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Chapter III  

Relaxometry for Detecting Free 
Radical Generation During 

Bacteria’s Response to Antibiotics* 

Summary 

Free radical generation plays a key role in killing bacteria by antibiotics. 

However, radicals are short-lived and reactive, and thus difficult to detect for the 

state of the art. Here we use a technique which allows optical nanoscale magnetic 

resonance imaging (MRI) to detect radical generation on the scale of single bacteria. 

We demonstrate that the radical generation in Staphylococcus aureus increases in 

the presence of UV irradiation as well as vancomycin and is dependent on the 

antibiotic’s dose. With a method based on ensembles of nitrogen vacancy (NV) 

centers in diamond, we were able to follow the radical formation near individual 

bacteria over the whole duration of the experiment to reveal the dynamics of radical 

generation. Using this new approach, we observed free radical concentrations within 

nanoscale voxels around the diamond particles and determined its exact timing 

depending on the antibiotic dose. Since changes in the response to antibiotics 

emerge in only a few bacteria of the entire population, such a single-cell approach 

can prove highly valuable for research into drug resistance.  

 

* Neda Norouzi, Anggrek Citra Nusantara, Yori Ong, Thamir Hamoh, Linyan Nie, Aryan 
Morita, Yue Zhang, Aldona Mzyk, Romana Schirhagl. " Relaxometry for Detecting Free 
Radical Generation During Bacteria’s Response to Antibiotics." Carbon, 199 (2022) 
444–452. 
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3.1 Introduction 

One of the most remarkable properties of fluorescent nanodiamonds 

(FNDs) is that they can be used for sensing magnetic fields by diamond 

magnetometry. This method is based on a paramagnetic defect in diamond, 

the so-called nitrogen vacancy (NV) center, which can be used as a sensor for 

its magnetic surrounding. The NV centers’ fluorescence emission is brighter 

when excited from its |𝑚𝑠 = 0⟩ magnetic state compared to its |𝑚𝑠 = ±1⟩ 

state. Since the populations of these states are affected by the NV center’s 

magnetic surrounding, one can read out a local magnetic resonance by 

measuring the fluorescence of the defect. This new technique has already 

been successfully used in physics to measure magnetic vortices, 1 fields 

caused by nanostructures 2 or molecules on the diamond surface. 3–5 

Apart from their optical properties, these FNDs also have excellent 

biocompatibility which has been demonstrated for many different cell types 

and for entire organisms.6–9 This enables their use as sensors 

for spin noise produced by biological free radicals. To achieve this goal, 

we make use of a specific mode of diamond magnetometry called 

relaxometry. 10–12 During a relaxometry measurement, the NV center is 

polarized into the bright |𝑚𝑠 = 0⟩ state of the ground state by a laser pulse. 

We then observe the fluorescence intensity after different dark times to 

evaluate the rate at which the NV center returns to the dark equilibrium 

between |𝑚𝑠 = ±1⟩ and |𝑚𝑠 = 0⟩. With this method it is possible to measure 

free radical formation in living yeast cells and radical production from 

mitochondria, since the spin noise accelerates the return to the dark 

equilibrium state. 13,14 

Here we applied this method to detect paramagnetic compounds 

released in the process of bactericidal antibiotics killing bacteria. A 

prerequisite for such measurements is the biocompatibility of FNDs with 

bacteria. Indeed, FNDs show good biocompatibility with Staphylococcus 

aureus, the bacterium researched in this work. 15,16 While smaller detonation 

nanodiamond particles may be used with or without surface modification as 

antibacterial agents, 17–19 recent observations showed that FNDs are not 

antibacterial but might induce aggregation in a staphylococcal Extracellular 

Polymeric Substance (EPS) producing strain (S. aureus ATCC 12600). 16 In 

earlier work, Le Sage et al. have reported magnetometry of the 



Relaxometry for Detecting Free Radical Generation During Bacteria’s Response to 
Antibiotics  

43 

magnetosomes of magnetotactic bacteria. 2 However, their method detects 

static magnetic field rather than spin noise from radicals. 

