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ABSTRACT
The long-dreamed capability of monitoring the molecular machinery in living systems has not been realized yet, mainly due to technical limitations of current sensing technologies. However, recently emerging quantum sensors are showing great promise for molecular detection and imaging. One of such sensing qubits is the nitrogen-vacancy (NV) center, a photoluminescent impurity in a diamond lattice with unique room-temperature optical and spin properties. This atomic-sized quantum emitter has the ability to quantitatively measure nanoscale electromagnetic fields via optical means at ambient conditions. Moreover, the unlimited photostability of NV centers, combined with the excellent diamond biocompatibility and the possibility of diamond nanoparticles internalization into the living cells, make NV-based sensors one of the most promising and versatile platforms for various life-science applications. In this review, we will summarize the latest developments of NV-based quantum sensing with a focus on biomedical applications, including measurements of magnetic biomaterials, intracellular temperature, localized physiological species, membrane potential, and electronic and nuclear spins. We will also outline the main unresolved challenges and provide future perspectives of many promising aspects of NV-based bio-sensing. 
KEYWORDS: Bio-sensing, quantum sensing, nitrogen vacancy center, diamond, magnetometry, relaxometry, thermometry

A biological system includes a vast range of physiological variables, such as concentrations of ions, radicals, and biomolecules, pH, temperature, forces, etc. Quantitative and localized detection of those involved in biophysical and biochemical processes is essential for answering a series of key questions in cellular biology and biomedicine, such as cell signaling, development, and differentiation, or cancer metastasis. Hence, many efforts have been devoted to developing molecular-scale detection techniques, such as electron microscopy and magnetic resonance imaging (MRI). However, our mechanistic understanding of biological processes is still quite limited due to the current poor sensitivity and/or selectivity, harsh working conditions, the need for large sample volume, and/or the low spatiotemporal resolution of such technologies. Particularly, none of the established techniques can provide access to a single living cell under ambient conditions, let alone the envisioned studies at the single‑molecule level. Therefore, it is highly desirable to develop a novel sensing and imaging platform that could monitor “localized events” under physiological conditions with selective, quantitative, and spatiotemporally-resolved detection.
In recent years, the nitrogen‑vacancy (NV) center, a photoluminescent defect hosted in diamond, has been recognized as a potential novel nanoscale bio-sensor. NV‑diamond sensor displays several attractive features, including ideal photostability,1 unique room‑temperature spin properties with optical readout,2 chemical inertness,3 various diamond modalities,4 and excellent biocompatibility.5 The electronic-spin-dependent photoluminescence associated with this atomic defect can facilitate optical detection of various quantities (e.g., magnetic fields,6 electric fields,7 temperature,8 and others) via fluorescence microscopy, in a predictable and quantitative manner. The NV-based nanoscale metrology is based on the quantum mechanical effects with unprecedented sensitivity and precision. This novel technique thus holds a great promise for sensing and imaging at a single molecular level, with applications ranging from fundamental to applied sciences.9-12
Since the first experimental demonstration of magnetic resonance detection on a single NV center published in 1997,13 many sensing protocols, as well as the theoretical NV principles, have been established, demonstrating record-breaking measurements in many standard model samples and/or well-studied systems. For instance, the NV center has been applied in condensed matter systems for observing static and dynamic magnetic phenomena.14 Nevertheless, its applications in biological systems are still in their infancy. This review will give insights on the diamond material systems, working principles of quantum sensing with NV center, experimental apparatus, and examples of emerging applications in bio-related topics. This includes the latest developments of quantum sensing with NV center and the possibilities and current challenges ranging from measurements of cellular temperature and pH to precision sensing of proteins, biominerals, and other physiologically relevant species.

[bookmark: _Hlk56080694]THE OVERVIEW OF DIAMOND SENSOR
Nitrogen‑Vacancy Centers
[bookmark: OLE_LINK40]The various optically active impurities in diamond, namely the color centers, have drawn a lot of attention in the global research community during the past decades.14-19 Among the ~500 different color centers discovered in diamond,4, 20 the negatively charged nitrogen‑vacancy (NV) center (unless specified, the NV refers to the negative charge state in this manuscript), is one of the most promising defects so far. As shown in Figure 1a, the NV center consists of a nitrogen atom substituting a carbon atom and an adjacent lattice vacancy in the diamond crystal.21 This atomic‑scale point defect (single-photon source) hosted within diamond lattice (solid‑state system) displays a number of attractive features. The excitation of NV center could be achieved over a broad range i.e., wavelength between 450 and 637 nm (Figure 1b), though a green laser (~532 nm) is typically used. Under the excitation with green laser, NV center exhibits a broadband emission (~650 – ~800 nm), which is suitable for biosensors22 as falls in the visible and near infrared region (Figure 1b). Particularly, the NV center has excellent photostability, unlike fluorescent dyes, quantum dots, gold nanoclusters, or other fluorescent nanoparticles (Figure 1e).23 

[image: ] 
Figure 1. (a) A typical confocal microscopy image of a diffraction‑limited single NV center in a high purity diamond plate and the NV defect structure. Adapted by permission from ref 21, Springer Nature, Copyright 2009. (b) Typical excitation and emission spectra of NDs with NV centers. The green shaded area shows the filtered excitation light used. Adapted by permission from ref 11, Springer Nature, Copyright 2020. (c) Simplified Energy-level diagram of the NV center. (d) A typical optically detected magnetic resonance (ODMR) spectra of a single NV center. (e) Normalized fluorescence emission intensity as a function of time for different fluorescent probes under continuous excitation. Reproduced with permission from ref 23. Copyright 2016 John Wiley & Sons, Inc. (f) Some of the possible functionalizations of the nanodiamond surface. Reproduced with permission from ref 115. Copyright 2019 John Wiley & Sons, Inc.

Another unique feature of the NV center is that it has exceptional electronic spin properties with a long coherence time at room temperature.21 The NV spin states form a triplet ground state (see energy levels of NV center in Figure 1c) and are distinguishable optically by different fluorescence intensities, where the ms = 0 sublevel is brighter than the degenerate ms = ±1 spin sublevels. Upon green light excitation, the spin is preferentially polarized to the ms = 0. NV thus fulfills the prerequisites of a sensor qubit – the possibility to be read out and to be initialized to its known state (both optically). The occupation of the sublevels can be manipulated by microwave (MW) modulation, which can be exploited in so‑called optically detected magnetic resonance (ODMR) experiments.6 Using ODMR, the NV spin transition energies can be determined by sweeping the frequency of the MW driving. When the applied MW is in resonance (i.e., the transitions between ms = 0 and ms = ±1 spin states are driven), the fluorescence decreases resulting in a dip in the fluorescence intensity (see Figure 1d). To understand this hallmark of NV centers, one has to refer to the following NV ground-state spin Hamiltonian:6
										(1)
where h is the Planck constant, D = 2.87 GHz is the zero-field splitting (ZFS),  is the electron gyromagnetic ratio, B is a vector magnetic field, S = (Sx, Sy, Sz) is the Pauli matrices. This Hamiltonian neglects several interactions that are not important here (e.g., the hyperfine interaction with nearby nuclear spins in the diamond lattice). The resonance frequencies can be precisely determined from the above‑mentioned equation, by solving the Hamiltonian in terms of external perturbations. For the detailed photophysics of NV center, including theoretical models and their excellent correlation with experiments, we refer the readers to the review of Doherty et al.2

Diamond Materials with Different Modalities 
The diamond material is well-known for its excellent properties, such as chemical inertness, high refractive index (~2.4), high thermal conductivity (~2×103 Wm−1K−1), high mechanical strength, and high transparency (large bandgap up to ultraviolet).4, 24 It is thus an ideal platform for quantum technologies, as the hosted NV centers can maintain their quantum features (spin-dependent photoluminescence) even at room temperature.14 A natural diamond with randomly distributed color centers has superior value in the market compared with “high purity and single‑crystalline” synthetic diamond with engineered color centers, but the latter is much more suitable for emerging quantum technologies. With the rapid development of synthesis and engineering methods, the well-known “quantum diamond” can be fabricated into several different structures according to the specific applications. In this section, we will briefly give a summary of the most commonly used diamond materials, including the single‑crystalline diamond nanoparticles,25 bulk diamond films/plates/wafers,26 and diamond photonic structures.27, 28

[image: ]
[bookmark: OLE_LINK41]Figure 2. The synthetic diamond materials and their possible structures. (a) TEM image of commercially available HPHT nanodiamonds. Adapted with permission from ref 25. Copyright 2015 Springer Nature. (b) A schematic image of a commercially available millimeter‑sized bulk diamond. Adapted with permission from ref 26. Copyright 2008 Elsevier. (c) SEM image of diamond nano-pillars, processed with E-beam lithography and dry etching. Adapted with permission from ref 27. Copyright 2015 American Chemical Society. (d) SEM image of an all‑diamond cantilever, processed by etching of bulk diamond, including a tip which contains a single NV center. Adapted with permission from ref 28. Copyright 2012 Springer Nature.


Nanodiamonds (Diamond Nanoparticles)
Nanoscale diamond particles, known as nanodiamonds (NDs, as shown in Figure 2a), have gained worldwide attention because of their ultra-small size (~a few nanometers for stably hosting NV center),29 excellent biocompatibility (examined from cellular, systematic, to whole animal level)5 and fruitful surface chemistry (also see section 2.4). For these superior properties, they are widely studied for biological applications such as intracellular sensing, imaging, drug delivery, etc.5 The main routes for large scale production of NDs include 1) detonation; 2) high pressure high temperature (HPHT) process; and 3) chemical vapor deposition (CVD) methods, followed by size selection through crushing/milling processes.30-32 The detonation NDs are normally small-sized (<10 nm), and there are still some controversial statements about the existence of stable NV centers in such particles.33-36 The HPHT NDs are commercially available (several manufacturers such as Adámas Nanotechnologies,37 FND Biotech,38 Element six,39 and Microdiamant40) and have a broad size distribution (from a few to hundreds of nm).41 HPHT NDs are dominating the field of quantum sensing, because of the easily controllable introduction of color centers in such samples. Though the quality (spin‑related properties42) of NV centers in CVD NDs is believed to be better than that in HPHT type,43 the low availability of the CVD system in a common laboratory combined with the low yield of this method hinders its wide-spread usage.

