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Exploring Antioxidants

Abstract

Aging and hepatic steatosis are prevalent conditions associated with oxidative stress, for which
effective treatments are urgently needed. This study investigates OBE100, an extract from
Eucalyptus tereticornis leaves, for its antioxidant potential in combating free radicals in liver
tissue. Precision-cut liver slices from mouse models of aging, hepatic steatosis, and control
animals are used in this effort. Additionally, it explores the application of nanodiamond-based
quantum sensing for assessing free radicals in tissues and aims to refine this methodology by
enhancing the understanding of fluorescent nanodiamond distribution within tissues.

OBE100 demonstrates robust antioxidant potential; however, its onset of action is delayed and
necessitates additional dosing. In models of hepatic steatosis, OBE100 effectively restores free
radical levels to their pre-steatotic state, and this effect coincides with its hypolipemic activity.
Viability assays also reveal no detrimental effects of OBE100 on precision-cut liver slice health.
Thus, OBE100 emerges as a promising candidate for managing oxidative stress associated with
steatotic liver disease and aging—two conditions urgently requiring effective treatments.

Furthermore, this research demonstrates that nanodiamond-based quantum sensing can effec-
tively assess free radical generation in tissue slices, representing a novel achievement.
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1 Introduction

Reactive molecular species (RMS) are short-lived molecules known for their propensity to react
with biological materials (Wolfle et al., 2014). They are classified based on their elemental
origins (e.g., oxygen, nitrogen) and the presence of unpaired free electrons (paramagnetic free
radicals or non-paramagnetic molecules) (Damle et al., 2022) (Figure 1).

Figure 1. Illustration of the division of RMS with corresponding examples for each category
(Damle et al., 2022)

Free radicals, a subset of RMS, harbor free electrons in their outer shell and serve as indis-
pensable entities in numerous aspects of everyday existence (Phaniendra et al., 2014). Derived
as inherent byproducts of cellular metabolism, their involvement permeates diverse physiolog-
ical and cellular functions, encompassing immune defenses (Knight, 2000), cellular signaling
pathways (Bokkon, 2012), and responses to external stimuli such as environmental pollution,
tobacco smoke, electromagnetic radiation, and specific pharmaceutical agents (Lobo et al.,
2010).

Free radicals encompass certain members of reactive oxygen species (ROS) and reactive nitrogen
species (RNS). ROS comprise oxygen-containing molecules generated from disruptions in elec-
tron flow along the respiratory chain. These disruptions lead to the production of intermediates
that subsequently interact with oxygen, resulting in the formation of ROS. Additionally, ROS
can be produced in response to cellular reactions to xenobiotics, cytokines, and bacterial inva-
sion (Ray et al., 2012; Smirne et al., 2022). RNS, nitrogen-based compounds associated with
oxygen, result from the interaction of nitric oxide with ROS (Alhasawi et al., 2019; Jakubczyk
et al., 2020; Y. R. Li & Trush, 2016).

Free radicals are typically regulated by the body’s natural mechanisms. However, an excessive
accumulation, surpassing the body’s capacity for gradual neutralization using antioxidant de-
fenses, leads to oxidative stress. The primary contributors to this phenotype include elevated
production of ROS and impaired antioxidant systems (Martinez-Reyes & Cuezva, 2014). Ox-
idative stress induces direct or indirect damage to nucleic acids, proteins, and lipids, thereby
contributing to the pathogenesis of various chronic and degenerative diseases, including carcino-
genesis, neurodegeneration, atherosclerosis, diabetes, and aging (Ray et al., 2012). The study
reported delves into the ramifications of reducing free radicals in two conditions associated with
oxidative stress: aging and steatotic liver disease.
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Aging encompasses the gradual and progressive decline in cellular and organ functions over time,
resulting in increased vulnerability to chronic diseases and mortality in living organisms (Sri-
vastava, 2017). Apart from individual implications, it has far-reaching societal effects, spanning
economic and healthcare domains. With an aging population, there is a heightened demand
for healthcare services to address age-related ailments, resulting in increased societal health-
care expenses (Institute of Medicine (US) Committee on the Future Health Care Workforce for
Older Americans, 2008). These intertwined consequences underscore the complexity of aging
and stress the necessity for approaches to comprehend and tackle this biological phenomenon.

There is a tight link between ROS generation and oxidative damage during aging. A peer-
reviewed study by Lopez-Otin et al. (2013) identified nine hallmark features of aging, which
were later updated to twelve (Lopez-Otin et al., 2023). These hallmarks have continuously
evolved to reflect the latest discoveries and are now widely accepted as a common standard
within the research community. Among them is mitochondrial dysfunction, which is closely
associated with ROS production during oxidative phosphorylation (Lopez-Otin et al., 2016;
Warraich et al., 2020). Mitochondria play pivotal roles in myriad cellular functions, including
metabolism, signal transduction, ion homeostasis, oxidative stress, and programmed cell death
pathways. Any disruption in mitochondrial activity can significantly impact cell viability and
function (Srivastava, 2017).

As individuals age, mitochondrial function declines through various mechanisms, including
the accumulation of mutations in mitochondrial deoxyribonucleic acid (DNA), impaired pro-
teostasis leading to the destabilization of respiratory chain complexes, decreased turnover of
mitochondria, and alterations in mitochondrial dynamics (Srivastava, 2017). This deteriora-
tion compromises the role of mitochondria in cellular bioenergetics, increases the generation of
ROS, and can provoke accidental permeabilization of mitochondrial membranes, resulting in
inflammation and cell death (Lopez-Otin et al., 2023).

ROS is also pivotal in mitophagy, a specialized form of autophagy that selectively eliminates
surplus or damaged mitochondria. However, as individuals age, there is a reduction in both
mitophagy and autophagy pathways, associated with numerous age-related conditions including
neurodegenerative diseases, cardiac complications, immune system disorders, hepatic and renal
dysfunction, and cancer. This decline leads to impaired mitochondrial function, ultimately
resulting in elevated ROS production (Srivastava, 2017).

Steatotic liver disease is the most prevalent chronic liver condition, impacting over a quarter
of the global population (Kokkorakis et al., 2024). It is characterized by hepatic steatosis, the
excessive accumulation of triglycerides within hepatocytes, the main parenchymal cells of the
liver (Z. Zhou et al., 2015). This condition is primarily associated with two major metabolic
disorders: nonalcoholic fatty liver disease (NAFLD) and alcoholic fatty liver disease (AFLD)
(Idilman et al., 2016). AFLD is associated with a history of excessive drinking, typically de-
scribed as exceeding 14 standard drinks per week for women and 21 for men; NAFLD is not
linked to alcohol consumption (Smirne et al., 2022). NAFLD and AFLD represent significant
global health concerns, with their prevalence increasing steadily. NAFLD affects approximately
23-25% of the general adult population, with the highest rates observed in the Middle East
(32%) and South America (30%), and the lowest in Africa (13%) (Lazarus et al., 2021). Fur-
thermore, this condition is closely linked to the global increase in obesity (Fabbrini et al., 2009;
Loomba & Sanyal, 2013). AFLD, on the other hand, is estimated to affect about 4.3-4.7% of
the population (Wong et al., 2019). Both conditions manifest across a spectrum of pathologies,
ranging from simple steatosis to steatohepatitis (SH), characterized by inflammation of the
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liver tissue, cirrhosis, and even hepatocellular carcinoma (Singh et al., 2017).

Hepatic steatosis primarily stems from increased uptake, decreased export, or impaired break-
down of free fatty acids (FFA). When macronutrient intake exceeds immediate energy needs,
the liver converts unused carbohydrates and proteins into triglycerides for storage. Subse-
quently, during periods of reduced intake or increased energy expenditure, these stored lipids
are mobilized and utilized (Smirne et al., 2022).

Over time, the liver loses its capacity to adaptively compensate for the accumulation of fatty
acids within hepatocytes, as the increase in mitochondrial respiration becomes bioenergetically
inefficient. This results in structural and functional changes in mitochondria, marking the
initiation of NAFLD or AFLD (Meex & Blaak, 2020; Rabelo et al., 2024).

Hepatocytes in hepatic steatosis attempt to mitigate lipid excess by upregulating fat oxidation
within microsomes and peroxisomes (Smirne et al., 2022). However, the process of reoxidizing
NADH to NAD+ within mitochondria is linked to electron leakage from the mitochondrial
respiratory chain, leading to enhanced ROS generation and elevated oxidative stress levels
(Rabelo et al., 2024).

Impaired redox status and subsequent accumulation of ROS are implicated as the primary
drivers of hepatic maladaptive responses to fat accumulation, resulting in metabolic impairment
and the progression to SH (Arroyave-Ospina et al., 2021). ROS can inhibit the hepatic secretion
of very-low-density lipoproteins, exacerbating intrahepatic lipid accumulation and contributing
to mitochondrial dysfunction in hepatocytes (Gambino et al., 2011). Moreover, the shift to
beta-oxidation of FFA - the process by which fatty acids are broken down to produce energy
(Talley & Mohiuddin, 2023) - observed in SH, exacerbates free radical production, leading to
hepatocellular damage, inflammation, and eventual fibrosis through the activation of hepatic
stellate cells (Sanyal et al., 2001). Furthermore, during liver injury, oxidative stress triggers
the activation of redox-sensitive transcription factors, initiating an inflammatory response and
activating cell death pathways in hepatocytes (Rabelo et al., 2024; Smirne et al., 2022).

Beyond lifestyle interventions aimed at weight loss, several drugs on the market target condi-
tions associated with steatotic liver disease. These include medications that lower cholesterol
or triglycerides, control blood pressure, or manage diabetes. However, many drug candidates
have shown limited efficacy or failed in clinical trials, highlighting an urgent need for effective
treatments (Kokkorakis et al., 2024). Therefore, the exploration of new drug candidates for
steatotic liver diseases remains an active area of research.

Antioxidants play a pivotal role in mitigating the detrimental effects of free radicals by donating
electrons and effectively neutralizing their impact. Studies have demonstrated that decreasing
ROS levels or limiting their production rate can mitigate oxidative damage (Houldsworth,
2023). Lobo et al. (2010) suggested that this approach could delay aging, while Chen et al.
(2020) and Sabir et al. (2022) proposed it might also limit the progression of steatotic liver
disease.