Bacteria and how they are killed by antibiotics were investigated in 

this work for various reasons outlined in the following. According to a 

statistic by the American National Institute of Health (NIH) 20 between 5 - 

10 % of all hospitalized patients develop a bacterial infection. About 90,000 

of these patients die each year as a result of their infection, compared to 

13,300 patient deaths in 1992. A large part of this increase is attributed to an 

increase in antibiotic resistance. Technologies that allow for detailed 

monitoring of drug-cell interactions will greatly benefit our understanding 

and ability to control this problem in the long run. 

In the context of antibiotic resistance, we are particularly interested in 

free radical formation since it plays a key role in the response to antibiotics. 
21–24 There are even some indications that free radical formation might be a 

unifying factor that all killing mechanisms for all classes of antibiotics have 

in common. 25,26 Kohanski et al. demonstrated that all bacteria produce free 

radicals in response to all bactericidal drug classes while bacteriostatic drugs 

do not have this ability. 25 However, this is a topic of debate in the community. 
27 Despite their relevance, relatively little is known about how free radicals 

work, where they are generated, and which ones exactly play a role. Due to 

their reactivity, they are difficult to distinguish from each other by specific 

assays. Quantifying, identifying and localizing them has been identified as 

the main bottleneck to understand their working mechanisms and as a 

consequence, translate free radical biology into medical advances.28 

In this work, we investigated the effect of vancomycin, which belongs to 

a group of bactericidal antibiotics that is widely used, specifically for 

autolysis of Gram-positive bacteria. This cell wall synthesis inhibitor 

interacts with peptidoglycan building blocks, which leads to lysis and cell 

death. Increased hydroxyl radical levels in S. aureus within 3 hours post-

treatment have been reported after exposure to a lethal concentration of 

vancomycin (5 µg mL-1) compared to sublethal concentration (1 µg mL-1). 25 

Grant et al. also showed that stimulating the production of reactive oxygen 

species (ROS) can destroy resistant strains, which could provide a promising 

strategy to understand the mechanisms of killing, develop therapeutics and 

manage infections. 29 The hypothesis that reactive species are part of the 
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antibiotic-induced killing mechanism is widely accepted, 25,27,29–31 although 

researchers have reported conflicting observations. 32,33 Keren et al. showed 

no difference in live aerobic or anaerobic bacterial cells (Escherichia coli) 

treated with various antibiotics. According to observations of cells dyed with 

hydroxyphenyl fluorescein (HPF), they suggested that ROS do not play a role 

in killing bacteria by antibiotics. 33 While most research focuses on ROS, it is 

known that other reactive species like reactive nitrogen species play a role 

too. 34   

There are currently several techniques available to measure free radicals 

in a cellular environment. One can differentiate between indirect and direct 

methods. The indirect methods, including measurements of 

desoxyribonucleic acid (DNA) damage 35 or lipid peroxidation, 36 measure 

damage caused by radicals or ROS. However, there are many alternative 

pathways through which such damage can occur and thus these methods 

provide just a rough indication. Measuring the response of the cells to 

radicals rather than the radicals itself is often very specific for certain 

radicals. 37,38 For instance, this can be done via quantitative polymerase chain 

reaction (PCR) for enzymes which are responsible for stress responses. 

Similarly, stress responses can also be studied at the ribonucleic acid (RNA) 

or protein level. 31 However, these methods do not provide any spatial 

information at all, they are destructive and require prior knowledge about 

which pathways are triggered by certain radicals. 

Direct methods include fluorescent dyes, which react with radicals and 

form a fluorescent molecule. However, most of these dyes react with reactive 

oxygen species (ROS), which include many non-radical species, so that the 

measurement is usually dominated by these. There are also a few modern 

dyes with specificity for certain molecules which have already been used to 

follow ROS production in bacteria. 39,40 These dyes are often somewhat toxic 

and can diffuse away from where they were created, which reduces spatial 

resolution.41,42 

The direct method with the greatest specificity for radicals is Electron 

spin resonance (ESR). Such measurements are - like our technique - sensitive 

to the free electron of the radical itself.43,44 However, its usefulness is limited 

by relatively low sensitivity. A way to circumvent this problem is to use spin 

labels which react with the primary radical to form more stable radicals. 
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These can then be detected by ESR, although the low sensitivity still limits 

spatial resolution. 

A final limitation of all dyes and spin labels is that they measure the 

signal of free radicals or ROS that have accumulated over time, giving 

information about the history of the sample rather than a real-time 

representation. With this paper, we demonstrate the basis for a method that 

can specifically detect free radicals (i.e., not all ROS) with improved spatial 

resolution, time resolution and sensitivity. 