Bulk Diamond (Single Crystalline) 
The uniform and reproducible bulk diamond in form of films, plates, or wafers (e.g., with a typical dimension of 3 x 3 x 0.5 mm3 as shown in Figure 2b) have been successfully produced by either HPHT or CVD technique.26 High‑quality diamond plates are commercially available in the market (from companies such as Element Six39 and Microdiamant40) and their size, shape, purity, surface roughness, strain, doping, and other properties can be well controlled by the developed methods.44-46 In addition, it is also possible to produce so-called isotopically purified diamonds with the CVD method.21 In these diamonds, the abundance of carbons with nuclear spins (13C) is reduced and the diamond is formed mostly from 12C (without nuclear spin). This is important for specific applications where the hyperfine interaction with 12C nuclear spin would have a negative influence on the spin properties of the nearby NV centers.4  

Diamond Photonic Structures
With the great advancement of nanofabrication techniques in the past decades, the bulk diamond has been fabricated into a number of photonic structures, such as nanopillars,47-50 solid immersion lenses (SIL),51-55 waveguides,56 cavities,57 and others. The typical diamond machining protocols, including electron-beam-lithography (EBL) patterning,48 reactive ions etching (RIE),56 focused-ion-beam (FIB) milling,51 and laser ablation,58 are quite similar to those standard procedures developed for silicon-based materials. To harness the efficient collection of NV fluorescence, the diamond photonic structure such as nanopillars (as shown in Figure 2c) have been fabricated and demonstrated enhancement of the fluorescence collection efficiency by an order of magnitude compared to that in bulk diamond.27 Furthermore, the engineered individual diamond nanopillar, containing a single NV center at the top, has been used as an atomic force microscope (AFM) tip (as shown in Figure 2d), facilitating quantum sensing with a very high spatial resolution (~10 nm).28 This, so-called scanning NV center magnetometry, provides the optimal combination of magnetic field sensitivity, spatial resolution, and bandwidth.59-63 For other detailed applications of diamond photonic structures (also including those with other interesting single emitters besides NV centers), we refer the readers to the reviews of Aharonovich et al.4, 64

Creation of NV Centers in Diamond 
Creation of NV Centers
Herein, we mainly focus on the main approaches for the creation of NV centers, aiming at bringing a clear overview of this key step in diamond-based quantum technologies. As shown in the flow chart in Figure 3, the main techniques for generating NV centers can be divided into two aspects, i.e., the incorporation of nitrogen substitutions (mainly for high‑purity samples) and the creation of lattice vacancies (for samples that already contain single substitutional nitrogen, e.g., HPHT diamonds). Once the above processes are finished, a final annealing process (e.g., ≥700 ℃ in high vacuum or inert gas for several hours) allows the migration of vacancies necessary for the formation of energetically favorable NV centers. 65-68
[image: ]
Figure 3. Illustration of strategies developed for creating NV centers. The creation of NV centers mainly includes the incorporation of nitrogen impurities (doping or implantation) and the creation of lattice vacancies (irradiation or laser technique). An annealing step is required after the irradiations/implantations to ensure recombination of nitrogen atoms with vacancies. 

The commonly used ways for incorporating the nitrogen impurities include 1) ion implantation69, 70 and 2) doping during CVD growth.71The ion implantation approach is the only way that incorporates nitrogen atoms into diamond post-growth and simultaneously creates lattice vacancies. Using this method, several other elements (e.g., Si, Ge, Sn, Pb, Cr, etc.)15-19 have also been successfully implanted into the diamond. Although this method has enabled the generation of NV centers in diamond, the quality of NV centers suffers from unavoidable lattice damage due to the accelerated ions.72 Therefore, it is still quite challenging to obtain the high‑quality NV centers required for many quantum sensing applications.73 Most recently, the direct HPHT growth of NDs from organic molecules in home-built diamond anvil cells at relatively low temperature (400 ℃) has been reported.74 It enabled the production of high-quality (e.g., low strain, long coherence time) fluorescent NDs even after standard irradiation and annealing treatments. As an alternative way, doping during CVD growth of diamond is a more gentle approach, i.e., so-called delta doping technique in which the N2 gas is introduced into the growth chamber forming a nitrogen‑doped layer (e.g., only ~1-2 nm thin) with a reduced growth rate (~0.1 nm/min).71 Apart from the incorporation of nitrogen impurities, another important aspect is to create lattice vacancies in diamond for the formation of NV centers. To date, the introduction of vacancies in diamond is mainly achieved by irradiation with ions,75-78 protons,79, 80 α particles generated isotropically by 10B neutron capture,81 electrons,82, 83 and by laser techniques.84 Selection of the NV creation technique largely depends on the intended application, for example, whether the aim is to create a single NV defects or their ensembles.85

Position and Orientation Control of NV Centers
For most of the applications with NV centers, the precise control of their locations as well as quantity in diamond is of great significance. For example, properly implanted a single NV center at the tip (a few or dozens of nm below the surface) of a diamond cantilever is crucial for realizing scanning NV center magnetometry with high spatial resolution.86 In fact, all the above-mentioned main routes of generating NV centers can also be properly manipulated to precisely control the position of NV centers in diamond. In general, we can summarize the strategies for positioning the NV centers in different dimensions, including 1) controlling the NV’s distance from the diamond surface (one‑dimensional depth control);87-90  2) controlling the NV’s pattern in‑plane (two-dimensional planar control);91, 92 and 3) arbitrary positioning of NV center (three-dimensional spatial control).93-98 Furthermore, the capability of aligning the NV center along the preferential crystallographic axis is also essential to some applications. It has been reported that the orientation of >90% as-grown NV centers can be aligned along the [111]-axis by CVD diamond growth on (111)-oriented substrates.46, 99, 100

Bioengineering of Diamond Surfaces 
	The nontoxic nature of the diamond is favorable for biomedical applications, however, surface functionalization of the diamond plays an important role in stabilizing the inner defect centers,101-112 as well as in realizing their biological applications.113, 114 This is especially essential for the case when the diamond is in nanoparticle form (NDs), as the limited colloidal stability and tendency to aggregate in physiological conditions of pristine NDs severely hinder their usage.30 For the development of bio-sensors and imaging probes based on NV centers, efficient functionalization of the diamond surface with the molecules of interest is required. In the last two decades, significant progress has been made in the development of easy and controllable surface modifications of both bulk diamonds and NDs. Thanks to the fruitful surface chemistry of diamond (Figure 1f), it is possible to control and tailor diamond surface with various functional groups (>10 kinds) and other functional materials, such as proteins, polymers, nanoparticles, molecules, etc.30, 115 However, their relative amount depends on nature (bulk or NDs) and origin (HPHT or detonation) of the diamond. Depending on the requirements, homogenization of the functional groups can be performed under oxidative or reductive conditions.116 In fact, many sensing applications based on NV centers will only be realized when the diamond surface is properly prepared to satisfy the requirement of sensor-sample distance.117 Furthermore, diamond surface plays a crucial role in the interactions with biological systems. For instance, NDs cellular internalization rate is not only dependent on the particle size and shape,118 but also on the ND surface modification.119 Some chemistries support cellular uptake, some hinder or prevent it completely either due to the chemical inertness120 or large hydrodynamic size of the resulting particles.121 Alternatively, NDs can be designed to attach to the cell membrane rather than internalize,122 which can be useful for e.g. measurements of action potentials, diffusion trough membrane channels, or monitoring of membrane proteins.123, 124 In the case of bulk diamond, it has been shown that different surface chemistries and diamond lattice orientations can significantly alter the way the studied biological entities interact with the diamond crystals.125

Covalent Functionalization of Diamond Surface
Treatment with the oxidizing acid mixture (such as 1:1:1 H2SO4/HNO3/HClO4) removes the non-diamond carbon and provides surface terminated with various oxygen-containing group, including carboxylic acids.126 Such carboxylated diamond surface can serve as a versatile starting point for subsequent modifications necessary for biomedical applications, as it can be conjugated with a large variety of molecules through covalent bonding (for example, ester and amide bonds). Furthermore, carboxylic groups can be transformed into azido groups, which can be used for click chemistry.127 Notably, the carboxylated diamond surface contains only a few percent of carboxylic groups.128
Oxidized NDs can be directly coated with a poly(glycerol) layer129 or with a silica layer following the Stöber process,130 which can serve as a linker between the ND core and a functional coating of polymers (Figure 4a),131, 132 or biomolecules133. Silica coating also modifies the roundness,118 size, and polydispersity131, 134 of NDs. Additionally, phospholipids can be self‐assembled on the surface of thin silica‑coated NDs, forming a supported lipid bilayer (Figure 4b).135 Free silanol groups on the surface of silica-coated NDs can be further functionalized following silane chemistry while retaining the fluorescent properties.
Reduction of oxidized diamond surface with boranes or hydrides leads to hydroxylated surface,136 which can be further used for silylation137 or acylation138 reactions. 

[image: ]
Figure 4. (a) Hydroxylated NDs covalently coated with a silica layer, which serves as a platform for polymer growth. Adapted with permission from ref 132. Copyright 2014 WILEY‐VCH Verlag GmbH & Co.  (b) The covalently bound silica can also serve as a suitable interface supporting self‐assembled phospholipid bilayers (SLBs). Adapted with permission from ref 135. Copyright 2018 WILEY‐VCH Verlag GmbH & Co. 

The aminated diamond surface is of high interest as it enables the straightforward binding of a large variety of functional molecules via amide formation. Direct amination can be performed by treatment of chlorinated diamond with gaseous ammonia at elevated temperature,139, 140 by photochemical reactions,141 or by plasma treatment.142 Amino functionality can be obtained somewhat more far from the diamond surface by grafting aminated silanes,143 aminated aromatic moieties,144 or coupling ethylene diamine on the carboxylated diamond.145
For quantum-sensing applications, shallow NV centers are preferred because the magnetic dipolar interaction is inversely proportional to r3 (r is the distance between the NV center and target spin). However, shallow NVs exhibit a shorter coherence time T2 than deep NVs,117 and during the accumulation of Rabi oscillations, the NV center gets converted to its neutral charge state due to the electron traps on the surface, which lead to an upward band bending.146, 147 Motivated by the fact that diamond surface terminated with electronegative element tends to stabilize the shallow NV center and enhances the T2 time, several groups have developed various methods for the diamond functionalization with fluorine, oxygen, and nitrogen.83, 101-109 Kageura et al.110 demonstrated effective stabilization of shallow NVs by the monolayer coverage of nitrogen termination created by the nitrogen radical exposure process. Ryan et al.111 have shown that borane-reduced diamond surface can have on average twice the spin relaxation time of NV centers compared to thermally oxidized surfaces.
Another method to obtain a diamond surface with a wide range of functional groups (‑COOH, -Br, -Cl, -CN, -NO2) is electrochemical148 or chemical149 grafting of aryldiazonium salts on the hydrogen‑terminated diamond. The diazonium salts can be introduced onto the surface with optimal density in one step through careful control of the grafting parameters.150 An alternative way to introduce different functional groups onto H-terminated diamond surfaces is photochemical-initiated chlorination/ amination/carboxylation/ alkenes.151-156 It has been observed alkenes are attached more efficiently compared to alkanes by ultraviolet light‑mediated photochemical functionalization.157 These functional groups may serve as an attractive starting point for further chemical modification of diamond surfaces.
For successful incorporation of NDs in biomedical application, the surface of NDs must be modified to prevent aggregation of NDs in biologically relevant solutions, to avoid nonspecific protein adsorption, and to transduce the local changes in the environment to the NV center effectively. Coatings of hydrophilic, biocompatible neutral polymers, such as poly(ethylene glycol) (PEG),158 poly[N-(2-hydroxypropyl) methacrylamide] (PHPMA)159 or poly(glycerol)129, 160enhance the dispersibility in high ionic strength solutions, as well as prevent non-specific interactions of NDs with proteins or cells, so-called antifouling effect.161 It has been observed that hyperbranched polymers are better in the stabilization of NDs compared to the linear ones. Positively charged polymer coatings, for example, poly(ethyleneimine) (PEI),162 poly(allylamine hydrochloride) (PAH),163 and poly[2-(dimethylamino)ethyl methacrylate] (PDMAEMA)164 are used to form complexes with negatively charged nucleic acids for transfection. Biodegradable, non-immunogenic polymer coatings facilitate the development of successfully targeted drug delivery devices by avoiding non-specific uptake by non-malignant cells, particularly by the monocyte-macrophage system. Polymer coatings with terminal functionalizable groups, such as alkynes,132, 165 azides,166, 167 allow attachment of targeting moieties, drug molecules, conjugating antibodies, genes, enzymes, and other functional proteins. Polymers coating can be created on the diamond following the “grafting to” and “grafting from” approach.30 In the “grafting to” methods, the polymer is first synthesized and then conjugated to the ND surface via covalent bond formation. In the “grafting from” approach,132 polymerization occurs directly on the ND surface.

