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A B S T R A C T

Cells constantly produce elusive bio-signals, such as cellular forces, free radicals, and molecular interactions, that 
are important for understanding diseases and treatment effects. However, detecting these signals is challenging 
because of issues with sensitivity, specificity, and the complexity of biological systems. Owing to their unique 
properties, nanodiamonds have emerged as a promising platform for detecting such elusive bio-signals, providing 
enhanced precision and effectiveness in diagnostics and therapies. In this review, we explore the detection of 
intracellular elusive bio-signals using nitrogen-vacancy (NV) centers in nanodiamonds, presenting case studies 
on their applications in cell force, free radicals, molecular interactions, and nanoscale thermometry. Moreover, 
we explore the design and applications of nanodiamonds as nanocarriers in quantum sensors and drug delivery 
systems.
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1. Introduction

Cells serve as intricate biochemical reactors, continuously producing 
a diverse array of bio-signals, including changes in ion concentration 
[1–5], cellular signalling molecules [6–8], membrane potential fluctu
ations [9,10], and temperature variations [11,12]. These signals un
derpin crucial cells processes, ranging from molecular activities [13–16] 
such as DNA transcription, translation, and ATP hydrolysis to cellular 
dynamics [17–21] like division, adhesion, and migration. At a broader 
scale, they influence organism-level phenomena, including embryonic 
development [22,23] and muscle contractions [24,25]. Detecting these 
bio-signals with high-sensitivity and precision is vital for deepening our 
understanding of fundamental cellular processes and diseases progres
sion. However, the elusive nature of many bio-signals, characterized by 
low intensities and their occurrence within complex, noisy cellular en
vironments, presents significant challenges for existing detection tech
nologies [26,27].

Over recent decades, advancements in live cell sensing have intro
duced techniques based on optical [28], electronic [29], fluorescent 
[30], and magnetic [31,32] technologies. These approaches have 
enhanced our ability to observe cellular dynamics [33]. Yet, they face 
limitations in sensitivity, stability, and specificity. Issues like photo
bleaching, cytotoxicity, and interference from environmental factors, 
such as pH changes or autofluorescence, compromise their effectiveness. 
These shortcomings highlight the urgent need for innovative technolo
gies capable of delivering stable, high-precision measurements in the 
complex physiological settings of living cells.

Nanodiamonds, particularly those embedded with nitrogen-vacancy 

(NV) centers, offer a promising solution for detecting elusive bio-signals 
in living cells. Their unique quantum properties, derived from NV cen
ters, allow for the precise detection of subtle bio-signals, such as nano
scale cellular forces, free radicals [34], that conventional methods [35] 
often overlook. This quantum-based approach delivers exceptional 
precision and spatiotemporal resolution, surpassing the limitation of 
traditional sensors, which struggle to maintain accuracy in the complex 
and dynamic conditions of living cells. For example, nanodiamonds can 
capture transient phenomena, like spin fluctuations [34] in free radicals, 
without the irreversibility and degradation that hinder fluorescent 
labelling techniques. Moreover, by leveraging their quantum properties, 
nanodiamonds enable background-free imaging [36], critical for 
isolating specific bio-signals from surrounding biological noise. Beyond 
sensing, nanodiamonds exhibit exceptional photostability, biocompati
bility, and easy of functionalization, making them highly adaptable for 
biomedical applications. These qualities position them as an ideal 
platform not only for imaging and sensing but also for drug delivery and 
integration into practical systems like microfluidic devices and lateral 
flow assays [37], enhancing their utility in rapid diagnostics.

This review focuses on cutting-edge detection technologies utilizing 
NV centers in diamonds to measure elusive intracellular bio-signals, 
such as nanoscale cellular forces, radicals, biomacromolecules, and 
temperature (Fig. 1). We begin by briefly outlining the general limita
tions of mainstream detection methods, namely their struggles with 
sensitivity, stability, and specificity in complex environments. Next, we 
provide an in-depth exploration of the technical features of NV-based 
quantum sensing, emphasizing its unique advantages for detecting 
these signals, illustrated by specific case studies and forward-looking 

Fig. 1. Nanodiamond sensors can detect elusive biosignals in living cells such as temperature, free radicals, cell force, and small molecules such as RNA and DNA. 
Further they can serve as drug-delivery system.
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insights into the field’s future developments (Table 1). Lastly, we 
explore the design and applications of nanodiamonds as nanocarriers in 
next-generation diamond-based quantum sensors and drug delivery 
systems.

2. Diamond-Based sensing technology using NV centers

Color centers in diamonds represent point defects where an impurity 
atom substitutes a carbon atom within the lattice, enabling to absorb 
specific wavelengths of light and generate fluorescence. Among these, 
the negatively charged NV− center (unless specified, NV refers to the 
negative charge state NV− in this review) in diamond [38] has been 
extensively explored for quantum sensing and bio-imaging applications 
[31,39,40].

2.1. Diamond-based sensor

Diamond, the host of the NV center, is famous for its outstanding 
properties. These include high mechanical stability, biocompatibility, 
chemical inertness, thermal conductivity, and transparency. Such traits 
make it an ideal platform for quantum sensing in biological systems. 
Single-crystalline diamond outperforms polycrystalline diamond in 
sensitivity for quantum sensing. Based on the physical size, diamond 
used in biosensing are classified as nanodiamond [41] or bulk diamond 
(films/plates/wafers) [42]. Nanodiamonds ranges from several nano
meters (for hosting NV center stably) to hundreds of nanometers. 
Combined with excellent biocompatibility and great potential of surface 
functionality (Fig. 2b), it has been used in biosensing and drug delivery 
and shows a promising future. Bulk diamond, synthesized by High- 
Pressure High-Temperature (HPHT) or Chemical Vapor Deposition 
(CVD), suit widefield sensing due to their relatively large scale.

Although natural diamonds contain NV centers, their density is often 
too low for practical applications. Moreover, the NV centers in natural 
diamonds are randomly distributed. While this is acceptable in many 
cases, shallow NV centers are preferred as they can provide better 
sensing sensitivity. Artificial implantation of NV centers is an effective 
solution. The creation of NV centers involves introducing nitrogen 
atoms—either through doping or ion implantation—and generating 
vacancies within the diamond lattice. An annealing process, which en
ables the diffusion of the vacancy, is also required for the formation of 
the NV center at the end of the process. These processes allow precise 
control over both the density and depth of NV centers.

However, shallow NV centers are unstable due to the charge insta
bility and magnetic and electronic noise. Charge instability is due to the 

light-induced charge state transit between NV0 and NV- state. As the NV0 

state cannot be used for quantum sensing, the generation of NV0 state 
will cause extra fluorescence background, leading to a decrease of the 
signal contrast. Magnetic and electronic noise comes from the proximal 
spins and unscreened charge, these will influence the quantum property, 
such as T2 (transversal relaxation time), of the NV center. Suitable sur
face functionalization can be used to increase the stability of the NV 
center. Oxygen-terminate, such as hydroxyl (C–OH), carboxylic acid 
(COOH), carbonyl (C=O), and ether (C–O–C) groups, are good choose as 
they not only increase the stability of the NV centers [44] but also 
provide the potential for subsequent chemical functionalization.