Eucalyptus tereticornis (Eu) is renowned for its antioxidant properties. In a study by Acin
et al. (2021), the Eu leaf extract OBE100, containing three pentacyclic triterpenes, demon-
strated the ability to modulate immuno-metabolic activities associated with obesity and insulin
resistance - two conditions exacerbated by oxidative stress. Furthermore, OBE100 exhibits
anti-inflammatory properties, which are closely intertwined with oxidative stress, as chronic
inflammation can contribute to the generation of free radicals (Acin et al., 2021; Smina et al.,
2011; Yadav et al., 2010). Additionally, OBE100 has shown hypoglycemic and hypolipidemic
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effects (Bentancur et al., 2021).

This research aims to evaluate the antioxidant efficacy of the OBE100 extract. The research
question addressed is: What impact does OBE100 have on free radicals in precision-cut liver
slices (PCLS) obtained from naturally aged, fatty acid-induced, and positive control mice mod-
els?

While in vitro models of human liver disease often lack the complexity of native liver archi-
tecture, PCLS maintain this intricate physiological structure, encompassing all liver cell types.
This characteristic is vital for studying multifaceted liver functions and responses to toxic com-
pounds in vitro, rendering PCLS an invaluable choice for this project (I. A. de Graaf et al.,
2010; Dewyse et al., 2021).

Conventional methods for assessing oxidative stress and free radicals encompass both direct and
indirect approaches. Direct measurements involve detecting cellular levels of ROS using probes,
such as fluorogenic ones, and correlating fluorescence or absorbance with their concentrations.
However, these techniques are challenged by issues related to selectivity, quantification, lin-
earity of response, and susceptibility to artifacts (Murphy et al., 2022). Indirect methods
evaluate oxidative damage to cellular components like lipids, proteins, and nucleic acids. For
example, protein carbonyl content indicates protein damage (Levine et al., 1990), while lipid
peroxidation levels estimate malondialdehyde content; immunohistochemical examination tar-
gets primary DNA lesions like thymidine glycol and can be used to assess nucleic acid damage.
Nevertheless, these methods provide no spatial resolution and are destructive. Additionally,
antioxidant levels and activity correlate with oxidative stress severity. Cellular responses are
studied through changes in protein and ribonucleic acid (RNA) expression using techniques like
quantitative polymerase chain reaction, RNA sequencing, or Western blotting (Katerji et al.,
2019). However, these approaches are specific to certain radicals and do not provide spatial
and temporal information on free radical responses. Magnetic resonance techniques, including
nuclear magnetic resonance, electron spin resonance, and magnetic resonance imaging, show
promise for detecting radicals by identifying their free electrons. Nonetheless, they possess
limited sensitivity. (Damle et al., 2022; Dikalov & Harrison, 2014; Wu et al., 2022).

Nanodiamond-based quantum sensing is a novel technique that has recently emerged for eval-
uating oxidative stress and free radicals, and this method has undergone further refinement
within the context of this research and its broader project. It addresses the common limitations
of conventional methods used to assess oxidative stress, notably the difficulty of simultaneously
localizing, quantifying, and identifying free radicals. Ultimately, it enables a detailed and nu-
anced understanding of free radical presence and behavior within a given system (Wu et al.,
2022).

Nanodiamond-based quantum sensing utilizes fluorescent nanodiamonds (FNDs) containing
lattice defects known as nitrogen-vacancy (NV) centers. The NV centers, arising from the re-
placement of a carbon atom by a nitrogen atom with an adjacent vacancy, impart optical and
magnetic properties to the diamond. These unique properties enable NV centers to optically
detect magnetic resonances by altering their brightness in response to the magnetic environ-
ment. The uptake of FNDs by cells mainly occurs through phagocytosis and endocytosis (Mzyk
et al., 2022; Niora et al., 2023; Perona Martinez, 2020; Prabhakar et al., 2017; Y. Zhang, 2023).

Under normal conditions, the electronic spins within the NV center can be excited to the bright
ms = 0 state using a green laser. Upon deactivation of the laser, the electron spin states undergo
repolarization, returning to the equilibrium between the ms = 0 and ms = ±1 states (Figure
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2). The duration needed for this process is referred to as the spin-lattice relaxation time (T1)
(Mzyk et al., 2022).

Figure 2. A diagram representing the energy levels of NV centers (Mzyk et al., 2022)

The brightness disparity between the ms = 0 and ms = ±1 states facilitates the optical
monitoring of the transition and determination of its rate. By measuring the duration of the
repolarization, varying concentrations of paramagnetic species, such as free radicals, can be
detected. Higher concentrations of free radicals near the FND probe result in more unpaired
electrons, accelerating the duration of the repolarization, and leading to a shorter relaxation
time and a smaller T1 value. Conversely, lower concentrations of free radicals result in a longer
relaxation time, leading to an increased T1 value (Figure 3) (Mzyk et al., 2022; Perona Martinez
et al., 2020; Rondin et al., 2014).

Figure 3. A diagram depicting the T1 relaxation curve of an NV center in the presence and
absence of a paramagnetic species (GdCl3 salt) (Schirhagl et al., 2014)

The primary hypothesis of this research proposes that OBE100 will significantly decrease free
radicals, as indicated by elevated T1 values, following incubation periods of 6, 24, and 48 hours
in precision-cut liver slices obtained from a naturally aged mouse model and a young model
mimicking steatosis, along with a positive control group for the latter. This reduction will be
assessed through a one-way analysis of variance (ANOVA) test, followed by Tukey’s multiple
comparison test with a 95% confidence interval (CI), comparing baseline measurements to
those after incubation with the extract. Consequently, OBE100 is hypothesized to hold the
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potential as a treatment for aging and steatotic liver disease by minimizing oxidative stress and
its associated effects.

While the efficacy of nanodiamond-based quantum sensing in detecting free radicals within
cells was established in 2021 (Sharmin et al., 2021), its feasibility in free radical detection
within tissues remains unsubstantiated. Tissues present a more complex and physiologically
relevant environment compared to isolated cells, offering functional integration that better
mimics the organism (Abbott & Kaplan, 2015). Therefore, this research aims to explore the
potential of nanodiamond-based quantum sensing for detecting free radicals in tissues and refine
the methodology by improving our understanding of FND distribution within them, thereby
significantly enhancing tissue-based methodologies.

The research question addressed in this part of the project is: Can the application of nanodiamond-
based quantum sensing offer an effective and feasible method for detecting free radicals in
precision-cut slices (PCS) of the liver, heart, spleen, and kidney obtained from a naturally
aged mouse model?

Cellular uptake of FNDs can be determined by utilizing confocal microscopy to visualize FNDs
in tissues undergoing Fluorescence-activated cell sorting (FACS).

FACS, a flow cytometry technique, is preferred when high purity of the target population is
necessary and can be used when the identifying marker is expressed at low levels or when
differential marker density is used for cell separation. It is the sole method for isolating cells
based on intracellular protein expression or internal staining. FACS enables the purification of
individual cells based on size, granularity, and fluorescence (Basu et al., 2010).

To isolate cells of interest, they are initially labeled with fluorescently-tagged monoclonal anti-
bodies recognizing specific surface markers; negative selection of unstained cells is also feasible
(Herzenberg et al., 2000). During FACS, cells in suspension are passed as droplets, each contain-
ing a single cell, in front of a laser. The fluorescence detection system identifies cells of interest
based on predetermined parameters, and the instrument charges and sorts them accordingly
into collection tubes using an electrostatic deflection system (Basu et al., 2010; Longobardi
Givan, 2001).

Confocal microscopy, a technique in light microscopy used for imaging fluorescently labeled
specimens, operates by sequentially illuminating a specific region of the sample. This illumina-
tion is achieved by scanning focused light beams from a laser across the specimen and using a
pinhole to exclude extraneous light from reaching the detector (Paddock & Eliceiri, 2013). This
process enables the confocal microscope to produce clear images of the specimen that would
otherwise appear blurred under standard light microscopy. These images exhibit less haze and
improved contrast compared to those obtained with conventional techniques, presenting a thin
cross-section of the specimen. Additionally, confocal microscopy enables the construction of
three-dimensional reconstructions by compiling a series of thin slices taken along the vertical
axis (Semwogerere & Weeks, 2008).

12



Exploring Antioxidants

2 Materials and Methods

2.1 Fluorescent Nanodiamonds

The research employed ground HPHT diamonds (ND-NV-120nm) sourced from Adamas Nan-
otechnology. The manufacturer subjected the diamonds to irradiation using 3MeV electrons at
a fluence of 5× 1019 cm−2. This process created vacancies within the diamonds, which became
mobile during annealing at temperatures exceeding 600 ◦C. The vacancies were combined with
nitrogen atoms to form NV centers. Following irradiation, the particles underwent cleaning
with oxidizing acid, resulting in oxygen-terminated surfaces (Shenderova et al., 2019). Pre-
vious experiments validated the suitability of this particle size for the intended application
(Sigaeva et al., 2022). These particles have been extensively utilized for diverse purposes and
have undergone thorough characterization (Hemelaar et al., 2017; Ong et al., 2018).

2.2 Experimental animals

Adult male C57BL/6J mice, aged 12 and 80 weeks, were purchased from Charles River Europe.
The animals were housed in a controlled environment with regulated temperature and humidity.
They were maintained on a 12-hour light/dark cycle, with food and water provided ad libitum.
The mice were acclimatized for one week prior to the experiments. Euthanasia was performed
by exsanguination under isoflurane/O2 anesthesia, after which livers, hearts, spleens, and kid-
neys were collected and preserved in ice-cold University of Wisconsin (UW) organ preservation
solution (DuPont Critical Care) until further processing. All experimental protocols complied
with Dutch regulations and were approved by the Institutional Animal Care and Use Commit-
tee of the University of Groningen and the Central Committee on Animal Experiments (permit
number AVD10500202215969).

The experiment comprised three subparts. The first subpart involved four 80-week-old natu-
rally aged mice to observe free radical accumulation and oxidative stress due to aging and to
investigate the antioxidant properties of OBE100 in this context. The second part included
four 12-week-old mice as a positive control group for the fatty acid-induced model to evaluate
the extract’s effects in young, non-stressed models. The third part comprised three 12-week-old
mice treated with fatty acids to simulate hepatic steatosis, examining OBE100’s efficacy under
these conditions.