Non-Covalent Functionalization of Diamond Surface
Due to the limited number of available surface functionalities, very low densities of biomolecules can be attached to the diamond surface (particularly for the bulk diamond) via direct covalent surface modification. The surface chemistry of NDs often results in aggregation and precipitation. As an alternative to avoid complicated multi-step surface chemistry, the diamond surface can be functionalized non-covalently by adsorbing the bio-active molecules via hydrogen bonding, electrostatic or other interactions (physisorption).168 NDs adsorb proteins which form so-called “protein corona”,169 improving their stability in buffers and cellular media.170-172 Adsorption of a recombinant polypeptide, proteins around the NDs play an important role in their intercellular uptake.173 Polymers, such as PEG hybrid polymer derived from native albumin,174, 175 PEI,176 etc. have been shown to adsorb on the surface of diamonds very efficiently. Noncovalent functionalization has been particularly useful in drug delivery. Small-molecule inhibitors (e.g. G9a inhibitor177), anticancer drugs,178, 179 and proteins,180, 181 have been adsorbed on the ND surface and utilized as in vitro and in vivo drug delivery platforms. Although non-covalent functionalization is much easier to achieve, it can be quite non-specific, offers limited control on the adsorption process, and the biomolecules could gradually detach from the ND surface under biological conditions. 
The method of functionalization, covalent or non-covalent, needs to be chosen depending on the applications. A number of interesting surface functionalization schemes for the introduction of different functional groups on the diamond surface have been reviewed previously.113, 168, 182-184

Experimental Apparatus of a Quantum Diamond Microscope
[bookmark: OLE_LINK62][bookmark: OLE_LINK69]	In general, the required experimental apparatus for performing nanoscale quantum sensing with NV center are mainly customized ones and operated by specialists in the NV community.13, 185, 186 Although there are some emerging commercially available platforms, wider accessibility might still be difficult. Therefore, we provide a brief overview of the typical home-built apparatus, including the design, construction, and operation principle. As shown in Figure 5, the main components of such system can be divided into the three main parts: 1) optical system for illumination and photoluminescence readout of NV center; 2) control system for synchronizing devices and controlling experiment process; and 3) microwave system for the manipulation of NV electronic spin states (although, there are also several microwave free sensing protocols used and reported in the literature187-190).
[bookmark: OLE_LINK24][bookmark: OLE_LINK120][bookmark: OLE_LINK122]The architecture of the home-built systems is based on classical microscopy using Gaussian optics and consists of standard optical and optomechanical components. The important part of a typical system is a polarized light source, which can be a pulsed laser or continuous-wave laser pulsed by an acousto-optic modulator. For confocal microscopy, an objective with a high numerical aperture and pinhole (or optical fiber in detection path) are normally needed to achieve the confocal resolution. The timing of the laser and MW pulses and the synchronization of the whole system is usually done using a pulse generator (e.g., arbitrary waveform generator). The detected signal, which contains information about the arrived photons, is then processed by a fast time-to-digital converter that counts the photons in a time-resolved manner. The microwave system used for spin manipulation usually consists of a microwave generator, a fast switch to create the nanoseconds-long MW pulses, a MW amplifier to deliver sufficient power, and finally a metal wire (e.g., copper or gold), strip-line or resonant MW structures such as antennas to deliver the MW nearby the NV center. At the same time, one should note that the above-mentioned polarized light source, high numerical aperture objective lens, and time resolved photon counting are not the necessary requirements for some general measurement protocols.
[bookmark: _Hlk69720585][bookmark: OLE_LINK145][bookmark: OLE_LINK150][bookmark: OLE_LINK129][bookmark: OLE_LINK144]Apart from the microscopic methods (e.g., confocal and wide-field microscopes), optical fibers decorated with luminescent ND is another promising approach that draws a lot of attention recently. For example, Fedotov et al. have demonstrated quantum sensing with ND‑decorated optical fiber working as the scanning probe.191-193 In particular, the ultra‑flexible optical fiber has a lot of potentials for performing quantum sensing in vivo. However, the lateral resolution was usually larger than 100 micrometers and thus not compatible with nanoscale measurements. Most recently, two optimized solutions of tapered optical fiber194-196 and optical fiber with a photonic structure in the end197, 198 have been developed to gain a better spatial resolution (less than 10 micrometers). Furthermore, some approaches,199 e.g., fiber bundles with gradient-index (GRIN) lenses could be adapted to achieve submicron imaging for the ND-optical fiber arrangement. Once the spatial resolution can be improved down to submicron, the optical fiber might be used as a popular method for quantum sensing. 
Last but not least, we also note that there are some other emerging options for readout of the electronic spin states of the NV center, which do not rely on the optical means. For instance, the photoelectric detection of magnetic resonances (PDMR) is a technique, by which the electronic spin state of the NV center can be read out electrically.200 The principle is based on spin‑dependent electron generation mediated by the two-photon ionization of the NV centers and a consequent collection of the created charge carriers using electrodes deposited on the diamond surface.201 Recently, pulsed PDMR202, 203 and detection of a single NV center electron204 and nuclear spin205 have been demonstrated. Though this technology is still nascent, there are already some advantages to it, such as higher detection rates and collection efficiency, compactness, increased spatial resolution limited by the size of the electrodes, and simple integration with electronics.206 PDMR thus offers a perspective for sensitive on-chip quantum sensors with, for example, an array of NV qubits.
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Description automatically generated]Figure 5. The experimental apparatus for quantum sensing with the NV center at the nanoscale. (a) A photograph of a typical experimental setup based on confocal microscopy. (b) A simplified schematic diagram showing the three main components of the experimental apparatus, i.e., control, microwave, and optical system. The control system is standardly relying on a pulse generator based on a field-programmable gate array (FPGA) card through a customized software package (e.g., Python or LabVIEW). The microwave system usually consists of five interconnected parts: microwave generator, switch, amplifier, antenna, and terminator. The optical system is based on common confocal or wide-field light microscopy with slight modifications. SPCM (single-photon counting module); EMCCD (electron-multiplying charge-coupled device); AOM (acousto-optic modulator).

High-Precision Bio-Sensing at the Nanoscale
For successful bio-sensing applications, the diamond probes and sensors have to be incorporated within biomaterials and physiological niches. Although, diamonds are biocompatible, this is not always a trivial issue. Considerable amount of work has been dedicated in this direction ranging from ND cellular internalization protocols207, 208 or nucleus targeting,209, 210 animal administration of NDs,211-214 to NDs embedded in the nanofibers.215, 216 Very recently, it has been shown that NDs can be employed in the in vitro diagnostics as a nanoparticle-based lateral flow assay.11 Bulk diamond can interact with biological samples directly, e.g. by growing cells on diamond surface.217, 218 Alternatively, methods employing sensing with nanostructured diamond such as nanopillars219 or diamond chip devices220 have been demonstrated. The progress of recent advances in NV-based biosensing is summarized in the following chapters.

Magnetic Field Sensing 
[bookmark: OLE_LINK89][bookmark: OLE_LINK91][bookmark: OLE_LINK210][bookmark: OLE_LINK214][bookmark: OLE_LINK208][bookmark: OLE_LINK211][bookmark: OLE_LINK661][bookmark: OLE_LINK662][bookmark: OLE_LINK325][bookmark: OLE_LINK336][bookmark: OLE_LINK34][bookmark: OLE_LINK35][bookmark: OLE_LINK38][bookmark: OLE_LINK46][bookmark: OLE_LINK51][bookmark: OLE_LINK52]Understanding the importance of magnetic fields in biological systems is of great interest for both basic sciences and technological applications. For example, some animals can utilize the static magnetic field of the Earth for navigation, but the detailed mechanism of this magnetosensation is still under debate.221-224 Most recently, magnetogenetics,224-228 the analogue to optogenetics but using magnetic fields to control cells or organisms, has been demonstrated and brought tremendous potential due to its less invasive and faster manner. Therefore, magnetic field detection methods with exceptional resolution and sensitivity are highly desired at the moment, especially those, which could be directly applied in physiological environments. A series of techniques have been extensively researched during the past few decades, including superconducting quantum interference devices (SQUIDs),229-232 scanning Hall probe microscopy (SHPM),233-235 atomic vapor based magnetometry236-239, and magnetic resonance force microscopy (MFM).240-242 Although some of those techniques have even achieved a single spin sensitivity at cryogenic temperature,241 none of these techniques combines high sensitivity, nanoscale spatial resolution, and life-sustaining working conditions. The applications of these techniques in life sciences are thus limited. Alternatively, the NV center has been used for such sensing as its electronic spin is highly sensitive to an external magnetic field even under ambient conditions. Combined with biocompatibility of diamond materials (both bulk diamond and nanodiamond), NV sensors are one of the most suitable candidates for bio-oriented nanoscale magnetic sensing and imaging.243-246 In addition, the NV centers have a broad detection bandwidth,247 i.e., from static (~Hz) up to dynamic (~GHz) magnetic fields based on well-developed sensing protocols (some are shown in Figure 6).