2.2. Optical Properties-based sensing

The NV center can be excited across a broad wavelength range from 
450 to 637 nm. Green laser light (532 nm) is preferred for its high 
excitation efficiency. When excited, the NV center emits a broadband 
fluorescence spectrum ranging from 600 to 800 nm, as shown in Fig. 2d. 
This range, spanning visible and near-infrared, making it an ideal 
biomarker for imaging. Notably, the NV center has outstanding excep
tional photostability, distinguishing it from traditional fluorescence 
dyes, semiconductor quantum dots, carbon dots, fluorescent beads, and 
other fluorescent nanoparticles [45].

The zero-phonon line (ZPL) at around 637 nm is a distinctive feature 
of the NV fluorescence spectrum. It reflects electronic transition devoid 
of phonon interaction. ZPL width and intensity provide insights into the 
local environment of the color centers. With an increase in temperatures, 
phonon interactions broaden ZPL width and diminish its intensity, 
enabling the monitoring of temperature fluctuations at the nanoscale 
[46].

The excitation efficiency of the NV center depends on the coupling 
between its electric dipoles and the polarization of the excitation laser. 
Previous studies have revealed that the NV center possesses two 
orthogonal electric dipoles lying in a plane perpendicular to the NV axis 
[47]. As the two electric dipoles are perpendicular to the NV axis, the 
optical polarization anisotropy varies with direction. When the NV axis 
aligns with the laser transmission direction, the polarization of the laser 
will show no effect on the overall intensity. In contrast, when the NV axis 
forms an angle (φ) with the laser transmission direction, the effective 
excitation efficient is contingent on the relative angle (θ) between the 
laser polarization and the projection of the NV axis onto the laser po
larization surface, which result in the polarization modulation of the 
fluorescence intensity [48]. By analysing fluorescence polarization 
curves, as shown in Figure X, researchers can determine the orientation 

Table 1 
Comparison the performance between traditional sensing technologies and nanodiamond-based sensing methods.

Traditional Nanodiamond-based Potential Application field

Method Method Advantages

Cellular adhesion 
forces

Förster resonance energy transfer (FRET) T1 Low photobleaching; 
Easy data interpretation

Mechanobiology; 
Tissue development; 
Mechano-drug development

Cellular torsional 
forces

NA Polarization Quantitative measurement of 
rotation angle

Cell-matrix interactions; 
Mechanobiology;

Free radical Measure the damage that radicals cause to the lipids, 
proteins, and nucleic acids of the cells; 
Uses fluorescent or spin labels that react with radicals 
to form a fluorescent molecule

T1 Highly sensitive; 
High spatial resolution; 
Enable long-term dynamic 
measurement; 
High chemical stability; 
High photo stability

Disease diagnosis(Alzheimers Disease (AD), 
Parkinson’s Disease (PD) 
, Cancer); 
Cell aging study; 
Drug screening

RNA/DNA Polymerase chain reaction (PCR) T1 
Fluorescence

Highly sensitive; 
Rapid test; 
Portable test; 
Simple setup

Cancers and viral infections; 
Elucidate the structure of single biomolecules and 
their intermolecular interactions

Temperature Thermosensitive fluorescent dyes; 
Quantum dots; 
Upconversion Nanoparticles

CW-ODMR Highly accuracy; 
Stable; 
High spatial resolution

Thermotherapy; 
Cellular metabolism evaluation; 
Disease diagnosis (Inflammation, Cancer)
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of the NV axis [49].

2.3. Spin Properties-based sensing

The energy level structure of the NV center [50] is shown in Fig. 2b. 
Within the diamond lattice, the NV center comprises a spin-1 system 
characterized by a spin triplet ground state. As the ms = 0 sublevel ex
hibits greater brightness than the ms = ±1 spin sublevel, it enables op
tical differentiation between the two spin states based on their distinct 
fluorescence intensities. In the absence of an external magnetic field, the 
energy levels of the NV-center electrons in the ms = ±1 state merge. 
However, upon the introduction of an external magnetic field, the NV 
spin experiences Zeeman splitting, causing the ms = ±1 energy level to 
degenerate.

Optically detected magnetic resonance (ODMR) is a versatile tech
nique that leverages the fluorescence of NV centers to monitor changes 
in their spin states. This method is applicable across a wide temperature 

range, spanning from ultra-low temperatures of 350 mK [51] to high 
temperatures of up to 1000 K [52]. Notably, pioneering studies have 
used ODMR to identify and analyze chains of magnetic nanoparticles 
(magnetosomes) present in magnetotactic bacteria, showcasing the first 
step towards potential biological applications of this technology [31]. 
To perform the ODMR experiment, the NV center is excited from the 
ground state to the excited state by a 532 nm laser. Afterward, it decays 
back to the ground state. During this process, ms = 0 state conserve, but 
ms = ±1 states have a higher possibility of decaying into ms = 0 state, 
causes the most of NV centers end up in ms = 0 state after several 
excitation loops. By applying an external microwave field, the occupa
tion of sublevels within the NV centers can be manipulated. When the 
microwave frequency matches the resonant frequency for transitions 
such as ms = 0 to ms = − 1 or ms = 0 to ms =+1, the NV fluorescent signal 
significantly decreases because of the disparate brightness of the ms =

0 and ms = ±1 sublevel, allowing the acquisition of the NV resonance 
spectrum. ODMR experiments can be carried out under both continuous- 

Fig. 2. Properties of NV centers. (a) TEM image of nanodiamonds. [43] (b) Surface chemical functionalization. (c) Energy level and atomic structure. (d) Fluo
rescence spectrum.

Fig. 3. NV centers based popular measurement technologies. (a) Fluorescence polarization curves and relation between NV axis orientation and laser polarization. 
(b) ODMR without and with magnetic field. (c) ODMR at different temperature. (d) T1.
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wave (CW-ODMR) and pulsed mode (pulsed-ODMR). The former are 
technically simpler and offer higher photon counts; the latter has more 
technical complexity but can offer a higher contrast ratio, leading to 
better signal-to-noise ratio (SNR).

Both CW-ODMR and pulse-ODMR can be applied for measuring 
magnetic fields and temperatures [53] (Fig. 3b and Fig. 3c). In this re
view, only CW-ODMR is introduced, as it achieves a balance between 
methodological complexity and measurement accuracy. Readers can 
refer to [54] for more details of pulsed ODMR.

Fig. 3b shows the laser and microwave sequence for CW-ODMR and 
the corresponding signal. To measure the CW-ODMR spectrum, the 
excitation laser and microwave field remain continuously on while the 
microwave frequency is swept over a specified range. The fluorescence 
intensity of the NV center is recorded as a function of the microwave 
frequency, yielding the CW-ODMR spectrum.

