 response (left black axis) of 
internalized nanodiamond in 4 yeast strains. As an indication, the left grey axis 
represents the approximated concentration determined from a calibration with 
*OH radicals in solution from previous work45. For young cells we compare the 
T1 in the cell before (blue) and after adding 1% H2O2 to promote oxidative stress 
(red) in (A), (B), (C) and (D). Then we compare young cells (blue) with 
themselves after 24 h of ageing (yellow) in (E), (F), (G), (H). In the same figures 
we also show the effect of 1% H2O2 in addition to ageing.  The error bars 
represent standard errors. The experiments were repeated 4 times. The grey lines 
follow individual experiments. Data were analyzed by using paired T-test 
against the previous group. Significance level was set at 0.05 (*P≤0.05; **P≤0.01) 
 

In young cells, both wild-type and sod1Δ have lower T1 after adding 

H2O2 while tor1Δ and pex19Δ show slightly higher T1 values. This can be seen 

 
 

from the average values but also from the grey data points generated each from 

a single cell experiment. We can explain these findings in the following way. 

Sod1Δ cells already contain a high amount of free radicals as a response to 

deletion of SOD1. When 1% H2O2 was added to the cells, it triggered 

mitochondria to produce more radicals. This can be concluded from the 

decreasing of T1 values. On the contrary, tor1Δ and pex19Δ behave differently 

than the wild type and sod1Δ strains. A previous study showed that TOR1 

inhibits transcription of stress-responsive elements and controls a starvation 

response39. Semchyshyn and Valishkevych (2016)46 showed that deletion of the 

TOR1 gene activates glyoxalase 1 (GLO1), which is associated with the 

metabolism of carbohydrates and H2O2. As a result, H2O2 is metabolized and 

yeast cells become more resistant to oxidative stress. Mutation of the PEX19 gene 

in yeasts means a lack of peroxisomes47. Peroxisomes are cell organelles which 

function as pro and antioxidants. According to Pascual-Ahuir and coworkers 

(2017)48, peroxisomes are producing oxidase and catalase to combat oxidative 

stress. In this study, pex19Δ revealed that there is lower radical production after 

adding 1% H2O2. This means that the mutation of the PEX19 gene increases the 

resistance of yeasts to oxidative stress.  

We then focused on chronological aging where the cells entered the 

stationary phase of growth and are deprived of nutrients. Accumulation of 

oxidatively damaged proteins and ROS has been observed during chronological 

ageing49,50. To increase the longevity of the cells and stress response during 

nutrition scarce conditions, several pathways (Sch9, TOR, and Ras/cAMP-

dependent PKA) are down-regulated51. In our experiments, wild type, sod1Δ, and 

tor1Δ have T1 value lowered with aging, which indicates a higher free radical 

load. According to the free radical theory of aging52 these results are expected. 

Compared to wild type and sod1Δ, tor1Δ, which has an increased chronological 
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lifespan53, shows a slightly lower T1 value after aging, and when aging cells were 

stressed by H2O2, T1 values slightly increase. Comparing T1 values with 

metabolic activity (supplementary Figure S2), both sod1Δ and tor1Δ in young and 

aged stages decreased their metabolic activity profile in the presence of 1% H2O2. 

Interestingly, aged pex19Δ has even a slightly lower radical load compared to 

their initial young condition.  This finding provides an explanation for the 

increased chronological lifespan which has been found for these cells54. We 

attribute this finding to the elevation of hydrogen peroxide, which activates 

superoxide dismutase (SOD) as scavenger of superoxide anions. A detailed 

comparison with the existing methods is shown in Figure S12 of the 

supplementary. 

 

5.2.3 Effect of adding antioxidant on free radical loads 

In yeasts, there are enzymatic and non-enzymatic defense systems 

against chemical stress. In enzymatic systems, several enzymes (e.g. SOD and 

catalase) are involved in removing oxygen radicals and repair the damage from 

oxidative stress32. Non-enzymatic systems involve glutathione (GSH) and 

endogenous antioxidants55. The non-enzymatic system acts as radical scavenger, 

which maintains the cellular redox state. Although yeast cells produce natural 

radical scavengers, adding external anti-oxidant supplements helps them to 

survive oxidative stress. Here, we investigate how the radical production 

changes after antioxidant treatment. Figure 4 shows the effect of the common 

anti-oxidant L-ascorbic acid.  

  

 
 

 
Figure 4. Free radical response to ageing in presence or absence of an 
antioxidant/stressor. In figure (A), (B), (C), and (D) we first compare T1 values 
(left black axis). The left grey axis represents the approximated concentration 
determined from a calibration with *OH radicals in solution from previous 
work45. We investigated wild type, 𝑠𝑠𝑠𝑠𝑠𝑠1𝛥𝛥, 𝑡𝑡𝑠𝑠𝑡𝑡1𝛥𝛥, and 𝑝𝑝𝑝𝑝𝑝𝑝19𝛥𝛥 cells before (blue) 
and after antioxidant treatment (green). We also show the response after 
subsequent addition of 1% H2O2. In (E), (F), (G) and (H), we additionally display 
the evolution of T1 values after ageing. We compare the initial condition with 
young cells to antioxidant treated cells followed by ageing and adding 1% 𝐻𝐻2𝑂𝑂2 . 
The error bars represent the standard error, above and below the average. The 
experiments were repeated 4 times. Data were analyzed by using paired T-test 
against the previous group. Significance level was set at 0.05 (*P≤0.05; **P≤0.01; 
***P≤0.001). 
 