2.3 Precision-Cut Organ Slices

2.3.1 Slicing

The sample preparation for all batches of C57BL/6 male mice followed a consistent protocol.
Initially, FNDs were sonicated in an ultrasonic bath for 10 minutes. The preparation of Krebs-
Henseleit buffer, William’s E Glucose Gentamicin (WEGG) solution, and sonification solution
(SONOP) adhered to the protocol outlined by De Graaf et al. (I. A. de Graaf et al., 2010).
Gentamicin is toxic to the kidney (Balakumar et al., 2010); therefore, for this organ, it was
replaced with 100 µL of ciprofloxacin. The SONOP solution was then dispensed into 1.5 mL
Eppendorf safe-lock tubes containing a measuring spoon of glass beads and used for collecting
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and cryopreserving samples for viability assays and triglyceride estimation. For the WEGG-
FND solution, 900 µL of FNDs were mixed with 17.1 mL of WEGG medium, resulting in a
concentration of 50 µg/mL of FNDs.

Liver tissue was punctured using a 5 mm diameter biopsy needle while being exposed to Krebs-
Henseleit buffer throughout the process. The biopsy samples were then placed in the sample
holder of the Alabama Research and Development Tissue Slicer. The kidney was sliced whole
by placing it directly into the core of the sample holder. Since the hearts and spleens of
mice are generally small (for instance, a typical mouse heart has a transverse dimension of
approximately 4.15 mm (Gargiulo et al., 2012)), these organs were first embedded in agarose.
An agarose solution with a concentration of 3% was prepared by dissolving 3 grams of agarose
in 100 mL of Milli-Q water (MQ water). The spleen and heart were slightly punctured with
a needle to hold them in place, positioned in the core of the sample holder of the slicer, and
then 2-3 mL of the agarose solution was poured over them. They were left for 5 minutes to
polymerize, after which the needle was removed. This method provided better support for the
heart and spleen, enabling the production of slices with uniform thickness.

The parameters of the slicer were calibrated to produce liver slices weighing approximately
4-5 mg, corresponding to a thickness of 200-250 µm, as determined in previous experiments
(Bartucci et al., 2020). These parameters were applied to slice other organs as well. After
slicing, PCS of the liver, heart, spleen, and kidney were obtained.

2.3.2 Collagenase Pre-Treatment

The collagenase solution was prepared by dissolving 6 mg of collagenase type 1 (or collagenase
type 2 for the spleen) in 6 mL of WEGG solution (or William’s E medium with glucose and
ciprofloxacin for the kidney), resulting in a concentration of 0.1%. PCS of the liver designated
for nanodiamond-based quantum sensing, and half of those from the kidney, spleen, and heart
intended for FACS, underwent collagenase treatment in wells containing 500 µL of collagenase
type 1 or type 2 solution. This procedure aimed to enhance the penetration of FNDs into the
tissue and improve their cellular uptake. After incubating on a heating pad for 5 minutes,
the samples underwent three 5-minute washes with UW solution. For the spleen, phosphate-
buffered saline (PBS) was utilized instead as previous research in our project indicated that
UW solution might reduce its viability.

2.4 OBE100 Treatment

2.4.1 Naturally Aged Mice

Following collagenase treatment, PCLS from the 80-week-old mice were transferred to wells
containing 500 µL of WEGG-FNDs solution. After 24 hours, 3.7 µL of the OBE100 extract
(100 µg/mL) was added by replacing an equivalent volume of the medium, excluding the baseline
and control measurements. The PCLS were incubated with OBE100 for 6, 24, and 48 hours in
a shaking incubator before being extracted for nanodiamond-based quantum sensing.
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2.4.2 Positive Control Mice

A concentrated OBE100 solution (25 mg/mL) was prepared by dissolving 25 mg of OBE100
powder in 1 mL of dimethyl sulfoxide (DMSO). To achieve an OBE100 concentration of 100
µM, in each well 2 µL of this concentrated solution was added to 498 µL of WEGG. PCLS
from 12-week-old positive control mice were incubated with the OBE100-WEGG solution for
6, 24, and 48 hours, with a medium change and a new dose of OBE100 administered after the
24-hour incubation.

2.4.3 Fatty Acid-Induced Mice

The PCLS from the 12-week-old mice were initially incubated for 48 hours in low-glucose Dul-
becco’s Modified Eagle Medium (DMEM), containing 10% fetal bovine serum, 1% antibiotics
(penicillin and streptomycin), 1% bovine serum albumin (BSA), and 0.5 mM fatty acid mix-
ture (sodium oleate and palmitate in a 2:1 ratio, i.e., 0.333 mM and 0.167 mM, respectively).
Following a similar procedure to the positive control mice, the PCLS were incubated with
OBE100-WEGG for 6, 24, and 48 hours, with a medium change after the 24-hour incubation.

2.5 Viability: ATP and Protein Assays

For viability assays, initial samples were collected from PCLS immediately after slicing. For
the naturally aged mice, three tissue samples were placed in WEGG-FND solution as a 0-hour
control before incubation with OBE100. For the fatty acid-induced mice, three samples were
placed in WEGG medium as a 0-hour and fatty acid treatment control. Additionally, three
samples were continuously incubated in WEGG medium for 48 hours to check for any viability
changes in the PCLS without fatty acid treatment. Moreover, for this animal model, three
samples were placed in WEGG-FND solution after fatty acid treatment. Additional viability
samples were collected after incubation with OBE100 for 6, 24, and 48 hours, and after each
T1 measurement. To evaluate the effects of OBE100 concentration, collagenase pre-treatment,
and FNDs, PCLS after slicing underwent the preparation detailed in Section 2.5.1.

The viability assays were conducted to evaluate the impact of the OBE100 extract on tissue
health and functionality and to validate the experimental conditions. The adenosine triphos-
phate (ATP)/protein ratio served as the primary outcome measure. Tissue viability depends
on maintaining adequate ATP levels, with reductions in ATP indicating compromised viabil-
ity (Bajerski et al., 2018). To standardize the measurements, ATP levels were normalized to
protein content. The ATP assay for PCLS followed the method outlined by De Graaf et al.
(I. A. de Graaf et al., 2010). After centrifugation, Eppendorf tubes containing the precipitate
from the ATP assay were dried at 37 ◦C in an incubator for one day to prepare them for protein
measurement. The protein assay was performed according to the manufacturer’s instructions
(Bio-Rad RC DC Protein Assay Kit I).

2.5.1 OBE100 Concentration

A concentrated OBE100 solution (25 mg/mL) was prepared by dissolving 25 mg of OBE100
powder into 1 mL of DMSO. From the concentrated OBE100 solution, subsequent dilutions
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were prepared in each well of a 96-well plate: 2 µL of the concentrated solution was added to
498 µL of WEGG medium to achieve an OBE100 concentration of 100 µM, 1 µL was added to
499 µL of WEGG medium for a concentration of 50 µM, and 0.5 µL was added to 499.5 µL of
WEGG medium to obtain 25 µM.

The control without collagenase was incubated in WEGG medium for 24 hours, while the
control with collagenase underwent pre-treatment with collagenase (Section 2.3.2) before being
incubated in WEGG medium for 24 hours.

Following pre-treatment with collagenase, PCLS were either first incubated for 24 hours with
FNDs before the medium was exchanged to a WEGG solution with varying OBE100 con-
centrations, or they were immediately incubated with OBE100-WEGG without prior FND
incubation. After 24 hours, a new dose of OBE100 was added by exchanging the medium with
a fresh OBE100-WEGG solution.

2.6 Triglyceride Accumulation

The process commenced on the slicing day, with half of the collected PCLS undergoing col-
lagenase pre-treatment (Section 2.3.2) to assess its impact on the cellular uptake of FNDs.
Following this, PCLS were prepared using the same procedure as those for fatty acid-induced
mice (Section 2.4.3). This included a 24-hour incubation with FNDs, followed by a 48-hour
incubation in DMEM low-glucose medium containing a fatty acid mixture (i.e., fatty acid treat-
ment). Subsequently, the PCLS were incubated with OBE100 (100 µg/mL) in OBE100-WEGG
medium for 6, 24, and 48 hours. During the 48-hour incubation, the medium was changed after
the initial 24 hours, administering a new dose of OBE100. Subsequently, three slices from each
experimental condition (i.e., before any treatment, after fatty acid treatment with and without
collagenase pre-treatment, and after incubation with OBE100 for 6, 24, and 48 hours with or
without collagenase) were collected in separate Eppendorf safe-lock tubes and cryopreserved
for fat analysis.

Fat isolation began by diluting a 10X TRIS-buffered saline (TBS) solution with MQ water
to make 1X TBS. 600 µL of 1X TBS was added to each Eppendorf tube with samples and
processed with a Minibead Beater 24 for 45 seconds. The samples were kept on ice for 5 minutes
while preparing a set of 1.5 mL glass tubes. After 5 minutes, the samples were bead-beaten
again for 45 seconds. Then, we collected 100 µL of the homogenate in new 1.5 mL Eppendorf
tubes for later determination of protein content, which we used to normalize the triglyceride
levels. The remaining homogenates were stored at −80 ◦C. Subsequently, 300 µL of MQ water
was added to the homogenate in the glass tubes and vortexed. 1500 µL of chloroform (2:1) was
added to each glass vial in a fume hood. The samples were vortexed and stored on ice for 5
minutes, repeating this routine six times for each sample. 600 µL of MQ water was added to
the homogenate in the glass tubes and vortexed. In the hood, 500 µL of chloroform was added
to each glass tube and vortexed again. Afterward, the samples were centrifuged at 1500g for
10 minutes while a new set of glass tubes was prepared. Following centrifugation, the bottom
layer (chloroform containing fat) was collected into the new glass tubes and air-dried in the
hood overnight for triglyceride estimation.

In the fume hood, the dried isolated fat samples were reconstituted by adding 600 µL of 2%
Triton X-100% chloroform. After thorough vortexing, they were air-dried overnight on a heating
pad. From here, triglyceride estimation was carried out using the Trig/GB kit (Roche Molecular
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Biochemicals), following the manufacturer’s instructions.

