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Optical imaging of localized chemical events using
programmable diamond quantum nanosensors

Torsten Rendler', Jitka Neburkova?3*, Ondrej Zemek?, Jan Kotek? Andrea Zappe', Zhigin Chu!, Petr Cigler?
& Jorg Wrachtrup!

Development of multifunctional nanoscale sensors working under physiological conditions
enables monitoring of intracellular processes that are important for various biological and
medical applications. By attaching paramagnetic gadolinium complexes to nanodiamonds
(NDs) with nitrogen-vacancy (NV) centres through surface engineering, we developed a
hybrid nanoscale sensor that can be adjusted to directly monitor physiological species
through a proposed sensing scheme based on NV spin relaxometry. We adopt a single-step
method to measure spin relaxation rates enabling time-dependent measurements on changes
in pH or redox potential at a submicrometre-length scale in a microfluidic channel
that mimics cellular environments. Our experimental data are reproduced by numerical
simulations of the NV spin interaction with gadolinium complexes covering the NDs.
Considering the versatile engineering options provided by polymer chemistry, the underlying
mechanism can be expanded to detect a variety of physiologically relevant species and
variables.
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by transient changes in variables including concentrations

P hysiological processes inside a living cell are accompanied
2

of ions!, reactive oxygen species?, enzymes’, nucleic acids?,
pH> and redox potential®. Although a vast range of sensing
principles for these variables based on selective molecular and
nanoparticle probes have been developed’~, the field is still
limited by the chemical and optical stabilities of probes, probe
toxicity and perturbation of the biological environment, and,
above all, probe sensitivity and spatiotemporal resolution.
Therefore, reliable intracellular sensors designed for non-
invasive quantitative monitoring of physiologically relevant
species with near-atomic resolution are urgently needed to
elucidate critical underlying mechanisms in cell biology and
physiology, which in turn may lead to new possibilities for
diagnostics and therapeutics at the subcellular level.

Nanodiamonds (NDs; nanometre-sized diamond particles)
with nitrogen-vacancy (NV) defect centres exhibit excellent
biocompatibility!®12, long-term  stability!>!* and unique
quantum sensing capability by optical means'>~17. These NDs
hold great promise for a range of biomedical applications,
including serving as nanomedicine platforms for delivery of
drugs'8, genes and proteins'>?’, use as fluorescent/photoacoustic
imaging agents'>?1*2 and applications in multifunctional
intracellular sensing?®>~2°. The fluorescence of these atomic-scale
NV centres in NDs depends on their electronic spin states, which
show a long coherence time even under ambient conditions,
enabling direct nanoscale sensing for magnetic/electric field!>2°,
temperature’»?”?8 and mechanical force/pressure>0. In fact,
the facile optical readout of NV centres in NDs facilitates
quantum sensing in living cells?»?*,  However, direct
measurement of chemical reactions and processes through
quantum detection of NDs remains challenging, especially
under physiological conditions. The main challenges lie in
developing selective detection principles enabling direct
quantum sensing of chemical transformations via spin-
dependent fluorescence of NV centres, the related chemical
architectures on the ND surface that host the primary sensing
system and robust quantum-sensing schemes applied to NV
centres in NDs, especially when they are introduced to
complicated environments such as the interior of living cells.

A critical step towards developing NDs with biomedical
applications is customizing the diamond surface chemistry for
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required functionalization, while maintaining excellent colloidal
stability under physiological conditions®!. NDs engineered with
our recently developed polymer-coating approach®?3* exhibit
long-term colloidal stability, reduced nonspecific binding and the
capability for convenient chemical modification. In the current
study, we connected macrocyclic complexes of Gd>* ions with a
biocompatible copolymer shell on NDs via selectively cleavable
linkers. In this sense, the attachment of Gd>* complexes to the
polymer is strictly programmed, paving the way for their
subsequent detachment in response to changes in a sole
parameter. By quantifying the change in NV spin relaxation
time due to the Gd®>* complexes (spin noise), we show that this
platform can be chemically programmed to sense fundamental
physiological quantities. We designed and demonstrated time
dependent pH and redox potential detection in a microfluidic
device with sub-micrometre spatial resolution and minute
temporal resolution. In particular, the excellent agreement
between our experimental data and theoretical modelling
suggests that this scheme can serve as a multifunctional
platform for sensing of various chemical and biochemical
transformations under physiological conditions with high
selectivity (enabled by available libraries of selective cleavage
reactions) and unprecedented sensitivity and resolution (yielded
by the quantum detection approach).

