FUNCTIONAL | ==t Taylor & Francis
DIAMOND .'. - Taylor & Francis Group

Functional Diamond

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tfdi20

Nanoscale detection and real-time monitoring
of free radicals in a single living cell under

the stimulation of targeting moieties using a
nanodiamond quantum sensor

Kaiqgi Wu, Qi Lu, Maabur Sow, Priyadharshini Balasubramanian, Fedor
Jelezko, Tanja Weil & Yingke Wu

To cite this article: Kaigi Wu, Qi Lu, Maabur Sow, Priyadharshini Balasubramanian, Fedor
Jelezko, Tanja Weil & Yingke Wu (2024) Nanoscale detection and real-time monitoring of free
radicals in a single living cell under the stimulation of targeting moieties using a nanodiamond
guantum sensor, Functional Diamond, 4:1, 2336524, DOI: 10.1080/26941112.2024.2336524

To link to this article: https://doi.org/10.1080/26941112.2024.2336524

8 © 2024 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group, on behalf of Zhengzhou Research
Institute for Abrasives & Grinding Co., Ltd.

A
h View supplementary material &

ﬂ Published online: 08 Apr 2024.

N\
CJ/ Submit your article to this journal &

A
& View related articles &'

View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tfdi20


https://www.tandfonline.com/action/journalInformation?journalCode=tfdi20
https://www.tandfonline.com/journals/tfdi20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/26941112.2024.2336524
https://doi.org/10.1080/26941112.2024.2336524
https://www.tandfonline.com/doi/suppl/10.1080/26941112.2024.2336524
https://www.tandfonline.com/doi/suppl/10.1080/26941112.2024.2336524
https://www.tandfonline.com/action/authorSubmission?journalCode=tfdi20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tfdi20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/26941112.2024.2336524?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/26941112.2024.2336524?src=pdf
http://crossmark.crossref.org/dialog/?doi=10.1080/26941112.2024.2336524&domain=pdf&date_stamp=08 Apr 2024
http://crossmark.crossref.org/dialog/?doi=10.1080/26941112.2024.2336524&domain=pdf&date_stamp=08 Apr 2024

FUNCTIONAL DIAMOND
2024,VOL.4,NO. 1,2336524
https://doi.org/10.1080/26941112.2024.2336524

Taylor & Francis
Taylor & Francis Group

RESEARCH ARTICLE

8 OPEN ACCESS ‘ M) Check for updates

Nanoscale detection and real-time monitoring of free radicals in a single
living cell under the stimulation of targeting moieties using a

nanodiamond quantum sensor

Kaiqi Wu®*, Qi Lu®*, Maabur Sow®, Priyadharshini Balasubramanian®, Fedor Jelezko®, Tanja Weil® (®, and

Yingke Wu?

2Max Planck Institute for Polymer Research, Mainz, Germany; ®Institute for Quantum Optics and Center for Integrated Quantum Science

and Technology (IQST), Ulm University, Ulm, Germany

ABSTRACT

Intracellular radicals play important roles in cell signaling and regulation of growth factors,
cytokines, transcription, apoptosis, and immunomodulation, among others. To gain a more
comprehensive understanding of their biological functions from a spatio-temporal pers-
pective, there is a great need for nanoscale sensitive tools that allow real-time detection of
these reactive species. Currently, intracellular radical probes are based on chemical reactions
that could significantly alter radical levels during detection. Due to the excellent bio-
compatibility and favorable photophysical properties of nitrogen-vacancy (NV-) centers in
fluorescent nanodiamonds (fNDs), the fNDs can serve as a powerful and chemically inert
nanotool for intracellular radical detection. In this study, a positively charged nanogel (NG)
coating was prepared to prevent the precipitation of fNDs and promote cellular internalization.
After internalization of nanodiamond-nanogels (fND-NGs), different stimulators, namely
somatostatin (SST), triphenylphosphonium (TPP), and trans-activator of transcription (TAT)
peptide, which are widely used cell- or organelle-targeting ligands in medicine, drug delivery,
and diagnostics, were applied to stimulate the cells. In parallel, the intracellular radical
changes under stimulation of SST, TPP, and TAT ligands were monitored by fND-NGs in a
home-built optically detected magnetic resonance (ODMR) microscope. Our method allows
for detecting intracellular radicals in-situ and monitoring their real-time changes during
incubation with the targeting ligands in a single living cell. We believe that our method will
provide insights into the generation of radical stress in cells, which could improve our
fundamental understanding of the pharmacology and signaling pathways of widely used
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cell- and organelle-targeting ligands associated with free radicals.