The Longitudinal relaxation time (T1) of NV centers, indicative of the 
spin system’s rate of return to thermal equilibrium, can be assessed with 
or without microwave excitation. This method involves initially polar
izing the NV spin to the polarized state (ms = 0 and ms = ±1), allowing 
the NV electrons to freely evolve towards the thermal equilibrium state 
(ms = 0 and ms = ±1 with equal probability), and determining T1. T1 is 
influenced by magnetic noise within the NV environment arising from 
both internal defective atoms in the NV centers and external sources. 
Elevated noise levels lead to more significant perturbations, resulting in 
a faster relaxation rate and shorter T1.

Fig. 3d shows the laser and microwave sequence for T1 and the 
corresponding signal. Notably, T1 can be measured without microwave 
excitation, which requires simple pulse sequence. The spin state of the 
NV center is first initialized to ms = 0 using a laser pulse of approxi
mately 2 microseconds. After a free relaxation period of duration τ, 
another laser pulse is applied to read out the current spin state. The 
fluorescence intensity varies with the free relaxation time τ, and T1 is 
determined by fitting the time-dependent fluorescence intensity curve 
using formula It = Imax(1 − e− τ/T1 ), where I represent the fluorescence 
intensity. If low-frequency noise cancellation is needed, the reader can 
refer to [54] for sequence of T1 measurement with microwave. 
Microwave-free T1 measurements have been applied in the biological 
domain for detecting magnetic signals, pH levels, and temperature 
variations [55]. Understanding T1 is crucial for delineating spin dy
namics and enhancing the performance of NV-based sensors.

The transverse relaxation time (T2) is indicative of the coherence 
duration of NV center spins and plays a pivotal role in quantum sensing 
applications. Specifically, the sensitivity of measurements involving 
alternating magnetic fields is determined by the coherence time, rep
resented by T2. In this method, the NV spin is polarized to the ms =

0 state, followed by the application of a π/2 pulse to maintain the NV 
spin in the ms = 0 and ms = 1 superposition state, allowing the quantum 
state to evolve freely. Subsequently, a π pulse is employed to counteract 
the phase accumulation of electron spins during the evolutions, effec
tively mitigating constant-value and low-frequency magnetic noise and 
preserving the coherent spin state. A subsequent π/2 pulse facilitates the 
conversion of phase information into readable data, allowing the 
determination of T2. The nitrogen concentration within the NV envi
ronment affects T2, which exhibits an inverse linear relationship with 
nitrogen concentration exceeding 0.5 ppm [56]. Moreover, NV centers 
hold promise for applications in nanoscale NMR spectroscopy and im
aging, facilitating investigations into magnetic fields at the molecular 
level, such as intraprotein structure [57]. A more complicated spin- 
control sequence is needed for T2, readers can refer to [54] for more 
details.

3. Nanodiamond-Based sensing of elusive Bio-Signals for 
diagnostic and therapeutic Applications

3.1. Cell force

Cells live in dynamic environment, facing extrinsic mechanical cues 
such as shear, tensile, and compressive forces. In response, cell 
constantly generate forces and dictate their behaviours to maintain 
tissue-level structural integrity and functionality. Therefore, capturing 
and quantifying such cell forces with high precision is critical for gaining 
insights into cellular behaviours [58], tissue mechanics [59–61], disease 
development [62] and treatment effectiveness [63–65]. Over the past 
few decades, notable achievements have been made using deformable 
hydrogels, microfabricated substrates, and devices that visualize and 
quantify these forces through the wrinkling of silicone rubber substrates 
and traction force microscopy (TFM). Although the spatiotemporal 
resolution of these technologies has been greatly improved due to ad
vancements in super-resolution technology and algorithms, detecting 
molecular force dynamics is still beyond current capabilities, hindering 
a deeper understanding of the molecular mechanisms of 
mechanotransduction.

Single-molecule tension microscope (SMTM) have gained significant 
attention for their ability to measure the forces experienced by specific 
proteins. Commercialized equipment such as atomic force microscopy, 
magnetic tweezers, and optical tweezers can provide solutions but 
require specialized equipment, and their low throughput limits their 
applicability. Molecular tension fluorescence microscopy is a cutting- 
edge method in this field; it uses a “spectroscopic ruler” based on en
ergy transfer between a fluorophore and a quencher. The main mecha
nisms involved are Förster resonance energy transfer (FRET) and 
nanometal surface energy transfer. However, these powerful techniques 
suffer from low SNR, fluorophore photobleaching, and challenges in 
force calibration.

Diamond-based force-sensing technology provides a promising so
lution to these challenges. The exceptional optical stability of diamond 
greatly reduces photobleaching effects. By combining next-generation 
quantum measurement platforms with innovative bio-interface engi
neering technologies, researchers developed an effective method termed 
quantum-enhanced diamond molecular tension microscopy (DQMTM) 
to precisely measure cellular adhesion forces [66]. The core technology 
utilized in this tool is NV color center-based T1 relaxometry, which 
provides high-resolution magnetic noise sensing and imaging (Fig. 4a). 
Meanwhile, the DQMTM is completely label-free, requiring no fluo
rophores. In principle, the optical stability of diamond and the high 
magnetic noise sensitivity of the NV center help overcome various 
challenges, such as photobleaching, limited sensitivity, and ambiguities 
in data interpretation.

Current cellular force measurement methods, including TFM and 
MTM, rely on measuring the linear displacement of the fluorescent 
beads embedded in elastic substrates or the one-dimensional extension 
of ‘spring-like’ ligands driven by cells. They have significantly enhance 
our understanding of the role of cellular forces in terms of “push” and 
“pull”, Nevertheless, they remain limited in addressing more complex 
and diverse mechanical interactions that involve multiple degrees of 
freedom, such as torsional stress. The dipole-like features of NV centers 
exhibit intriguing characteristics when subjected to polarized light, a 
phenomenon known as optical polarization selective excitation. Re
searchers harnessed this unique polarization property of NV centers in 
nanodiamonds as fluorescent orientation markers and developed a 
linear polarization modulation method to monitor the in-plane rota
tional motions of these nanodiamonds with high precision (Fig. 4b), 
achieving an accuracy of 0.5-3◦ [67]. This method can be applied to 
quantification of cellular torsional forces.

Although the application of diamond sensors in the field of cellular 
force measurement is still in its early stages, the potential of these sen
sors cannot be overlooked. With their unique properties, including 
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exceptional long-term stability and reusability, diamond sensors have 
distinct advantages over conventional methods. Current diamond-based 
sensing has significant room for improvement in spatiotemporal reso
lution, diversity, and accessibility, we believe it represents a new tech
nical roadmap for force sensing in mechanobiology, driven by rapid 
advancements in quantum sensing technology. Continued improve
ments will expand its capabilities, eventually establishing it as a 
fundamental tool in biomedical science. In future, diamond-based 
platforms can significantly enhance and complement existing technol
ogies, driving advancements in the field of cellular biomechanics.