[bookmark: OLE_LINK18][bookmark: OLE_LINK19][bookmark: OLE_LINK98][bookmark: OLE_LINK58][bookmark: OLE_LINK25][bookmark: OLE_LINK3][bookmark: OLE_LINK4]Static Magnetic Fields
[bookmark: OLE_LINK497][bookmark: OLE_LINK498][bookmark: OLE_LINK249][bookmark: OLE_LINK251][bookmark: OLE_LINK256][bookmark: OLE_LINK257][bookmark: OLE_LINK337][bookmark: OLE_LINK338][bookmark: OLE_LINK339][bookmark: OLE_LINK340][bookmark: OLE_LINK341][bookmark: OLE_LINK342][bookmark: OLE_LINK343][bookmark: OLE_LINK225][bookmark: OLE_LINK232][bookmark: OLE_LINK138][bookmark: OLE_LINK139][bookmark: OLE_LINK140][bookmark: OLE_LINK141][bookmark: OLE_LINK53][bookmark: OLE_LINK59][bookmark: OLE_LINK70][bookmark: OLE_LINK77][bookmark: OLE_LINK88][bookmark: OLE_LINK289][bookmark: OLE_LINK290][bookmark: OLE_LINK285][bookmark: OLE_LINK286][bookmark: OLE_LINK287][bookmark: OLE_LINK288][bookmark: OLE_LINK29][bookmark: OLE_LINK31][bookmark: OLE_LINK126][bookmark: OLE_LINK127]There are many natural magnetic sources relevant to bio-sensing. For instance, the ferrimagnetic magnetites are natural biogenic iron-based minerals, which occur widely in organisms, including humans. They can be used for geomagnetic navigation,248-252 strengthening of tissues,253 and iron biominerals, in general, are associated with some diseases.254, 255 In addition, localized detection of magnetic fields is also important for artificially made bio-probes, such as magnetic nanoparticles (MNPs), which have been widely used for applications in bioengineering and biomedicine, such as drug delivery,256-259 magnetic imaging,258-261 and magnetogenetics.227, 228 The above-mentioned magnetites and MNPs generate a static magnetic field, which can in principle be measured by NV magnetometry. Under the perturbation of an external magnetic field, the Zeeman effect splits the ms = +1 and ms = −1 levels of NV center with a frequency difference Δν  2BNV,6 where the parameter BNV is the magnetic field projection on the NV axis of the given NV center used for measurement (Figure 6a). The NV centers can be aligned along four possible orientations (i.e., NV axes) in the diamond crystal. Since the Zeeman splitting is proportional to the projection of the magnetic field along the NV symmetry axis, each of the differently oriented NV centers will sense a different magnitude of the probed magnetic field.262 Therefore, ensembles of NV centers can be used for vector magnetometry determining both direction and magnitude of magnetic field simultaneously.6, 14, 263 One should note that the field alignment along one of the four possible NV orientations in relation to the used diamond samples is highly important for such vector magnetometry. Due to the unknown orientation of each NV and NVs within different NDs, it is relatively challenging to use NDs despite their favorable applications in biological systems. Diamond samples (e.g., bulk diamond) with known NV orientation are much more suitable for such measurements. 
[bookmark: OLE_LINK384][bookmark: OLE_LINK385][bookmark: OLE_LINK387][bookmark: OLE_LINK388][bookmark: OLE_LINK374][bookmark: OLE_LINK375][bookmark: OLE_LINK376][bookmark: OLE_LINK369][bookmark: OLE_LINK370][bookmark: OLE_LINK373][bookmark: OLE_LINK390][bookmark: OLE_LINK389]For instance, Le Sage et al.264 demonstrated the NV vector magnetometry in magnetotactic bacteria (MTB) with subcellular spatial resolution. They used the wide-field diamond magnetic imaging technique to reconstruct the images of the vector components of the magnetic field generated by MNPs chains in MTB (Figure 6b). Since then, the NV diamond magnetometry has been used for magneto-optical imaging of MNPs‑labeled cells and tissues,217, 265 the dynamic endocytosis of MNPs in living cells,265  natural paramagnetic hemozoin nanocrystals,254 soft ferromagnetic microstructure,266 magnetic beads,267 and the mineralization of chiton teeth.253 These results clearly demonstrate that NV magnetometry can be used for quantitative magnetic imaging of individual biominerals or MNP-labeled biosamples under ambient conditions with submicron resolution.
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[bookmark: OLE_LINK85][bookmark: OLE_LINK87][bookmark: OLE_LINK296][bookmark: OLE_LINK110][bookmark: OLE_LINK111][bookmark: OLE_LINK20][bookmark: OLE_LINK146][bookmark: OLE_LINK215][bookmark: OLE_LINK217][bookmark: OLE_LINK148][bookmark: OLE_LINK83][bookmark: OLE_LINK84][bookmark: OLE_LINK60][bookmark: OLE_LINK68][bookmark: OLE_LINK696][bookmark: OLE_LINK697][bookmark: OLE_LINK698][bookmark: OLE_LINK699][bookmark: OLE_LINK700][bookmark: OLE_LINK305][bookmark: OLE_LINK306]It is well known that the paramagnetic species (known as molecular magnets) are also abundant in bio-systems, including transition metal ions (e.g., iron, manganese, and copper),268, 269 magnetic proteins269-271 and free radicals.272, 273 Unfortunately, the understanding of those molecular magnets is quite limited due to the lack of proper detection methods. Experimentally, it is always challenging to get access to those “fluctuating” molecular magnets for two reasons:247 1) fluctuations can extend into an excessively large frequency range; 2) the relevant molecular magnets have the typical dimensions in the nanometer range. Additionally, the detection of free radicals is also complicated due to the short-lived nature of these species. Thus, there is an urgent need to develop a nanoscale magnetometer suitable for direct measurement of the weak magnetic fields originating from those molecular magnets, which are either naturally occurring (e.g., free radicals) or externally introduced (e.g., spin labels). To tackle the aforementioned challenges, the emerging method based on NV relaxometry, so-called quantum relaxation microscopy (QRM), has proven to have the nanoscale resolution and broad bandwidth247, 274-280. Additionally, unstable species can be trapped on the diamond surface and detected using transducers such as spin traps.281 The interaction of the NV electronic spin with the environment leads to NV relaxation with rate ,282 where,  is related to the intrinsic properties of diamond, including spin impurities and vibrational lattice dynamics, and  depends on the external environment. Relaxation may occur via the transverse and longitudinal relaxation channels characterized by their respective decay times T2 and T1.282 However, we mainly focus on the latter one in this section, as the T1 scheme (Figure 6c) is more frequently applied in bio‑sensing.253, 267, 282-288 
[bookmark: _Hlk56604465][bookmark: OLE_LINK132][bookmark: OLE_LINK133][bookmark: OLE_LINK499][bookmark: OLE_LINK500][bookmark: OLE_LINK501]The T1 of NV centers can be determined by measuring the fluorescence of NV centers as a function of the waiting time  (Figure 6c) between the two laser pulses. However, special care might be needed for example to eliminate the charge-state fluctuations (e.g., by applying a microwave π-pulse. See the pulsed sequence shown in Figure 6c) when performing relaxometry measurements on NV centers.289 Generally, the detection of the full relaxation curve can be time-consuming especially for bulk diamonds with long T1 time. In this case, the temporal resolution for T1 imaging can be improved significantly (to the order of a second) by a single- point measurement (Figure 6c) as demonstrated by Steinert et al.282 This method was utilized to image magnetic fluctuations originating from Gd3+ labeled bulk diamond samples with NV ensembles (Figure 6d). As can be seen in Figure 6d(i), a periodic grid of lithographically patterned Gd3+ is easily resolvable in the reconstructed T1 image. The total measurement time tm can be reduced by orders of magnitude by applying the optimized single- detection, yielding yet higher contrast of magnetic imaging (Figure 6d(ii)). For high-resolution magnetic imaging in biological samples, the plasma membrane of HeLa cells was specifically labeled with Gd3+ ions. The control fluorophore indicates a successful label of HeLa cells by the magnetic marker (Figure 6d(iii)), while the boundary of the cell is present in the magnetic image (Figure 6d(iv)). These results demonstrated the possibility of real-time spin sensing under physiological conditions and provided a minimally invasive tool for studying dynamic processes in living cells. Since then, the NV relaxometry has been used to detect and sense the magnetic fluctuations originating from various kinds of electronic spins, such as the adsorbed,30, 283 freely diffusing282, 283 and fast rotational Brownian motions284 of paramagnetic species in liquids, the gadolinium spins labeled on an artificial cell membrane,285 superparamagnetic beads267, and the hemoglobin in whole blood.286 These studies present strong evidence that NV center in diamond is a promising tool for quantitative bio‑sensing and bioimaging applications. Recently, McCoey et al.253 combined the NV vector magnetometry with relaxometry to characterize the iron biomineralization process in chiton teeth: ODMR was used to image the static vector magnetic fields from magnetite, while QRM was used to image the magnetic fluctuations from superparamagnetic ferrihydrite. The unique combination of vector magnetic imaging and QRM opens a pathway toward real-time imaging of magnetic processes in biological systems. 
[bookmark: OLE_LINK422][bookmark: OLE_LINK427][bookmark: OLE_LINK130][bookmark: OLE_LINK181][bookmark: OLE_LINK185][bookmark: OLE_LINK131][bookmark: OLE_LINK137][bookmark: OLE_LINK163][bookmark: OLE_LINK166][bookmark: OLE_LINK180][bookmark: OLE_LINK206][bookmark: OLE_LINK207][bookmark: OLE_LINK39][bookmark: OLE_LINK45][bookmark: OLE_LINK103]Up to date, NV‑based magnetometry has been demonstrated to be a powerful tool for sensing magnetic fields over a wide frequency range (from DC to AC) at room temperature. For example, it was used for the full vector magnetic imaging of iron biominerals (Figure 6b) as well as for the fast detection and imaging of fluctuating magnetic fields generated by paramagnetic spin labels (Figure 6d). The NV‑based magnetometry offers unique advantages over other developed techniques: (i) capability of the full vector magnetic imaging; (ii) operability under ambient conditions; (iii) a good combination of high spatial resolution, magnetic field sensitivity, and throughput. Based on these unique features, several exciting bio-orientated applications are under exploration, including: (i) minimal‑invasive tracking of ion channels, cell movements, and mechanics;217, 267 (ii) monitoring of the formation dynamics of magnetite assembly in biological systems, elucidating some complex biological events (e.g., the biomineralization process);253, 254 (iii) integration with other techniques such as MRI or CT to improve the diagnostic capabilities;265 (iv) detection of short-lived free radicals inside living cells, which could give valuable information about some biochemical processes such as cellular signaling, aging, mutations, and death, with implications for disease diagnosis and drug development; (v) the implementation of magnetogenetic experiments in realistic biological environments.266
[bookmark: OLE_LINK391][bookmark: OLE_LINK392][bookmark: _Hlk60313045][bookmark: OLE_LINK593][bookmark: OLE_LINK610][bookmark: OLE_LINK194][bookmark: OLE_LINK195]However, there are still some difficulties when considering practical applications of NV‑based magnetometry, (i) the quantum-based magnetic microscopy is a two-dimensional (2D) imaging technique and it needs extra time to do multiple sectioning if one wants to get three-dimensional (3D) imaging.253 (ii) As we are focusing on the magnetic field sensing in this section, the conversion from negatively charge state (NV−) to neutral charge state (NV0) may influence the relaxometry measurements and special care needs to be taken. One should note that there are also some sensing protocols that are actually based the charge state conversion effects290, 291. (iii) There might be some artifacts generated when interpreting the measured signals and one should be very careful on the data extracting methods used. (iv) There are lots of parameters that can affect the sensitivity of NV magnetometry, such as PL collection efficiency, the spin read-out method, coherence time of NV centers, the density and alignment of NV centers, etc. The detailed information on how these parameters worked can be found in ref. 292 and an up-to-date summary of the sensing challenges is given in the recent preprint by Webb et al.293 (v) Another core challenge in current measurement protocols is the limited specificity of the origin of magnetic field fluctuations. There are many potential sources in biological systems, and it is challenging to detect specific biological species/processes causing field fluctuations. 
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[bookmark: OLE_LINK164][bookmark: OLE_LINK165][bookmark: OLE_LINK168]Figure 6. Magnetic field sensing using NV centers in diamond. (a) A typical static magnetic field with a frequency of ~Hz. Continuous-wave ODMR spectrum of a diamond with NV centers. In equation (2), BNV is the magnetic field projected along the NV axis,  is the electron gyromagnetic ratio, h is the Planck constant, D and E are the zero-field splitting parameters.6 (b) Bright-field image of an MTB (inset: scanning electron microscope (SEM) image of the same bacterium, scale bar, 500 nm). (i – iv) Measured magnetic field projections along the x-axis (Bx; i), y-axis (By; ii), and z-axis (Bz; iv) within the same field-of-view. Adapted with permission from ref 264. Copyright 2013 Springer Nature. (c) A typical fluctuating magnetic field with a frequency of ~GHz. Longitudinal spin relaxation curve of a diamond with NV centers and the pulsed sequence used. In equation (3), T1,bulk is the relaxation time of NV in bulk diamond, ω0 = 2πD is the NV energy level splitting between ms = 0 and ms = ±1 spin states at zero external magnetic field. For each magnetic source k, γk is the gyromagnetic ratio, B⊥,k is the rms transverse magnetic noise strength, and τc,k is the noise correlation time, the inverse of the noise fluctuation rate.284, 288 (d) (i) T1 weighted image of lithographically patterned Gd3+ grid (blue rectangular regions with low T1) on top of the diamond sensor. (ii) Single- imaging ( = 150 s) directly yields dark areas where Gd3+ is present due to the increased NV spin relaxation. (iii)  Fluorescent control image of a HeLa cell, where the plasma membrane was labeled with Gd3+. (iv) Magnetic imaging via single- imaging evidencing the presence of magnetic Gd3+ at the cell membrane (dark structures). Scale bars, 5 m. Adapted with permission from ref 282. Copyright 2013 Springer Nature.
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[bookmark: OLE_LINK318][bookmark: OLE_LINK368][bookmark: OLE_LINK504][bookmark: OLE_LINK505][bookmark: OLE_LINK149][bookmark: OLE_LINK152][bookmark: OLE_LINK406][bookmark: OLE_LINK407][bookmark: OLE_LINK222][bookmark: OLE_LINK233][bookmark: OLE_LINK622][bookmark: OLE_LINK205][bookmark: OLE_LINK153][bookmark: OLE_LINK154][bookmark: OLE_LINK202][bookmark: OLE_LINK216][bookmark: OLE_LINK212][bookmark: OLE_LINK213][bookmark: OLE_LINK229][bookmark: OLE_LINK230][bookmark: OLE_LINK395][bookmark: OLE_LINK398][bookmark: OLE_LINK399][bookmark: OLE_LINK352][bookmark: OLE_LINK9][bookmark: OLE_LINK10][bookmark: OLE_LINK490][bookmark: OLE_LINK523][bookmark: OLE_LINK551][bookmark: OLE_LINK552][bookmark: OLE_LINK448][bookmark: OLE_LINK449][bookmark: OLE_LINK364][bookmark: OLE_LINK365]In living cells, the three-dimensional (3D) architecture of molecular assemblies, including chromosomes, lipid bilayers, and cytoskeletons are undergoing motions that are essential to their functions.294-296 Understanding their characteristic movements, including the translational and rotational motions, are crucial to elucidate the working mechanisms of some biological processes, such as RNA folding,297 rotational motion of ATPase,298 and particle uptake by the cell membrane.299, 300 The translational (x-y-z) motions can be revealed by a variety of single-molecule/particle tracking methods,301, 302 however, the rotational/orientational (roll-pitch-yaw, θ-φ-σ angles, Figure 7a) tracking of a single object (e.g., single nanoparticle) in living cells is very challenging with conventional methods. Only a few studies have explored the rotational dynamics of nanoparticles with anisotropic optical properties, such as gold nanorods (GNRs),300, 303 quantum dots (QDs)304, and some modulated optical nanoprobes (MOONs)305 in biological systems. Practically, it is still very challenging to perform 3D rotational tracking of a single nanoparticle in biological environments using the above nanoprobes.306 However, recent advancements have been shown that ND with NV centers could be a promising candidate for precise detection of rotational motion in a 3D manner.307-311 The working principle of NV‑based orientation tracking is actually an extension of the NV vector magnetometry technique mentioned in 3.1.1 (Figure 7a). Specifically, the Zeeman splitting of an NV center is changed according to the θ-φ-σ angles at a fixed external magnetic field (Figure 7a). As a result, the ODMR spectrum of an NV center is sensitive to the angles (θ-φ-σ angles) between the applied direction of magnetic field B0 and the NV axis. Taking pitch (θ) angle as an example, we get , where   is the magnetic moment of the NV center, and  is the peak separation between the ODMR transitions.309-311 
[bookmark: OLE_LINK597][bookmark: OLE_LINK598][bookmark: OLE_LINK134][bookmark: OLE_LINK135][bookmark: OLE_LINK506][bookmark: OLE_LINK507][bookmark: OLE_LINK291][bookmark: OLE_LINK292][bookmark: OLE_LINK298][bookmark: OLE_LINK307][bookmark: OLE_LINK313][bookmark: OLE_LINK314][bookmark: OLE_LINK315][bookmark: OLE_LINK302][bookmark: OLE_LINK316][bookmark: OLE_LINK277][bookmark: OLE_LINK278][bookmark: OLE_LINK599][bookmark: OLE_LINK600][bookmark: OLE_LINK601][bookmark: OLE_LINK594][bookmark: OLE_LINK595][bookmark: OLE_LINK596]In 2011, McGuinness et al.309 demonstrated the orientation tracking of a single ND inside a single living HeLa cells (Figure 7b) with nanoscale precision. As shown in Figure 7b, the position and rotation of a single ND (with a single NV center) had been measured consistently within 3 hours. This work demonstrated the viability of single ND orientation tracking in living cells for the first time and opened up new possibilities for quantum sensing in life sciences, e.g., real-time rotation monitoring of a single nanoparticle inside living cells over long timescales. Most recently, Igarashi et al.310 achieved the 3D rotational tracking of ND with an ensemble of NV centers in different biological systems (Figure 7a). i.e., the rotation in F1-ATPase, membrane dynamics of live cells and nanometer-scale dynamics in live Caenorhabditis elegans (C. elegans). Moreover, based on the developed NV orientation tracking scheme, Xia et al.311 have recently demonstrated the extension of such a method to evaluate the non-local deformation of soft matter induced by nanoindentation. They managed to map the deformation induced by single nanoindentation on a gelatin particle in water, and their non-local deformation detection method might facilitate new insights into the investigation of soft materials and some mechano-response biological processes. Additionally, in recent work, Feng et al.312 demonstrated full six-dimensional (6D) motion tracking. The developed synchronized 3D translation and 3D rotation tracking of single diamond particles was applied to measure live cell dynamics.
[bookmark: OLE_LINK510][bookmark: OLE_LINK511][bookmark: OLE_LINK644][bookmark: OLE_LINK645][bookmark: OLE_LINK655][bookmark: OLE_LINK656][bookmark: OLE_LINK665][bookmark: OLE_LINK657][bookmark: OLE_LINK663][bookmark: OLE_LINK664][bookmark: OLE_LINK666][bookmark: OLE_LINK667][bookmark: OLE_LINK668]The precise NV-based sensing of nanoscale 3D rotational dynamics in biological systems gives us a unique opportunity to discover the mechanisms associated with many biological processes, such as endocytosis, exocytosis, intracellular transportation, and cell-cell communication, which are difficult to obtain by any conventional techniques. Furthermore, the NV‑based orientation tracking approach is capable of studying the dynamics of nanoparticles on cell membranes,310 which may provide a better understanding of nanoparticle-based drug delivery mechanisms and thus offer guidance for drug design and disease treatment. Lastly, this method may be extended to sense the cellular forces induced by rotational motions, which would be a useful tool to investigate the mechanobiology in life sciences.
[bookmark: OLE_LINK603][bookmark: OLE_LINK604][bookmark: OLE_LINK605][bookmark: OLE_LINK606][bookmark: OLE_LINK607][bookmark: OLE_LINK487][bookmark: OLE_LINK488][bookmark: OLE_LINK618][bookmark: OLE_LINK619][bookmark: OLE_LINK264][bookmark: OLE_LINK265][bookmark: OLE_LINK408][bookmark: OLE_LINK409][bookmark: OLE_LINK669][bookmark: OLE_LINK670][bookmark: OLE_LINK74]However, orientation tracking with the NV center is a complex task with many obstacles standing in the way. (i) A longer acquisition times are needed to get higher angular precision, so the temporal resolution needs to be improved for dynamic measurement in biological systems. (ii) The choice between NDs with single or ensemble of NV centers is not straightforward. Single NVs can give better sensitivity and resolution, but relatively weak signal and only 2D rotational data, while it is easier to read out the 3D orientation data of ND using ensemble NV centers. (iii) Smaller‑sized NDs should be used when studying the motions of small molecules to minimize the effects of the attached ND on molecule motions, but the NV centers become unstable in very small particles (< 5 nm).34 (iv) The environment inside the cells is relatively complicated, which may affect the attachment process of NDs on target molecules or materials in cells. Therefore, robust and reliable methods of surface functionalization of NDs are needed.
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Figure 7. Orientation tracking of NDs with NV centers. (a) Determination of the orientation of an ND by ODMR. The directions of multiple NV axes are determined as projections to four different magnetic fields to reconstruct the ND orientation in the rigid body space (left). The orientation of the ND is determined by measuring the Zeeman effect on the NV centers by ODMR (middle). The concept of measuring structural changes in microscopic biological samples by tracking the orientation of the conjugated ND over time to provide 3D rotational tracking (right). Adapted from ref 310. Copyright 2020 American Chemical Society. (b) Orientation tracking of single ND in living HeLa cells. From left to right, the experimental setup, including microwave control of the NV spin levels and confocal fluorescence readout; Overlay of bright-field and confocal fluorescence images of HeLa cells, showing uptake of NDs; Position and orientation of single ND in HeLa cell over a 3 h period. Adapted with permission from ref 309. Copyright 2011 Springer Nature. 
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[bookmark: OLE_LINK745][bookmark: OLE_LINK746][bookmark: OLE_LINK747][bookmark: OLE_LINK731][bookmark: OLE_LINK732][bookmark: OLE_LINK752][bookmark: OLE_LINK753][bookmark: OLE_LINK727][bookmark: OLE_LINK728][bookmark: OLE_LINK758][bookmark: OLE_LINK760][bookmark: OLE_LINK761][bookmark: OLE_LINK188][bookmark: OLE_LINK191][bookmark: OLE_LINK756][bookmark: OLE_LINK757][bookmark: OLE_LINK743][bookmark: OLE_LINK744][bookmark: OLE_LINK762][bookmark: OLE_LINK763][bookmark: OLE_LINK250][bookmark: OLE_LINK220][bookmark: OLE_LINK221]Being capable of detecting the dynamics (i.e., initiation and propagation) of neuronal action potentials (APs) is crucial for understanding the mechanisms of biological neural networks and elucidating the function and biological features of the human brain.313, 314 Therefore, there are growing demands for the detection of the APs or membrane potentials (MPs) with high temporal and spatial resolution, aiming at the real-time cellular or even subcellular level detection. A variety of approaches, ranging from voltage-sensitive fluorescent dyes315 to microelectrode arrays (MEAs),316 have got reasonable achievements so far. However, many of these techniques suffer from issues of sensitivity, cytotoxicity, and insufficient temporal and spatial resolution.314 In fact, APs are time-varying electrical fields, which are accompanied by time-varying magnetic fields. In this sense, Hall et al.218 proposed a non-invasive and biocompatible AP detection method based on NV magnetometry, which shows the best combination of sensitivity, cytotoxicity, temporal and spatial resolution in the field. In addition, other alternative sensing protocols based on the electric field detection317 and charge states modulation of NV centers in diamond290 had also been proposed afterward.
[bookmark: OLE_LINK400][bookmark: OLE_LINK401][bookmark: OLE_LINK402]Barry et al.318 gave the first experimental demonstration of AP detection utilizing NV magnetometry and realized single-neuron sensitivity in an intact organism (the marine worm, M. infundibulum). They detected the magnetic field B(t) associated with the propagating AP from the time-dependent changes of the ODMR spectrum and achieved a temporal resolution of ∼32 μs. They demonstrated the non-invasive single-neuron AP magnetic sensing on the living undissected M. infundibulum specimen (Figure 8) for a long period (>24 h) with a minimal side effect on the worm. However, the experiment was not able to detect endogenous levels of electrical activity. Still, their work demonstrates the possibilities for subcellular magnetic imaging of a variety of neuronal phenomena based on the NV magnetometry. 218, 290, 317-319 
[bookmark: OLE_LINK443][bookmark: OLE_LINK444][bookmark: OLE_LINK445][bookmark: OLE_LINK431][bookmark: OLE_LINK441][bookmark: OLE_LINK442][bookmark: OLE_LINK428][bookmark: OLE_LINK429][bookmark: OLE_LINK430][bookmark: OLE_LINK768][bookmark: OLE_LINK769][bookmark: OLE_LINK770][bookmark: OLE_LINK764][bookmark: OLE_LINK765][bookmark: OLE_LINK27][bookmark: OLE_LINK30][bookmark: OLE_LINK15][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK623][bookmark: OLE_LINK624][bookmark: OLE_LINK642][bookmark: OLE_LINK643][bookmark: OLE_LINK771][bookmark: OLE_LINK772][bookmark: OLE_LINK456][bookmark: OLE_LINK459][bookmark: OLE_LINK460][bookmark: OLE_LINK465][bookmark: OLE_LINK466][bookmark: OLE_LINK470][bookmark: OLE_LINK471][bookmark: OLE_LINK472]APs measurement via magnetic field is one of the key applications of NV-based magnetometry, and it confers important advantages: it is non-invasive, label-free, and capable of detecting neuronal activity in a broad range of systems, from excised tissue to intact organisms. Furthermore, this technique could be used to map the spatial and temporal profiles of currents in tapered axons, bifurcations of neuronal structures, and many other neuronal processes of nontrivial shape.318 In the near future, visualizing or even modulating the action of the brain could be achieved with the help of AP detection, facilitating the design of noninvasive technologies that bridge the “man−machine” interface.314 Meanwhile, there are several technical challenges associated with this technique. (i) The magnetic field sensitivity and temporal resolution need to be improved. (ii) The high-resolution spatial mapping of AP magnetic fields is also required. (iii) The sensor-to-sample distance influences greatly the detection results, therefore, the signal loss during transmission needs to be considered when performing the measurement. (iv) The model used to interpret APs from the detected magnetic field needs to be improved. 
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Figure 8. Magnetic sensing of single-neuron action potential (AP) in live worm. (a) Overhead view of the intact living specimen of M. infundibulum (worm) on top of the NV diamond sensor. The worm is stimulated from the posterior end by a suction electrode. APs propagate toward the worm’s anterior end and bipolar electrodes confirm AP stimulation and propagation. (scale bar, 20 mm.) (b) Recorded time trace of single-neuron AP magnetic field Bmeas(t) from the live worm for Navg = 1,650 events. Adapted with permission from ref 318. Copyright 2016 National Academy of Sciences.