Protein estimation after fat isolation began by adding 100 µL of 5M sodium hydroxide (NaOH)
to the air-dried homogenates, followed by incubation for 30 minutes at 37 ◦C in the water bath
under high-speed and shaking conditions. Concurrently, a thawed aliquot of BSA (3.2 mg/mL)
was used to prepare a calibration curve: 50 µL of BSA was mixed with 50 µL of 1M NaOH to
achieve a concentration of 1.6 µM. From this solution, 0.8, 0.4, 0.2, and 0.1 µM and 0.0 µM BSA
solutions in NaOH were prepared. After incubation, 400 µL of MQ water was added to each
sample tube and homogenized using the minibead-beater for 40 seconds. Then, 5 µL of each
sample and calibration curve were pipetted in duplicate into designated wells of a transparent
96-well plate. Subsequently, 25 µL of reagent A was added to each well, followed by 200 µL of
reagent B. The plate was incubated for 15 minutes at room temperature in the dark. Then, we
measured the absorbance at 650 nm using the standard settings of the Synergy Lowry Assay
protocol on a Synergy HT plate reader.

2.7 Free Radical Measurements with Nanodiamond-Based Quan-
tum Sensing

The nanodiamond magnetometer used in this study was developed in-house. It functioned as
a confocal microscope, featuring sensitive detection capabilities with an avalanche photodiode
and pulsing. The laser used had a wavelength of 561 nm, and the equipment had a numerical
aperture of 0.75. The experimental setup for the nanodiamond magnetometer was similar to
that of described by Morita et al. (2020), with a notable modification involving the addition
of an incubator and the use of a different wavelength laser (the original setup utilized a laser
with a wavelength of 532 nm).

Prior to each T1 measurement, PCLS were placed in Petri dishes containing 2 mL of WEGG
solution and secured with an anchor. Nanodiamond particles were identified based on their
fluorescence through visual inspection of images. Criteria for stable nanodiamond identification
included a fluorescence signal exceeding 600 counts per second, consistent photon counting with
minimal fluctuations and values at or above one million, and minimal movement of the diamond
when centered in view. The tracking algorithm described by Li et al. (R. Li et al., 2022) was
then initiated to begin nanodiamond-based quantum sensing measurements.

In total 43 dark times were used, and the pulse sequence was repeated 10 000 times for each T1
measurement to reduce noise. To enhance clarity, background light in the images was eliminated
by applying a filter to exclude pixels with values less than 80. The process was replicated at
least three times for each experimental condition: time points at 6, 24, and 48 hours, as
well as baseline measurements at 24 and 48 hours. For fatty acid-induced mice, additional
measurements were taken after fatty acid treatment, and following prolonged incubation of 24
and 48 hours in the WEGG medium.

In this experiment, NV center ensembles hosted in nanodiamonds were utilized. The decision
was based on the enhanced brightness of NV center ensembles, enabling easier detection even
amidst background fluorescence. Moreover, employing ensembles inherently reduces variability
between particles (Perona Martinez et al., 2020).
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2.8 Statistical Analysis

2.8.1 Nanodiamond-Based Quantum Sensing

The data fitting model for spin ensembles was adopted from Perona Martinez et al. (2020).

Two outlier analyses were performed. Initially, values below 50 and above 800 were manually
excluded, as they were not physically plausible for our nanodiamonds or could result from
detection limitations. Subsequently, the Robust Regression and Outlier Removal method in
GraphPad Prism was applied, with a False Discovery Rate set at 1%. A one-way ANOVA test
with a 95% CI was used to determine if the means of distinct experimental conditions differed
significantly. To pinpoint specific statistically significant differences among these conditions,
Tukey’s multiple comparison test, a pairwise post hoc test, was applied. Graphs were generated
using cleaned data post-outlier analysis, incorporating results from Tukey’s test.

2.8.2 Viability Assays and Triglyceride Estimation

The data analysis for viability assays and triglyceride estimation involved similar procedures,
utilizing the measured standard curves for each analyte.

For ATP estimation in pmol, a logarithmic transformation was applied. Initially, average
values of ATP content (A) and their logarithms (logA) were computed for each experimental
condition. Subsequently, Formula 1 was employed using the respective standard curve, where
Y denoted the y-intercept of the calibration curve and k was its slope:

10
logA−Y

k · 10 (1)

The resulting figure represented a 10-fold dilution, which was subsequently multiplied by 109

to determine ATP per PCLS.

To ascertain the concentration of triglycerides in µg/mL and protein concentration in mg/mL,
we utilized Formula 2 based on the standard curve.

A− Y

k
(2)

Subsequently, we computed the ATP/protein and triglyceride/protein ratios, followed by de-
termining the mean and standard deviation for each experimental condition. The statistical
analysis followed procedures akin to those employed in nanodiamond-based quantum sensing
(Section 2.8.1). To determine if the means of two groups differed statistically, an unpaired
t-test with Welch’s correction and a 95% CI was applied.

2.9 FACS

FACS was conducted prior to my involvement in the project. The procedure began with tissue
dissociation, wherein PCS of the heart, kidney, and spleen were collected in separate Eppendorf
tubes, each containing 1 ml PBS. For the kidney and heart, five PCS were collected in one tube
as a sample, whereas for the spleen, fifteen PCS were collected per tube due to the smaller size
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of spleen PCS. Subsequently, PCS of each organ, along with PBS, were transferred to a 100
µm cell strainer (EASYstainer from Greiner Bio-One) placed on a Petri dish and mechanically
meshed. Following each sample, the mortar was rinsed with 70% ethanol and MQ water, and
dried with a paper towel. The tubes were centrifuged at 300 x g at 4 ◦C for 10 minutes, after
which the supernatant was removed.

The subsequent procedure involved blocking Fc receptors to inhibit the non-specific binding of
fluorescently labeled antibodies. This was achieved using TruStain FcX (anti-CD16/CD32) at
a concentration of 1 µg per 106 cells in 100 µL, along with 9.5 µL of TruStain and 490.5 µL of
PBS per sample. The samples were then incubated for 15 minutes at 4 ◦C and centrifuged at
300 x g at 4 ◦C for 5 minutes.

Staining was performed by resuspending the samples in 200 µL of PBS containing appropriate
stains. Each spleen sample was treated with 2 µL of CD68 (PE-Vio 770, Miltenyi Biotec)
for macrophages, 2.5 µL of CD3ε (VioBlue, Miltenyi Biotec) for T cells, and 1.25 L of CD19
(AF647, BioLegend) for B cells.

For kidney samples, 2.5 µL of CD68 (PE-Vio 770), 2.5 µL of CD34 (APC-Fire 750, BioLegend)
for endothelial cells, 2.5 µL of CD140a (BV605, BioLegend) for fibroblasts, and 2.5 µL of
podoplanin (BV421, BioLegend) for podocytes were used. Additionally, 50 µL of Brilliant Stain
Buffer was added to restore expected fluorescent staining patterns, as BD Horizon Brilliant
reagents were used.

Each heart sample was treated with 2 µL of CD68 (PE-Vio 770) for macrophages, 2.5 µL of
CD34 (APC-Fire 750) for endothelial cells, 2.5 µL of CD140a (BV605) for fibroblasts, 1 µL of
NG2 (FITC, Biorbyt) for pericytes, and 50 µL of Brilliant Stain Buffer.

The samples were then incubated for 30 minutes at room temperature in the dark. Following
this, they were centrifuged at 300 x g at 4 ◦C for 5 minutes, and the supernatant was carefully
removed. The tubes were subsequently washed with 1 mL of PBS. Another centrifugation step
was performed at 300 x g at 4 ◦C for 5 minutes, and once again, the supernatant was carefully
removed.

For fixation, 500 µL of 4% paraformaldehyde was added, and the samples were incubated for
15 minutes at room temperature in the dark. Subsequently, they were centrifuged at 300 x g
at 4 ◦C for 5 minutes, and the supernatant was removed. The samples underwent washing with
1 mL of PBS, followed by centrifugation at 300 x g at 4 ◦C for 5 minutes, and removal of the
supernatant. This washing step was repeated twice. Finally, the samples were resuspended in
1 mL of PBS for flow cytometry analysis. After FACS, cells were permeabilized with PBS-T
(0.1%) for 10 minutes at room temperature in the dark. They were then incubated with PBS-
T containing DAPI (1:100) and Oregon Green 488 Phalloidin (1:40) for 20 minutes at room
temperature in the dark. Following incubation, the cells were washed once with PBS-T, and
the slides were mounted with ProLong Diamond Antifade Mountant.

2.10 Image Acquisition and Analysis

The slides prepared for analysis underwent examination using confocal microscopy. XYZ im-
ages were captured using the LeicaSP8X laser scanning confocal microscope equipped with an
HC PL APO OIL C52 objective (63x, N.A.1.40) and 405, 495, and 561 nm laser lines, according
to the Nyquist criterion. For the objective, Immersion Oil Type FF (purchased from Electron
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Microscopy Sciences) was used. Cell identification was facilitated by DAPI staining for nuclei
and FITC-phalloidin staining for actin filaments (Figure 4, b, c). The red/near-infrared fluo-
rescence (630-800 nm) emitted by FNDs when excited with green laser light, attributed to the
NV defect, facilitated their recognition (Schirhagl et al., 2014). After cell identification, the
lower and upper z positions were determined, and Z-stacks of 2D images with a step size of 0.2
µm were generated. The Z-stack was then visually inspected to detect the presence of FNDs
within the cell. The FNDs appeared as small, bright red dots or larger irregularly shaped dots
in the case of FND clusters, significantly brighter than the background (Figure 4, d). A total
of 100 cells were analyzed per imaged sample, or as many cells as possible if the full count was
not feasible.

(a) (b) (c) (d)

Figure 4. Example of a confocal image with various channels. (a) Overlap of all staining
channels with the brightfield channel. (b) Channel visualizing DAPI staining of nuclei in blue.
(c) Channel visualizing FITC-phalloidin staining for actin filaments in green. (d) Channel

visualizing FNDs in red; a cluster of FNDs is seen as a bright red dot.

3 Results

3.1 Nanodiamond Based Quantum Sensing

3.1.1 OBE100 Effect on Free Radicals in Naturally Aged Mice

Turkey’s multiple comparison test with a 95% CI reveals no statistically significant differences
between the two baseline measurements: one with a 24-hour incubation with FNDs in WEGG
medium and the other with a 48-hour incubation. A trend of increasing T1 values is observed
up until the incubation with OBE100 for 24 hours, which shows statistically significant differ-
ences compared to both the 24-hour baseline measurement (control1) and the 48-hour baseline
measurement. A decrease in T1 values, although not statistically significant, is observed with
a 48-hour continuous incubation with OBE100 (Figure 5).