1. Introduction

Free radicals in biology were historically regarded as
villains contributing to a spectrum of pathological dis-
orders, including cancers, diabetes, cardiovascular mal-
adies, and various others [1, 2]. For instance, free
radical-mediated reactions could induce chromosomal
aberrations, facilitate the activation of oncogenic ele-
ments, and consequently culminate in tumorigenesis [3].
On the contrary, it is also found that free radicals can
play several beneficial roles in many biological processes
when maintained at low or moderate concentrations [4,
5]. For example, reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) generated in phagocytes

assist the host immune defense system in combating
pathogens [6, 7]. Therefore, in-situ detection of free rad-
icals is essential to elucidate their diverse roles in cells.
However, in-situ detection of intracellular radicals is
still in its infancy as we lack the appropriate techniques
to study their formation, lifetime, and interaction part-
ners. Current methods for detecting intracellular radicals
are mainly based on fluorescence-based dyes, such as
amino/hydroxyphenyl fluorescein [8]. However, these
dyes chemically react with the radicals in the detection,
which at the same time alters their amount [9, 10], thereby
capturing past and accumulated radical loads. Fluorescent
nanodiamonds (fNDs) containing nitrogen-vacancy
(NV") centers could provide sensitive detection of
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intracellular radicals without involving chemical reactions
due to their unique photophysical properties [11, 12].
Consequently, this offers a more accurate method for
detecting intracellular radical loads without introducing
cellular redox reactions. The longitudinal relaxation time
(T)) of the NV~ centers in {NDs can be shortened by the
surrounding magnetic noise generated by the electron
spins of radicals. Based on this photophysical property,
fNDs-based T, relaxometry was developed to locally
detect and quantify radicals [13]. Additionally, {NDs offer
distinct advantages in terms of biocompatibility [14], sen-
sitivity [15], and resolution [16] compared to fluorescent
probes. It has been reported that a single NV center
embedded in diamond can detect the single spin signal
[17], which is more sensitive than current electron para-
magnetic resonance (EPR) technique [18]. Internalized
fNDs also do not react with radicals and do not bleach,
which enables real-time long-duration measurements
[19]. Recently, T, relaxometry has successfully been used
to investigate metabolic activity and radical formation in
living cells [20]. For example, cellular metabolic activities
in single mitochondria were monitored using T/ relaxom-
etry. An increase of intracellular radicals was observed
upon carbonyl cyanide m-chlorophenyl hydrazone treat-
ment, whereas a decrease of radical levels occurred upon
superoxide dismutase treatment [21]. Moreover, T relax-
ometry was utilized to detect the host cellular radical
response upon Semliki Forest Virus [22] and S.aureus [23]
infections. Very recently, a fND-based radical generator
and detector was reported. Such system allowed quanti-
fying the local number and kinetics of free radicals

generated in an eumelanin shell inside cells by combining
experiments and theoretical simulations [24]. This study
provides a perspective toward quantifying radicals in the
living environment (Scheme 1).

In this work, a positively charged nanogel (NG) coating
was prepared to prevent the precipitation of fNDs accord-
ing to our previous work [25, 26] and promote cellular
internalization. Subsequently, intracellular localization of
fND nanogel (IND-NGs) was characterized utilizing con-
focal microscopy and quantified by employing Manders’
Colocalization Coefficients (MCC). Later, internalized
fND-NGs were applied to optically probe the free radical
response of human lung carcinoma cells (A549) in response
to three commonly used targeting ligands, i.e., growth fac-
tor peptide somatostatin (SST) [27], mitochondrial target-
ing ligand triphenylphosphonium (TPP) ([28] or
trans-activator of transcription (TAT) peptide [29], assess
their role in the formation and annihilation of intracellular
radicals. By using our method, we could in-situ real-time
monitor the intracellular radical generation/reduction
upon treatment of widely used targeting groups. We believe
our method will further our understanding of the funda-
mental role of various biomolecules and drugs in the for-
mation and annihilation of free radicals in biology.

