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Quantum measurement and orientation tracking of
fluorescent nanodiamonds inside living cells

L. P. McGuinness'?, Y. Yan3, A. Stacey’, D. A. Simpson'?, L. T. Hall'?, D. Maclaurin'?, S. Prawer’,
P. Mulvaney?, J. Wrachtrup®, F. Caruso?, R. E. Scholten'¢ and L. C. L. Hollenberg'?*

Fluorescent particles are routinely used to probe biological
processes'. The quantum properties of single spins within
fluorescent particles have been explored in the field of nano-
scale magnetometry?-8, but not yet in biological environments.
Here, we demonstrate optically detected magnetic resonance of
individual fluorescent nanodiamond nitrogen-vacancy centres
inside living human Hela cells, and measure their location,
orientation, spin levels and spin coherence times with nano-
scale precision. Quantum coherence was measured through
Rabi and spin-echo sequences over long (>10 h) periods, and
orientation was tracked with effective 1° angular precision
over acquisition times of 89 ms. The quantum spin levels
served as fingerprints, allowing individual centres with identi-
cal fluorescence to be identified and tracked simultaneously.
Furthermore, monitoring decoherence rates in response to
changes in the local environment may provide new information
about intracellular processes. The experiments reported here
demonstrate the viability of controlled single spin probes
for nanomagnetometry in biological systems, opening up a
host of new possibilities for quantum-based imaging in the
life sciences.

The extension of fluorescence imaging to modalities other than
pure spatial imaging has enabled real-time detection and monitoring
of previously inaccessible, but important cellular processes. The
dynamics of molecular motors’, protein diffusion!® and changes in
ion concentration!! have all been elucidated by adding extra func-
tionality to conventional fluorescence microscopy. With the ability
to monitor the quantum state of fluorescent atomic systems,
additional information about measurable properties intrinsic to the
probe or local environment can now be acquired through emerging
quantum sensing technologies. This capability has potential for elec-
tromagnetic sensing of the cellular environment, such as in neuronal
networks, ion channel activity'? and embryological development®.
Here, we demonstrate quantum measurement of single fluorescent
atomic centres in nanodiamonds taken up endosomally by HeLa
cells, enabling improved spectral identification and orientation track-
ing, with potential for sensitive nanoscale magnetometry.

At the confluence of quantum metrology and biology, the nitrogen-
vacancy (NV) centre in diamond has emerged as a leading contender
for quantum sensing applications. These atomic centres display a
remarkable range of properties, including sustained fluorescence,
allowing detection at the single molecule level', and long quantum
coherence times under ambient conditions'. Furthermore,
diamond nanocrystals have proven biocompatibility'®”. Nanoscale
magnetometry using single NV spins*>!8 has been performed in

non-biological ~environments>®, with sensitivities down to
4 nT Hz /2 for oscillating fields'® and wide field imaging sensitivity
at 20 n'T Hz'/2 (ref. 19). In principle, improved sensitivities can be
achieved using multi-pulse-magnetometry?*2. For random magnetic
field fluctuations in biological contexts, it has been shown that probing
the quantum decoherence time of the NV system in situ”® could enable
direct non-invasive monitoring of single ion-channel function'2

Although nanodiamonds containing NV centres have been
introduced into cells as fluorescent markers?*-2, in situ monitoring
of their quantum properties has not been demonstrated. This chal-
lenge raises several questions. Is it possible to perform a quantum
measurement on nanodiamonds in living cells, requiring non-inva-
sive measurement and control of the probe’s quantum state? Is it
possible to measure an effect of the intracellular medium on the
NV system? Is quantum measurement sensitive to the motion of
the probe in the cell? The proof-of-principle experiments reported
here demonstrate that the combination of high-precision fluorescent
tracking and quantum monitoring is compatible with cell viability,
that quantum coherence is maintained within the complex electro-
magnetic intracellular environment, and that a quantum probe can
provide valuable new information about the dynamics of the probe’s
motion and potentially its intracellular surroundings.