3.2 Materials and Methods 

In the present study, we investigated the possibility of free radical 

detection in a bacterial environment during stress using NV relaxometry. As 

illustrated in Figure 3-1, we hypothesized that FNDs located at the cell walls 

of S. aureus can be used to detect free radicals that are produced at elevated 

levels or leaked through compromised cell walls as a result of exposure to 

vancomycin. While FNDs are internalized in the cytosol of mammalian cells 

by endocytosis pathway, 45 bacterial cells are typically much smaller, and the 

lack of FND uptake in bacteria was already reported in our previous research 

studies. 15,16 The method detects the concentration of free radicals less than 

100 nm around 10 a particle on the bacterial surface, including in its range the 

bacterial cell wall (20-40 nm), 46 the environment immediately exterior to 

the cell wall and potentially a small region of the cell interior. 

3.2.1 Diamond Materials 

For all experiments in this study, we used fluorescent nanodiamonds 

(FNDs) with a median hydrodynamic diameter of 70 nm, which are 

commercially available from Adamas Nanotechnologies (NC, USA). These 

particles are produced via high pressure high temperature (HPHT) synthesis 

by the vendor and contain approximately 500 NV centers per particle (due 

to irradiation). In addition, they host oxygen groups on the surface due to 

oxidizing acid cleaning in the last step of fabrication. Since these fluorescent 

defects are protected in the crystal lattice, FNDs have the advantage that they 

never bleach. 47 The characterization of these particles has extensively been 

done in the previous literature. 48 
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Figure 3-1 Schematic diagram showing (a) the hypothesized radical production in S. aureus 
during antibiotics exposure and the relaxometry principle. (b) The green blocks indicate 
when the laser is on, while the red blocks indicate when we read out the photo-luminescence 
from the FND. (c) The dark times τ were varied to probe if the NV centers have returned to 
the darker equilibrium state. 

3.2.2 Bacterial Culturing 

Staphylococcus aureus ATCC 12600, a Gram-positive bacterium with 

high Extracellular Polymeric Substance (EPS) excretion ability, was selected 

in this study. The interaction of these bacterial cells and various 

nanodiamond particles was investigated in our previous studies, which show 

good biocompatibility of cells interfaced with the nanoparticles. 15,16 As 

scanning electron microscopy (SEM) images have shown, nanodiamonds 

adhere to the outer cell surface of bacteria without any mechanical 

damages. S. aureus’s preculture was prepared by inoculating one colony 

from a fresh blood agar (BA) plate into 10 mL sterile Tryptic Soy Broth (TSB) 

followed by incubation at 37 oC for 24 h. 2.5 mL of overnight cultures were 

diluted into 50 mL sterile growth medium (TSB) and incubated at 37 oC for 

16 h to grow the main-culture. The main-culture was then washed twice with 

phosphate-buffered saline (PBS) by centrifuging at 5000 g (5 min at 10 oC). 

To break apart bacterial aggregates, the bacterial solution subsequently was 
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sonicated on the ice for 3×10 seconds at 30 W (Vibra Cell model VCX130; 

Sonics and Materials Inc., Newtown, CT, USA). The cells were then 

enumerated using a Bürker-Türk counting chamber. For further experiments, 

the concentration of bacterial suspension was adjusted to 1.0 × 109 bacteria 

per mL PBS. 

3.2.3. Sample Preparation for Diamond Magnetometry 

In this study, air-plasma surface treatment was performed on glass-

bottom quartered Petri dishes to produce hydrophilic functional groups on 

the glass surfaces. 49 The multifunctional plasma process aimed to activate 

the surface, promote the attraction with FNDs, and deposit them firmly and 

limit the nanoparticles' movement. Petri dishes were placed in an air-plasma 

oven (Multifunctional Plasma System commercialized by Diener electronics) 

and treated for 10-15 minutes with a low-pressure system adjusted to 0.2 

mbar. Hereafter, 100 µL of FNDs (20 µg mL-1 in water) was deposited on the 

plasma-activated plates. After air-drying overnight, bacterial cells were 

added to the plates with FNDs and incubated at 37 oC for 2 h. Afterward, the 

bacterial suspension was removed slightly and rinsed once with PBS to 

remove poorly attached bacteria (to avoid fluorescent background from 

freely floating bacteria). The samples remained in 100 µL of PBS during the 

relaxometry measurements.  