[bookmark: OLE_LINK638][bookmark: OLE_LINK639][bookmark: OLE_LINK543][bookmark: OLE_LINK773][bookmark: OLE_LINK620][bookmark: OLE_LINK621][bookmark: OLE_LINK628][bookmark: OLE_LINK629]Monitoring of Physiologically Relevant Species
[bookmark: OLE_LINK533][bookmark: OLE_LINK534][bookmark: OLE_LINK520][bookmark: OLE_LINK521][bookmark: OLE_LINK423][bookmark: OLE_LINK424][bookmark: OLE_LINK192][bookmark: OLE_LINK196][bookmark: OLE_LINK425][bookmark: OLE_LINK426][bookmark: OLE_LINK494][bookmark: OLE_LINK495][bookmark: OLE_LINK496][bookmark: OLE_LINK434][bookmark: OLE_LINK435][bookmark: OLE_LINK436][bookmark: OLE_LINK437][bookmark: OLE_LINK438][bookmark: OLE_LINK432][bookmark: OLE_LINK433][bookmark: OLE_LINK491][bookmark: OLE_LINK492][bookmark: OLE_LINK493][bookmark: OLE_LINK439][bookmark: OLE_LINK440][bookmark: OLE_LINK509][bookmark: OLE_LINK514][bookmark: OLE_LINK515][bookmark: OLE_LINK502][bookmark: OLE_LINK503][bookmark: OLE_LINK508][bookmark: OLE_LINK776][bookmark: OLE_LINK777][bookmark: OLE_LINK544][bookmark: OLE_LINK549][bookmark: OLE_LINK550]Many critical biological processes including metabolism, cell signaling, and immune response are associated with the transient changes of physiologically relevant species (e.g., free radicals, paramagnetic molecules, and ions), pH as well as redox potentials.320-324 Given the important roles of physiologically relevant species in biology, there is an ever-increasing desire for quantitative and reliable sensing techniques, which would work under biocompatible conditions. Particularly, the NV center hosted in NDs has shown great potentials for the detection of the physiologically relevant species in a label-free manner.12, 281-287, 289, 325-330
[bookmark: OLE_LINK108][bookmark: OLE_LINK555][bookmark: OLE_LINK556][bookmark: OLE_LINK107][bookmark: OLE_LINK121][bookmark: OLE_LINK782][bookmark: OLE_LINK783][bookmark: OLE_LINK784][bookmark: OLE_LINK785][bookmark: OLE_LINK786][bookmark: OLE_LINK787]Rendler et al.289 developed a hybrid nanoscale diamond sensor that can be used to monitor the localized changes in pH and redox potential based on NV spin relaxometry. They attached paramagnetic Gd3+ complexes to NDs via selectively cleavable linkers that can be cleaved upon pH or redox potential changes. The presence of the paramagnetic Gd3+ shortens the NV spin relaxation time and the sensing mechanism is thus based on the restoration of the NV T1 time upon detachment of the Gd3+. The designed hybrid T1 sensor allowed for time-dependent pH sensing demonstrated in the range from pH 2.0 to 7.4 (Figure 9a, b). A dramatic T1 change was observed under acidic conditions. The lower was the pH value the steeper were the changes in T1. The T1 change rate was monotonously dependent on the pH with an accuracy of at least 0.7 unit for pH difference. Recently, Fujisaku et al.325 extended the pH-sensing ability of NV centers by modifying the surface of NDs with carboxyl groups, which can also mediate the T1 sensitivity to pH. The pH sensing can be also be achieved based on the reversible manipulation of NV charge states.327, 330 Additionally, the measurement of paramagnetic ions and molecules has also been demonstrated by NV relaxometry.282, 283 The NV centers can be also used to detect the cell-membrane ion-channel operation with millisecond resolution.328 Most recently, Radu et al.326 achieved the rapid, nondestructive detection of paramagnetic species based on the ODMR contrast (Figure 9c).326 This approach can be used to monitor the real-time concentration changes of paramagnetic salts, to track chemical reactions dynamically, and to map paramagnetic species in cells.
[bookmark: OLE_LINK524][bookmark: OLE_LINK525][bookmark: OLE_LINK630][bookmark: OLE_LINK631][bookmark: OLE_LINK632][bookmark: OLE_LINK633][bookmark: OLE_LINK634][bookmark: OLE_LINK635]Quantitative measurements of physiologically relevant species using NV center in diamond are of great importance for biological studies and several proof-of-principle experiments determining the pH values and concentrations of free radicals, paramagnetic ions, and molecules have already been demonstrated.281-283, 289, 325, 326, 329 Very recently, Barton et al.281 showed that ND relaxometry sensor, combined with purposely developed chemistry for quantum sensing, is capable to probe a specific redox reaction in time. For this purpose, stable nitroxide radicals were attached in a bioinert polymer coating reducing the NV T1 time. After reaction with ascorbic acid (vitamin C) the relaxation rate was prolonged (Figure 9d). This time-resolved detection of redox reaction was achieved with an unprecedented sensitivity of ∼10 external spins, approximately 10−23 mol in a localized volume.
[bookmark: OLE_LINK97][bookmark: OLE_LINK106]In another recent study,11 fluorescent NDs have been shown to dramatically improve the detection limit of the lateral flow assays, achieving single-copy detection of HIV-1 RNA. In the designed prototype (Figure 10a), the NDs are used as a label. To increase sensitivity of the assay, NV emission is pulsed using MW field modulation and is then separated from the background in the frequency domain by lock-in detection. The fundamental detection limit of the system was tested on the biotin-avidin model (Figure 10b) demonstrating exceptional sub/aM detection sensitivity, corresponding 0.5 particles per μL (27 particles in a 55-μL sample).
[bookmark: OLE_LINK75][bookmark: OLE_LINK646][bookmark: OLE_LINK647][bookmark: OLE_LINK792][bookmark: OLE_LINK793]However, these developed approaches are still in their initial stage, beyond optimal operation conditions. (i) Experimental demonstrations of quantum detection in living cells are proving to be challenging. (ii) The sensitivity and temporal resolution need to be improved to enable dynamic measurements in biological environments. (iii) It is hard to measure specific localized events. A programmable diamond sensor that can target certain locations in cells is highly needed. (iv) Cross‑talk between different parameters lowers the sensitivity. The environment in cells is complex, other unwanted signals may affect the measurement results. For example, the change of free radical concentration may cause a pH change, leading to biased results. Thus, it is of utmost importance to use proper controls, measuring protocols, a well-designed diamond interface and to understand the influences of different parameters on the signal.
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Figure 9. Monitoring of physiologically relevant species. (a) pH sensing using ND-polymer-Gd hybrid nanoscale sensor; the pH-dependent hydrolytically cleavable linkers are shown in detail. (b) Time-dependent T1 measurement of the pH-sensitive NDs when introduced in pH 4.5 and 7.4 buffers. Adapted with permission from ref 289. Copyright 2017 Springer Nature. (c) ODMR spectra of NDs in aqueous solutions of varying concentrations of Gd(NO3)3. Adapted with permission from ref 326. Copyright 2020 American Chemical Society. (d) Principle of the redox reaction detection using NDs covered with nitroxide radicals (left). After reaction with ascorbic acid the relaxation time T1 is restored, which can be monitored in a time-dependent manner (right). Adapted with permission from ref 281. Copyright 2020 American Chemical Society.
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Figure 10. Lateral flow format biosensor based on luminescent NDs. (a) Schematic illustration of the sensor for double-stranded DNA detection based on the sandwich structure with the use of NDs as a label. (b) Determination of the fundamental detection limit of the biotin-avidin
binding sensor showing schematics of the assay (left) and the measured signal-to-blank ratios for fluorescent nanodiamonds (FNDs) in comparison to gold nanoparticles (right). Adapted with permission from ref 11. Copyright 2020 Springer Nature.