In young cells, adding anti-oxidant increases the T1 values (i.e. reduces 

the free radical load in cells). In the wild-type (A) and sod1Δ (B), adding anti-

oxidant before adding 1% H2O2 does not inhibit radical production in cells.  This 

is indicated by decreasing of T1 values after 1% H2O2 has been added. On the 

other hand, adding anti-oxidant in tor1Δ (C) and pex19Δ (D) reduces free radicals 

formation. In aged cells, anti-oxidant was added before the cells were allowed to 

age. In all cases, the aged cells that were treated with the antioxidant are better 

off after the addition of H2O2, as compared to the results in Fig 3. Since all the 

strains have been grown in glucose supplemented medium, they are not able to 
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produce L-ascorbic acid56 but they can accumulate external ascorbate through a 

hexose uptake system57. Our findings thus offer an explanation for the findings 

of Saffi and coworkers (2006)58 who reported that adding L-ascorbic acid 

supplement in wild type and SOD1 deficient strains before oxidative stress 

conditions increases survival. L-ascorbic acid can restore the cellular activity of 

yeast due to the scavenging of superoxide radicals. In supplementary Figure S5 

and S6, adding anti-oxidant increases metabolic activity and decreases ROS 

concentration in all strains compared to the situation without anti-oxidant 

groups. However, when the cells are aged, anti-oxidant supplement has no 

significant effect for improving metabolic activity levels. Anti-oxidant 

supplement also only slightly reduces [*OH] in all strains both in young and age 

stage (Figure S7 and for a more detailed comparison of methods see Figure S13). 

 

5.3 Conclusion 

Free radicals are central in oxidative stress responses and the ageing 

process. Since these molecules are highly reactive and have short life times, there 

are limited techniques that can be used to measure the free radical load. Our 

study offers a new and unique technique, which can measure the productions of 

free radical by single cells in real time with high spatial resolution. With the T1 

signal, we were able to clearly differentiate the response of mutant strains, young 

and aged cells, in the presence or absence of H2O2 and anti-oxidants.  

Using NV centers in FNDs as a tool to convert magnetic noise from free 

radicals into optical signals provides a better understanding about stress 

responses of the cells during oxidative stress conditions and the ageing process. 

Using this new tool we are able to provide an explanation for increased longevity 

that has been reported for tor1Δ and pex19Δ. 

 
 

We believe that this work paves the way to faster and more efficient free 

radicals studies in living cells, reducing essay size down to the single cells level. 

This new information is not just fundamentally interesting but also opens up 

opportunities to evaluate the effect of mutation as well as new drugs and their 

working mechanisms. 

 
5.4 Methods 

Diamond starting material. All experiments in this article were done using 

commercially available fluorescent nanodiamonds (FNDs) with a hydrodynamic 

diameter of 70 nm from Adamas Nanotechnology (USA), which seem to be a 

good compromise. There are two factors that are important to balance here. The 

larger the particle, the more NV centers can contribute to the measurement. Since 

every measurement is already an average of many centers at different locations 

within the particle, the particles are very similar to each other and thus the 

smaller the error bars are. However, if the particle becomes too large, the NV 

centers in the center of the particle do not feel the signal of the radicals any more 

due to their large distance from the surface. These particles are produced by 

grinding HPHT diamonds and irradiation with 3MeV electrons at a fluence of 

5x1019 e/cm2. As a result these particles contain an average of 500 NV centers per 

diamond (determined by EPR by the manufacturer)59. The surface chemistry of 

the FNDs is oxygen-terminated, as a result of an acid treatment by the 

manufacturer.  These particles have already been characterized extensively in 

previous literature60,61. 

 

Diamond uptake in yeast cells. Budding yeast Saccharomyces cerevisiae cells of 

the BY4741 strain background62 were grown in synthetic dextrose (SD) medium 

(Formedium, UK) until they reached midlog phase (optical density 600 nm 
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(OD600) approximately 1.05). Since yeast cells are surrounded by a rigid cell wall 

and do not naturally take up diamond particles, it is necessary to remove or 

permeabilize the cell wall30. Removing the cell wall leads to a so-called 

spheroplast. 

First, the cells were washed with sterile demineralized water for 5 

minutes at 2500 xg at 10oC. After the supernatant was discarded, 20 mL of sterile 

1 M D-sorbitol were added to the cells followed by centrifugation for 5 minutes 

at 2500 xg at 10oC. Sorbitol is a reduced medium for yeast cells, which does not 

cause diamond aggregation63. Then the supernatant was discarded. The cell 

pellet was diluted in 20 mL of sterile SPEM buffer (consisting of 1 M D-sorbitol, 

10 mM EDTA, and 10 mM sodium phosphate) and 40 µL of zymolyase 20T 

(Amsbio, UK). Then 30 µL of β-mercaptoethanol (Sigma, Netherlands) was 

added. The mixture was incubated at 30oC for 30 minutes while shaking at 75 

rpm. The spheroplasting process was monitored with a light microscope (native 

yeast cells are darker than spheroplast cells). The process was stopped by adding 

20 mL of sterile 1 M D-sorbitol followed by centrifugation at 1000 xg for 5 minutes 

at 10oC. The pellet then was mixed with 2 mL of sterile STC buffer (consisting of 

1 M D-sorbitol, 10 mM Tris HCl, 10 mM CaCl2, and 2,5 mM MgCl2). The mixture 

was incubated for 20 minutes at room temperature64. Finally, 50 µl of 4 µg mL-1 

FNDs in 1 M D-sorbitol was added to the suspension followed by a 10 minute 

incubation at room temperature.  

The isogenic mutant strains sod1Δ, tor1Δ, and pex19Δ were obtained from 

the Yeast Knockout Collection65. They were maintained on solid yeast extract-

peptone-dextrose (YPD) supplemented with 2% D-glucose. For all the 

experiments, the cells were grown in SD medium supplemented with 2% D-

glucose followed by spheroplasting for the diamond uptake protocol. 

 

 
 

Sample preparation for diamond magnetometry. Yeast cells with internalized 

FNDs were seeded in concanavalin-A coated glass-bottom dishes. The function 

of concanavalin A is to promote cell adhesion to the glass surface and thus 

limiting cell movement. For coating, the glass surface of the dishes (Grainer) were 

submerged in 0,1 mg mL-1 concanavalin-A (Sigma, The Netherlands) in sterile 

demineralized water. The dishes were incubated at 37oC overnight in static 

condition. On the following day, the dish was washed using sterile 

demineralized water followed by drying in a 37oC incubator66.  