3.2. Free radicals

Free radicals are highly reactive molecules generated from nonen
zymatic and enzymatic reactions in tissues. Endogenous free radicals 
originate in organelles like the endoplasmic reticulum, mitochondria, 
and peroxisomes. The most important free radicals generated during 

metabolic reactions are oxygen-derived radicals, commonly known as 
reactive oxygen species (ROS). At moderate or low levels, ROS are 
beneficial to cells and contribute to various physiological functions. 
However, excess ROS can compromise the integrity of various biological 
molecules. Harman’s free-radical theory of aging suggests that oxidative 
damage caused by ROS, which are generated throughout life, gradually 
accumulates, leading to cellular aging. Besides that, numerous diseases, 
such as cancer, cardiovascular disease, and neurodegenerative diseases, 
are associated with ROS [68]. Therefore, long-term quantitative ROS 
measurement at the molecular level within cells is of great importance, 
as it can provide evidence for early cellular damage and help to increase 
the understanding of cellular aging mechanisms.

Free radicals can be detected using direct and indirect methods. In
direct methods measure the damage that radicals cause to the lipids, 
proteins, and nucleic acids of the cells [69]; however, they cannot 
provide details of how the damage occurred or where the reactive 
molecules originated. Another approach involves measuring cellular 

Fig. 4. Diamond-based cell force measurement. (a) Diamond-based sensor for monitoring cellular adhesion forces. The left panel illustrates polymer extension caused 
by cellular forces. The right panel demonstrates how changes in T1 values correlate with polymer extension, enabling measurement of cellular adhesion forces. The 
lower panels demonstrate the measured data [66]. (b) Diamond-based sensor for detecting PDMS rotation induced by cell traction forces. It illustrates how cell-driven 
substrate deformation results in the nanodiamond rotation [67].
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responses, but it lacks spatial and temporal resolution. The direct 
method uses fluorescent or spin labels that react with radicals to form a 
fluorescent molecule or a stable radical, which can be detected by 
fluorescence microscopy or magnetic resonance techniques. However, 
these labels are often used in relatively high concentrations, which can 
be cytotoxic. They can also suffer from instability caused by photo
bleaching and auto-oxidation. Moreover, they do not reflect the real- 
time condition of the sample, as the results stem from the cumulative 
effect of ROS.

The diamond-based free-radical sensor monitors ROS by measuring 
T1 of NV centers in diamonds (Fig. 5), which is sensitive to spin fluc
tuations induced by these species [34]. This method provides unique 
advantages for measuring intracellular ROS. First, it is both biocom
patible and highly sensitive. Second, the use of micron- and nanoscale 
diamond particles significantly enhances the spatial resolution of ROS 
measurements [70]. Third, and more importantly, unlike traditional 
probes that react irreversibly with free radicals, diamond particles 
exhibit high chemical stability and are not consumed in the process. 
Finally, the photostability of NV centers in diamonds drastically reduces 
photobleaching, enabling long-term dynamic measurements.

In a preliminary study, nanodiamonds were used to measure 
phagocytic radical production by NADPH oxidase in primary dendritic 
cells [71]. This study demonstrated the potential for measuring intra
cellular free radicals. With the aid of diamond-based sensors, effects of 
external environmental factors, such as cell hypoxia and reoxygenation 
[72], ultraviolet B radiation [73], and cigarette smoke extract [74], on 
intracellular free radicals have been revealed.

Diamond-based sensors have emerged as powerful tools for studying 
free radicals-related disease diagnosis [75]. Cancer studies using 
diamond-based sensors have revealed that ROS influence the migratory 
potential of cancer cells, widening the opportunities for novel therapies 
[76]. Owing to the high spatial resolution provided by diamond-based 
sensors, free radicals have been found to be generated near polyglut
amine aggregates in autolysosomes, which may be a cause or a conse
quence of the Huntington’s disease phenotype [77]. Diamond-based 
sensors can also help determine the exact location and concentration 
fluctuations of free radicals in cells affected by viral infections, 
contributing to the development of strategies to combat viral infections 
[78]. A high spatial resolution is also important for revealing free 

radical-related antibacterial mechanisms. Monitoring ROS levels near 
individual bacteria can enhance our understanding of how antibiotics 
kill bacteria [78] and the mechanisms by which some bacteria withstand 
oxidative stress [79].

In addition, diamond-based sensors can be used for drug screening by 
detecting the generation of ROS, offering insights into the therapeutic 
effects of drugs. Osteoarthritis and rheumatoid arthritis are two common 
types of arthritis. Piroxicam, a common nonsteroidal anti-inflammatory 
drug, has been shown to decrease free-radical levels in fibroblast-like 
synoviocytes from patients with osteoarthritis [80]. This finding helps 
to explain the drug’s varying effectiveness in different diseases. 
Furthermore, diamond particles are ideal drug carriers, providing a 
powerful tool to not only deliver drugs but also measure their local ef
fects [81].

Diamond sensors have shown promise in free-radical measurement. 
Besides their inherent stability and biocompatibility, they provide a 
spatiotemporal resolution far beyond that of conventional methods. 
With advancements in diamond sensor fabrication and measurement 
techniques, molecular-level free-radical measurement in biological 
systems is expected to become a useful strategy for studying biosignals in 
living cells. In the future, movement tracking of FNDs and pulsing 
experimental techniques could be utilized to identify specific free 
radical species. Additionally, reducing the variation in quantum sensing 
properties among sensors would further enhance sensing accuracy.

3.3. RNA and DNA

RNA and DNA are essential in diseases diagnosis and treatment. By 
detecting these molecules in a patient’s body fluids or tissues, healthcare 
professionals can identify various conditions, including cancers and 
viral infections [82]. The polymerase chain reaction (PCR) is a widely 
used laboratory technique that amplifies specific DNA sequences 
through a series of temperature-dependent cycles of denaturation, 
annealing, and extension [83,84]. This powerful tool enables re
searchers to generate millions of copies from a minimal sample. For 
example, the most widely used real-time polymerase chain reaction 
assay can detects SARS-CoV-2 RNA from the upper respiratory tract to 
diagnose an active COVID-19 infection [85].

However, one significant drawback of PCR is its susceptibility to 

Fig. 5. Nanodiamond-based sensors for measuring free radicals. (a) schematic representation of intracellular free-radical measurement. the diamond particle, bound 
to a specific molecule, is internalized by cells to target the region of interest, allowing localized free-radical monitoring[79]. (b) Monitoring of free radicals produced 
by mitochondria using FNDs [72]. (c) T1 measurement pulse sequence (upper) [34] and relaxation response of diamond to free radicals (lower) [73].
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false-negative results. Poor extraction methods may result in low yields 
and poor quality of target DNA, significantly affecting the outcome of 
PCR and contributing to false negatives [86]. The complexity of PCR 
protocols is also a disadvantage, as the need for precise temperature 
cycling and specialized equipment can limit its accessibility in resource- 
limited settings [87]. Additionally, PCR can be time-consuming and 
labour-intensive, especially when amplifying multiple targets simulta
neously [88]. While PCR is an invaluable tool in molecular diagnostics 
and research, its disadvantages, including susceptibility to false nega
tives and operational complexity, hinder its suitability for current 
market needs. Currently, there is an increased demand in the market for 
high-precision and rapid point-of-care nucleic acid testing technologies, 
a trend that has been further intensified by the COVID-19 pandemic.