NV Thermometry in Bio-Systems
[bookmark: OLE_LINK116][bookmark: OLE_LINK117][bookmark: OLE_LINK528][bookmark: OLE_LINK529][bookmark: OLE_LINK568][bookmark: OLE_LINK569][bookmark: OLE_LINK577][bookmark: OLE_LINK478][bookmark: OLE_LINK526][bookmark: OLE_LINK527][bookmark: OLE_LINK447][bookmark: OLE_LINK450][bookmark: OLE_LINK477][bookmark: OLE_LINK32][bookmark: OLE_LINK33]Temperature measurements in biological systems are commonly carried out from a macro perspective, which does not provide information about local temperature changes and, consequently, what is the temperature effect on cellular activities and functions. Several works, done by non-luminescent thermometry methods including thermocouple331-334 and microcantilever335-339, have revealed a temperature changes of few Celsius degrees measurable in a single living cell. However, those methods are normally accompanied with unavoidable perturbance of the cells (e.g., piercing a hole on the plasma membrane). In the past decade, the intensively developed luminescence-based techniques, e.g., thermal sensitive dyes,340, 341 fluorescent proteins used as thermal nanoprobes,342 QDs,343, 344 nanogels345, 346, and upconverting nanoparticles (UCNPs)347, 348 have greatly improved the spatial resolution and are generally considered to be noninvasive (or minimum invasive). Nevertheless, it is believed that the obtained temperature measurements can be altered in unexpected ways, once the fluorescent probes are introduced into cellular/intracellular environments, due to the intricate interactions of the probes with cells.349, 350 Thus, alternative reliable methods for temperature measurements in cellular environments are highly desirable. 
[bookmark: OLE_LINK142][bookmark: OLE_LINK143][bookmark: OLE_LINK147][bookmark: OLE_LINK308][bookmark: OLE_LINK309][bookmark: OLE_LINK310][bookmark: OLE_LINK56][bookmark: OLE_LINK63][bookmark: OLE_LINK228][bookmark: OLE_LINK238][bookmark: OLE_LINK239][bookmark: OLE_LINK353][bookmark: OLE_LINK354][bookmark: OLE_LINK536][bookmark: OLE_LINK355][bookmark: OLE_LINK358][bookmark: OLE_LINK359][bookmark: OLE_LINK414][bookmark: OLE_LINK415][bookmark: OLE_LINK418][bookmark: OLE_LINK360][bookmark: OLE_LINK361][bookmark: OLE_LINK451][bookmark: OLE_LINK452][bookmark: OLE_LINK453][bookmark: OLE_LINK454][bookmark: OLE_LINK455][bookmark: OLE_LINK479][bookmark: OLE_LINK480]The NV center in diamond has been demonstrated to be a stable nanothermometer based on the ODMR thermal shift280, 351-366, or the zero-phonon line (ZPL) spectrum364, 365, 367-371 due to the thermally induced lattice strains.351, 372 It has been shown that the thermosensing capability of NV centers is hardly influenced by environmental factors, such as pH, ions, viscosity, and organic solvent,373 which renders NDs reliable thermometers even under complex biological environments. Besides, the excellent thermal conductivity of diamond ensures that all NV centers within a nanocrystal are in thermal equilibrium with the local environment. In 2013, NV thermometry was demonstrated for the first time in living cells by Kucsko et al.374 They introduced NDs and gold nanoparticles into human embryonic fibroblast WS1 cells and achieved both temperature monitoring (NV thermometer) and controlling (laser heating of gold nanoparticles) at nanometer scales. Specifically, they improved the temporal resolution by a four‑point method, i.e., recording the fluorescence at only four different MW frequencies rather than the full ODMR spectrum. Many efforts, i.e., the three-point method352, frequency modulation scheme353, 354, and coherent control methods355-358, 375 (e.g., Coop-D-Ramsey sequence358) have also been developed to simplify and speed up the NV thermometry. As an alternative way, all-optical NV thermometry has been demonstrated, including the measurement of the thermal shifts of NV centers’ ZPL located at 637 nm,364, 365, 367, 368  the Debye-Waller factor (i.e., the ratio of the area under the ZPL versus the total emission band),371 and the change of the ZPL height with respect to the phonon sideband.368-370 However, the temperature sensitivity of the all-optical method is lower compared to the ODMR method, because of the relatively weak ZPL peak of the NV center in comparison with its sideband at room temperature.367-369 Additionally, in practical applications, a special care (e.g., lifetime gating376) is needed to eliminate the background fluorescence signals, which can easily disturb the measured intensity ratios. Nevertheless, all-optical techniques have their advantages for certain biological applications as it does not rely on the MW irradiation. 
[bookmark: OLE_LINK270][bookmark: OLE_LINK271]Up to now, NV thermometry has already been shown for some proof-of-concept biological applications. The typical explorations of temperature measurements in bio-systems using NV thermometry are summarized in Table 1, including sensing the temperature inside a cell374, 377 and laser-activated neuron,378 mapping intracellular temperature of a neuronal network,379 detecting the absolute temperature inside a cell,373 measuring the intracellular thermal conductivity of HeLa cell,380 probing and controlling the cell division timing in C. elegans embryos,381  detecting the intracellular temperature of living stem cells during several days of incubation,382 and in vivo real-time monitoring of the thermogenic responses of C. elegans worms during the chemical stimuli of mitochondrial uncouplers.383 As can be seen from the table, the obtained temperature sensitivity in bio-systems is always lower than those claimed in standard testing conditions (e.g., in pure water or buffer solution),374, 384 and most of the temperature measurements in bio-systems are based on ODMR line shift.
[bookmark: OLE_LINK538][bookmark: OLE_LINK537][bookmark: OLE_LINK458][bookmark: OLE_LINK457][bookmark: OLE_LINK464][bookmark: OLE_LINK463][bookmark: OLE_LINK462][bookmark: OLE_LINK461][bookmark: OLE_LINK561][bookmark: OLE_LINK562][bookmark: OLE_LINK563][bookmark: OLE_LINK564][bookmark: OLE_LINK565][bookmark: OLE_LINK566][bookmark: OLE_LINK167][bookmark: OLE_LINK193]As mentioned earlier, improving the sensitivity is one of the most important issues concerning the applications of NV thermometry in bio-systems. By integrating copper-nickel alloy magnetic nanoparticles (MNP) with NV centers, Wang et al.385 improved the sensitivity of NV thermometry down to 11 mK Hz–1/2 under ambient conditions. This is achieved by converting temperature measurement into more sensitive magnetic field sensing with NV centers, especially near the ferromagnetic-paramagnetic transition temperature accompanied by huge magnetization changes. In addition, the sensitivity could be further improved (76 μK Hz−1/2) by using a single NV center in a diamond nanopillar coupled with a single MNP.386 Following a similar strategy, Zhang et al.387 constructed another hybrid nanothermometer by employing temperature-responsive hydrogels as a “spacer” between the NDs (with NV centers) and MNPs. The hydrogel can undergo volume phase transition upon temperature changing, inducing a sharp variation of distance between the MNPs and the NDs. Unfortunately, the whole sensor unit is somehow complicated and might be difficult to work due to the unavoidable dissolution of MNPs in complex cellular environments.388-391 
[bookmark: OLE_LINK539][bookmark: OLE_LINK540]Although NV thermometry has shown great potentials in probing the temperature in biological context, there are still some aspects that need to be carefully considered and improved when applying NV thermometry in cellular environments, such as: (i) The movements compensation (e.g., out-of-focus motion) of NDs118 ; (ii) Optimization control of various parameters, including MW pulse sequence, MW and laser power fluctuation and biased magnetic field; (iii) The quality of NV spin properties (e.g., coherence time, strain, etc.) in NDs; (iv) The local heating effects from the laser and/or MW during the measurement process.
[bookmark: OLE_LINK575][bookmark: OLE_LINK576][bookmark: OLE_LINK652][bookmark: OLE_LINK653][bookmark: OLE_LINK7][bookmark: OLE_LINK8]We should emphasize that the challenge of intracellular temperature measurements does not rely only on the methodology itself, but also on the fundamental questions such as the conceptual validity of temperature at the nanoscale in complex environments.392 We would like to stress that there is a considerable and controversial discussion on the existence of temperature gradients in cells.350, 392-397 Besides, the “105 gap” issue392, 397 (i.e., that the calculated temperature change can be up to five orders of magnitude smaller than the one determined experimentally from all kinds of luminescence nanothermometry) should be also considered.
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	[bookmark: OLE_LINK243][bookmark: OLE_LINK244]1 (2013)
	[bookmark: RANGE!B2][bookmark: OLE_LINK72]ODMR peak shift
(4 points)
	Human embryonic fibroblast WS1 cells 
	[bookmark: OLE_LINK86][bookmark: OLE_LINK90]NDs
[bookmark: OLE_LINK61](diamond size: ~100 nm
NV number per diamond particle: ~500)
	Stabilizing the temperature of the solid copper sample mount through an attached Peltier element.
	[bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: OLE_LINK160][bookmark: OLE_LINK161]Local heating: gold nanoparticle heated by laser in cell
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	[bookmark: OLE_LINK178][bookmark: OLE_LINK179]9 mK Hz1/2 (ultrapure bulk diamond sample).
200 mK Hz1/2 (Ref 384)
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK156][bookmark: OLE_LINK157]1. Local heating and temperature measurement.
2. Temperature-gradient control and mapping at the subcellular level.
3. The method could be used to control cell viability.
	374