The first step of the experiment was finding the FNDs and confirming their 

location inside the cell using Z-stack imaging. 

 

Diamond magnetometry. To perform diamond magnetometry we utilized 

fluorescent defects in diamond called NV centers. Using this technique, the 

magnetic noise of the surrounding medium is read by optical means. These 

experiments were done using a home-made magnetometry setup. The setup, 

which has been described before66 is in principle a confocal microscope with a 

few changes which are described below. For light collection we used a 100x 

magnification oil objective (Olympus, UPLSAPO 100XO).  

We implemented the ability to pulse the laser with an acousto-optical 

modulator (Gooch & Housego, model 3350-199) to conduct the pulsing sequence 

that is shown in Figure 1. 

There are several modes that can be used in diamond magnetometry. 

These modes (including the rotating frame magnetometry67, T213, CPMG68) 

require different pulsing sequences. These sequences require an alignment of an 

external magnetic field with the NV centers. This would be problematic for a 

rotating particle. Here we chose the relaxometry or T1 sequence. Probably the 

biggest advantage of this sequence is that it does not require microwaves. In 
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biological samples the water in the medium absorbs the microwaves. This not 

just deteriorates the signal but also causes heating. During a T1 measurement the 

NV center is pumped with a laser pulse into the (bright) ground state (see Figure 

1 (C)). Then we probe after different dark times, if the NV centers are still in this 

ground state. The time it takes to reach the equilibrium condition (relaxation 

time) is linked to the presence of the concentration of free radicals. To estimate 

which concentration of radicals causes a certain T1 time we used a calibration 

where *OH radicals were created in a controlled way45.   

To perform a T1 measurement, a train of 5 µs green laser pulses (532 nm) 

with dark times () between 200 ns to 10 ms was used to excite the NV centers. 

The detection is done using an avalanche photodiode (APD) (Excelitas, SPCM-

AQRH) after passing through a 550 nm long-pass filter. To obtain a sufficient 

signal to noise ratio we repeated the pule sequence 10000 times for each T1 

measurement. Each T1 measurement took around 16 minutes. The optically 

detected T1 measurements are equivalent to T1 signals in conventional magnetic 

resonance imaging (MRI) but for nanoscale voxels. There are several 

considerations that determine the choice of laser power. The laser power has to 

be low enough to not damage the cells. On the other hand the power needs to be 

high enough to polarize the NV centers sufficiently. A good compromise was 

found at 50 µWatt measured on top of the objective lens. A common strategy in 

the field is using diamonds, which contain single defects69,31. This has several 

advantages. The particles can be small and single defects can be very precisely 

manipulated. However, this approach usually requires spending significant 

amounts of time on searching for a superb defect. These highly preselected 

defects have fantastic sensing properties. Once the perfect defect is found it is 

typically reused for a long time. Unfortunately, this approach does not work in a 

biological system. We need to use whichever particle we can get in the cells and 

 
 

if we would preselect from these, we could only use the particle once and discard 

it with the biological samples, which need to be disposed after each experiment. 

Even worse is the large spread one can observe in defect quality for single defects. 

This would make it impossible to compare different experiments on different 

cells and different particles. To circumvent this problem we used nanodiamonds 

with ensembles. These are easier to find on top of the background fluorescence. 

Since every particle contains around 500 NV centers we always measure the sum 

of many different NV centers, which are more or less close to the surface and to 

each other. The result is, that the measurements with different particles are way 

more reproducible than with single centers at the expense of relaxation time.  

Since diamond particles move inside the cells it is crucial to use a tracking 

algorithm. The purpose of the tracking algorithm is to find the new position of 

the particle and move the laser there. The procedure has to be repeated more 

often if the particle is moving faster. For the conditions in this article we found 

that it is necessary to track the position of FND every 5 seconds during a T1 

measurement. If the particle is lost this results in a sudden drop in fluorescent 

counts.  

 
Magnetometry data analysis.  

The model that was used to fit the T1 data is described in equation (1): 

 

PL() = Iinf + Ca e-/Ta + Cb e-/Tb   (1) 

T1 = max(Ta, Tb) 

 

This model is a bit different than the fitting model for single NV31 because 

we are using FNDs containing ensembles of NV centers. The relaxation time of 

an ensemble is approximated from two component which are the NV centers that 
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are closer to the surface (Ta) and the NV centers that are deeper in the crystal 

(Tb)70. Between these two constants, the longer T1 time was selected for 

quantification because it is more sensitive to changes of the NVs’ surrounding.  

Data were processed with MatLab software version R2018b. 

 

Cell aging behavior. The behavior of aging cells was monitored in this study. 

After spheroplasting, cells were washed with sterile phosphate buffered saline 

(PBS) pH 7.4 followed by centrifugation at 1000 xg at 10oC for 5 minutes. Cells 

were then kept in sterile water for 24 hours at 30oC in an incubator. At the desired 

time, cells were washed and tested with magnetometry or conventional methods 

(MTT, H2DCFDA, and HPF). 

 

Effect of adding antioxidant. An antioxidant was used for preventing or 

reducing radical formation during stress conditions and during the aging process 

in yeast cells. In this study, 0.025 mM of L-ascorbic acid (Sigma, Netherlands) has 

been used as antioxidant. The radical load was determined by magnetometry 

while conventional methods (MTT, H2DCFDA, and HPF assays) were used for 

comparison. 

 

Comparison with established techniques. To compare magnetometry data with 

existing methods several assays were performed which are described in the 

following. 

 

Morphological changes after stress condition. Morphological changes on the 

surface of yeast spheroplast cells that have been exposed with 1% H202 compared 

to cells without any treatment were visualized by using a bioscope catalyst 

atomic force microscope (AFM) (Bruker, USA).  