1The 24-hour baseline serves as a control, as all PCLS underwent a preliminary 24-hour incubation with
FNDs before exposure to OBE100
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Figure 5. T1 values reflecting free radical accumulation in PCLS from all naturally aged
mice before and after incubation with OBE100. Each data point represents an individual T1

measurement, with bars indicating mean values and error bars representing standard
deviations. Higher T1 values indicate reduced free radical accumulation around the FND

probe. A statistically significant increase in T1 values is observed after 24 hours of incubation
compared to both baselines, followed by a non-significant decrease at 48 hours.

3.1.2 OBE100 Effect on Free Radicals in Positive Control Mice

Turkey’s multiple comparison test with a 95% CI displays no statistically significant differences
among the baseline measurements (24 and 48-hour incubation with FNDs in WEGG) them-
selves, nor between these baselines and the continuous incubation with OBE100 for 6, 24, and
48 hours. However, a highly statistically significant increase in T1 values is observed between
both baseline measurements and the 48-hour incubation with OBE100, when a medium change
and a new dose of the extract were administered after the first 24 hours (Figure 6).

3.1.3 OBE100 Effect on Free Radicals in Fatty Acid-Induced Mice

Turkey’s multiple comparison test with a 95% CI demonstrates a highly statistically significant
difference between the baseline measurement after 24-hour incubation with FNDs in WEGG
medium and the measurement after an additional 48-hour fatty acid treatment. No statistically
significant differences are observed after the fatty acid treatment when the tissue has been
incubated for 24 and 48 hours in WEGG medium. A highly statistically significant difference
in T1 values is observed with a 48-hour incubation with OBE100, with a medium change and
a new dose of the extract administered after the first 24-hour incubation. Notably, this value
shows no statistically significant difference from the baseline measurement. An increase, though
not statistically significant, is observed between the T1 values after the fatty acid treatment
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Figure 6. T1 values reflecting free radical accumulation in PCLS from all positive control
mice before and after incubation with OBE100. Each data point represents an individual T1

measurement, with bars indicating mean values and error bars representing standard
deviations. Higher T1 values indicate reduced free radical accumulation around the FND

probe. No statistically significant differences are observed between baseline measurements and
continuous incubation with OBE100. However, a highly statistically significant rise in T1
values occurs after 48 hours of incubation with OBE100, following an additional dose and

medium change after the initial 24 hours.

and the incubation with OBE100 for 6 and 24 hours (Figure 7).

3.2 Triglyceride Accumulation

Following the fatty acid treatment of PCLS, Tukey’s multiple comparison test with a 95% CI
reveals a highly statistically significant increase in triglyceride levels, regardless of whether the
PCLS underwent collagenase pre-treatment. For samples treated with collagenase, incubation
with OBE100 for 6 and 24 hours does not indicate any statistically significant differences com-
pared to the triglyceride/protein values post-fatty acid treatment, with a statistically significant
decline appearing only after 48-hour incubation. In contrast, for samples without collagenase, a
statistically significant reduction in triglyceride levels is observed as early as 6 and 24 hours of
incubation with OBE100, which becomes highly statistically significant after 48 hours (Figure
8).

An unpaired t-test with Welch’s correction at 95% CI reveals no statistically significant differ-
ence between the mean triglyceride/protein values after fatty acid treatment with and without
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Figure 7. T1 values reflecting free radical accumulation in PCLS from all fatty acid-induced
mice before and after incubation with OBE100. Each data point represents an individual T1

measurement, with bars indicating mean values and error bars representing standard
deviations. Higher T1 values indicate reduced free radical accumulation around the FND
probe. A highly statistically significant increase in T1 values is observed after a 48-hour

incubation with OBE100, which included a medium change and an additional dose following
the initial 24 hours. The 48-hour incubation shows no statistically significant difference from

the baseline measurement.

collagenase pre-treatment (Figure 9).

3.3 Viability Assessment

3.3.1 OBE100 Concentration, Incubation With FNDs, Collagenase Pre-treatment

One-way ANOVA with a 95% CI reveals no statistically significant differences among the means
of distinct experimental conditions (i.e., p > 0.05). However, the ATP and protein assays
indicate a trend of decreasing ATP/Protein ratio values with increasing OBE100 concentration,
suggesting compromised viability. This trend is observed for both PCLS incubated with or
without FNDs (Figure 10, c and d). The collagenase treatment is associated with decreased
ATP/Protein ratio values (Figure 10, b), and there is no discernible impact of FND incubation
on viability (Figure 10, a).
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Figure 8. Assessment of triglyceride levels in PCLS following OBE100 treatment, with
comparison to pre- and post-fatty acid treatment values. Each data point represents an

individual PCLS sample, with bars indicating mean triglyceride value and error bars showing
standard deviations. (a) Triglyceride estimation with collagenase treatment, revealing a
statistically significant decrease after 48-hour incubation with OBE100. (b) Triglyceride
assessment without collagenase treatment, demonstrating a statistically significant decline
after 6 and 24 hours of incubation with OBE100, with further reduction becoming highly

statistically significant after 48 hours.

Figure 9. Comparison of triglyceride levels following fatty acid treatment with and without
collagenase pre-treatment reveals no statistically significant differences. Each data point

represents an individual PCLS sample, with bars indicating the mean triglyceride value and
error bars representing standard deviations.

3.3.2 OBE100 Treatment in Naturally Aged Mice

According to the one-way ANOVA test with a 95% CI, no statistically significant differences
are observed among the means of different experimental conditions for the PCLS obtained
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Figure 10. Viability assessment of PCLS treated with collagenase, FNDs, and various
concentrations of OBE100. Each data point represents an individual PCLS sample, with bars
indicating mean ATP/protein ratio (a measure of cellular viability) and error bars showing
standard deviations. (a) Comparison of ATP/Protein ratio values for different OBE100
concentrations, with or without FNDs, shows no statistically significant differences. (b)

Assessment of collagenase treatment reveals a non-significant decreasing trend in viability. (c)
and (d) Evaluation of OBE100 concentration on PCLS viability, with or without FNDs,

demonstrates a declining trend with increasing OBE100 concentration, but without statistical
significance in both cases.

from naturally-aged mice (i.e., p > 0.05). This encompasses comparisons between the 24-
hour incubation with FNDs and the incubation with both FNDs and OBE100 for 6, 24, and
48 hours, the comparison of the baseline T1 measurement and incubation with OBE100 for
various durations following incubation with FNDs and post-T1, and the evaluation of viability
before and after T1 measurements. A trend of decreasing ATP/Protein values is observed as the
incubation with OBE100 progresses and when comparing the PCLS following this incubation
with those after T1 measurements (Figure 11, a, c).

3.3.3 OBE100 Treatment in Positive Control Mice

One-way ANOVA with a 95% CI reveals no significant statistical differences among various
incubation times with OBE100 and FNDs and the 24-hour incubation with FNDs. A trend
of declining ATP/Protein ratio values is observed for incubation with OBE100 over increasing
durations; however, these changes are not statistically significant (Figure 12, a).

No statistically significant differences are detected between the 24-hour baseline and the PCLS
incubated with OBE100 and FNDs for various durations following T1 measurements (Figure
12, b).
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Figure 11. Viability assessment of PCLS from naturally-aged mice. Each data point
represents the average ATP/Protein ratio per animal model under different experimental
conditions. Bars indicate mean ATP/Protein ratios, with error bars showing standard

deviations. (a) Effect of OBE100 treatment on PCLS viability following pre-incubation with
FNDs, compared to FNDs alone as a control, shows no statistically significant differences
across incubation times. (b) Evaluation of T1 measurements on PCLS viability reveals no
statistically significant differences between the 24-hour baseline (control with FNDs and
medium) and various OBE100 incubation durations. (c) Comparison before and after T1

measurements indicates no statistically significant changes in viability.

Comparing viability before and after T1 measurements, a statistically significant decrease is
observed between both the 6-hour and 24-hour incubations with OBE100 and FNDs and all
incubations with OBE100 at varying time intervals after T1 (Figure 12, c).

3.3.4 OBE100 Treatment in Fatty Acid-Induced Mice

One-way ANOVA with a 95% CI shows no statistically significant differences between the
means of the various experimental conditions. An increase in ATP/Protein ratio values is
noted between PCLS without incubation with FNDs and the fatty acid treatment (day of
slicing), and those with 0-hour incubation with FNDs before the fatty acid treatment (one day
after slicing). A similar increase is also detected after 48 hours without treatment (Figure 13,
a).

No statistically significant differences are noted between the 24-hour baseline and the PCLS
samples incubated with OBE100 and FNDs for varying durations after T1 measurements (Fig-
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Figure 12. Viability assessment of PCLS from positive control mice. Each data point
represents the average ATP/Protein ratio per animal model under different experimental
conditions. Bars indicate mean ATP/Protein ratios, with error bars showing standard

deviations. (a) Effect of OBE100 treatment on PCLS viability following pre-incubation with
FNDs, compared to FNDs alone, shows no significant differences across incubation times. A
trend of declining ATP/Protein ratio values is noted with increasing OBE100 incubation

durations. (b) The assessment of T1 measurements on PCLS viability reveals no statistically
significant differences between the 24-hour baseline and OBE100-treated PCLS at various
post-T1 incubation times. (c) Viability comparison before and after T1 measurements

indicates a significant decrease between 6-hour and 24-hour incubations with OBE100 and
FNDs and all OBE100 incubation intervals post-T1 measurements.

ure 13, b).

Additionally, a decrease in viability is observed after fatty acid treatment, and as the incubation
with OBE100 progresses; however, neither is statistically significant (Figure 13, a).