The most critical issue of rapid nucleic acid detection technology is 
sensitivity. For example, the sensitivity of paper microfluidic lateral flow 
assays (LFAs) [89,90], which are commonly utilized rapid point-of-care 
tests, is often hindered by background fluorescence stemming from the 
sample and substrate. However, when FNDs are employed as fluorescent 
markers in LFAs, their signal can be effectively distinguished from the 
background through selective spin modulation, thereby enabling highly 
sensitive testing (Fig. 6a). Furthermore, FND signals can be read opti
cally with short acquisition times. These benefits render FND-based 
biosensors well-suited for quick, straightforward, and portable testing 
in clinical environments. In a notable study, researchers have integrated 
FNDs into a sandwich assay for oligonucleotide detection, achieving a 
detection limit of 82 × 10-21 M in a biotin-avidin model system (Fig. 6b) 
[37]. This sensitivity level is 105 times higher than that obtained using 
gold nanoparticles as fluorescent markers. Notably, the detection of 
single copies of human immunodeficiency virus type 1 (HIV-1) RNA is 
accomplished using 600-nm FNDs combined with a 10-minute reverse 
transcription-recombinase polymerase amplification (RT-RPA) assay 
(Fig. 6c).

Moreover, to enhance the sensitivity of bio-signal detection, FNDs 
can be used not only as fluorescence labels but also as quantum sensors 
to detect magnetic signals with high sensitivity. By incorporating 
external magnetic markers, biological signals are transformed into 
magnetic signals, thereby improving the sensitivity and precision of 
detection. In a specific demonstration, Gd3+ functionalized nano
diamonds have been utilized for the detection of SARS-CoV-2, the virus 
responsible for COVID-19 (Fig. 6d and e) [91]. This method allows for 
the identification and quantification of viral RNA by optically moni
toring changes in the relaxation time. It provides a rapid and reliable 
testing platform with a low FNR of 1 %, significantly lower than that of 
reverse transcriptase quantitative polymerase chain reaction, even in 
the absence of the RNA amplification process. In another demonstration, 
as shown in the Fig. 6f and g, using magnetic nanotags, researchers have 
established a hydrogel-based multiplexed magneto-DNA assay, 
featuring a remarkable detection limit in the attomolar range, exceeding 
those of conventional optical and electrochemical detection techniques 
[92]. While the above researches do not demonstrate the application in 
LFA format, their microfluidic platform experiments show promise in 
facilitating clinical diagnostic tests aimed at genetic mutations, rare 
diseases, and infections.

Currently, FNDs offer highly sensitive, reliable, rapid, simple, and 
portable testing in clinical settings. Beyond rapid point-of-care testing, 
FNDs also show promise in providing structural determination of 
intracellular single DNA and RNA through NMR [93]. Although the 
determination of single biomolecules, such as single DNA [94] or single 
protein [95], through NMR is still in its early stages, this research opens 
up the possibility of elucidating the structure of single biomolecules and 
their intermolecular interactions.

3.4. Temperature

Temperature profoundly influences the internal activities of living 
organisms, regulating physiological functions. Numerous studies have 

explored the correlation between temperature variations and diverse 
functions in individual organisms, aiming to elucidate their molecular 
mechanisms. These studies reveal that, beyond the thermogenic prop
erties of specific cells and organelles, temperature variation drives bio
logical events. At the cellular level, for instance, adaptive changes in 
gene expression, such as the heat shock response and stress granule 
formation [96,97], protect cells from heat damage. Additionally, several 
ion channels, including transient receptor potential channels, are acti
vated in a temperature-dependent manner [98,99]. In Drosophila, 
temperature-regulated behavior is closely linked to the rates of mito
chondrial oxidative metabolism in cells [100]. These findings suggest 
that temperature variations at the cellular level are integral to physio
logical functions in living organisms. This understanding could enhance 
diagnostic and treatment strategies by targeting temperature-sensitive 
pathways in disease management.

While the biological significance of intracellular temperature 
changes is recognized, understanding the physical principles behind 
these changes remains elusive. Nanoscale fluorescence thermometry has 
been developed to measure temperature at the single-cell level, leading 
to advances in understanding the molecular mechanisms of 
temperature-related physiological functions. However, the specifics of 
heat release at subcellular resolution remain unclear, particularly in 
quantitative terms. A paradox known as the “105 gap issue” exists in 
intracellular nanothermometry: calculated temperature rises are often 
orders of magnitude smaller than those observed experimentally. For 
instance, Baffou et al. estimated a temperature increase of approxi
mately 10-5 K within a single cell, based on assumptions about the heat 
source size (10 μm) and previously reported cellular heat production 
(100 pW) [101]. This estimate is significantly lower than the roughly 1 K 
increase reported in the literature [11], which is thought to result from 
thermogenesis.

Several reasons contribute to the issue above. On the one hand, 
mainstream temperature measurement methods, such as those using 
fluorescent dyes, thermosensitive polymers, and nanoparticles, are still 
underdeveloped. They face several challenges, including photo
bleaching, limited long-term monitoring, and difficult calibration. 
Additionally, fluorescence is influenced by factors like refractive index, 
viscosity, optical excitation power, pH, salt concentration, and proteins, 
leading to potential measurement errors. On the other hand, the 
complexity of the intracellular microenvironment and thermal processes 
presents additional challenges. Variations in the thermal conductivity of 
cellular components, such as proteins and phospholipids, introduce er
rors in calculations and calibrations. Heat flow and temperature changes 
within cells can also impact chemical and physical processes, such as 
altering reaction equilibria, inducing particle movement, and forming 
pH gradients, thereby complicating intracellular temperature research.

Compared to other fluorescence nanothermometers, FNDs offer high 
sensitivity and high spatial resolution for temperature measurement. 
They also possess attractive fluorescent properties, including a high 
quantum yield and no blinking or photobleaching. Furthermore, FNDs 
are biocompatible with low cytotoxicity [102], and exhibit high stability 
in complex physiological environments. Additionally, FNDs can be 
biofunctionalized with surface groups and expanded for various bio
logical applications [103].