Results

Design of ND-polymer-Gd multifunctional nanosensors. To
enable direct selective quantum detection of chemical processes
by means of NV centres, we designed a general nanosensing
platform that combines NV centres in NDs and surface
polymer coating bearing spin labels. Specifically, complexes
of G&** ions with electronic spin S=7/2 were chemically
attached via selectively cleavable linkers to poly[(2-hydro-
xypropyl)methacrylamide]-based (HPMA) co-polymer chains.
Coating of NDs with an HPMA co-polymer shell improves the
colloidal stability of the particles, reduces nonspecific interactions
with proteins under physiological conditions, maintains the
optical };ro?erties of NDs and enables further chemical mod-
ification>3. The vicinity of Gd*> T complexes (spin labels) acting
as stochastically fluctuating magnetic fields can be sensed by NV
relaxometry®*=37, providing us a novel route to monitor local

Objective

Figure 1 | Basic principle of a ND-based multifunctional sensor. (a) Cartoon showing the sensing mechanism of a ND-polymer-Gd hybrid nanosensor in
response to a local environmental change. The Gd3* complexes (spin labels attached to the polymer shell on the ND surface) are released after activation
of a chemical switch due to a local change, which can be monitored by the change in T; relaxation time of NV centres. (b) Cartoon showing the

experimental setup: polydimethylsiloxane (PDMS) microfluidic channel (pink), pipe system enabling real-time measurement (blue), microwave antenna
(gold), optical excitation for NV (green) and fluorescence detection (red). (¢) Representative TEM image of a polymer-coated ND (ND-HPMA); arrows

indicate the polymer shell. Scale bar, 20 nm.
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changes. As illustrated in Fig. la, the T relaxation time of NV
centres in NDs can be quantitatively modulated by the
surrounding Gd>*+ complexes: the more Gd*>*t complexes
loading inside the surface polymer shell, the shorter the T,
relaxation time. Detachment of Gd*>* complexes from the ND
particle strongly influences T; and can proceed only upon selective
cleavage of the linker connecting the complex with the polymer.
Importantly, we utilized complexes of Gd> ¥ ions with macrocyclic
ligands bearing one phosphonate/phosphinate and three acetate
groups, which were originally designed as magnetic resonance
imaging (MRI) contrast agents®, Thanks to their kinetic inertness
and thermodynamic stability, these complexes do not release toxic
Gd*>* ions under physiological conditions and therefore exhibit
excellent biocompatibility and negligible toxicity’>*0, We
developed a convenient synthetic pathway to their modification
with cleavable linkers terminated with azido group for attachment
to polymers via click chemistry (see Supplementary Methods). To
demonstrate the potential applications of the developed
nanosensor in cell biology and analytical chemistry, we
performed experiments in a home-built microfluidic device made
of polydimethylsiloxane (Fig. 1b). The NDs used are in average
~33nm in diameter with a fairly narrow size distribution*!
(Supplementary Fig. 1) and coated with a HPMA shell a few
nanometre thick, as indicated by transmission electron microscopy
(TEM) image (Fig. 1c). These NDs contain few NV centres (<10
per particle on average, Supplementary Fig. 2).