The NV centre is an atomic-sized defect, with stable fluorescence
observed in crystals as small as 5 nm (ref. 26). Comprising a substi-
tutional nitrogen atom and adjacent vacancy, the centre has a mag-
netically sensitive ground-state triplet, with the spin-zero level (|0))
separated from the degenerate spin-one levels (|+-1)) by a microwave
transition of 2.87 GHz owing to the diamond crystal field?’. This split-
ting also defines a quantization axis along the (111) crystallographic
direction, providing an intrinsic compass that can be monitored by
means of quantum measurement. Readout of the quantum state is
based on optically detected magnetic resonance (ODMR), a fluor-
escence measurement involving microwave spectroscopy to control
the NV spin while monitoring fluorescence intensity, which varies
depending on which state (|0), |[+1) or |—1)) is populated'*.

In this work, we describe three specific investigations that include
measurement of the NV quantum state within living HeLa cells in
culture (see Methods). In Study 1 we show how microwave spec-
troscopy can distinguish NV centres with otherwise identical fluor-
escence within the cell. Study 2 presents the first intracellular
quantum coherence measurement of single spin systems, including
Rabi and spin-echo sequences, providing a foundation for further
intracellular magnetometry studies. In Study 3 we demonstrate a
robust and precise method for orientation tracking of nanodiamonds
in the intracellular medium, based on continuous ODMR monitoring,
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Figure 1 | Quantum measurement of single spins in living cells. a, Experimental setup, including microwave (MW) control of the NV spin levels and
confocal fluorescence readout. b, Overlay of bright-field and confocal fluorescence images of Hela cells, showing uptake of nanodiamonds. NV fluorescence
is shown in red and the nucleus is stained with Hoechst 33342 (blue). Images were obtained on a Leica TCS SP2 confocal microscope. €, Atomic lattice
structure of the NV centre. d, Quantum measurement and control of the NV centre. Left: energy levels of the NV probe system and fluorescence dynamics.
Middle: quantum control for Studies 1 and 2 (w and /2 pulses for spin-echo). Right: orientation-dependent Zeeman splitting Aw(8) in an applied magnetic

field By, measured in Study 3.

The experimental setup, shown in Fig. 1a, consists of a confocal
microscope with microwave control. In Study 1 we first demonstrate
how the unique quantum properties of each NV in the absence of an
externally applied magnetic field (B, = 0) can be used as a finger-
print in the intracellular environment to spectrally separate nano-
diamonds. HeLa cells cultured in media containing fluorescent
nanodiamonds (Fig. 1b) were washed in phosphate buffered saline
(PBS) before imaging (see Methods). Figure 2c shows a typical con-
focal image of one cell (HeLa-1), which contains two single NV
centres (NV-la and NV-1b) in the same focal plane. Their
measured ODMR spectra are presented in Fig. 2a,b, which shows
that under these conditions the respective centres have a unique
strain signature. We use this technique to identify and track the
optical emission from the NV centres, with the exceptionally
stable fluorescence allowing localization with a precision of 20 nm
over long timescales compared with the life of the cell (see
Supplementary Information). Importantly, we find that the same
ODMR spectrum is obtained over long periods, and is unaffected
by nanodiamond movement within the cells. Our observations indi-
cate that, by using nanodiamonds with a higher °C concentration,
up to 1 x 10* centres can be uniquely identified (see Supplementary
Information), which represents a substantial improvement over
current methods used to spectrally discriminate fluorophores
based on fluorescence (such as multicolour microscopy and linear
unmixing?®). The unique identification of nanoparticles over long
timescales is of particular interest in applications where continuous
tracking analysis is unfeasible or may be interrupted (for example,
for tracking the fate of nanoparticles in vivo, tracking numerous
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nanoparticles in distinct locations or investigations of membrane
motility, transport and mitotic events).