 
 

To immobilize yeast spheroplasts on a hydrophilic glass slide, 1x1 cm 

glass slides were sterilized by using 70% ethanol71. Then 0,1 mg mL-1 

concanavalin- A (Sigma, Netherlands) per mL sterile water was spread on the 

surface of the glass slides. After the drying process, they were placed in sterile 

12-well plates (Grainer). The cells were incubated at 37oC overnight and washed 

with sterile demineralized water. Then yeast spheroplast cells were seeded on 

the concanavalin-A coated glass slides and incubated at 30oC for 3 hours. After 

that, cells were exposed to 1% H2O2 and incubated for 1 hour at 30oC. Glass slides 

with cells on top were taken from the well plates and dried at room temperature 

for 3 hours before observing by AFM. The results are shown in the 

supplementary (Fig. S10)  

 

Metabolic activity measurement. Metabolic activity was observed by using MTT 

[3-(4,5-dimethylthiazol-2-yl)-2,5 diphenylterazolium bromide] (Sigma, 

Netherlands). The assay was modified from the protocol established by Teparić 

et al (2004)72. To perform the assay, spheroplast cells were washed with sterile 

PBS pH 7.4. Cells were divided into 3 groups and placed in a sterile tube with a 

volume of 1 ml each tube. Cells were mixed with 1% hydrogen peroxide (H2O2) 

(Merck, Netherlands) and 4µg ml-1 FNDs. In the control group only sterile 

demineralized water was added. Then 100 µl of 5 mg mL-1 MTT solution in sterile 

PBS was added to the cells from the different groups. They were wrapped with 

tin foil and incubated for 1 hour at 30oC. After that, cells were resuspended with 

1 mL 2-propanol (Merck, The Netherlands), agitated for 10 minutes, and 

centrifuged at 1000 xg for 5 minutes at 10oC. 1 mL of supernatant was taken from 

all groups and placed in sterile 96-well plates (Grainer). Finally, the plates were 

measured with a microplate reader (Fluostar optima, Germany) at 540 nm. All 

the measurements were performed in triplicates.  
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Measuring reactive oxygen species (ROS) with fluorescence based probes. ROS 

in yeast spheroplasts were measured by using a H2DCFDA kit (Thermofisher, 

Netherlands). The cells were placed into 1,5 mL sterile tubes and centrifuged at 

1000 xg for 5 minutes. The supernatant was discarded and the cells were washed 

with sterile PBS pH 7.4 followed by centrifugation at 1000 xg for 5 minutes. After 

discarding the supernatant, cells were diluted with sterile PBS pH 7.4 and 

transferred to sterile 96- well plates. The H2DCFDA with a concentration of 10µg 

mL-1 was added in each well and the cells were incubated for 2 hours at 30oC (the 

plates were wrapped with aluminium foil to avoid the light exposure). The cells 

were treated with 1% H202; 4 µg mL-1 FNDs; and cells without treatment were 

used as control. Finally, the fluorescence intensity was measured by a microplate 

reader (Fluostar optima, Germany) at 540 nm as describe by Gallardo and co-

workers (2013)73. All the measurements were performed in triplicates. 

 

Measuring hydroxyl radical (*OH) with fluorescence based probes. Hydroxyl 

radical generation was measured by HPF (hydroxyphenyl fluorescein) 

(Thermofisher, Netherlands). Yeast cells were put in 1,5 mL sterile tubes then 

centrifuged at 1000 xg for 5 minutes at 10oC. After discarding the supernatant, 

cells were washed with sterile PBS pH 7.4 followed by centrifugation at 1000 xg 

for 5 minutes. 10 µM HPF probes in sterile PBS were mixed with the cells and 

incubated for 1 hour at 30 oC (all tubes were wrapped with aluminum foil to avoid 

light exposure). Cells were centrifuged at 1000 xg for 5 minutes to remove free 

HPF followed by diluting the cells into sterile PBS. After placing the cells into 96-

well plates (100 µL/well), they were treated with 1% H2O2; 4 µg mL-1 FNDs; and 

cells without treatment were used as control. Fluorescence intensity was 

 
 

measured by a microplate reader (Fluostar optima, Germany) at 495/520 nm. All 

the measurements were performed in triplicates. 

 

Statistical analysis. Continuous data are presented as mean ± standard errors 

and analyzed by paired T-Test against the previous group. For MTT, H2DCFDA, 

and HPF without anti-oxidant data were analyzed by using one-way ANOVA 

followed by Tukey post hoc test and anti-oxidant effect for all measurements 

were analyzed by using two-way ANOVA followed by Sidak post hoc test.  

Statistical analysis was performed using GraphPad Prism version 8 software 

(GraphPad Inc.). P value <0.05 was considered to indicate significance statistic 

value.  
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Supplementary informations 

Testing stress conditions with conventional methods 

To validate and compare our magnetometry data we have conducted 

measurements with conventional methods under the same conditions. 

 

 