2, Results and discussion
2.1. Preparation and characterization of fND-NGs

Bare fNDs have poor colloidal stability and aggregate
under physiological conditions [30]. To address this

Scheme 1. Detecting cellular radical responses of A549 cells upon incubation with ligands SST, TPP, and TAT. fND-NGs were first
incubated with the cell to perform T, relaxometry measurements and then low and high ligand concentrations were added to the
ongoing T, relaxometry measurements at 15 min and 75 min time points. T indicates the waiting time of the laser pulses. Stage @
indicates the cellular intrinsic free radicals, and stage @, @ represent cellular radical responses upon treatment with low and high

ligand concentrations, respectively.



challenge, we prepared fND-NGs according to previously
published protocols [25, 26]. In brief, hyperbranched
polyethyleneimine (PEI) was used to pre-coat fNDs in the
presence of polyvinylpyrrolidone (PVP) as a stabilizer.
Subsequently, a four-arm polyethylene glycol-N-hydrox-
ysuccinimide ester (4-arm PEG-SCM ester) was added,
to crosslink the pre-coated PEI on the surface of the fNDs
in phosphate-buffered saline (PBS) to form a stable, pos-
itively charged nanogel shell (as illustrated in Figure 1(a)).
The nanogel shell was characterized by attenuated total
reflectance Fourier-transform infrared spectroscopy
(ATR-FTIR). Specifically, the presence of alky C-H (v:
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2914cm™, 2848 cm™, §: 1445-1311 cm™'), amine (N-H
(8): 1622-1500cm™!; C-N (8): 1240cm™), and amide
group (C=0 (v): 1656 cm™) band originating from PEG
and PEI (Figure 1(b)) indicated their successful conjuga-
tion to the fNDs surface. The hydrodynamic diameter of
the fND-NGs was determined through dynamic light
scattering (DLS) and transmission electron microscopy
(TEM). After surface coating, the hydrodynamic diameter
showed an increase of approximately 14nm (from 42nm
to 56 nm, Table S1). Importantly, no aggregate formation
of the IND-NGs was detected in either DLS or TEM
(Figure 1(c-e)).

Figure 1. Characterization of fND-NGs. (a) Schematic structure of the fND-NGs shell. (b) ATR-FTIR of fNDs and fND-NGs. v: stretching
vibration; &: bending vibration. (c) Number-size histogram of fND-NGs measured by DLS. (d) Representative TEM images of fND-NGs.
(e) Diameter histogram analysis of fND-NGs measured by TEM (n=60).
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2.2. Bioactive ligands SST, TPP, and TAT

SST is a naturally occurring peptide hormone that plays
a regulatory role in various physiological processes,
including neurotransmission, hormone secretion, and
cell proliferation [31]. SST receptors (SSTRs) are present
on the surface of many cell types, including immune
cells, neuronal cells, and certain cancer cells [27, 32].
Therefore, the A549 epithelial cell line with SSTR1 and
SSTR3 subtype expression was used in this study [33].
The specific binding property between SST and SSTRs
is utilized for improved cancer detection and selectively
therapeutic purposes [34, 35]. Additionally, after binding
to SSTRs, SST regulates nitric oxide (NO) generation
through the activation of nitric oxide synthases (NOS)
followed by triggering intracellular signaling pathways
[36]. NO is a principal modulator of cellular processes
in diverse physiological and pathological contexts [37].

TPP ligand selectively accumulates within the mito-
chondria of cells. This specific targeting property is
attributed to the mitochondrial membrane’s negative
potential, which facilitates the uptake and accumulation
of lipophilic cations [28]. The TPP ligand has been
reported to disrupt mitochondrial function by inhibiting
oxidative phosphorylation, a known process capable of
generating free radicals, such as superoxide ion («O,)
and hydroxyl free radicals (¢OH) [38]. Once delivered
to the mitochondria, TPP molecules can engage in var-
ious bioenergetic and therapeutic applications [39].

The TAT peptide is a positively charged amino acid
sequence derived from the human immunodeficiency virus
1 (HIV-1) protein [40, 41]. This unique peptide sequence
efficiently crosses cellular membranes, making it a valuable
tool in various biomedical applications [29]. TAT demon-
strates a high degree of biocompatibility with no compro-
mise in cell viability of A549 even at high concentrations
of 1 mM [42]. TAT uses a non-endocytic, direct transloca-
tion mechanism that allows it to penetrate the lipid bilayer
of the cell membrane without causing significant mem-
brane damage [29, 43] and is not involved in processes
directly regulating intracellular radicals. Therefore, TAT has
been selected as a potential negative control.

The cellular toxicity of SST, TPP, and TAT on A549 cell
lines was evaluated using the Cell Titer-Glo cell viability
assay kit. As indicated in Figure S1, these targeting ligands
did not show any significant cellular toxicity for concentra-
tions up to 100 uM (for SST and TAT) or 1 mM (for TPP),
which is consistent with the reported studies [32, 39, 42].