In Study 2 we demonstrate coherent quantum control and
measurement of the spin state of the NV probe in the intracellular
environment. A critical aspect of nanoscale magnetometry is the
measurement and monitoring of the coherence time (7T,) of the
NV probe, which is itself sensitive to magnetic fluctuations in
the local environment®'>?, and/or specific molecular targets that
may be driven externally. By tuning the microwave (MW) frequency
to the |0) — |+1) resonance for NV-1a (and |0) — |—1) for NV-1b)
we induce and detect coherent Rabi transitions between the quantum
states of each NV system (Fig. 3a,b). Coherence times for both NV-1a
and NV-1b were then measured by means of spin-echo, and this
sequence was repeated for each NV as the cell timeline progressed
(see Supplementary Information). This demonstration in a living
cell represents the full suite of quantum control and measurement
required for nanoscale intracellular magnetometry.

Figure 3c plots the initial spin-echo envelopes, and shows that
NV-1a experiences faster overall decoherence (including intrinsic
crystal and external sources) than NV-1b. The coherence time T,
is dominated by interactions with internal crystal spins, unpaired
spins on the nanodiamond surface and magnetic fluctuations in
the local intracellular environment. At the 13 h time point, we
observe a drop in the decoherence rate for NV-1b (at 95% confi-
dence level) indicating that a change in its nanoscale environment
occurred (Fig. 3d). This change, occurring in conjunction with a
degradation in the integrity of the cell nucleus and increased
auto-fluorescence, can only be owing to an alteration in spin
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Figure 2 | Confocal image of a Hela cell containing two isolated nanodiamonds with single NV centres and their measured ODMR spectra. a-c, Confocal
image of Hela-1 (¢, z=11 um above the cover glass; edge of the microwave antenna cladding is visible at the top of the image), with fluorescence gated
around the NV emission (650-800 nm). The nucleus and cell membrane are indicated with dashed lines for clarity. The optically detected magnetic
resonance (ODMR) spectra of NV-1a (a) and NV-1b (b) show the different strain splitting between the two centres.
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Figure 3 | Quantum coherence properties of the probes NV-1a and NV-1b in HeLa-1. a,b, Rabi oscillations of NV-1a and NV-1b measured at various times
during the lifetime of the cell. ¢, Initial spin-echo measurements on both NV centres (statistical errors are at the 1% level). d, Time evolution of the
decoherence rates extracted from the spin-echo profiles for both NV centres. The uncertainties in the extracted values, quoted at the one sigma level, are

determined from the fit to the data.

dynamics at the nanodiamond surface or surrounding medium, and
may be linked to production of unpaired electron species such as
superoxide radicals, known to be generated during apoptosis®.
Increased sensitivity to the environment can be achieved through
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the use of smaller nanodiamonds, multiple NV ensemble probes
and multi-pulse quantum control techniques®, coupled with
improvements in the measurement timescale. Quite apart from
proving the feasibility of quantum measurements on single spins
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Figure 4 | NV axis rotation owing to motion of the nanodiamonds in Hela-1. a, With constant MW power, the Rabi frequency is governed by orientation ¢
of the NV axis with respect to the MW driving field. b, Upper bounds on the change in orientation of the nanodiamonds based on a maximum initial
perpendicular alignment of the higher Rabi frequency centre (NV-1b) with the MW field (see Supplementary Information). €, Confocal scan sequence
showing the corresponding morphological changes in the cell during the same timeframe.

in a biological environment, the coherence measurements reported
here set the stage for statistical studies exploring the link between
measured quantum decoherence of the probe and local magnetic
fluctuations, to provide new information about the underlying
biological processes of interest.