	2 (2015)
	ODMR peak shift
[bookmark: OLE_LINK54][bookmark: OLE_LINK55](full spectrum)
	HeLa cells 
	ND@GNRs (gold nanorods)
(diamond size: ~140 nm
NV number per diamond particle: NA)
	NA
	[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Local heating: GNRs heated by near-infrared (NIR) laser
	[bookmark: OLE_LINK203][bookmark: OLE_LINK209]T ~20 K 
	NA
	1. Local heating and temperature measurement.
2. A two-in-one optical heating and sensing nanoplatform.
	377

	3 (2016)
	ODMR peak shift (full spectrum)
	Mouse neurons 
	Diamond on fiber
(diamond size: 20 – 30 m
NV number per diamond particle: NA)
	[bookmark: OLE_LINK28][bookmark: OLE_LINK37][bookmark: OLE_LINK96]In the calibration experiment, the fiber thermometer was placed inside a 1 L water-filled tank to exclude any effects related to temperature gradients near the tank walls.
	[bookmark: OLE_LINK42][bookmark: OLE_LINK43]Global heating: IR laser-induced heating 
	22 – 37 °C
	NA
(an accuracy of temperature measurements within 0.1°C)
	1. A fiber-optic quantum thermometry of individual thermogenetically activated neurons based on a fiber-coupled diamond sensor.
2. The fiber mounted NDs could be used for temperature sensing in live brains.
	378

	[bookmark: OLE_LINK254][bookmark: OLE_LINK255]4 (2017)
	ODMR peak shift (full spectrum)
	Mouse primary cortical neurons
	NDs
(diamond size: ~170 nm
NV number per diamond particle: ~500)
	A control experiment conducted at 37.0 ± 0.1 °C.
	[bookmark: OLE_LINK44][bookmark: OLE_LINK47]Global heating: an incubator with temperature control
	35.2 – 37.3 °C
	1 K Hz1/2
	[bookmark: OLE_LINK252][bookmark: OLE_LINK253]1. Intraneuronal temperature mapping.
2. Present a pathway for measuring temperature changes in response to external stimulus 
	379

	5 (2017)
	ZPL positions
	[bookmark: OLE_LINK66]Membrane nanotubes in human embryonic kidney cells 
	ND@GNRs
(diamond size: ~100 nm
NV number per diamond particle: ~900)
	Reference temperature from bare NDs.
	[bookmark: OLE_LINK71][bookmark: OLE_LINK73][bookmark: OLE_LINK11][bookmark: OLE_LINK12]Local heating: GNRs heated by a 594 nm laser 

	28 – 75 °C
	 2 °C Hz1/2
	1. A 594 nm laser for both heating and sensing.
2. The dual-functional nanohybrids provide a tool for single-cell laser nanosurgery and precision hyperthermia cancer therapy.
	367

	6 (2018)
	[bookmark: OLE_LINK284][bookmark: OLE_LINK317]ODMR peak shift (full spectrum)
	HeLa cells 
	NDs
(diamond size: NA
NV number per diamond particle: NA)
	The temperature of the medium was maintained at 32.0°C for the calibration.
	Global heating: a sample stage with temperature control
	[bookmark: OLE_LINK172][bookmark: OLE_LINK173]27 – 37 °C
	NA (an accuracy better than ±1°C)
	1. The thermosensing ability of NDs is hardly influenced by environmental factors. 
2. A protocol to measure the absolute temperature inside a single cell using a single ND.
	373

	7 (2020)
	ODMR peak shift (4 points)
	C. elegans embryos
	NDs
(diamond size: ~50 nm
NV number per diamond particle: NA)
	[bookmark: OLE_LINK67]The base temperature is maintained at 12.3 °C, stabilized by air cooling.
	Local heating: IR laser-induced heating 
	[bookmark: OLE_LINK182][bookmark: OLE_LINK183]T ~20 K
	2 K Hz1/2
	1. A method to manipulate cell cycle timings in early C. elegans embryos using local laser heating.
2. In vivo ND temperature measurements. 
3. Provide insights into the regulation of cell division timings as a consequence of local perturbations.
	381

	8 (2020)
	ODMR peak shift (4 points)
	C. elegans worms 
	NDs
(diamond size: ~168 nm
NV number per diamond particle: ~900)
	The measurements were performed at 23 °C with a periodic fluctuation of ± 0.5 °C every 40 mins.
	Local heating:  chemical stimuli of mitochondrial uncouplers. i.e., FCCP
	[bookmark: OLE_LINK186][bookmark: OLE_LINK187]T ~4 – 7 °C
	1.4 °C Hz1/2 (in vivo)
	1. In vivo real-time temperature monitoring inside C. elegans worms. 
2. Sub-micrometer localization of real-time temperature information in living animals and direct identification of their pharmacological thermogenesis.
	383