2.3. Subcellular location of fND-NGs

In order to detect the formation of intracellular radicals
upon incubation with SST, TPP, and TAT, the subcellular
location of fND-NGs was first characterized by a con-
focal microscope. Firstly, the fND-NGs, at concentra-
tions of 5 and 10 pg/mL, respectively, were incubated
with A549 cells for 24 h. Subsequently, lysosomes were

stained using 50 nM Lysotracker-Green and incubated
for an additional two hours at 37°C under a 5% CO,
atmosphere. Following a thorough washing and medium
replacement procedure, live cell imaging was conducted
utilizing fluorescence confocal microscopy (Figure 2).
The acquired images were de-convolved through a cal-
culated point spread function using Fiji [44]. The colo-
calization ratio of fND-NGs and lysosomes was
calculated by a pixel-level based MCC [45, 46]. The
proportion of colocalized fND-NGs, which was
described by M1, was calculated by JACoP [47] using
Fiji as:

_ Z iRi ,colcoal
z iRi

For two probes, denoted as R (Red, fND-NGs) and
G (Green, lysotracker), R; .0 = R; if G; > 0 and
R cotocal = 0 if G; = 0. The thresholds of both lysosomes
and fND-NGs channels were determined from the
maximum intensity of the control group images. The
M1 for the cells incubated with 5 ug/mL and 10 pg/mL
fND-NGs was around 0.15 and 0.04, which indicated
that most of the particles likely escaped from lyso-
somal compartments and went to the cytoplasm. This
feature could probably be attributed to the proton
sponge effect of PEI [48], which is positively charged
in acidic endosomal or lysosomal compartments and
promotes escaping into the cytoplasm. Therefore, we
supposed the T, relaxometry measurements were per-
formed in the cytoplasm.

Ml

2.4. Intracellular T, relaxometry

To detect the presence of intracellular radicals, we uti-
lized a home-built confocal fluorescence microscope
combined with optically detected magnetic resonance
(ODMR) spectroscopy driven by the software Qudi [49]
for measurement. The NV~ centers in fNDs were excited
using a 532 nm laser, which was focused onto the sample
using an oil-immersion objective (Nikon PLAN 100x
oil, N.A. = 1.35). The resulting fluorescence originating
from the NV~ centers was collected by the same objective
and filtered with a 640/75nm band-pass filter and
detected using an avalanche photodiode (APD).

The pulse sequence for the T relaxometry measurement
consists of a series of 10 us long laser pulses. The laser pulse
polarizes the NV~ centers into the ms = 0 spin state. After
avariable waiting time (), the subsequent laser pulse reads
out the spin state of the NV~ centers. T, was measured using
this all-optical relaxometry technique. The fluorescence
photons detected in the first 300-500ns of the laser pulse
contain the spin state information and hence constitute the
signal. The T, measurement data shown are normalized,
i.e., the signal (fluorescence obtained during the first 300ns)
is divided by the reference steady-state fluorescence
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Figure 2. CLSM images of fND-NGs (red color) in A549 cells. fND-NGs were incubated with A549 cell lines for 24 h, then lysosomes

were stained by Lyso-tracker (green color).

(fluorescence obtained when the NV~ center is re-initialized
into the ms = 0 spin state). Then, it is fitted with a mono-
exponential decay function. When fNDs were exposed to
a fluctuating magnetic field produced by the surrounding
radicals, the T; of NV~ centers is shortened [13]. Therefore,
determination of the concentration of radicals surrounding
the fNDs surface can be achieved with high sensitivity and
high spatial resolution. Recently, it was reported that T,
relaxometry could be used to detect pH changes due to
surface electric fields induced by pH changes [50]. However,
it was discussed that the observed changes in T; in the
all-optical measurements were due to the charge fluctuation
processes between NV-/NV? centers, which can be related
to the complex exchange of charges within the fNDs and/
or their surface [51, 52]. In our case, the IND-NGs are
mainly located in the cytosol, which provides neutral pH
and a more homogeneous pH distribution than the endo/
lysosomes, so the pH-induced T, shortening is not taken
into account. As discussed, T relaxometry can detect free
radicals independently of their involvement in cellular
redox reactions [13] and thus offers the possibility of reveal-
ing intracellular radical dynamics in real-time [20].
However, the need for quantum sensing protocols implies
repetition. In this study, T, relaxometry measurements are
performed continuously and the cumulative optical signals
at specified intervals are preserved for the analysis of T at
a specific time point. This approach is referred to as “pseudo
real-time T relaxometry”