Furthermore, a reduction in ATP/Protein ratio is detected between PCLS incubated with
OBE100 and FNDs at varying time intervals and those that underwent T1 measurements after
the same incubation (Figure 13, c).
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Figure 13. Viability assessment of PCLS from fatty acid-induced mice. Each data point
represents the average ATP/Protein ratio per animal model under different experimental
conditions. Bars indicate mean ATP/Protein ratios, with error bars showing standard
deviations. (a) Effects of treatments including FNDs, fatty acid exposure, and OBE100
incubation on PCLS viability, revealing no statistically significant differences. Decreasing

viability trends are observed from PCLS incubated with FNDs before versus after fatty acid
treatment and with prolonged OBE100 incubation. Conversely, an increase in viability is

noted from PCLS before any treatment to after 24-hour FND incubation and 48-hour medium
incubation. (b) Effect of T1 measurements on PCLS viability across experimental conditions,
showing no statistically significant differences. (c) Viability comparison before and after T1
measurements indicates no statistically significant differences, however, it reveals a trend of

reduced viability post-T1 measurements.

3.4 Distribution of Fluorescent Nanodiamonds

3.4.1 Splenic Cells

Macrophages (CD68+) demonstrate the highest FND uptake in splenic cells, particularly with-
out collagenase pre-treatment (59% of cells imaged with confocal microscopy contain at least
one FND, compared to 28% with collagenase pre-treatment) (Figure 14). However, it is impor-
tant to note that obtaining a full count of 100 cells has not been feasible in any of the samples
of splenic macrophages; in one, only four cells were counted (Table 1).

B cells show increased internalization of FNDs following collagenase treatment, yet this up-
take remains significantly lower than that observed in macrophages, especially those without
collagenase treatment. The ’all-negative’ category, encompassing cells negative for any sort-
ing markers used, demonstrates similar uptake levels, though collagenase diminishes it in this
group. In one of the three ’all-negative’ samples, a full cell count was unfeasible, with only
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18 cells counted (Table 1). T cells exhibit the lowest FND uptake, which is enhanced with
collagenase pre-treatment (Figure 14).

Figure 14. Distribution of FNDs among FACS-sorted cells from the spleen. Each data point
represents the percentage of cells containing at least one FND. Data from two animals is
included. Bars indicate the mean percentage (displayed above each bar), and error bars
represent the standard deviation. For macrophages and ”all-negative” cells, FND uptake
decreases with collagenase pre-treatment, while the opposite is true for T and B cells. The
majority of FNDs are uptaken by macrophages, particularly in samples not treated with

collagenase.

Table 1: Distribution of FNDs among different FACS-sorted splenic cell types. The table
presents the total number of cells counted, the number of cells with FNDs, and the
percentage of cells with FNDs for each cell type and ”all-negative” category. Data
are shown for samples with and without collagenase pre-treatment. Samples were
taken from two animals, however, not all cell types were sorted in each sample.

Cell Type Collagenase
Pre-Treatment

Total Cells
Counted

Cells with
Diamonds

% Cells with
Diamonds

Macrophages (CD68+)

Yes
71* 30 42

44* 6 14

No
4* 2 50

50* 34 68

T-cells (CD3+)
Yes

100 6 6

100 10 10

No 100 2 2

B-cells (CD19+)

Yes
100 16 16

100 30 30

Continued on next page
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Table 1: Distribution of FNDs among different FACS-sorted splenic cell types. The table
presents the total number of cells counted, the number of cells with FNDs, and the
percentage of cells with FNDs for each cell type and ”all-negative” category. Data
are shown for samples with and without collagenase pre-treatment. Samples were
taken from two animals, however, not all cell types were sorted in each sample.
(Continued)

No
100 11 11

100 18 18

All-negative
Yes

100 15 15

18* 4 22

No 100 22 22

* Instances where the full cell count of 100 cells was not attainable

3.4.2 Kidney Cells

Kidney cells, like splenic cells, exhibit the highest FND uptake in macrophages (CD68+) with-
out collagenase pre-treatment, with 58% of imaged cells containing at least one FND. In
macrophages, full counts were unfeasible in one collagenase-treated sample and one untreated
sample, with 38 and 41 cells counted, respectively. The ”all-negative” category without colla-
genase also shows high uptake, though full counts were attainable in only half of these samples.
Both macrophages and ”all-negative” cells demonstrate higher FND internalization without
collagenase. Endothelial cells (CD34+) show relatively high FND uptake, which is enhanced
by collagenase treatment. Only one sample did not reach the full number of cells, but it still
obtained a near-full count with 93 cells. Podocytes (Podoplanin+) exhibit high FND uptake
regardless of pre-treatment (Figure 15), with two samples (one with and one without colla-
genase) where full counts were unattainable, counting only 11 and 5 cells respectively (Table
2).

Table 2: Distribution of FNDs among different FACS-sorted kidney cell types. The table
presents the total number of cells counted, the number of cells with FNDs, and the
percentage of cells with FNDs for each cell type and ”all-negative” category. Data are
shown for samples with and without collagenase pre-treatment. Samples were taken
from three animals.

Cell Type Collagenase
Pre-Treatment

Total Cells
Counted

Cells with
Diamonds

% Cells with
Diamonds

Macrophages (CD68+)

Yes

38* 7 18

100 30 30

100 68 68

No

41* 18 44

100 56 56

100 74 74

Continued on next page
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Figure 15. Distribution of FNDs among FACS-sorted cells from the kidney. Each data point
represents the percentage of cells containing at least one FND. Data from three animals is
included. Bars indicate the mean percentage (displayed above each bar), and error bars
represent the standard deviation. For macrophages and ”all-negative” cells, FND uptake

decreases with collagenase pre-treatment, while the opposite is true for endothelial cells and
podocytes. The majority of FNDs are taken up by macrophages, especially in samples not

treated with collagenase; however, other cell types also show similar levels of FND
internalization.

Table 2: Distribution of FNDs among different FACS-sorted kidney cell types. The table
presents the total number of cells counted, the number of cells with FNDs, and the
percentage of cells with FNDs for each cell type and ”all-negative” category. Data are
shown for samples with and without collagenase pre-treatment. Samples were taken
from three animals. (Continued)

Endothelial cells (CD34+)

Yes

100 19 19

100 47 47

100 66 66

No

100 12 12

100 46 46

93* 30 32

Podocytes (Podoplanin+)

Yes

11* 3 27

100 25 25

100 62 62

No

5* 1 20

100 33 33

Continued on next page
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Table 2: Distribution of FNDs among different FACS-sorted kidney cell types. The table
presents the total number of cells counted, the number of cells with FNDs, and the
percentage of cells with FNDs for each cell type and ”all-negative” category. Data are
shown for samples with and without collagenase pre-treatment. Samples were taken
from three animals. (Continued)

100 56 56

All-negative

Yes

18* 2 11

100 18 18

100 60 60

No

3* 1 33

100 35 35

76* 59 78

* Instances where the full cell count of 100 cells was not attainable

3.4.3 Heart Cells

Compared to sorted cells from spleen and kidney, heart cells exhibit the lowest FND internal-
ization levels. The highest uptake of FNDs is observed in the ’all-negative’ category without
collagenase pre-treatment (25.33%). However, for ”all-negative” samples, the full cell count
was attained in only one case, with the rest having cell numbers between 0 and 35. Pericytes
(NG2+) show the next highest uptake, with the full count not achievable in only one case when
73 cells were counted. Fibroblasts (CD140a+/CD34+) exhibit the lowest FND uptake at 13%
with collagenase treatment and 2.5% without. However, the full cell count was achieved in only
one of the four samples; in the remaining cases, 3 or 6 cells were counted (Figure 16, Table 3).

Table 3: Distribution of FNDs among different FACS-sorted heart cell types. The table presents the
total number of cells counted, the number of cells with FNDs, and the percentage of cells
with FNDs for each cell type and ”all-negative” category. Data are shown for samples with
and without collagenase pre-treatment. Samples were taken from three animals, however,
not all cell types were sorted in each sample.

Cell Type Collagenase
Pre-Treatment

Total Cells
Counted

Cells with
Diamonds

% Cells with
Diamonds

Pericytes (NG2+)

Yes

100 9 9

73* 3 4

100 57 57

No

100 11 11

100 15 15

100 39 39

Fibroblasts (CD140a+/CD34+)

Yes
6* 0 0

Continued on next page
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Figure 16. Distribution of FNDs among FACS-sorted cells from the heart. Each data point
represents the percentage of cells containing at least one FND. Data from three animals is
included. Bars indicate the mean percentage (displayed above each bar), and error bars

represent the standard deviation. For all cell types, collagenase pre-treatment increases FND
uptake. The majority of FNDs are taken up by ”all-negative” cells and pericytes.

Table 3: Distribution of FNDs among different FACS-sorted heart cell types. The table presents the
total number of cells counted, the number of cells with FNDs, and the percentage of cells
with FNDs for each cell type and ”all-negative” category. Data are shown for samples with
and without collagenase pre-treatment. Samples were taken from three animals, however,
not all cell types were sorted in each sample. (Continued)

3* 0 0

No
6* 0 0

100 5 5

All-negative

Yes
8* 2 25

8* 1 13

No

0* 0 0

100 10 10

35* 23 66

* Instances where the full cell count of 100 cells was not attainable
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4 Discussion

This research investigates the antioxidant effects of OBE100 in models of aging and hepatic
steatosis, including positive control animals for the latter, hypothesizing a reduction in free
radicals after 6, 24, and 48-hour incubation periods. Additionally, it explores the application
of nanodiamond-based quantum sensing in tissues, a novel achievement, and its potential for
testing antioxidant drugs in liver tissue. Moreover, the study aims to refine this methodology
by enhancing the understanding of FND distribution within tissues.

4.1 Temporal Reduction of Free Radicals by OBE100 in Naturally
Aged Mice

The lack of a statistically significant difference between the two baseline measurements (Figure
5) suggests that, in the absence of OBE100 treatment, there are no changes in T1 values or
free radical levels. This observation indicates that the subsequent effects can be attributed to
OBE100, thereby ruling out the influence of other factors like natural tissue regeneration.

The statistically significant increase in T1 values after 24-hour incubation with OBE100, com-
pared to the baseline (Figure 5), suggests a reduction in free radicals and underscores the
antioxidant potential of OBE100. This finding aligns with research by Acin et al. (2021), which
highlights OBE100’s capacity to mitigate oxidative stress in conditions like obesity and insulin
resistance, specifically noting its ability to decrease ROS. Conversely, the absence of a statis-
tically significant reduction in free radicals following the 6-hour incubation indicates that the
antioxidant effect of OBE100 manifests only after 24 hours.