To complete Study 2, we analysed the Rabi period as a function
of time to gain information about the probe rotation. Throughout
all the experiments, the delivered MW power was held constant,
yet Fig. 3a,b shows that the two probes have dramatic differences
in their respective Rabi frequency evolution. This variation arises
owing to orientation-dependent coupling between the polarized
microwave field and the NV magnetic dipole (Fig. 4a). For a rotating
NV, the Rabi frequency () is given by () = () sin¢, where ¢ is the
angle between the MW polarization and NV axes, and (), is the
Rabi frequency for perpendicular alignment (see Supplementary
Information). The higher Rabi frequency of NV-1b can be attributed
to a well-aligned axis, and we use this to obtain an upper bound for
the rotation by taking () = () in the reference measurement. These
estimates indicate a net rotation of NV-1a and NV-1b of up to 20°
and 10°, respectively, during the course of the experiment (Fig. 4b,c).

Although a changing Rabi period provides information on the
rotational motion of internalized nanodiamonds, the long timescale
(hours) of this measurement limits its use for particle tracking.
In Study 3, we demonstrate that continuous ODMR monitoring
in the presence of an external magnetic field allows rotational
motion of an internalized nanodiamond to be measured over
millisecond acquisition timescales. A uniform magnetic field
(By=3.6 mT) was used to produce an orientation-dependent
Zeeman shift*! on the | +1) levels of a single NV centre (NV-2) in

cell HeLa-2 (in a separate cell culture to the previous studies).
Unlike Study 1, which had zero background field, the ODMR spec-
trum in this case depends on the orientation of the NV quantization
axis with respect to B, The rotational motion of NV-2 was
monitored over 16 h by continuously monitoring changes of the
ODMR peak positions (at 30 s intervals).

Figure 5a shows two spectra taken over the life of the cell, demon-
strating that the timescale for rotational monitoring is essentially
unlimited, depending only on the cell lifetime. With knowledge
of the applied magnetic field strength B, the nanodiamond
orientation can be determined through the geometric relationship
0 = cos™ '(hAw/ uynyB,) where 6 is the angle between B, and the
NV axis, uyy is the magnetic moment of the NV centre, and Aw
is the peak separation between the ODMR transitions (Fig. 5a).
The angular precision and orientation tracking timescale are gov-
erned by the number of points used in the Lorentzian fit, as
shown in Table 1 down to a 13-point fit, which gives a precision
of 0.9° over an acquisition time of 89 ms. Figure 5b tracks the
value of 6 derived from the measurement of Aw over 16 h,
showing that the 13-point fit captures the rotational motion very
well compared to the full data set. Figure 5¢ plots the three-dimen-
sional position and rotation of NV-2 over a 3 h period (indicated by
the dashed vertical lines in Fig. 5b). The restricted translational
motion is in agreement with previous studies on internalization of
similarly sized nanodiamonds in HeLa cells®, suggesting that the
nanodiamond remains immobilized within a membrane-enclosed
vesicle following endocytosis. Furthermore, our tracking also
provides information on the nanodiamond orientation, which is
confined within 10°, confirming its relative immobilization.
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Figure 5 | Orientation tracking of NV-2 in HelLa-2. a, Changes in the
orientation of the NV quantization axis relative to the external magnetic field
owing to nanodiamond motion are manifest in the orientation-dependent
Zeeman splitting Aw(8) observed in the ODMR spectrum shown at various
times over the Hela-2 cell lifetime. b, Measured orientation of the
nanodiamond as a function of time, and comparison of different acquisition
rates. ¢, Four-dimensional tracking (position and orientation) of NV-2 in
Hela-2 over a 3 h period.

To quantify the potential of this new approach, we conducted an
analysis of the shot noise statistics (see Supplementary
Information). The results reveal that with modest optimization
(fitting algorithm and field strength) the ODMR orientation track-
ing technique could resolve nanodiamond orientation to within 1°
over a 3 ms acquisition interval. Such time resolution is necessary
for understanding membrane nanomechanics and local viscosity
in the cellular environment, and would allow real-time rotation
monitoring of trafficking inside cells over long timescales, an impor-
tant goal in intracellular nanoparticle tracking®. Alternatively,
attachment of small (5 nm) nanodiamonds to the F,-portion of
ATP synthase would allow real-time monitoring of molecular
rotation at the 10-100 ms timescale of ATPase activity. This com-
pares well to the sensitivities obtained by reflection and fluorescence

polarization microscopy®-%, allows orders-of-magnitude longer
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Table 1 | Scaling of temporal and orientational resolution
determined from the number of ODMR data points used.