2.5. Pseudo real-time intracellular radical
detection during stimulation with bioactive
ligands SST, TPP, and TAT

SST and TPP have been selected because they can poten-
tially stimulate intracellular radical formation via differ-
ent pathways, while TAT was set as the negative peptide
control since there are no direct connections between
TAT and cellular radicals. First, the influence of the T,
of the bioactive ligands was assessed in blank control
experiments, in which SST, TPP, or TAT were added
following a similar procedure but without cells. Figure
S2 indicated that SST, TPP, and TAT did not induce any
significant fluctuations of T}, which confirms that any
changes in the T fluctuation would not be a result of the
ligand but rather of the induced cellular response.
Next, fND-NGs-based relaxometry was used to
investigate the impact of these ligands on intracellular
radical formation. To achieve pseudo real time detec-
tion of intracellular radicals, T, was first calculated as
reference T (T ) after integration time of t to get a
good signal-to-noise ratio. After further signal accumu-
lation at interval time At, we calculated T' (T ), in
the period of t+At, then T ,,,, is normalized to T ¢
to present the T, change in the interval time At, so that
we can record the T change continuously. This approach
is referred to as "pseudo real-time T relaxometry." In
this study, SST, TPP, or TAT were added during the T,
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relaxometry measurements. Briefly, the initial cellular
free radical load was measured by T, relaxometry mea-
surements by the fND-NGs (with counts from 1 M/s to
3M/s) for 15 min. Subsequently, low concentrations of
SST (final concentration of 0.5 uM), TPP (final concen-
tration: 5uM), or TAT (final concentration: 0.5uM)
were introduced to the cells during the continuous T
relaxometry measurements, which were performed for
a total period of 60 min. This concentration of SST was
reported to initiate an effect on intracellular NO gen-
eration [36], and the same concentration was used for
the negative control peptide, TAT. The used TPP con-
centration was chosen as it is the concentration that
inhibites cellular oxygen consumption rate (OCR) [39].
The T, of the selected intracellular fND-NGs were ana-
lyzed at specific time points post-treatment. To study
early occurrence of cellular free radicals, every minute
of the first 10 min, every 5min of the first 30 min, and
every 10min of the subsequent 30-60 min post-treat-
ment were set for T, relaxometry measurements.
Afterward, the same experiments were conducted at
higher concentrations (200 times of the lower concen-
trations) to evaluate whether there was a concentra-
tion-dependent effect on radical formation. Here, 10 uL
of SST (final concentration: 100 uM), TPP (final con-
centration: 1 mM), or TAT (final concentration: 100 pM)
were added to the cells and the same protocol was used
as described above. These concentrations of SST, TPP,
and TAT are the highest concentrations determined by
the cell toxicity assay, where concentrations of SST, TPP,
and TAT show no significant cytotoxicity (Figure SI).
Each experiment was replicated five times to ensure the

reliability and reproducibility of the measured T,. The
negative control group consisted of cells treated with
10 uL of Dulbecco’s phosphate-buffered saline (DPBS),
which was performed 3 times. It is important to men-
tion that due to the constant concentration of DPBS,
only measurements of 15 and another 60 min were con-
ducted for each particle in the control group (Figure S3).

Upon the introduction of low concentrations of SST
(0.5puM), an immediate decline in T values was observed
in 10 min, and a further reduction of approximately 20%
in T, values was reached within a time frame of approxi-
mately 15-40 min (Figure 3(a)). It reveals an immediate
increase in the amount of intracellular radicals in 10 min
and it increases by approximately 20% after 40 min. To
test whether the amount of intracellular radical would
further increase with increasing of SST concentration, we
increased the concentration of SST to 100 uM and found
that the T, did not decrease further, which indicates that
the amount of cytoplasmic free radicals was saturated
[53]. The possible underlying mechanism could be that
SSTRs on the surface of A549 were activated which inhib-
ited NOS expression, consequently causing the significant
reduction of NO [36, 54-56], which acts as a counter role
of «O, to form non-paramagnetic peroxynitrite (ONOO")
inside the cells. Once the reduction of NO has occurred,
the process is reversed to maintain the balance of NO and
overproduction of «O, [5]. Such dynamics are difficult
to observe using other ROS detection techniques.
Moreover, 100nM SST can still induce the slight T, reduc-
tion around 30min after treatment (Figure S4B), while
there is no significant change when cells were treated with
5nM SST (Figure S4A). In contrast, the decrease of NO

Figure 3. Cellular radical response to low and high concentrations of SST (a), TPP (b), and TAT (c) was measured by T, relaxometry.
Each curve represents an independent experiment on one isolated nanodiamond. (D) the general trend of cellular response to SST,

TPP, and TAT treatment. The data is shown as mean+SD (n=5).
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in A549 cells was reported when the cells were treated
with 1 uM SST. Thus, T relaxometry maybe a more sen-
sitive tool to investigate the cellular radical response upon
treatment.