The lack of significance in the 6-hour incubation period may also be attributed to factors such
as an insufficient number of animal models or measurements per animal, contributing to data
variability.

The reduction in T1 values after 48-hour continuous incubation with OBE100 indicates an
increase in free radicals (Figure 5). Viability assessment has not indicated compromised tissue
viability (Section 4.5.2), suggesting that this phenomenon cannot be attributed to any detri-
mental effects of the extract. It is hypothesized that the accumulation of free radicals could
result from a decline in OBE100’s antioxidant activity after 24 hours, which could potentially
be mitigated by administering an additional dose of the extract. This approach mirrors the
common practice in intraperitoneal drug administration, as seen with drugs like mitomycin C,
which are administered in multiple doses to maintain consistent drug concentrations (de Bree
et al., 2017). This hypothesis is further explored in both positive control and fatty-acid-induced
mice (Section 4.2 and 4.3).

4.2 Effect of Additional Dose of OBE100 on Free Radical Reduction
in Positive Control Mice

For 12-week-old mice, continuous incubation with OBE100 over varying durations does not yield
statistically significant differences compared to the 24-hour baseline measurement. However,
administering an additional dose of OBE100 after the initial 24-hour incubation leads to a
significant reduction in free radicals, confirming our hypothesis. To discern the impact of
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OBE100 versus the medium change on the reduction in free radicals, we applied the same
medium change for the 48-hour baseline measurement. This condition showed no significant
difference compared to the 24-hour baseline (Figure 6), affirming that the observed effect is
solely due to OBE100. These findings highlight OBE100’s pronounced antioxidant potential
even under non-stress conditions (young animals without fatty acid treatment), particularly
when an additional dose of the extract is administered after the initial 24 hours.

Further investigation aims to determine if this effect persists under physiological stressors, such
as hepatic steatosis induced by fatty acid treatment.

4.3 Antioxidant Efficacy of OBE100 under Hepatic Steatosis Con-
ditions

A marked decrease in T1 values is observed in 12-week-old mice following fatty acid treatment,
indicating an increase in free radicals. This outcome is anticipated, as fatty acid treatment
mimics hepatic steatosis, a condition closely linked to heightened oxidative stress levels (Ra-
belo et al., 2024). To examine tissue responses following fatty acid treatment in the absence
of OBE100, PCLS were incubated for either 24 or 48 hours in WEGG medium. The lack of
statistically significant differences between these conditions and the initial fatty acid measure-
ment indicates that no tissue recovery occurs during this period (Figure 7). This underscores
that the observed effects are solely attributable to OBE100.

After a 48-hour incubation with OBE100, including an additional dose, a highly statistically
significant decrease in free radicals is observed, similar to findings in positive control mice.
Importantly, the T1 value shows no statistically significant difference compared to the base-
line measurement before the fatty acid treatment (Figure 7), indicating a complete return of
free radical levels to the pre-steatotic state. This demonstrates OBE100’s antioxidant poten-
tial under conditions mimicking hepatic steatosis. Previous research supports these findings,
demonstrating that OBE100 exhibits hypolipemic activities (Bentancur et al., 2021). Studies
indicate that mitigating oxidative stress through lipid-lowering interventions can restore the
body’s antioxidant capacity by decreasing the rate of lipid peroxidation, potentially preventing
or delaying further disease development (Aikawa et al., 2002; Yang et al., 2008). Our findings
position OBE100 as a promising candidate for managing diseases associated with a steatotic
liver. The lack of statistically significant decreases in free radicals after 6 and 24 hours of
incubation (Figure 7) further emphasizes that OBE100 achieves its full antioxidant potential
with a delay and benefits from an additional dose.

4.4 Validation of Hypolipemic Activity of OBE100

Following fatty acid treatment, as anticipated, a highly statistically significant increase in
triglyceride levels in PCLS is observed (Figure 8). This confirms that the fatty acid treatment
effectively increased fat accumulation within hepatocytes, leading to hepatic steatosis. These
conditions validate the setup for OBE100 treatment in fatty acid-induced mice and triglyceride
estimation.

OBE100, with or without collagenase, significantly decreases triglyceride levels after 48 hours
of incubation. This reduction aligns with the significant decrease in free radicals in fatty
acid-induced mice, reaffirming the hypolipemic activity of OBE100 and suggesting that it may
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underlie the antioxidant potential of OBE100, as noted above (Section 4.3).

With collagenase pre-treatment, a reduction in triglyceride levels becomes evident only after
48 hours of incubation with OBE100, contrasting with the hypolipemic effect observed as early
as 6 hours in PCLS without collagenase treatment (Figure 8, b). Additionally, this effect is
less pronounced in the collagenase-treated samples (Figure 8, a). Previous research has demon-
strated that disrupting the extracellular matrix (ECM) collagen barrier with in situ collagenase
enhances drug penetration in tissues, thereby improving therapeutic efficacy (Fan et al., 2020;
J. Li et al., 2018; Wang et al., 2024). Our findings diverge from this perspective. Further-
more, we found no statistically significant differences in triglyceride levels between PCLS with
and without collagenase pre-treatment after fatty acid treatment, before OBE100 incubation
(Figure 9). This suggests that collagenase does not inhibit fat accumulation. Overall, our
results indicate a potential interaction between OBE100 and collagenase, warranting further
investigation.

4.5 Viability Assesment

4.5.1 OBE100 Concentration, Incubation With FNDs, Collagenase Pre-treatment

No significant decrease in viability is observed for various OBE100 concentrations, FND treat-
ment, or collagenase treatment, confirming the experimental choices employed. Particularly,
the use of OBE100 at 100 µg/mL is validated, as the observed decrease with increasing concen-
tration is not statistically significant (Figure 10, a). Given that these PCLS were exposed to a
48-hour incubation at 100 µg/mL, the longest duration employed with OBE100 in this study,
and exhibited no viability reduction beyond acceptable limits, this outcome substantiates that
the observed trend of declining viability with prolonged OBE100 incubation across positive
control and fatty-acid-induced animal models (Section 4.5.3 and 4.5.4) likely stems from the
extended pre-cryopreservation incubation of these PCLS rather than the extract itself. De-
spite PCLS typically maintaining ATP content for up to 72 hours, the experimental timeline
surpassed this threshold (I. A. de Graaf et al., 2010).

The reduction in viability after collagenase pre-treatment (Figure 10, b) can be explained by
collagenase’s role as a proteinase that cleaves type I and III collagens in the liver, leading to
the disintegration of liver tissue (Poole et al., 1995; Seaman et al., 2015; Voss et al., 1980).

4.5.2 OBE100 Treatment in Naturally Aged Mice

For PCLS from the naturally aged mice model, no statistically significant difference is found
among the means of different experimental conditions, confirming the validity of the experi-
mental setup (Figure 11).

Notably, no significant difference is observed between incubation with FNDs alone and incuba-
tion with FNDs for various durations with OBE100, suggesting that the incubation with the
extract does not adversely affect tissue viability. However, a trend of declining ATP/Protein
ratio values is observed as incubation time with OBE100 progresses (Figure 11, a). This decline
may be attributed to the extended incubation periods before cryopreservation, as outlined in
Section 4.5.1. However, since no additional dose of OBE100 was administered after the initial
24 hours of incubation, the findings discussed therein do not fully substantiate this hypothesis.
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Nonetheless, given that the decline is statistically insignificant, it can be concluded that PCLS
retain their viability after incubation with OBE100.

The lack of a statistically significant difference between the T1 measurements at the 24-hour
baseline and those after various durations of incubation with OBE100 (Figure 13, b), indicates
consistency in the execution of nanodiamond-based quantum sensing measurements throughout
the experiment.

The detected decrease in ATP/Protein ratio when contrasting PCLS following diverse incu-
bation periods with OBE100 and FNDs against those after the same incubation periods but
post-T1 measurements (Figure 11, c) may be ascribed to the limited viability of the tissue.
Typically, tissue viability endures merely 30 minutes outside the incubator before cellular de-
generation initiates, which coincides with the measurement timeframe (Nussbaum et al., 2022;
Rodriguez, 1991). The absence of a statistically significant decline confirms that PCLS main-
tained their viability within an acceptable range following T1 measurements.

4.5.3 OBE100 Treatment in Positive Control Mice

For the PCLS from the 12-week-old positive control mice, no statistically significant difference is
observed between various incubation times with OBE100 and FNDs, and the 24-hour incubation
with FNDs without OBE100 (Figure 12, a). This, along with the fact that the employed
concentration (100 µg/mL) does not decrease viability below acceptable margins (Section 4.5.1),
validates the use of OBE100 in these conditions.

The absence of statistically significant differences between the 24-hour baseline and T1 measure-
ments obtained following different incubation periods with OBE100 (Figure 12, b) underscores
the reliability of nanodiamond-based quantum sensing measurements throughout the study.

The statistically significant decline in the ATP/Protein ratio in PCLS after T1 measurements,
compared to both the 6 and 24-hour incubations with OBE100 following FND incubation, may
be attributed to limitations in tissue viability, as discussed in the section on naturally aged
animal models (Section 4.5.2). Additionally, the prolonged incubation before cryopreservation
likely contributes to this decline. This explains why the 48-hour incubation with OBE100 does
not show a statistically significant difference compared to PCLS incubated under the same
conditions after T1 measurements, as tissue viability may have already been slightly reduced
by then (Figure 12, c). Despite this significant decrease in viability, it is crucial to emphasize
the extract’s continued efficacy in reducing free radicals.

4.5.4 OBE100 Treatment in Fatty Acid-Induced Mice

For the PCLS from the fatty-acid-induced mice model mimicking hepatic steatosis, no statis-
tically significant differences are observed between means of different experimental conditions,
thereby validating the experimental setup (Figure 13).