Supplementary Fig. 1 Characterization of 4 different strains in young stage. MTT 
result (A) shows that all mutant strains have lower metabolic activity compared 
to the wild-type strain. Those strains then were tested with H2DCFDA to show 
total ROS production levels (B). As consequence of lacking SOD1 gene, sod1Δ 
produces more ROS than the wild type strain while lacking the TOR1 gene 
(tor1Δ) decreases ROS production. Hydroxyl radical ([OH*]) levels in all strains 
(C) were tested by using an HPF probe. As expected, sod1Δ has a higher radical 
load than the other strains. Wild type yeast was used as a control and set to 100%. 
The data were analyzed by using a one-way ANOVA followed by a Tukey post 
hoc test. The measurements were repeated 5 times. The significance level was set 
to 0.05. P values ≤ 0.001 was indicated with *** and P values ≤0.0001 was indicated 
with ****. 
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Supplementary Fig.2 Metabolic activity profile of 4 different strains. All strains 
were tested at 2 stages (young and aged). The values for cells without treatment 
(represented in red) were calculated from each strain in their young stage. These 
were used as control and set to 100%. In the young stage, exposure to FNDs 
(orange) only has mild effect (A). In sod1Δ (B), tor1Δ (C), and pex19Δ (D), the 
presence of FNDs has no significant effect on metabolic activity levels of the cells. 
When the cells were triggered with 1% H2O2 (blue), all strains are showing 
decreasing metabolic activity. When entering the aged stage, metabolic activity 
in wild type (E), sod1Δ (F), pex19Δ (H) decrease while tor1Δ (G) is increasing their 
metabolic activity compared to young stage. Data were analyzed by using a one-
way ANOVA followed by a Tukey post hoc test. The group with cells only was 
used as a comparison. The measurements were repeated 5 times. Significance 
level was set to 0.05. (** P values ≤ 0.01 ; *** P values ≤0.001; and  **** P values 
≤0.0001). 
 

  

 
 

 

Supplementary Fig.3 ROS production of 4 different strains. All strains were 
tested in young and aged conditions. The groups with cells only at young stage 
from each strain were used as control and set to 100% (red). In the young stage, 
FNDs (orange) has no effect on the ROS production of any of the strains (wild 
type (A), sod1Δ (B), tor1Δ (C), and pex19Δ (D)). Triggering cells with 1% H2O2 
(blue) increases the ROS production inside the cells. When the cells aged, the ROS 
values increase in wild type (E), sod1Δ(F), and tor1Δ(G) while in pex19Δ(H) ROS 
values decrease. The data were analyzed by using a one way ANOVA followed 
by a Tukey post hoc test. The measurements were repeated 5 times. Significance 
level was set at 0.05. (*** P values ≤0.001 and  **** P values ≤0.0001). 
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Supplementary Fig.4 [*OH] level of 4 different strains. All strains were tested in 
young and aged conditions. The groups with cells only at young stage from each 
strain were used as control and set to 100% (red). In the young stage FNDs 
(orange) have no significant effect on [*OH] production on any strain (wild type 
(A), sod1Δ (B), tor1Δ (C), and pex19Δ (D)). Triggering cells with 1% H2O2 (blue) 
increases [*OH]  production inside the cells. When the cells aged (grey), only 
pex19Δ (H) shows increased [*OH] levels while wild type (E), sod1Δ(F), and 
tor1Δ(G) remain the same. When aged cells were triggered with 1% H2O2 (blue), 
only the wild type has significant elevation of [*OH]. The data were analyzed by 
using a one way ANOVA followed by a Tukey post hoc test. The measurements 
were repeated 5 times. Significance level was set at 0.05. (* P values ≤0.05; ** P 
values ≤0.01; *** P values ≤0.001 and  **** P values ≤0.0001). 
  

 
 

 

Supplementary Fig.5 Effect of antioxidant supplement in metabolic activity 
profile. Yeasts were induced with antioxidant to prevent oxidative stress during 
the aging process. In the young stage, adding antioxidant (blue) in wild type (A), 
sod1Δ (B), and tor1Δ (C) can increase the metabolic activity. On the other hand, 
in pex19Δ (D), adding antioxidant almost has no effect on improving metabolic 
activity. When entering the aging stage, antioxidant only has an effect (increasing 
metabolic activity) on cell wild type cells (E), sod1Δ (F), and tor1Δ (G). However, 
the antioxidant had no significant effect on pex19Δ (H). The data were analyzed 
by using two-way ANOVA followed by a Sidak post hoc test.  The significance 
level was set at 0.05. The measurements were repeated 5 times. (ns means not 
significant). 
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Supplementary Fig.6 Effect of antioxidant supplement on ROS production. All 
strains were induced with antioxidant. In the young stage, adding antioxidant 
(blue) in wild type (A), sod1Δ (B), tor1Δ (C), and pex19Δ (D) can decrease ROS 
production. When entering the aging stage, antioxidant has a significant effect on 
reducing ROS production in wild type (E), sod1Δ (F), and tor1Δ (G). The effect of 
antioxidant in aged pex19Δ (H) is not significant. The data were analyzed by 
using a two-way ANOVA followed by a Sidak post hoc test.  The significance 
level was set at 0.05. The measurements were repeated 5 times. (ns means not 
significant). 

 

  

 
 

 

Supplementary Fig.7 Effect of antioxidant supplement in [*OH] production. All 
strains were induced with antioxidant. In the young stage, adding antioxidant 
(blue) in wild type (A), sod1Δ (B), tor1Δ (C), and pex19Δ (D) has no effect on the 
[*OH] concentrations.  Effect of antioxidant on reducing [*OH] can be seen in cells 
with 1% H2O2 treatment for all strains. In the aging stage, antioxidant has almost 
no effect on reducing [*OH] production in the wild type (E), tor1Δ (G), and 
pex19Δ (H) while in sod1Δ (G), adding antioxidant slightly reduces [*OH].  The 
data were analyzed by using two-way ANOVA followed by a Sidak post hoc test.  
The significance level was set at 0.05. The measurements were repeated 5 times. 
(ns means not significant). 
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The effect of chemicals on bare diamonds 

To exclude that the used chemicals induce a change in T1 by themselves we 

tested FNDs with the chemicals alone without the involvement of cells. 