In the second experimental approach, TPP treatment
(5puMand 1 mM) induced aslightincrease in T (Figure 3(b)),
which refers to a potential decrease in the amount of intra-
cellular radical. It has been reported that TPP (1 uM) could
potentially influence the mitochondrial respiratory chain
complex I, resulting in inhibitory effects on the electron
transport chain, consequently affecting the OCR [39]. When
OCR decreased, the whole organismal ROS (containing
paramagnetic «O,", «OH, et al.) production would decrease
correspondingly [38, 57].

TAT was used as a negative control since no impact
on intracellular pathways involved in radical formation
has been reported. Interestingly, T, relaxometry also
showed that there was no significant increase in free
radical generation during the membrane pass-through
process (Figure 3(c)), which has been found to occur
within 5 to 20 min [58].

2.6. Influence of NV-/NV° charge dynamics, pH, and
temperature on T, relaxation

Charge dynamics between NV-/NV? have recently been
demonstrated to potentially affect the relaxation of the
T, decay of NV~ [52]. To verify whether the charge
dynamics will affect the all-optical T} measurements, we
performed the T, measurements with a microwave m flip
on fND-NGs inside cells upon treatment with DPBS
(Figure S7A). The normalized T, exhibited a consistent
trend in both the all-optical protocol and the micro-
wave-applied protocol (Figure S7D) in our experimental
time. This suggests that NV/NV? can affect the absolute
T, values. However, at low laser power, the charge
dynamics is weak and can be suppressed. Therefore, the
T, relaxation will dominate the process, and the T,
changes will be measured rather than changes in charge
dynamics. If the relative T} changes on the same nano-
diamond are prioritized, the all-optical method can still
reflect real-time cellular radical dynamics.

The T, relaxation time could be influenced by tem-
perature changes, which has been studied by T. de
Guillebon et al. who could show that the T relaxation
time is only affected at cryogenic temperature and that
T, shows temperature-independence above 100K [59].
In addition, according to T. Fujisaku et al. the surround-
ing pH could also affect T, [60]. To minimize the poten-
tial influence of local pH changes in our experiments,
we have incubated fND-NGs for 24 h, to allow sufficient
time for endosome and lysosome escape, both compart-
ments characterized by acidic pH. In the cytosol, a con-
stant and physiological pH is present. In addition, we
also used DPBS as control to safely exclude the influence
of pH and temperature changes in our study.
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3. Conclusion

In this study, we have demonstrated the utility of nano-
diamond relaxometry to study unprecedented details of
free radical response upon targeting moieties treatment.
We have developed a pseudo real-time intracellular rad-
ical detection method, which allows us to monitor the
intracellular free radical response of cells at an early stage
under the treatment of SST, TPP, and TAT. We found
that SST can upregulate the level of intracellular free
radicals. In contrast, TPP show downregulation of the
level of intracellular free radical. The TAT did not show
any cellular radical response during the membrane pen-
etration process since it is not involved in processes
directly regulating intracellular radicals. This type of
real-time, early stage radical response under treatment
with targeting molecules has not been achieved before.
We believe that our method opens a new avenue of
understanding the influence of targeting molecules on
the role of free radicals in cells and will further our
understanding of the fundamental role of various bio-
molecules and drugs in the formation and scavenging
of free radicals in biology.

However, as a newly developed quantum technology,
the T, relaxometry used in this study can only identify
the overall cellular response and cannot distinguish spe-
cific free radical species. Thereby, sophisticated pulsing
techniques such as double electron-electron resonance
[61, 62], can then be developed to identify specific free
radical species to enhance specificities. In addition, cross
relaxometry [63] and the latest reported zero-field elec-
tron paramagnetic resonance [64] also provided the
opportunity to identify the specific radical species.
Additionally, the theoretical model can be improved to
more accurately quantify the number of radicals in living
cells [24], providing more detailed information to under-
stand radical-related signaling pathways. These improve-
ments will bring us into the era of quantum biology.
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