In an initial experiment, nanodiamonds with NV centers were used 
for the quantitative detection of intracellular temperature increases at 
one location with a spatial resolution of 100 nm (Fig. 7a), using an 
external heat source (gold nanoparticles) based on ODMR [104]. They 
developed a four-point method to achieve a standard deviation of tem
perature around 0.1–0.2 K with a temporal resolution of 4 s in their 
measurements. They first demonstrated the high sensitivity and high 
spatial resolution in the measurements. Later, another group measured 
the intracellular temperature of a neuronal network (Fig. 7b) using 
widefield ODMR, achieving widefield temperature mapping [39]. In 
another demonstration, the four-point method was improved by mini
mizing measurement artifacts caused by optical power-dependent 
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Fig. 6. Diamond-based sensor for measuring RNA and DNA. (a) Illustration of the concept of using FNDs in an LFA. The binding of DNA modifications causes NDs to 
be immobilized at the test line in a sandwich-format LFA. The inset shows the atomic structure of an NV center. An omega-shaped strip line resonator applies a 
microwave field over the LFA, modulating the fluorescence intensity [37]. (b) Comparison of the detection limit for different detected methods in (a) [37]. (c) A 
schematic of the assay. Digoxigenin (DIG) and biotin-modified primers were used in a RT–RPA reaction to produce labelled amplicons, which bind to anti-DIG- 
functionalized FNDs and streptavidin-printed test lines on the LFA strips, forming a sandwich structure in the presence of amplicons. [37]. (d) Viral RNA detec
tion with Gd3+ ions. Gd3+ complex molecules that can induce strong magnetic noise are connected to the c-DNA structure. In the presence of virus RNA, the base-pair 
matching of c-DNA and RNA leads to detachment of c-DNA-DOTA-Gd3+ from the nanodiamond surface, resulting in weaker magnetic interaction between Gd3+

complex and NV centers inside the nanodiamond [91]. (e) Histogram of measured PL averaged from 10 NDs at a fixed dark time τ = 200. The red (green) distribution 
corresponds to the case where viral RNA is absent (present) [91]. (f) DNA detection with microfluid step. Schematic illustration of the diamond-based sensor chip 
assembled for ODMR measurements [92]. (g) Maximum ODMR frequency shift in response to target DNA concentration [92].
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ODMR spectral shape and instrumental errors, enabling accurate real- 
time temperature measurement during dynamic thermal events [105]. 
They demonstrated in vivo real-time temperature monitoring inside 
Caenorhabditis elegans worms (Fig. 7c-f) [106]. Similarly, another 
group demonstrated the interplay between intracellular forces and the 
cytoplasmic rheology in live cells [107]. This advancement enables the 
direct identification of pharmacological thermogenesis, potentially 
allowing for the quantification of biological activities based on 
temperature.

Apart from biological applications, thermometry based on nano
diamonds with NV centers is still being refined. In an earlier study, 
dynamical decoupling protocols with newly designed spin pulse se
quences facilitated selective thermal measurements and converted 
thermally induced shifts in the NV center’s spin resonance frequencies 
into significant changes in its fluorescence, achieving higher sensitivities 
approaching 10 mK⋅Hz− 1/2 [108]. In a recent study, thermometry based 
on microwave-dressed spin states also provides selective sensitivity to 
temperature changes and can mitigate the influence of magnetic fields, 
thereby reducing measurement system errors [109]. Advances in ther
mal measurement technology enable accurate and rapid temperature 
measurements within cells.

In addition, nanodiamonds can be modified, such as into needle 
shapes [110], to meet various biological detection needs, especially by 
being hybridized with other functional materials. For example, in one 

demonstration, nanodiamonds were coupled with magnetic nano
particles, where temperature changes were converted into magnetic 
field variations near the Curie temperature, enhancing temperature 
sensitivity to 11 mK•Hz− 1/2 [111], and even 79 μK•Hz− 1/2 [112]. 
Furthermore, nanodiamods can be coupled with other nanoheater, such 
as gold nanorods [113], and polydopamine (PDA) [114], to serve as 
combined nanoheater/nanothermometer for researching nanoscale heat 
transfer and dissipation process. Studies have measured thermostability 
of cell membranes (Fig. 8a) [113], intracellular thermal conductivity 
(Fig. 8b) [114] and temperature gradient across locally heated Caeno
rhabditis elegans embryos [115]. Moreover, hybrid plasmonic nano
diamonds can be utilized as thermal agents for local photothermal 
therapy (PTT) against melanoma in vivo thermotherapeutic treatments 
(Fig. 8c) [116]. However, hybrid measurements can cause thermal 
damage to the sample. This damage can alter biological responses, 
compromise sample integrity, and affect the accuracy of subsequent 
measurements. To address this issue, researchers have opted for 
decoupled sensing [117], which involves using separate lasers for 
heating and sensing, to explore biological applications, like cell-cycle 
[115] more effectively.

Currently, nanodiamond thermometry techniques have demon
strated the impact of temperature on biological processes. Multi
parametric analysis can further enhance the accuracy of these 
thermometric measurements [118]. All-optical nanodiamond 

Fig. 7. Nanodiamond-based sensor for thermometry and its application (a) Single-position thermometry in living cells. Exogenous heating of stained human em
bryonic fibroblast WS1 cells, stained with calcein AM. Temperature of a single nanodiamond (circle in micrograph) with local heat applied at two different locations 
(crosses) is plotted (right) [104]. (b) Widefield temperature map from colocalized NDs overlaid with the ND fluorescence image of primary cortical neurons at 37.3 ◦C 
[39]. (c) Temperature monitor of worms under drug stimulation. (Top left and right) Merged fluorescence and bright field images of NDs during carbonyl cyanide p- 
trifluoromethoxyphenylhydrazone (FCCP) stimulation (60 μM) and vehicle control experiments. The numbers indicate the timestamps of pictures captured during 
measurement indicated in lower left and right. (Lower left and right) Time profiles of ΔTNV during FCCP stimulation and vehicle control experiments. The blue 
shaded regions represent periods when no temperature measurement is performed. The photographs in Top left and right were obtained during these periods [106].
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Fig. 8. Nanodiamond coupled with other nanoheater and its applications. (a) Hybrid gold nanorods and FNDs (GNR-FNDs) for nanohyperthermia in membrane 
nanotubes. The top left panel shows a TEM image of the hybrid structure. The top left panel shows a TEM image of the hybrid structure. The top right panel presents a 
schematic of the experiment using a laser beam for both heating and temperature sensing of the GNR-FNDs trapped in the endosomes of a membrane nanotube. The 
middle left panel displays fluorescence images, while the middle right panel shows merged bright-field/fluorescence images of HEK293T cells transduced with actin- 
GFP fusion proteins (green) and labeled with GNR-FNDs (red). The bottom left panel shows fluorescence images, and the bottom right panel presents merged bright- 
field/fluorescence images of the samples after exposure to a 594 nm laser with a power of 330 mW for 6 s [113]. (b) Hybrid functionalized PDA-FNDs for intracellular 
thermal conductivity measurement. The top panel illustrate PDA-FNDs prepared from FNDs. Confocal microscopy images (bottom left) of HeLa cells overexpressing 
LAMP1-mGFP that were incubated with PDA-FNDs for 4 h. Bottom right shows the temperature increasement measured by FNDs in HeLa cells. The thermal con
ductivity is calculated through the average of temperature increasement [114]. (c) Hybrid FND and gold nanoparticles for local PTT against melanoma in vivo. Top 
right is the scheme of therapy and tumor growth estimation. Middle shows the comparison of measured tumor volumes after PTT. (Middle right) Digital photos of 
tumors extracted after the therapy. (Bottom) H&E-stained histological images of tumors after treatment with NV@SiO2@Au with laser, or NV@SiO2@Au, or control 
with laser, or control with 0.9 % NaCl [116].
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thermometry has been developed to extend the capabilities of current 
thermometry based on quantum spin. However, like other fluorescence- 
based thermometry methods, all-optical thermometry is susceptible to 
potential measurement errors induced by factors such as refractive 
index, viscosity, pH, and the presence of proteins. Advances in these 
techniques could unveil the mechanisms of thermal signaling by inves
tigating the sensing and utilization of intracellular heat in physiological 
phenomena. The study of thermal biology, based on intracellular tem
perature variations detected by nanodiamond thermometers, holds the 
potential to significantly advance our understanding of the principles 
governing intracellular thermal dynamics in the near future.