3.2.4. Confocal Microscopy 

Confocal scanning laser microscopy (CSLM) was performed to localize 

nanodiamonds on or distinguishingly close to the bacterial cell wall. The 

sample preparation was done as described above in the 2.3 section. The 

attached bacterial cells on the glass surface were stained with SYTO9. A Zeiss 

LSM 780 confocal laser scanning microscope (Zeiss, Jena, Germany) was 

used to analyze specimens. A 488 nm laser was used for excitation, and the 

emission was observed at 528 nm (SYTO9). The FNDs' NV centers were 

excited with a 561 nm laser, and their emission was collected from 606 to 694 

nm. Zeiss ZEN software was used to acquire images. 

The original confocal images (the same as previous images) were 

processed in FIJI software. To reduce noise and/or enhance features, first, 

the noise (outliers) were removed, Gamma values were adjusted to 1.10, and 
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followed by applying a Gaussian Blur filter for all images of control (bacteria) 

and sample (bacteria + FNDs). 

3.2.5. T1 Measurements 

We use a specific kind of diamond magnetometry called relaxometry or 

T1 measurements. To perform such a measurement, we pump the NV centers 

in the nanodiamonds into the (bright) |𝑚𝑠 = 0⟩ level of ground state using a 

green (532 nm) excitation laser. We then read out the magnetic state again 

after varying dark times τ (from 0.2 µs to 10 ms). In the presence of spin noise 

produced by radicals, the NV centers’ magnetic state returns more quickly to 

the thermal equilibrium between |𝑚𝑠 = 0⟩  and |𝑚𝑠 = ±1⟩  with a lower 

fluorescence intensity. The characteristic time T1 parameter of this relaxation 

process provides a measure for the free radical concentration. The signal is 

analogous to T1 in conventional MRI but obtained from nanoscale voxels. 

 To perform the measurements, we use a home-built magnetometry 

setup, which has been described in previous work. 50 The setup is a confocal 

microscope which allows laser pulsing and readout at specific timings. A 

100x magnification oil objective (Olympus, UPLSAPO 100XO) was used for 

light collection. An acousto-optical modulator (Gooch & Housego, model 

3350-199) was implemented to conduct the pulsing sequence. The length of 

each pulse was set to 5 µs to ensure the polarization of the NV centers. While 

each T1 sequence takes on the order of microseconds, we typically repeated 

the sequence 10000 times for each measurement in order to obtain a 

sufficient signal-to-noise ratio. The total time such T1 measurements took 

was around 10 minutes. A tracking algorithm was used to track the 

movement of a diamond particle on the cell surface to ensure it remained in 

focus. The 532 nm green laser (CNI, Changchun, China) was attenuated to 

50 µW at the location of the sample. An avalanche photodiode (APD) was 

used to detect single photons at wavelengths longer than 600nm. 

First, we performed measurements of the initial condition for 40 

minutes and then performed an intervention (adding different vancomycin 

concentrations at the common range or ultra violet (UV) light at 275 nm, 23.7 

mW cm-2) and measured T1 afterward for 90 minutes to observe changes. The 

concentrations applied may seem high with respect to the MIC values 

measured for 105 CFU mL-1 of S. aureus ATCC 12600 (2 µg mL-1) 51 but were 
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inspired by the common concentration range chosen by researchers for the 

higher bacterial inoculum. 26,52,53 

3.2.6. Fluorescence Microscopy for Testing the Effect of Antibiotics on S. 

aureus 

After testing the initial bacterial adhesion on the glass surfaces, we 

studied the effect of antibiotics on S. aureus by adding the various 

concentrations of vancomycin to bacterial cells seeded for 2 hours. These 

cultures were incubated for 90 minutes after treatment, and cellular growth 

was scored by performing a LIVE/DEADTM BacLight™ Bacterial Viability 

Assay (Invitrogen, USA) before and after treatment with different 

vancomycin concentrations and H2O2 (see supplementary information 

Figure S1). The live/dead staining solution is prepared by mixing 

components SYTO9 and propidium iodide (PI) with a 1:1 ratio. After adding 

the staining solution, samples are incubated for 15 min at room temperature 

in the dark. 54 The cells were imaged by fluorescence microscopy (Leica 

Microsystems CMS GmbH, Type DM4000B, Camera: Leica DFC350, 40x 

water objective).  