  

Supplementary Fig.8 (A) shows a confocal image of bare FNDs taken from the 
home-build magnetometry setup. The scale bar is 1 µm. The initial T1 values of 
FNDs were recorded then 1% H2O2 was added to the particles. (B) shows 
representative T1 curves. T1 values for both groups were compared in (C). There 
is no significant difference between the measurements before and after adding 
1% H2O2. Data were analyzed using a paired T-test and significance level was set 
at 0.05. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Supplementary Fig.9 Effect of anti-oxidant on bare FNDs without cells. (A) 
Representative T1 curves were obtained from bare FNDs with anti-oxidant 
followed by 1% H2O2. FNDs were measured before (in green) adding any 
chemicals and used as a control group. The T1 was measured after adding 0.025 
mM L-ascorbic acid (blue) followed by adding 1% H2O2 (red). (B) T1 values were 
collected and analyzed by using a one-way ANOVA followed by a Tukey post 
hoc test. According to the statistical test, the differences between the groups were 
not significant (P value 0.53). Data were analyzed by a paired T-test against 
previous group and P value < 0.05 was considered has significant difference. AO 
means anti-oxidant. 
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Supplementary Fig.10 Morphological changes during oxidative stress in yeasts. 
Yeast cells were stimulated by 1% H2O2 then we observed the morphological 
changes using AFM. Yeasts without any stress inducer have a smooth surface 
while stressed yeasts have a rougher (wrinkly) surface. 

  

 
 

Comparison between different methods 

 

Supplementary Fig.11: Comparison between different methods. (A) shows what 
the respective techniques in this work are measuring exactly and how they are 
related. The colored circles stand for different groups of molecules that are 
detected. They do have a certain overlap but there is currently no technique, 
which is able to measure the exact same signal as we do. (B) compares the data 
in Fig 2 (B) of the main manuscript with the existing techniques. For a better 
comparison we have normalized all the data to the average value for the wild 
type strain with each technique (indicated by the grey line). Further, we are 
showing 1/T1 and 1/MTT. As a result, in this graph the depicted values are all 
proportional to the concentration of measured molecules.    
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Supplementary Fig.12: Comparison between different methods. Here we 
compare the data in Fig 3 of the main manuscript with the existing techniques. 
Again all the data are normalized all but this time to the initial measurements 
with each technique (indicated by the grey line). Also here, we are showing 1/T1 
and 1/MTT. As a result, in this graph the depicted values are all proportional to 
the concentration of measured molecules.    
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Supplementary Fig.13: Comparison between different methods. Here we 
compare the data in Fig 4 of the main manuscript with the existing techniques. 
Again all the data are normalized all but this time to the initial measurements 
with each technique (indicated by the grey line). Also here, we are showing 1/T1 
and 1/MTT. As a result, in this graph the depicted values are all proportional to 
the concentration of measured molecules.    
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6. General discussion 
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6.1 FNDs inside cells 

Nowadays, fluorescent nanodiamonds (FNDs) attract a lot of attention 

in the biomedical field. They have superior physical and chemical properties and 

are also biocompatible for biological application1,2. Due to particular defect (NV 

centers) in FNDs, they become potential free radical biosensor. 

To measure free radicals inside the cells, FNDs have to be ingested. There 

are many techniques that can be used for particle uptake for example using gene 

transfection, a gene gun, surface modification, and many more3. In Chapter 2, we 

used 2 different cells for testing particle uptake protocol. We used yeast cells that 

have a cell wall and colon adenocarcinoma cells (HT-29). None of these cells can 

ingest the particles spontaneously.  

Positively charged lipids allowed us to cover FNDs particle. For yeasts 

cells, we permeabilized the cells by removing cell wall with a spheroplasting 

technique then cells were mixed with lipid-FNDs mixture. For HT-29 cells, we 

just simply mixed the cells with lipid-FNDs. According to the result, we 

confirmed that using cationic lipids to modify FNDs can help the cells to take up 

the particles easily. These particles also biocompatible for all the cells and have 

no significant effect to FNDs spectrum. While we have so far shown that the 

coating can increase particle uptake in the future such coating might be helpful 

to improve targeting efficiency. In mammalian cells such coatings might be 

useful to achieve endosomal escape. In yeast, it might be interesting to combine 

this coating approach with antibody coating in Chapter 4. As a next step it could 

be interesting to incorporate specific lipids in the coating, which lead to targeting.  

After successfully bringing FNDs to the cells, we investigated the fate of 

FNDs during cell division in Chapter 3. Since we used yeast cells as a model 

organism, the cell division is different compared to mammalian cells. We 

proposed 4 possibilities of FNDs fate during cell division: 1) the particles stays in 

 
 

the mother cells, 2) moves to daughter cells, 3) is excreted, or 4) is found in both 

mother and daughter cells. Intracellular fate of FNDs also was monitored using 

particle displacement parameters. We found that during cell division, most of 

FNDs moved from mother cells and we assumed that the particles could be in 

daughter cells or excreted from the cells. In the future this might open up 

possibilities to study free radical generation during cell division with diamond 

magnetometry.  

To control the FNDs position, in Chapter 4 we attached antibodies to 

FNDs. We chose nuclear pore complex (NPC) antibodies specific for yeast cells. 

This antibody has been chosen because of the key role of the nuclear pore 

complex in transporting to the nucleus. Additionally, targeting the nucleus is of 

relevance to understand DNA damage. Finally, targeting the nucleus is also 

practicable since the nucleus is comparably easy to find with different imaging 

modalities. Cells then were incubated with FNDs linked antibody. Intracellular 

fate of these particles was monitored while performing incubation. The 

successful rate of targeting process was achieved by measuring the distance 

between particles and yeast NPC. We noticed that attaching antibody to FNDs 

helps to control the position of FNDs inside the cells. As mentioned earlier, this 

paves the way to perform labeling of nucleus but also localized magnetometry 

experiments.  

 

6.2 Diamond magnetometry in yeast 

In healthy cells, free radicals concentrations inside the cell are around 

nanomolar to micromolar4,5. Yeasts have been chosen as model organism because 

of their importance as a model for aging. We investigated both oxidative stress 

response and aging process, which produce free radicals. In Chapter 5 we treated 

yeasts cells, which have nanodiamond particles with low concentration of 
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hydrogen peroxide and let them age. Both conditions affect the free radicals 

concentration inside cells. Fluctuation of free radicals concentration was 

monitored by diamond magnetometry. A long with that technique, some 

fluorescent based probes like H2DCFDA and HPF (hydroxylphenyl fluorescein) 

were also used as comparison. We also tried to get a better understanding about 

the influences of some genes like superoxide dismutase 1 (SOD1), target of 

rapamycin 1 (TOR1), and peroxin 19 (PEX19) regarding stress responses and 

aging process by using knock out yeast mutant strains.  