4. Nanodiamond-Based nanocarrier design and application for 
drug delivery

Nanodiamonds have emerged as excellent sensors for various bio
logical activities within living cells. The performance of nanodiamonds 
is influenced not only by the spin properties of the NV center and the 
advancements in metrology but also by the intrinsic physical properties 
of the diamond itself as a functional carrier at the nanoscale. These 
factors significantly impact their efficacy in the phagocytosis efficiency 
of living cells and intracellular signal detection. For instance, factors 
such as morphology, topology, and surface chemistry must be carefully 
considered in the design of sensors before their use.

4.1. Morphology control

Controlling nanodiamonds size and shape can optimizes their use as 
nanocarriers for quantum sensing and other biological applications. 
Firstly, the size of nanodiamonds plays a significant role in their cellular 
uptake. Particles around 50 nm are most effective for internalization 
[119–123]. To achieve nanodiamonds of specific sizes, one common 
approach is detonation synthesis, which produces nanodiamonds 
through the explosion of carbon-containing materials [124]. This 
method is cost-effective and scalable but often results in a wide distri
bution of particle sizes. To address this issue, post-synthesis treatments 
such as high-temperature annealing and acid purification are employed 
to refine the morphology and surface chemistry of the nanodiamonds 
[125]. Another method involves chemical vapor deposition (CVD), 
which allows for precise control over the size of nanodiamonds by 
manipulating the growth parameters [43]. CVD-synthesized nano
diamonds typically exhibit well-defined morphologies, making them 
suitable for high-precision applications.

Additionally, surface morphology can influence the positioning of 
nanodiamonds within the cell upon uptake. Researchers have found that 
the circularity of the nanoparticles determines the ability of nano
particles to escape membrane-bound vesicles during endocytosis. Spe
cifically, nanoparticles with lower circularity (i.e., sharper 
nanoparticles) are more likely to escape [126,127]. For instance, prickly 
nanodiamonds exhibit rapid endosomal escape, allowing them to reside 
stably in the cytoplasm without significant cytotoxicity [41]. Thus, 
developing methods for controlling the morphology of nanodiamonds is 
essential for optimizing their performance in various applications. 
Common physical approaches, such as focused ion beam (FIB) tech
niques [128], offer high control over particle size and shape but can be 
limited by low yield and high production costs. Air oxidation, a chemical 
approach, is a promising method for achieving high yield and low cost 
[129]. This technique uses atmospheric oxygen to oxidize carbon atoms 
into carbon dioxide at elevated temperatures. Thermal oxidation 
method not only helps control the surface shape but also removes non- 
diamond impurities. This method has the potential to be more efficient, 
scalable, and cost-effective for precise morphology control.

The above mature nanodiamond shape engineering enable nano
diamonds as nanocarriers to meet various biological applications. This 
multifaceted approach to morphology control will pave the way for the 
development of more effective nanocarrier systems.

4.2. Surface functionalization

The surface functionalization of nanodiamonds not only enhances 
their colloidal stability and biocompatibility but also expands their 
functionalities for a broader range of applications, thereby enhancing 
their potential as biosensors and drug carriers. Various functional 
groups can be introduced onto the surface of nanodiamonds through 
chemical reactions. For example, the chemical deaggregation method 
can produce single-digit detonation nanodiamonds (DNDs) while 
simultaneously introducing carboxyl groups [130]. By maintaining a 
high negative surface charge, nanodiamonds in suspension are stabilized 
and prevented from aggregating in biological environments. Addition
ally, the presence of carboxyl groups facilitates further chemical modi
fications, enabling the attachment of drugs or targeting ligands. Coating 
nanodiamonds with hydrophilic polymers or sugars, such as fructose, 
can also significantly enhance their solubility and prevent aggregation, 
thereby improving their effective cellular uptake [131]. Moreover, this 
approach allows for specific targeting of cancer cells, thereby achieving 
desired sensing and other applications.

Physical methods, such as sonication, can also be employed to 
enhance the functionalization of nanodiamonds. Shulevitz introduced a 
one-pot method for functionalizing milled nanodiamonds through 
emulsification, which allows for the formation of stable aqueous dis
persions without complex chemical reactions [132]. This technique 
simplifies the functionalization process and can be adapted for various 
applications, including drug delivery and quantum sensing.

Thus, the surface functionalization of nanodiamonds is a vital pro
cess that enhances their potential as nanocarriers in biomedical appli
cations. By employing various chemical and physical modification 
techniques, researchers can tailor the properties of nanodiamonds to 
improve their stability, targeting capabilities, and multifunctionality, 
paving the way for innovative therapeutic strategies.

4.3. Drug delivery

Through the aforementioned surface functionalization and 
morphology control, these nanodiamonds can serve as suitable nano
carriers, enhancing their stability and biocompatibility. Due to these 
properties, nanodiamonds have been utilized in quantum sensing and 
drug delivery. While the use of nanodiamonds as quantum sensors has 
been previously described, we will now explore their application in drug 
delivery. The fluorescent property of the nanodiamonds can also be used 
for real-time monitoring of drug delivery and distribution within cells 
[133]. Nanodiamond-based drug delivery can be carried out in response 
to endogeneous stimuli or exogeneous stimuli.