3.2.7. Fluorescent Dye-based Determination of ROS Production 

We compared magnetometry data with the results obtained by an 

established technique for measuring intracellular Reactive Oxygen Species 

(ROS) in bacteria upon antibiotic treatment. ROS production in bacteria was 

measured by using the H2DCFDA kit (Thermofisher, the Netherlands). 

Bacterial cultures were exposed to 2',7'-dichlorodihydrofluorescein diacetate 

(H2DCFDA) described by H. Van Acker (2016) with some modifications. 55 

The cells were treated with 0.5% H2O2; MiliQ-water; FNDs (70 nm, 20 µg 

mL-1); Vancomycin 20× MIC (20 µg mL-1) and cells without treatment were 

used as control samples. The fluorescence intensity was measured by a 

microplate reader (Fluostar optima, Germany) at excitation/emission of 

485/540 nm at different incubation time points (0, 30, and 60 min) after 

adding chemicals. Three wells were included per condition, and each 

experiment was repeated in quadruplicate. 

3.2.8. Statistical Analysis  

T1 raw data were processed by MATLAB. Statical significance was 

evaluated with GraphPad Prism 8.0.1 software by Two-Way analysis of 
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variance (ANOVA). All data are reported as the mean value ± standard 

deviation (s.d.) with at least 3 independent repetition runs. For analysis 

between two groups an unpaired T-test was used and for three groups or 

more a One-Way ANOVA was performed. P ≤0.05 was defined as statistically 

significant. 

 

3.3 Results and discussion 

3.3.1 Relaxometry for Measuring Free Radicals Generated upon Stress 

Treatments 

Confocal images in Figure 3-2 show FND positions and confirm that 

FNDs attach to the bacterial cell wall or accumulate close to S. aureus cells. 

This is also in agreement with SEM images in our previous papers. 15,16 

The T1 in the initial state of the samples was measured for 40 minutes 

before the intervention. Recording T1 in the post-intervention state was 

started immediately after adding different antibiotic concentrations (2.6, 10, 

20, and 340 µg mL-1 of final concentrations), Milli-Q water and PBS.  For the 

control sample, T1 was measured in absence of bacteria to observe the 

biological intervention's effect (Figure 3-3.). 

Figure 3-3 shows the relative change of T1 values measured from FNDs 

on bacterial cells treated with various antibiotic concentrations compared to 

untreated bacterial cells. As expected, T1 values were significantly lower when 

the bacteria were treated with higher doses of vancomycin (20 and 340 µg 

mL-1) than when they were treated with lower concentrations (2.6 and 10 µg 

mL-1) or untreated (PBS). This change can be attributed to free radical 

production in single bacterial cells and as shown in Figure 3-3, the radical 

generation could be dose-dependent. 
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Figure 3-2 Representative confocal images of FNDs + bacteria and bacteria without FNDs. 
S. aureus cells incubated for 2 hours with nanodiamond particles(20 µg mL-1 in water) were 
stained with SYTO9 to be visualized by green. Gray: S. aureus bright field. Red: FNDs, the 
yellow arrows indicate FNDs position(signal) (no signal in control sample). Arrows and 
zoomed-in images are used to indicate nanodiamond locations which are mainly attached 
to or next to the bacteria. 

 

To study the dynamics of free radical generation induced by antibiotics, 

we exposed S. aureus ATCC 12600 to different vancomycin concentrations 

for 90 minutes. PBS was used as a medium for untreated samples to avoid 

fluorescent background from the components of the bacterial growth 

medium. It was confirmed by recent preceding studies that there is no effect 

of PBS on the sensitivity of FNDs' sensing performance. 12 
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Figure 3-3 Comparison of T1 values in the presence of different treatment conditions. The T1 
value of each experiment was normalized to the initial T1 measurement in PBS. Lower T1 
values indicate an increase in radical formation. Control (No bacteria) = FNDs without 
bacteria, and MQW = Milli-Q water. The experiments were repeated 3 times and error bars 
represent standard deviations. *P ≤0.05, **P ≤0.01 and ***P ≤0.001. 