Chemical engineering and characterization of the ND surface.
To test the utility of our ND-polymer-Gd hybrid nanosensors, we
developed two kinds of chemical linkers to sense pH and redox
potential, and corresponding nanosensors are denoted as ND@pH

and ND@redox particles, respectively (Fig. 2a). ND@pH particles
contain an aliphatic hydrazone linker, for which the rate of hydro-
Iytic cleavage is greatly accelerated at lower pHs in the physiologi-
cally relevant range*? (pH 4-8; Fig. 2b). ND@redox particles contain
a disulfide linker that can be cleaved into two thiol fragments in
reducing environments (in this case, by the presence of glutathione,
GSH) (Fig. 2¢). As a control, we also synthesized a system with non-
cleavable bonds (denoted ND-HPMA-Gd; Fig. 2a). The HPMA
polymer is electroneutral but the macrocyclic Gd*> * complexes are
negatively charged, introducing an overall negative charge to the
polymer shell. The electrostatic repulsion between complexes
facilitates the departure of the cleaved complexes from the shell.
Based on the NV relaxometry-sensing scheme, the T
relaxation time of an NV centre is determined by the number
of spins within the effective NV-sensing radius®>. Therefore, the
critical parameter is the actual concentration of Gd** in the ND
nanoenvironment as the relaxation time scales with the Gd>*
concentration in the shell (see Supplementary Equations (2, 7,
12)). Either swelling or collapse of the polymer shell would affect
this quantity and therefore influence the measured T; relaxation
time, even if the Gd®>* complexes are not released. As polymers
can reversibly respond to pH and ionic strength by changes in
their hydrodynamic diameters and also by nonspecific adsorption
of ions resulting in changes in zeta potential, we studied the
influence of these parameters on the behaviour of our
nanosensors. First, we measured the size distribution of ND-
HPMA-Gd particles (with non-cleavable bonds) in various pH
buffers by dynamic light scattering. As shown in Fig. 2d, the
hydrodynamic radii of ND-HPMA-Gd in the whole range of
buffers were fairly uniform, indicating that the shell thickness of
our nanosensor does not change in response to various buffer
conditions. In two selected buffers (pH 2.0 and 7.4), we measured
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Figure 2 | Design and characterization of ND-polymer-Gd hybrid nanoscale sensors. (a) Chemical structure of the polymer interface with Gd3+

complexes attached via a non-cleavable and two types of cleavable linkers. The specific release mechanisms for (b) pH-dependent hydrolytically cleavable
and (c) reductively cleavable linkers are shown in detail. (d) Hydrodynamic diameters of poly(HPMA)-coated NDs (ND-HPMA, black) and poly(HPMA)-
coated NDs modified with non-cleavable Gd3* complexes (ND-HPMA-Gd, grey) determined by dynamic light scattering in different buffers used for Gd-
release measurements. (e) Release kinetics of Gd3t complexes in ND@pH particles in pH 2.0, 4.5 and 7.4 buffers analysed by ICP MS. The red line is the
corresponding mono-exponential fitting. (f) Release kinetics of Gd>t complexes in ND@redox particles in the presence of 1, 5 and 10 mM GSH in pH 8.5
buffer analysed by ICP MS. The red line is the corresponding mono-exponential fitting. The error bars in d=-f represent s.d. from at least three independent

measurements.
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Figure 3 | Robust relaxation measurement with linear chirp pulse. (a) Schematic cartoon showing the used optical and microwave pulse sequence for T,
relaxation measurement. (b) Comparison of experimentally extracted contrast of T; relaxation measurement with chirp pulse and square pulse for control
sample ND-HPMA. The contrast is defined as the normalized initial difference between the sensing sequence with and without the inversion pulse.

(c) Dependence of extracted T; contrast on the extracted minimum adiabaticity factor Q, where Q is defined as the effective driving amplitude over its
angular velocity in the rotating frame. The vertical error bars in b,c represent the s.d. from 20 independent measurements with © < T;, whereas the

horizontal error bars represent the s.e. (95% confidence intervals) from Lorentzian fits (for Fourier transformed Rabi oscillation).

hydrodynamic radii, zeta potentials and T; for ND-HPMA-Gd at
increasing ionic strengths (up to ~0.25M, achieved by addition
of NaCl and precisely quantified according to the conductivity of
the solution). We observed that both pH and ionic strength exert
only a marginal influence on hydrodynamic radii (Supplementary
Fig. 3a). Although the zeta potentials increased with increasing
ionic strength, most likely because of preferential adsorption of
sodium ions (Supplementary Fig. 3b), this effect had no influence
on T, (Supplementary Fig. 3c). This observation confirms the
insensitivity of the polymer surface architecture to various
environments, which is essential for the construction of stable
and robust nanosensors for bio-applications.