Endogeneous stimuli, such as overexpressed receptors and pH, 
enable selective targeting of tumor cells [134]. In an early study, 
nanodiamonds (NDs) were conjugated with transferrin-doxorubicin (Tf- 
DOX) complex to form ND-(Tf-DOX) nanodrug. Transferrin was conju
gated to NDs so that the nanodrug could be selectively internalized into 
tumor cells with overexpressed transferrin receptors by transferrin 
receptor-mediated endocytosis. The fluorescence from NDs was used to 
identify the nanodrug in fluorescence images. Although the nanodrug 
inhibited tumor growth with less side effects compared to DOX alone, it 
still exhibited some toxic effects to the liver and spleen of mice [135]. In 
another study, NDs were coated with DOX-conjugated biopolymer to 
form DOX-NDs that exhibited lower toxicity. The acid-labile hydrazone 
linker between DOX and biopolymer can be cleaved at acidic environ
ment in tumor tissue, enabling selective targeting of tumor cells by DOX- 
NDs. Thanks to the biocompatibility of the biopolymer, DOX-ND 
exhibited low cytotoxicity even at high concentrations. Furthermore, 
the intracellular distribution of DOX-NDs was examined by fluorescence 
spectra via in vivo experiments for breast cancer [136]. To diversify 
cancer therapies, ND-polyethylene glycol-hydrazine hydrate-folic acid 
complex was conjugated with DOX to form NPHF/D nanoparticles. The 
nanoparticles could selectively target tumor cells with overexpressed 
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folate receptors, displaying excellent therapeutic effects for breast, 
cervical, and liver cancer. The fluorescence from NDs was quenched in 
normal pH and recovered in low pH of tumor cells, making the nano
particles an on–off imaging material [137].

Diverse exogeneous stimuli, such as ultrasound, magnetic field 
[138], and light, can be employed for selective targeting of tumor cells 
[139]. For ultrasound-enhanced drug delivery with tissue penetrability 
and localized applicability, NDs were loaded with DOX and encapsu
lated by photoresist (PR) copolymer to form DOX-NDs/PR nanoparticles 
to which low-intensity focused ultrasound was applied for promoting 
intratumoral penetration of the nanoparticles, resulting in excellent 
antitumor effect [140]. For tissue-penetrative magnetic field-enhanced 
drug delivery, annealed magnetic nanodiamonds (MNDa), which were 
formed by the laser, chemical, and thermal treatment on the NDs, were 
conjugated with human serum albumin (HSA) and physically adsorbed 
to DOX to construct MNDa-HSA-DOX. Using external magnetic fields, 
tumor cells were selectively targeted. The fluorescence from MNDa was 
used to identify MNDa-HSA-DOX in fluorescence images [141]. For 
light-enhanced drug delivery with capability to be locally focused, NDs 
were conjugated with a locking strand (LS) to form LS-NDs. The pho
tocleavable ortho-nitrobenzyl molecule linker between the LS and the 
ND could be cleaved upon ultraviolet light irradiation, enabling selec
tive targeting of tumor cells [142].

5. Perspective

The field of nanodiamond-based sensing for biological applications 
has made remarkable strides, advancing from cellular to the molecular 
level detection with sensitivity surpassing many conventional technol
ogies. Nanodiamonds stand out due to their biocompatibility, stability, 
and multifunctionality, making them ideal for both sensing and drug 
delivery.

Even with these advances, there are still many opportunities to 
explore in biological applications and fundamental research. In funda
mental cellular research, nanodiamonds allow detailed studies of 
cellular metabolism and molecular dynamics. For example, using NV 
centers, they can detect molecules like ATP, deepening our under
standing of cellular functions. In early disease diagnostics, they can 
identify early molecular markers of diseases such as cancer or neuro
degenerative disorders, potentially leading to better patient outcomes. 
Additionally, integrating nanodiamond sensors into point-of-care de
vices, like lateral flow assays, could enable real-time monitoring of 
therapeutic responses, providing critical insights into drug efficacy and 
resistance.

While nanodiamonds hold immense promise for biological sensing, 
they face significant challenges that limit their full potential. Variability 
in properties such as size, shape, and nitrogen-vacancy (NV) center 
density leads to inconsistent performance, reducing measurement ac
curacy and reliability. Moreover, pulse-based techniques, despite their 
high sensitivity, are hindered in intracellular applications by the con
stant motion of nanodiamonds within cells, which disrupts signal 
acquisition. To overcome these drawbacks, standardized fabrication 
methods are essential to ensure uniform nanodiamond properties, 
thereby improving consistency and reliability. Additionally, developing 
advanced pulse sequences capable of tracking nanodiamonds in real 
time within living cells would enhance sensitivity and enable more 
effective live-cell applications. These advancements, driven by precision 
engineering and innovative measurement approaches, will set the stage 
for more robust and versatile nanodiamond-based technologies.

Physical and chemical modifications can further unlock the full po
tential of nanodiamonds in both sensing and drug delivery applications. 
Surface functionalization, achieved by attaching specific ligands or 
polymers to nanodiamond surfaces, enhances cellular uptake and 
specificity, enabling nanodiamonds to target particular cell types or 
organelles. This reduces interference from the complex intracellular 
environment, boosting sensing accuracy and improving the precision of 

therapeutic payload delivery. Additionally, NV density optimization 
through techniques like electron beam or femtosecond laser writing 
produces brighter fluorescent nanodiamonds (FNDs), improving the 
signal-to-noise ratio (SNR) and measurement accuracy.

Looking ahead, miniaturization represents a key pathway to broaden 
the impact of nanodiamond technologies by enabling the development 
of advanced, compact systems with diverse applications. Through this 
process, researchers can create portable diagnostic devices—compact, 
user-friendly platforms that bring nanodiamond-based sensing to point- 
of-care settings, significantly speeding up diagnostics and enhancing 
accessibility. Additionally, implantable sensors made from miniaturized 
nanodiamonds could be integrated into the body, offering continuous 
monitoring of molecular signals and delivering real-time health insights. 
Furthermore, by pairing nanodiamonds with other nanomaterials, 
hybrid systems could emerge, capable of simultaneous sensing and 
therapeutic action, thus amplifying their utility across multiple domains. 
This ambitious push toward miniaturization hinges on interdisciplinary 
innovation, requiring the seamless integration of nanotechnology, 
physics, and biology to produce scalable, practical solutions that 
advance both research and healthcare.

Nanodiamond-based sensors stand as a groundbreaking technology 
with the power to transform biomedical science. Their unique properties 
enable molecular-level insights into disease and treatment, while their 
potential applications span diagnostics, therapy, and fundamental 
research. By addressing current limitations—such as variability and 
measurement challenges—through standardized fabrication and 
advanced techniques, and by enhancing the platform with physical and 
chemical methods, nanodiamonds can achieve greater precision and 
versatility. Furthermore, pursuing miniaturization will make these 
technologies widely accessible, from labs to clinics. As these strategies 
converge, nanodiamond sensors are poised to redefine our understand
ing of cellular processes and elevate the future of healthcare, offering 
new perspectives on the molecular dynamics of life.
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[46] F. Pedroza-Montero, K. Santacruz-Gómez, M. Acosta-Elías, E. Silva-Campa, 
D. Meza-Figueroa, D. Soto-Puebla, B. Castaneda, E. Urrutia-Bañuelos, O. Álvarez- 
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