An increase in the ATP/Protein ratio, although not statistically significant, is observed between
PCLS collected before any treatment on the slicing day and those after 24-hour incubation
with FNDs prior to fatty acid treatment. Given that FNDs have not previously been shown
to affect tissue viability (Section 4.5.1), this increase likely stems from the pre-incubation
phase before cryopreservation. In our study, UW solution was employed to store livers until
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further processing post-removal from mice and to wash PCLS after collagenase pre-treatment.
Research by I. de Graaf et al. (2002) has shown that using UW solution during these stages
reduces the vulnerability of liver slices to damage from rapid freezing, a common method of
cryopreservation, which leads to viability loss. This indicates that using UW solution allows
PCLS to maintain their restored physiological homeostasis achieved through pre-incubation.
This observation may also account for the non-significant increase in tissue viability noted after
a 48-hour incubation in WEGG medium without any treatment compared to the initial post-
slicing conditions. Overall, this finding affirms that the tissue’s viability is sustained prior to
the introduction of OBE100.

The decline in viability after the fatty acid treatment (Figure 13, a) could be attributed to
oxidative stress, which damages cellular components such as DNA, lipids, and proteins (Ray
et al., 2012). Based on the results of the viability assessment, it can be inferred that the PCLS
retained their viability within acceptable margins following the fatty acid treatment.

Since no statistically significant differences are observed between the 24-hour baseline and T1
measurements following various incubation periods with OBE100 (Figure 13, b), the consistency
of nanodiamond-based quantum sensing measurements throughout the study is validated.

The observed decrease in the ATP/Protein ratio when comparing PCLS after various incuba-
tion periods with OBE100 and FNDs to those after the same incubation periods but post-T1
measurements (Figure 13, c) may be attributed to the limited viability of the tissue, as discussed
in the section on naturally aged animal models above (Section 4.5.2). Since this difference lacks
statistical significance, the viability of PCLS post-T1 measurements is confirmed.

4.6 Distribution of Fluorescent Nanodiamonds

4.6.1 Collagenase Pre-Treatment Reduces FND Uptake in Macrophages Despite
Increasing Uptake in Other Cell Types

In all three organs, except for macrophages and the ”all-negative” category (which includes all
FACS-sorted cells negative for the used cell markers and thus difficult to analyze), collagenase
pre-treatment enhances FND uptake. Previous studies have shown that the ECM collagen
barrier limits cellular uptake of nanocarriers and therapeutic agents. Degrading this barrier
with collagenase, a Zn2+-dependent matrix metalloproteinase that cleaves peptide bonds in
collagen (Patel et al., 2023), has been demonstrated to increase their uptake (Eikenes et al.,
2004; Henke et al., 2020; Mai et al., 2024; Wang et al., 2018; L. Zhou et al., 2022). Additionally,
both collagenase type I and type II used in this research exhibit trypsin-like activity, and
treating cell clusters with trypsin has been shown to increase FND uptake (Sigaeva, 2022).

In both splenic and kidney cells, collagenase pre-treatment reduces macrophage uptake of FNDs.
This finding is notable as it challenges the conventional notion that collagenase enhances cellular
uptake. However, it is important to note that a full count of 100 cells was not feasible for
splenic macrophages, and for kidney macrophages, this was also not attainable in two out
of six samples (Table 1 and 2). Nevertheless, this reduction in uptake following collageanse
treatment is observed in both organs. The discrepancy may arise from the diverse phenotypes
and functions that macrophages exhibit in response to microenvironmental cues (Van Overmeire
et al., 2014). A study by Vasse et al. (2023) indicates that macrophages, particularly in the
presence of collagen type I, which is abundant in the kidney and spleen (Hanadhita et al.,
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2019; Rasmussen et al., 2019), upregulate the expression of the mannose receptor CD206. This
receptor is involved in phagocytosis, a process implicated in the uptake of FNDs (Niora et al.,
2023; Prabhakar et al., 2017; Tanaka et al., 2021; Wright et al., 2021).

4.6.2 Distribution of FNDs in Spleen

In the spleen, macrophages without collagenase pre-treatment exhibit the highest levels of FND
internalization (Figure 14), attributed to their well-researched phagocytic capabilities (Han et
al., 2016).

B cells exhibit the second highest uptake of FNDs (Figure 14), consistent with research indicat-
ing that follicular B cells, capable of entering lymphoid follicles in the spleen (Loder et al., 1999),
display phagocytic activity akin to specialized antigen-presenting cells such as macrophages
and dendritic cells. This phagocytic activity is mediated by RhoG GTPase, which participates
in the engulfment of apoptotic bodies and phagocytosis dependent on Fc receptors for Im-
munoglobulin G (FcγR) and complement receptor 3 (CR3) in macrophages (Martinez-Riaao
et al., 2018).

The low FND uptake observed in T cells (Figure 14) can be attributed to their non-phagocytic
nature (Narni-Mancinelli et al., 2011).

4.6.3 Distribution of FNDs in Kidney

As in the spleen, macrophages in the kidney without collagenase pre-treatment exhibit the high-
est levels of FND uptake, attributed to their phagocytic abilities (Han et al., 2016). Conversely,
other cell types also demonstrate relatively high levels of FND internalization. Endothelial
cells (CD34+), as non-professional phagocytes, possess a limited capacity for engulfing tar-
get particles due to the absence of specific receptors for phagocytosis. However, they actively
participate in the clearance of apoptotic cells (Calvert & Ryan, 2023; Ji et al., 2020; Sihomb-
ing et al., 2021). This characteristic may explain their comparatively lower uptake of FNDs
compared to macrophages lacking collagenase treatment. Podocytes (Podoplanin+), a type of
glomerular epithelial cell (Maezawa et al., 2013), exhibit FND internalization levels similar to
those of endothelial cells (Figure 15). This finding aligns with previous research by Goldwich
et al. (2013), which concluded that podocytes, akin to macrophages, function as professional
antigen-presenting cells and demonstrate significant phagocytic activity both in vitro and in
vivo. Nevertheless, it is important to note that in two podocyte samples, achieving a full cell
count was not feasible, resulting in very few cells being counted, and there is a considerable
variability in the results (Table 2). However, the findings are relatively consistent within the
same animal, both with and without collagenase treatment, across all samples.

4.6.4 Distribution of FNDs in Heart

In the heart, pericytes — mural cells that cover microvascular capillaries (Su et al., 2021) —
initially exhibit low uptake of FNDs, with a slight increase following collagenase treatment
(Figure 16). While the phagocytic capabilities of cardiac pericytes remain unclear, research
on brain pericytes indicates that they ingest small molecules and soluble substances through
various forms of endocytosis. Since pericyte density varies across different tissues, suggesting
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specialized functions in different organs, this alone is not sufficient to conclude the level of
phagocytic activity of cardiac pericytes (Bergers & Song, 2005; Z.-S. Zhang et al., 2020).

Cardiac fibroblasts display minimal internalization of FNDs (Figure 16), which is unexpected
given their characterization as non-professional phagocytes (DeBerge et al., 2017). It is note-
worthy that conducting a complete cell count was challenging; it was feasible in only two out of
five cases (including both collagenase-treated and untreated samples), with fewer than 10 cells
counted per sample in the remaining cases, where detectable diamonds were rarely observed
(Table 3). This limited cell count likely contributes to the observed low FND uptake.

4.7 Limitations

Nanodiamond-based quantum sensing used for free radical detection is not capable of differenti-
ating between ROS and RNS. However, ROS and RNS display distinct chemical properties and
biological activities, arising from different pathways and varying reactivity with biomolecules
(Di Meo et al., 2016; Lushchak & Lushchak, 2021; Yilmaz et al., 2017). This limitation could
hinder the comprehensive characterization of OBE100’s antioxidant effects.

In nanodiamond-based quantum sensing and subsequent viability and triglyceride assessments,
three or four mouse models were utilized. For evaluating the distribution of FNDs, only two
to three animal models were employed, whereas for assessing the viability of PCLS under
varying OBE100 concentrations, only one mouse model was used. Given the relatively high data
dispersion observed, increasing the number of animal models would be advisable. This would
improve the robustness of the findings and ensure a broader coverage of biological variability
and trends.

4.8 Conclusion and Future Perspectives

OBE100 demonstrates robust antioxidant potential in models of aging, hepatic steatosis, and
under normal physiological conditions, confirming our initial hypothesis. The onset of action
is delayed, manifesting at 24 hours in naturally aged mice and 48 hours in both fatty acid-
induced and positive control animals. Notably, in naturally aged mice, the antioxidant efficacy
of OBE100 diminishes after 24 hours of incubation; however, administering an additional dose
post-initial 24-hour period proved effective, as validated in subsequent animal models.

In mice with fatty acid-induced hepatic steatosis, OBE100 effectively restores free radical lev-
els to their pre-steatotic state. This finding is substantiated by triglyceride estimation, which
confirms OBE100’s hypolipemic effect and its correlation with the reduction in free radicals
observed after 48 hours of incubation. Moreover, the hypolipemic effect manifests earlier and
is more pronounced in samples without collagenase pre-treatment, suggesting a potential inter-
action between OBE100 and collagenase that warrants further investigation.

Viability assays demonstrate no adverse effects of OBE100, FND incubation, or collagenase pre-
treatment on PCLS health. Experimental conditions are validated for both naturally aged and
fatty acid-induced mice. However, decreased viability is noted in positive control mice following
nanodiamond-based quantum sensing measurements for free radical assessment. Despite this,
OBE100 continues to exhibit antioxidant activity in these conditions.

Thus, OBE100 emerges as a promising candidate for managing oxidative stress associated
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with diseases such as steatotic liver and aging - two conditions urgently requiring effective
treatments. Further exploration of its impact on gene expression through RNA analysis could
provide deeper insights into its underlying molecular mechanisms, although detailed analysis
of collected samples exceeds the current scope of this study.

Additionally, this research highlights nanodiamond-based quantum sensing as an innovative
tool for effectively assessing free radical generation in tissue slices. The study enhances our un-
derstanding of FND cellular uptake and distribution within tissues: in splenic cells, FNDs are
predominantly found in macrophages, with fewer in B cells and ’all-negative’ cells, and almost
none in T cells. In the kidney, FND uptake is high in macrophages and other cells, whereas
heart cells show the lowest internalization, with pericytes and ’all-negative’ cells exhibiting
the highest uptake, and fibroblasts demonstrating minimal uptake. However, most fibroblast
samples counted fewer than 10 cells. Despite the general understanding that collagenase in-
creases cellular uptake, this phenomenon does not hold for macrophages. Similar trends were
observed in both kidney and spleen samples, though complete cell counts were not feasible in
all instances. These insights into the distribution and uptake of FNDs across different cell types
have the potential to guide future applications in research methodologies.
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