To verify whether our nanosensors could release Gd**
complexes on demand, we incubated them in different environ-
ments, removed them from solution by centrifugation and
analysed the amount of Gd** complexes in the supernatant
with inductively coupled plasma mass spectrometry (ICP MS) as
a function of incubation time. This method allowed us to study
the temporal evolution of Gd®>* complexes release from our
nanosensors. As shown in Fig. 2e, the ND@pH particles showed
pH-dependent release, whereas the ND-HPMA-Gd (with non-
cleavable bonds) particles (Supplementary Fig. 4) were stable
under all conditions examined within the current chosen
measurement time window (~ 1h). Furthermore, the slope of
the release profile measured at pH 2.0 was two orders of
magnitude higher than that for pH 7.4, indicating a much faster
cleaving rate of Gd>* complexes from the polymer at low pH
values. The very slow change (as shown in insert of Fig. 2e) at pH
7.4 indicates that the sensor can continuously operate for several
hours before measurements at lower pH values.

Similarly, the ND@redox particles showed an obvious GSH
concentration-dependent release: the higher the applied concen-
tration of GSH, the steeper the release slope (Fig. 2f), whereas the
ND-HPMA-Gd control sample (with non-cleavable bonds) were
stable in the presence of GSH (Supplementary Fig. 5). All the
measured release kinetics for ND@pH and ND@redox particles
fit well with standard first-order reaction kinetics

C=Cpe ™ (1)

where C, is the initial concentration of the reactant and k is the
first order rate constant, indicating that the release rate is solely
dependent on one specific reactant in solution.

Robust NV spin relaxometry utilizing a linear chirp pulse. Our
experiments are based on probing the spin relaxation time T; of
the NV centre. T; is measured by first initializing the NV spin

4

into my=0 by an optical pulse. After a waiting time 7, the spin
state is readout by an optical excitation pulse generating fluor-
escence, which is proportional to the population probability of
my=0. Measuring this fluorescence as a function of the waiting
time 7 thus determines T;. However, special care needs to be taken
when performing relaxometric measurements on NV centres, as,
for example, charge-state fluctuations can mask the T; decay in
this approach®3. To derive pristine T; curves, one needs to apply
an additional microwave pulse in resonance with for example the
ms=0 to mg= + 1 spin transition in a second measurement to
invert the population of spin state sublevels and subtract the result
of both (see Supplementary Discussion). As the spin state has to
be manipulated, knowledge about the spin resonance frequency is
required. In addition, the excitation power and pulse duration of
the used microwave pulse has to be set correctly for a precise state
adjustment. Later parameters for their part differ when the
orientation of the NV axis to the local microwave field is changed.
Therefore, it is highly desirable to use pulse schemas that
intrinsically compensate for such variations. In the current
study, we optimized the T; readout by introducing an adiabatic
passage (see Supplementary Discussion) in form of a linear chirp
pulse (Fig. 3a), which is robust against detuning and microwave
driving power?®. To compare the performance of different
schemes used in T; measurement, we extracted the spin contrast
from experimental measurement as a function of driving strength
(estimated by Rabi oscillations driven on the optically detected
magnetic resonance (ODMR) transitions, see Supplementary
Fig. 10a) for the control sample ND-HPMA (without Gd3*
complexes) (Fig. 3b). The obtained spin contrast decreased as the
driving strength reduced for both measurement schemes, but the
chirp pulse always resulted in a higher contrast than that obtained
with square pulse. We also plotted the extracted spin contrast as a
function of expectable minimal adiabaticity factor Q (a measure of
the adiabaticity of the used pulse scheme*’) when using linear
chirp pulse at different chirp rate (Fig. 3¢). For the data shown in
this work using linear chirp pulse, we experimentally obtained a
contrast ranging from 4 to 10%, corresponding to a factor Q in the
range of around 1.5 up to 10. Indeed, in terms of sensitivity, the
chirp pulse resulted in a twofold sensitivity enhancement with
different chirp rate when the microwave power is large enough
(Supplementary Fig. 6).