The differences in normalized T1 (in percent) are shown in Figures 3-4. 

A decrease in T1 indicates an increased free radical concentration 

surrounding the FNDs induced by the drug. Over the course of 90 minutes of 

antibiotic treatment (following individual cells over the course of the entire 

experiment), T1 dropped significantly. At the same time, the values of T1 

remained constant in untreated samples. The abovementioned results agree 

with observations presented in Figure 3-3. Additionally, higher doses lead to 

a faster response. While at the largest concentration (340 µg mL-1), the full 

response is already established after 30 min, it takes the entire 90 min to 

establish a similar response at 10 µg mL-1. 
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Figure 3- 4 Dynamical radical detection in single S. aureus cells by T1 measurements. The 
cells were treated with the antibiotic (vancomycin different lethal doses) and UV irradiation 
(time post-treatment=0-90 min). Untreated samples represented bacterial cells in PBS were 
considered as control samples. The experiments were repeated 3 times, and error bars 
represent standard deviations. 

It is well established that bacteria are susceptible to UV irradiation which 

leads to structural cell damages by two main types of photosensitization 

processes. The type I mechanism involves the oxidation/reduction of one 

electron resulting in free radical formation. In the Type II damage process, 

energy transfers from the sensitizer, which absorbed the UV light directly, to 

an oxygen molecule resulting in an excited state of singlet oxygen. 56 These 

processes lead to biological damage, including cell death and mutation, by 

providing favorable conditions for producing highly harmful free radicals. 

However, the biological effects of UV radiation of different wavelengths 

(UVA, UVB, and UVC) may differ greatly in different bacterial isolates. This 

depends on several factors, such as the efficiency of defense and repair 

strategies to cope with UV-induced damage or the relative combination of 

different ROS involved in eliciting damage. 57 It has been suggested that 

Gram-positive bacteria are better adapted to UV stress due to their cell walls 
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filtering out a notable fraction of UV radiation. 57 In particular, the effect of 

shorter wavelength UV (UVC) causes the highest direct interaction with DNA, 

a major target biomolecule of UV radiation, which is in accordance with their 

mutagenic nature as well as antibacterial potential. 57,58 The exposure to 

longer wavelengths (UVA) has more subtle biological effects, attributed to 

indirectly enhanced production of ROS, which results in oxidative damage to 

lipids, proteins, and DNA. Oxidative damage upon UVB exposure was 

observed, which comprises elements from both direct and indirect pathways 

of damage. 57,58 Although UVC causes direct damage to DNA and is less 

related to the production of oxidative damage, it has been recently found that 

oxidative stress was also crucial for cell inactivation under UVC irradiation. 

57 However, most studies that address the cellular effects of UV radiation 

make use of indirect detection methods by measuring the response of a cell 

or damage caused by radicals. 

We studied the bacterial stress response to UV light (UVC, 200–280 nm) 

by conducting the same T1 experiments. Such information is crucial to 

understand the role of UV radiation in UV-based disinfection strategies 

targeting a broad range of bacteria. The results are also plotted in Figure 3-

4. We observed a decrease in T1 during 90 minutes of UV irradiation. At first, 

there were no statistically significant differences between T1 in untreated and 

UV-treated samples, while this changed significantly (p<0.01) after one hour. 

The differences observed in T1 for UV-treated and antibiotic-treated samples 

(at 20 and 340 µg mL-1) were significant at the beginning (p<0.001). 

However, at the end of treatment, T1 remained constant, which can be the 

result of saturation of the treatment’s effect or reaching the time resolution 

limit of the equipment. Below a threshold relaxation time, our equipment is 

unable to differentiate shorter T1 values since the minimal time interval 

between pulses we can generate is reached. This could be resolved by using 

equipment with a faster pulse rate. Saturation of the antibacterial effect of 

increased antibiotic doses would agree with observations in the live-dead 

stain experiments presented in Figure 3-5. In general, our relaxometry 

results are consistent, and T1 decreasing was continuous after adding 

antibiotics. UV-treated cells show slightly higher T1 and a significant 

decrease in T1 was measured after 1 hour of treatment. This suggests that 

UVC light has less influence on free radical generation in bacterial cells than 

lethal doses of antibiotics. 
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The results of the present study confirmed that the lack of FND uptake 