	9 (2020)
	ODMR peak shift (full spectrum)
	Adipose tissue-derived stem cells
	NDs
(diamond size: ~150 nm
NV number per diamond particle: ~500)
	The calibration was done by measuring the ODMR of NDs without cell culture at the range of 29.1–40.9 °C. And the temperature-dependent measurements were performed for multiple NDs (n = 15) to calibrate the frequency shift of the ODMR of the ND quantum thermometers.
	Local heating:  intracellular temperature change
	29.1 – 40.9 °C
	2.2 °C Hz1/2
	1. The intracellular temperature was found to influence the production of growth factors and the degree of differentiation into adipocytes and osteocytes. 
2. The intracellular temperature of living stem cells during several days of incubation could be precisely measured.
3. The study indicates that NDs could be used to investigate the relationship between intracellular temperature and cellular functions.
	382

	10 (2021)
	ODMR peak shift (full spectrum)
	HeLa cells
	ND@PDA (polydopamine)
(diamond size: ~100 nm
NV number per diamond particle: ~500)
	The temperature of the sample was set at 300 K by a thermo-stage.
	Local heating: PDA heated by a 532 nm laser
	T ~5 K
	NA
(an accuracy of 1K)
	1. In situ measurement of intracellular thermal conductivity using the dual-functional ND@PDA nanoparticles. 
2. A method to measure thermal conductivity inside living single cells with a submicron spatial resolution.
	380



Electronic Spin Sensing 
The conventional electron spin resonance (ESR) or electron paramagnetic resonance (EPR) techniques have been one of the most important modern analytical tools, used in many disciplines,398 for acquiring the structural and dynamical information of the biomolecules. In general, the target biomolecules are conjugated with well-developed spin labels (paramagnetic species) enabling their examination using ESR/EPR. However, the limited spatial and spectral resolution of this conventional method hinders its implication for extracting precise information of biomolecules, especially at the single‑molecule and single‑spin level. With the ultrahigh sensitivity and atomic size, the NV center is capable of sensing electronic spins nearby using the developed magnetic resonance sensing (MRS) technique. The key concept of MRS is the active driving of the target electronic spins in a timely manner, creating thus a defined alternating magnetic field that can be sensed by the NV center (as shown in Figure 11a). The spin echo sequence (π/2, π, π/2) applied to the NV center is sensitive to changes of the magnetic field between the first and second half of the MW sequence. The target spins are driven by radiofrequency (RF) driving pulse simultaneously with the MW 𝜋 pulse of the spin echo sequence, causing a synchronized change of external magnetic field due to the target spin flipping and, consequently, a decrease in the fluorescence intensity. Such selective driving of the target electronic spins provides a way to distinguish it from the background (spin bath) and significantly improves the signal-to-noise ratio. This emerging nanoscale MRS with NV center60, 399 possesses a great advantage in spatial resolution (subnanometer), spectral resolution (~10 MHz), sensitivity (~single‑spin level), and compatibility with ambient conditions, making the long-standing goal of single-molecule/cell detection possible. 
The capability of sensing electronic spins inside the diamond lattice with NV center has been demonstrated experimentally more than a decade ago, while the sensing of external electronic spins (i.e. outside the diamond lattice) was achieved years after the emergence of the MRS technique.89, 137 In literature, this magnetic resonance technique based on electronic spins is sometimes referred to as double electron-electron resonance (DEER) or pulsed electron-electron double resonance (PELDOR), which is terminology borrowed from EPR in chemistry.400 Sensing of the external electronic spins with NV centers can lead to a variety of applications in interdisciplinary research including physics, chemistry, biology, and life science. For example, electronic spin labeling is widely used in EPR research on proteins and DNA.401, 402 By attaching molecules with unpaired electrons (spin labels), sensing and imaging of paramagnetic molecules can be performed with NV centers, as shown in Figure 11b.401 Electronic spins, such as nitroxide residuals, transition metal ions, trityl radicals, etc.,403 can be detected by a nearby NV center and can be used as a reporter spin to detect nearby nuclei as well.404, 405 Furthermore, when taking a closer look at the MRS spectrum of the external electronic spins, information about the nearby environment can also be implied. For example, the rotational dynamics of the single-molecule in millisecond timescale results in linewidth broadening.401, 406 The capability of sensing single spins with ultrahigh spatial resolution could lead to a variety of discoveries, such as the solution to the protein-folding problem related to Alzheimer’s diseases. 
Although the MRS technique has been proved to be capable of sensing individual external electronic spins,60, 89, 137, 399, 404 it still faces challenges to become a standard, well-developed sensing technique in life science. The sensitivity of single electronic spins heavily depends on the distance between the NV center and the target spin. Yet, the relative location of the target molecules is typically random and methods for precise positioning of the target molecules are not available. Besides, to achieve sensing capability in living cells, it is more convenient to develop the MRS technique based on NDs instead of bulk materials. Technical limitations in NDs such as low ODMR contrast, short coherence time, and random crystal orientation need to be improved significantly to achieve similar electronic spin sensitivity as in bulk diamond.114, 407, 408 At the same time, the detecting specific paramagnetic species is relatively changeling, and there has been some progress towards this especially considering approaches based on tuning magnetic fields and exploiting the ground state level anti-crossing (GSLAC) and excited state level anti-crossing (ESLAC) energies.409-412
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Figure 11. (a) A typical pulse sequence used for magnetic resonance sensing. Here, spin echo MW sequence (π/2, π, π/2) is applied to NV center and a RF pulse (synchronized with NV π-pulse) is scanned to flip the probed spin. When the RF π pulse is applied, the spins dipolar magnetic field is reversed and the equivalence of the NV spin precession is disturbed. (b) Schematic shows a single MAD2 protein labeled with nitroxide spin label. The electronic spin and dynamics of the nitroxide spin‑label are sensed with the shallow NV center nearby. Adapted with permission from ref 401. Copyright 2015 American Association for the Advancement of Science.

Nuclear Spin Sensing
[bookmark: OLE_LINK92][bookmark: OLE_LINK93]Nowadays, the traditional nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI), is serving as a workhorse for accessing the physiological processes of the body noninvasively, reaching a typical in-plane resolution of mm or sub‑mm scale.413 The spatial resolution is fundamentally limited by the physical working principle, i.e. the measurement of spin coherence evolution of thermally polarized nuclei under a strong magnetic field (1.5 T, 3 T, or 7 T) using pick-up coils.413 However, the potential application of MRI to detect individual molecules is highly desirable and would lead to revolutionary advances in biology and medicine. Single NV centers, as highly sensitive atomic-scale magnetic sensors, can replace the conventional pickup coils and detect NMR signals with nanoscale spatial resolution. As shown in Figure 12, when the NV center is only a few nanometers deep under the diamond surface, simulations show that the majority of signal is from the most adjacent nuclei within a nanosized volume ~(5 nm)3.414 Additionally, ultrahigh spectral resolution (~1 Hz) has been achieved by a NMR scheme that utilizes ensemble NV centers and a narrowband synchronous readout protocol, and its micrometer-scale measurement volumes mitigated the effects of diffusion and enabled access to the thermal, rather than statistical, nuclear polarization.9 Such ultrahigh spectral resolution is required for some of the chemical and biological applications, such as resolving chemical shifts and nuclear spin-spin coupling. The nanoscale NMR technique based on NV centers can be further applied to nanoscale MRI in a label‑free manner (without using any spin labels). NV‑based MRI has been shown on a nanometer‑sized volume, which has never been achieved with the conventional NMR/MRI method.415-417
Compared to electronic spins, the magnetic field generated by nuclear spins at their Larmor frequency is much weaker. Therefore, dynamic decoupling techniques are usually required to enhance the coherence time of the NV center and thus the magnetic field sensitivity.10, 245 In a dynamical decoupling sequence, the direction of the NV center spin is periodically flipped multiple times by an external driving field, leading to a higher sensitivity of magnetic field at a certain frequency and lower sensitivity of magnetic field at other frequencies.418, 419 For example, the XY8 is a frequently used sequence in recent research on nanoscale NMR with NV centers (see Figure 12).87, 145, 406, 408, 414, 420-424 Besides dynamic decoupling, other sensing protocols with NV center are also used in nanoscale NMR experiments. Remarkable progress in this field has been made in nanoscale NMR of single nuclear spins and for increased spectral resolution.145, 405, 425-427
There have been quite a lot of efforts in exploring the potential of such a technique in several model systems, for example, immersion oil,414, 422 polymers (functionalized/non-functionalized),90, 408, 414, 421, 428 organic molecules,9, 420 and inorganic materials.87, 423 Furthermore, the label-free detection of a single protein associated with nuclear spins have been demonstrated as well.145, 405 Unfortunately, this novel approach has not been widely used in life science up to date, mainly due to its non-trivial accessibility for biologists and life scientists. Unlike the plug-and-play conventional NMR spectrometer, NV-based NMR is not yet commercially available. The on-going efforts within the field are made to improve the spectral resolution,9, 428 and to design easy-to-use systems for scientists beyond the quantum sensing community.429

[image: ]
Figure 12. (a) Dynamical decoupling sequence used for nuclear spin sensing. (b) Numerical simulation of the detection volume. Three-dimensional visualization and the two-dimensional projections of the 10,000 closest protons (spheres), generating 70% of the signal. Protons are color-coded by their contribution to the total signal. Adapted with permission from ref 414. Copyright 2013 American Association for the Advancement of Science.

CONCLUSIONS AND OUTLOOK
As an analog to the well-known quantum computer, quantum sensing makes use of a quantum system (e.g., NV center in diamond) to perform a measurement of a physical quantity. Quantum sensors with unprecedented precision and sensitivity are even closer to practical realization in our daily life. They combine the advantages of both optical and magnetic resonance imaging techniques while working with nanoscale resolution at physiological conditions and being sensitive to local environmental factors including magnetic field, chemistry, charge, temperature, and mechanical changes. They provide a versatile platform for sensing and imaging, particularly at the cellular/intracellular level aiming to answer some of the basic questions in life science. Temperature sensing and magnetic field sensing are the two most studied cases in bio-applications of NV‑based quantum sensing technologies. The NDs are mostly employed for the measurement of nanoscale temperature gradients, which are suspected to exist inside cellular environments. As a comparison, both bulk diamond and NDs have been explored in the detection of bio-magnetic fields, including magnetite biominerals, magnetotactic bacteria, neurons, as well as potential applications in cardiac cells and tissues.264, 282, 318
[bookmark: _Hlk69584479]Despite the promising features brought by NV center, the limited penetration depth of commonly used green laser, complicated nature of involved apparatus, varying quality of spin properties in diamond materials, and relatively high MW power required are limiting its immediate practical deployment of biological problems. Alternatively, quantum sensing with fiber‑coupled194 or integrated devices,430 or even in a microwave-free manner,190 are recently emerging in the field. The new trend of applying advanced computational methods, such as machine learning or artificial intelligence, is becoming popular for improving performance. In addition, the active manipulation (remote control) of nanoscale diamond sensors is becoming achievable through techniques such as optical tweezer,431 Paul trap,432 reversible covalent chemistry,167 and electrophoresis.433 These new directions have provided more confidence in the bright future of the NV center in life science. It is conceivable that with the help of these advanced technologies, the afore-mentioned challenges will be overcome in the next 5-10 years.
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