No. of points, N Precision of 0 (deg) Acquisition time

408 03 2.85s
204 0.4 143 s
102 0.5 712 ms
51 0.7 356 ms
26 0.8 178 ms
13 0.9 89 ms

tracking time than previous orientation measurements and, signifi-
cantly, has been performed within the constraints of a living cell.

The results presented here confirm that non-invasive quantum
measurement is possible on nanodiamonds containing a single
NV spin moving within living cells. As a consequence, we have
demonstrated the techniques required for NV-based nanoscale bio-
logical magnetometry. Furthermore, unique imaging modalities not
possible with conventional fluorescence microscopy emerge, includ-
ing orientation tracking over long periods, with resolution in the
millisecond timescale of intracellular events. Fluorescence detection
and coherent control of single spins inside living cells is a significant
milestone in the application of quantum techniques to further
knowledge in the life sciences, and may ultimately play a role in
the search for quantum coherence in biology™.

Methods

Quantum measurements in living cells. Confocal imaging of the HeLa cells was
performed through the cover glass, using an oil immersion lens x100 (NA = 1.4).
Cultured HeLa cells were adherent to the back surface of the cover glass, which was
attached to the imaging mount. The cells were immersed in 3 ml PBS and kept at
room temperature throughout the measurement. Confocal images at different
depths were performed to identify the diamond nanocrystals that had been ingested
by the cells. The NV centres characterized in this work were located several
micrometres above the cover glass. Quantum measurements were carried out on
single NV centres by applying a microwave signal along an insulated copper wire
(diameter, 35 um) located ~20 wm from the cells of interest. The two peaks
observed in the ODMR spectrum (Fig. 2a,b) represent the transition frequency from
the |0) to the | —1) and |+1) states, respectively. The observation of both peaks in the
absence of an external magnetic field is attributed to localized strain present in the
diamond nanocrystal. The quantum measurements carried out in this work were
conducted on the transition exhibiting the highest fluorescence contrast. By applying
a MW field resonant with a particular transition, the population of the spin states
can be coherently driven between the |0) and the [+1) or |—1) states resulting in
Rabi nutations. The Rabi and spin-echo measurements were implemented using a
Spincore 500 MHz Pulse Blaster ESR-QuadCore card. The complete ODMR
spectrum, as shown in Fig. 5, contains 1,000 points with an acquisition time of 7 ms
per point. The position of the NV centre was tracked and optimized at 1 min
intervals in Studies 1 and 2 and at 30 s intervals in Study 3. For orientation tracking,
only 13 points around the lower peak are needed, giving an orientation acquisition
time of 89 ms. The reflected light, fluorescence intensity and ODMR spectrum all
provided evidence that a single NV in an isolated nanodiamond was addressed
and tracked.

Cell culture and nanodiamond uptake. HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin. For cell uptake, type Ib non-detonation
nanodiamonds with an average particle size of 45 nm (NaBond) were diluted in
DMEM at a concentration of 20 pg ml™". The average particle size of the suspension
before incubation was 140 nm (see Supplementary Information). HeLa cells were
seeded on cover slips (4 x 10 cells per millilitre) and allowed to adhere overnight.
Cells were then incubated with the DMEM:nanodiamond suspension for 3 h (37 °C,
5% CO,). After treatment, the media was removed and the cells were washed (x3)
with PBS. In all experiments, the low MW power applied resulted in no discernible
difference in the morphology of cells adjacent to the MW wire compared with those
at the edge of the field of view (an order of magnitude reduction in MW field
strength). Separate control studies performed using propidium iodide as an indicator
of cell death provided independent confirmation that HeLa cell viability is
maintained at ~95% survivability rate over a 12 hour period in identical PBS
room-temperature conditions (see Supplementary Information).
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