by bacterial cells does not exclude relaxometry as an applicable method in 

microbiology, providing a valuable strategy for free radical detection. Since 

the NDs are outside of the bacterial cells, the increase in detected free 

radicals might be the result of lysis/destruction of the bacterial cell wall by 

antibiotics causing intracellular free radicals to leak out and come in contact 

with the ND, causing T1 to decrease. As this reduction was dose dependent, 

relaxometry allowed us to differentiate between free radical levels in different 

antibiotic concentrations and UV treatment. Apart from obtaining 

qualitative information, it is also possible to calibrate relaxometry data with 

known radical concentrations in a controlled environment. 12 Based on 

radical measurements under controlled conditions the concentrations we 

observe here are in the nanomolar range. 12 

The results of this study demonstrate that relaxometry can be used to 

perform a measurement before and during intervention on the exact same 

cell and the exact same particle, similar to what has been shown previously 

in other cell types. 12,14 Additionally, we have shown that the sensitivity of 

relaxometry is sufficient to detect free radicals. 12     

To give our data full consideration, it should be noted that the 

paramagnetic form of iron might also have an influence on T1. However, since 

we did our experiments in PBS, we did not include iron compounds, such as 

were seen by Wang et al. 44 in electron spin resonance (ESR) spectroscopy. 

Wang et al. have also measured the internal iron concentration of S. aureus 

with and without 6 h of antibiotic treatment (2.5 µg ml-1 vancomycin or 0.4 

µg ml-1 ciprofloxacin), and  they did not find any significant differences in 

iron concentration in the supernatant from antibiotic treated compared to 

untreated samples. Thus, we do not expect significant iron release by using 

higher concentration of vancomycin. 

3.3.2 Live-Dead Staining 

To compare our relaxation measurements with established methods, a live-

dead assay of S. aureus ATCC 12600 strain was performed following 

treatment for 90 minutes with various conditions. The resulting images are 

presented in Figure 3-5 and show the effect of vancomycin used at lethal 

concentrations compared to pre-treated and untreated samples. We 
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observed an increase in the number of dead cells, which was antibiotic 

concentration dependent.  Also, in the control sample, after adding PBS 

instead of antibiotic, both live and dead bacteria are present after 2 hours. 

Nevertheless, the number of dead cells is much lower than on the treated 

surfaces, which shows a similar trend as our observations in the relaxation 

measurements (shown in Figure 3-4). Fluorescence imaging of S. aureus 

shows no significant difference in the number of dead cells in samples treated 

by antibiotics and H2O2 (a positive control), observationally. However, the 

number of dead cells in both samples markedly increased compared to 

control samples (see supplementary information Figure S1.). 

 

Figure 3-5 Evaluation of live/dead staining of S. aureus following treatment for 90 min with 
three concentrations of vancomycin (AB=antibiotic) measured by fluorescent microscopy 
using SYTO9 green-fluorescent stain (live organisms) and PI red-fluorescent stain (dead 
organisms). Pre-treatment samples contained S. aureus cells on glass surfaces before adding 
chemicals. Untreated samples represented bacterial cells treated by PBS.  Note: All images 
were taken at 40× magnification. 

3.3.3 Comparing to ROS Measurements by Fluorescent-based Probe 

As mentioned earlier, there are some fluorescent dye-based methods to 

determine generated ROS while killing bacteria. We chose to investigate one 

of these methods' sensitivity compared to our relaxometry-based approach. 

According to the literature, the conventional H2DCFDA assay is a sensitive, 

direct, non-specific ROS detection method. 55 As a positive control, bacterial 

cells were exposed to 0.5 % H2O2. At the initial measurement (t=0) there 

were no significant differences in the fluorescence intensity between samples 

treated with antibiotics, MQw and FNDs. Almost no trend is visible for other 
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time points. As expected, ROS production was only statistically significant 

for the positive control samples treated by H2O2 (p<0.0001). The results 

shown in Figure 4-6. suggest that the investigated conventional method was 

not sensitive enough to measure ROS generated in S. aureus during 

antibiotic treatment. We also do not see any differences between 

fluorescence intensities from the control and the FND group. This confirms 

that, with the sensitivity of this method, no detectable ROS production 

caused by the presence of diamond particles themselves can be detected. 