Diamond magnetometry provides unique data compared to the state of 

the art methods. While all the ROS dyes we investigate give some information on 

the oxidative stress in the cells, it is clear that they all provide different 

information. Diamond magnetometry is currently the only technique, which 

reveals the overall concentration of radicals. Additionally, it is fundamental 

different from ROS dyes. While the conventional dyes measure the history of the 

samples, we are able to measure the current status. Furthermore, we are able to 

perform measurements at single cell level. Given how versatile this technique is 

we foresee many biomedical applications to profit from this technique.  

 

6.3 Future directions 

FNDs have showed promising properties as biological nanosensors. 

However, there is still some work to be done. In the future, we would like to 

know if changes in the cellular stage can affect performance of FNDs. Potential 

influences on the relaxometry readout including temperature, viscosity, or 

electric field fluctuations need to be excluded. While we so far only measure the 

sum of all radicals present, it is theoretically possible to differentiate between 

different radicals using pulsing sequences, which are analogous to the ones used 

in NMR spectroscopy.  
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Thesis summary 

Free radicals are produced naturally during cell metabolism. Cells also 

have a specific mechanism to convert those chemicals to be less reactive and easy 

to eliminate. However, disturbance of the cell system, which leads to unbalanced 

levels of free radicals inside the cells results in an oxidative stress condition and 

an aging process. Developing free radical biosensors is challenging since all 

existing methods have some issues with sensitivity and specificity. Fluorescent 

nanodiamonds (FNDs) containing defects called NV centers are promising 

biosensors. A technique called diamond magnetometry, combines the 

advantages of fluorescence techniques with magnetic resonance methods. It uses 

NV centers that can convert magnetic signals into an optical signal. A specific 

type of magnetometry measurements that we used in this thesis are called T1 

measurements. These are specific for spin noise and thus great candidates for free 

radical sensing. 

Chapter 1 introduces 5 important topics that were involved in this 

research. First, an overview about free radicals generation and their elimination 

process by the cells are discussed. The chapter includes a discussion on how it is 

related to oxidative stress response and aging. Second, I briefly discuss 

antioxidants used against free radicals. These can be naturally produced by the 

cells or supplemented from external sources. Third, some existing methods for 

detecting free radicals have been investigated together with their limitations. 

Then I shortly introduce diamond magnetometry as a new approach for detecting 

free radicals inside the cells. Finally, in this chapter a thesis objective is clearly 

stated. 

FNDs have to be as close as possible with the source of the molecules. 

This means that FNDs have to be inside the cells. In Chapter 2, we developed a 

spheroplasting method for internalizing FNDs into yeast cells which are enclosed 

 
 

by a thick cell wall. By using this method, the cell wall has been removed to 

increase the permeability without damaging the cells. Moreover, we modified 

FNDs using cationic lipid to increase the uptake capacity especially for cells that 

cannot ingest FNDs easily like colon cancer cells (HT 29 cells). Both 

spheroplasting and the lipid coating process greatly increased particle uptake.  

Chapter 3 is concerned with the fate of FNDs during the yeast division 

process. Yeast cell division occurs asymmetrically and is correlated with the 

aging process. Thus, it is important how FNDs behave during this process. There 

are 4 possible fates of FNDs during yeast divisions: the particles stay in the 

mother cells, move to daughter cells, are excreted, or end up in both mother and 

daughter cells. In this chapter we evaluate 2 different FNDs (bare FNDs and 

FNDs lipid from chapter 2). We found that most of the particles were either 

excreted or transferred to daughter cells. The initial position of the particles is 

considered as a factor that influences the fate. 

While it is already very useful to measure free radical generation at the 

location where they end up naturally, it is more useful if the particle can be 

targeted to a specific location. Thus in Chapter 4, we modify the surface of FNDs 

by attaching antibodies to direct the FNDs to the nucleus. A nuclear pore complex 

(NPC) antibody has been chosen to target the nuclear surface. Due to their size 

FNDs cannot penetrate into the nucleus so sensing has to be done from the 

surface. Antibody-coated FNDs have been characterized and incubated with the 

cells. Their intracellular fate was monitored at specific time points. An evaluation 

of the targeting has been done by measuring the distance between particles and 

nucleus. We concluded that attaching antibodies to FNDs helps to control the 

position of FNDs inside the cells. 

In Chapter 5, we implemented diamond magnetometry to detect free 

radical generation in yeast cells during oxidative stress conditions and aging. An 
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oxidative stress condition has been achieved by triggering the cells with 

hydrogen peroxide and putting the cells into sterile demineralized water to 

mimic chronological aging. With FNDs inside the cells, free radicals generation 

was evaluated by using diamond magnetometry. As a comparison, ROS 

generation was monitored by using fluorescence based probes. We also tested 

the ability of diamond magnetometry to detect free radical scavenging by 

antioxidants. We find that both free radicals generation and antioxidant effect 

could be detected by diamond magnetometry. Then in the last chapter (Chapter 

6) we shortly discuss future applications of diamond magnetometry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Samenvatting 

Vrije radicalen worden van nature geproduceerd tijdens het 

celmetabolisme. Cellen hebben ook een specifiek mechanisme om deze radicalen 

om te zetten naar radicalen die minder reactief zijn en die makkelijker te 

elimineren zijn. Een verstoring van dit cel systeem, dat leidt tot verstoorde balans 

van vrije radicalen in de cel, resulteert in oxidatieve stress en veroudering. De 

ontwikkeling van een biosensor voor vrije radicalen is uitdagend; alle huidige 

methoden hebben moeite met sensitiviteit en specificiteit. Fluorescerende 

nanodiamanten (FNDs) met zogenoemde NV center defecten, vormen een 

veelbelovende biosensor. Een techniek genaamd diamant magnetometrie, 

combineert de voordelen van fluorescentie technieken, met de voordelen van 

magnetische resonantie methoden. Het gebruikt FNDs met NV centers die 

magnetische signalen kunnen omzetten in een optisch signaal. Een specifiek type 

magnetometrie metingen zijn de T1 metingen die in dit proefschrift gebruikt zijn. 