It is worth mentioning that there are important differences between 

conventional assays and relaxometry. The two assays differ in when, where 

(relaxometry is local and thus from single cells while H2DCFDA measures an 

ensemble), and what they measure as outputs. 14 Our diamond-based NV-

based sensing method detects free radicals, whereas H2DCFDA measures all 

ROS (which are mostly non-radicals). Furthermore, the fluorescent dye can 

diffuse and thus, where the signals come from is not necessarily where the 

radicals were created. A way to circumvent this problem demonstrated by Yi 

et al. is to use specific inhibitors and then compare the ROS production with 

a control. 59 However, this approach requires that there is a very efficient 

inhibitor that is not toxic and a knowledge of which process needs to be 

inhibited. NV centers on the other hand are only sensitive to radicals in their 

immediate surrounding (up to some tens of nanometer). Thus, if the cells are 

a few micrometers apart as is the case here the nanodiamonds only detect 

radicals from single cells. Most radicals are so short lived that they are 

destroyed entirely before they can diffuse a few microns and even the most 

long-lived radicals are drastically reduced a few microns away from the cell 

surface. 60 Moreover, dyes like H2DCFDA measure the history of the sample 

while the FND measurements before and after from the same cells at the 

same location, and the data are collected in real-time. Finally, the relevant 

conventional method needs several steps for pre-treatment, and the results 

vary with experimental conditions. Relaxometry measurements are relatively 

insensitive to pH and temperature in the relevant range. 14 In addition, 

ESR/spin trapping was examined as an approach to monitor the intracellular 

and extracellular free radical formation in S. aureus while treating with 

antibiotics (vancomycin or ciprofloxacin). 44 However, the method is 

relatively insensitive and requires relatively high concentrations of spin traps.  
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Figure 3-6 Fluorescence generated over time (0-60 min) in treated bacterial cells with 
antibiotic (AB:20 µg mL-1), Milli-Q water (MQw), fluorescent nanodiamonds (FND:20 µg 
mL-1) and H2O2 (0.5 %) . Mean values (n=4) were expressed as normalized % of the 
fluorescence signal of their control. The experiments were repeated 4 times and error bars 
represent standard deviations and ****P ≤0.0001. 

2.4 Conclusions 

Measuring free radicals is challenging due to their short half-live and low 

steady-state concentration. There are several distinct features of our 

technique that are complementary to the existing techniques. Our method 

measures the current radical load while fluorescent probes measure the 

history of the sample. Our readout is local and comes from the area below 

100 nm around the particle while the readout from the fluorescent probes is 

usually from the entire sample or at least a large ensemble. Most fluorescent 

probe based techniques (including H2DCFDA) measure different chemicals 

and are also sensitive to non-paramagnetic species like H2O2. Since these are 

about an order of magnitude more abundant, they will dominate the readout. 

On the other hand we are not seeing H2O2 at all since we are sensitive to the 

unpaired electron of radicals (it is essentially an ESR signal that we measure 

but with higher sensitivity and locally). Depending on the quantities and 

qualities of interest, this may be an advantage or a drawback. In addition, 

while fluorescent probes bleach over time, FNDs are infinitely stable, 
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allowing for continuous long term measurements on the same cell and same 

particle. 

We report here that exposing bacterial cells to stress conditions leads to 

a dose dependent free radical response, which eventually leads to killing the 

bacterial cells of S. aureus. We further observed the dynamics of radical 

generation at the single-cell level. This kind of information is valuable for 

assessing the working mechanisms of bacterial killing as well as the 

formation of resistance. 
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Supplementary Information 

S.01 Fluorescence microscopy images of S. aureus on glass 

surfaces 

 

The live/dead staining solution was prepared by mixing SYTO 9 and 

propidium iodide (PI) with a 1:1 ratio. After adding the staining solution, 

samples were incubated for 15 min at room temperature in the dark. Finally, 

the cells were imaged by fluorescence microscopy (Leica DFC350 FX). 

 

Figure S1 Fluorescence microscopy images of S. aureus after two h incubation on the glass 
surfaces and AB(vancomycin (20 µg mL-1)) and H2O2 (0.5 %) treatment for 90 minutes. For 
the control sample, bacterial cells were not exposed to chemicals. Green and red signals 
indicate live and dead bacteria, respectively. 
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