Deze metingen zijn specifiek voor “spin noise” en zijn dus een goede kandidaat 

voor vrije radicalen sensors. Dit werk presenteert meer informatie over hoe FNDs 

gebruikt kunnen worden als biosensors voor vrije radicalen. 

Hoofdstuk 1 introduceert 5 belangrijke onderwerpen die van belang zijn 

in dit onderzoek. Als eerste wordt een overzicht gegeven van het ontstaan van 

vrije radicalen en van de eliminatie processen van de cel. Dit hoofdstuk bevat ook 

een discussie over de relatie tot de oxidatieve stress reactie en veroudering. Ten 

tweede worden kort de antioxidanten besproken, die gebruikt worden tegen vrije 

radicalen. Deze kunnen van nature door de cel worden geproduceerd of als 

supplementie worden toegediend. Ten derde volgt een verslag van bestaande 

methoden, en hun beperkingen, met de detectie van vrije radicalen. Hierbij wordt 

diamant magnetometrie geïntroduceerd als een nieuwe manier om vrije 

168

Chapter 6

169

6



 
 

radicalen in de cel te detecteren. Als laatste wordt in dit hoofdstuk duidelijk het 

doel van dit proefschrift geformuleerd.  

Als vrije radicaal sensors moeten de FNDs zo dicht mogelijk bij de bron 

van deze moleculen zijn. Dit betekent dat de FNDs in de cellen moeten zijn. In 

hoofdstuk 2 hebben we een sferoplast methode ontwikkelt voor de opname van 

FNDs in gistcellen, welke omgeven worden dooreen relatief dikke celwand. Met 

deze methode wordt de celwand verwijderden de permeabiliteit te verhogen, 

zonder de cellen te beschadigen. Daarnaast hebben we de FNDs bewerkt met 

kationische lipiden om de opname capaciteit van cellen die moeilijk FNDs 

ingestemd, zoals dikke darm kankercellen (HT-29 cellen), te verbeteren. Zowel 

de sferoplast methode als het costing proces met lipiden verhoogt de FND 

opname enorm.  

Hoofdstuk 3 gaat over de bestemming van FNDs tijdens het proces van 

het gist delingsproces. Gist celdeling is een asymmetrisch proces, dat in verband 

kan worden gebracht met veroudering. Daarom is het belangrijk te weten hoe 

FNDs zich gedragen tijdens dit proces. Er zijn 4 mogelijke bestemmingen van 

FNDs tijdens gistdeling: de FNDs blijven in de moedercel, verplaatsen naar de 

dochtercel, worden uitgescheiden, of worden verdeeld over zowel de moeder als 

de dochtercellen. In dit hoofdstuk evalueren we de bestemming van twee soorten 

FNDs: naakte FNDs en de gecoate FNDs uit hoofdstuk 2. We observeerden dat 

de meeste FNDs ofwel werden uitgescheiden ofwel werden verplaatst naar de 

dochtercellen. De oorspronkelijke positie van de FNDs wordt gezien als een 

belangrijke factor die van invloed is op de bestemming.  

Alhoewel het al zeer zinvol is om het ontstaan van vrije radicalen te 

kunnen meten op de locatie waar FNDs zich vanzelf bevinden, zou het nog meer 

zinvol zijn als de FNDs naar een specifieke locatie gestuurd kunnen worden. In 

hoofdstuk 4 modificeren we daarom het oppervlakte van de FNDs door 

 
 

antilichamen te laten binden om de FNDs naar de nucleus te navigeren. Hiervoor 

is een antilichaam tegen het kernporiecomplex (NPC) gekozen om op het 

kernoppervlak te richten. Door hun formaat kunnen FNDs niet in de kern 

penetreren, dus detectie moet plaatsvinden vanaf het oppervlak. Met antilichaam 

gecoate FNDs zijn gekarakteriseerd en met de cellen geïncubeerd. Hun 

intracellulaire bestemming is gemonitord op specifieke tijdspunten. Een 

evaluatie van de succesvolle sturing is gedaan door de afstand te meten van de 

FNDs tot het NPC. We hebben geconcludeerd dat binding van antilichamen aan 

de FNDs helpt om de locatie van FNDs in de cel te sturen.  

In hoofdstuk 5 implementeerden we diamant magnetometrie om het 

ontstaan van vrije radicalen in gistcellen te detecteren tijdens omstandigheden 

van oxidatieve stress. Oxidatieve stress werd veroorzaakt door de cellen met 

waterstofperoxide te activeren en door de cellen in steriel gedemineraliseerd 

water te plaatsen om chronologische veroudering na te bootsen. Met de FNDs in 

de cel, werd het ontstaan van de vrije radicalen gedetecteerd door diamant 

magnetometrie te gebruiken. Ter vergelijking, werd het ontstaan van ROS 

gemonitord met fluorescentie methoden. We hebben ook getest of diamant 

magnetometrie het opruimen van vrije radicalen door antioxidanten kan meten. 

We observeerden dat zowel het ontstaan vang vrije radicalen als het antioxidant 

effect gedetecteerd kunnen worden met behulp van diamant magnetometrie.  

Tot slot bediscussiëren we in hoofdstuk 6 kort de toekomstige 

toepassingen van diamant magnetometrie. 
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