Microfluidic measurement of nanosensors. Because of the
excellent colloidal stability of our nanosensor under physiological
conditions, we performed our T} measurements on diffusing NDs
(Fig. 4a). We first investigated two kinds of control sample,
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Figure 4 | In situ measurements in a microfluidic channel. (a) Schematic cartoon showing the ensemble measurements on the averaged T; of ND
particles diffusing through the confocal volume. (b) Typical T; ensemble measurement of ND-HPMA and ND-HPMA-Gd (with non-cleavable bond)
particles in pH 7.4 buffer. (¢) Time-dependent ensemble measurement for T, of the ND@pH particles when incubated with pH 2.0, 4.5, 6.0 and 7.4 buffers.
(d) Time-dependent ensemble measurement for T; of the ND@redox particles in buffer solution before and after addition of TmM (blue) and 10 mM
(black) GSH. (e) Time-dependent fixed-t measurement for chosen ND@pH particles when incubated at pH 7.4 followed by a change to pH 2.0 buffer
(details are given in Methods). (f) Confocal image for the chosen view of ND@pH particles on cover glass in pH 2.0 buffer; the bar indicates the measured
fluorescence intensity. (g) Reconstructed T; contrast image of the same view as in f after rinsing with pH 7.4 buffer and adding again freshly prepared
ND@pH particles (loaded with Gd3+ complexes) in pH 7.4 buffer. White triangles point to old ND@pH particles (Gd3+ complexes released), while white
arrows point to those newly emerging ones (loaded with Gd® ™ complexes), the colour bar indicates the extracted T; value ranging from short (blue) to
long (red). The error bars in ¢ and d represent the s.e. (95% confidence intervals) from mono exponential decay fits.
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Figure 5 | Simulation for the influence of Gd® ™ complexes on relaxometry. (a) The ND is modeled as a sphere with diameter d coated with polymer with
thickness L. The Gd3* complexes embedded in the polymer layer acts as a randomly fluctuating spin bath. The NV centre is positioned along two
orientations (Path 1and 2). (b) The influence of varying HPMA layer thickness (varying concentration of Gd3*+ complexes) on simulated T; value when the
number of Gd3* complexes is fixed. The inset shows the concentration of Gd3*+ complexes versus the layer thickness of the shell (here, d =33 nm and
the number of Gd3* complexes was fixed at ~8,000). (¢) The influence of varying concentrations of Gd3>* complexes on calculated T; value when the
thickness of the polymer layer is fixed (d=33nm and L =10 nm). The purple dashed line (ND-HPMA-Gd) and blue dashed line (ND-HPMA) denote
the lower and upper limit for the measured T; value in current study, respectively.

namely ND-HPMA (without Gd3t complexes) and ND-HPMA-
Gd (non-cleavable). As shown in Fig. 4b, the ND-HPMA
particles had an average measured T; value of 67.7+4.0ps,
whereas the ND-HPMA-Gd particle showed a significantly
lower value of 10.0+0.6 s in pH 7.4 buffer. In fact, we also
checked the stability of these control samples in all the buffer
conditions used in current study (see Supplementary Figs 4
and 5).

We then used the ND@pH particles (pH cleavable) to perform
time-dependent T; measurement in various conditions including
pH 2.0, 45, 6.0 and 7.4 (Fig. 4c). At physiological pH
environment (pH 7.4), we observed only a slight change for the
measured T; over a period of 1h, whereas the T
changed dramatically at acidic condition. The measured T; curve
as a function of the incubation period showed the following
behaviour (Fig. 4c): the lower the pH value the steeper the
changes in T, being consistent with our previous ICP MS
measurements (Fig. 2e). Taking a moderate pH (pH 4.5) as an
example, the release kinetics of Gd>*+ complexes (after convert-
ing T) to a Gd> ™ concentrations using Supplementary Equations,
also see Fig. 5) from ND@pH particles (7, =315.7 £ 42.8s) agree
excellently with ICP MS measurements (T, =306.41t9.95s)
(Supplementary Fig. 7). Using set of Britton-Robinson buffers
(with equal composition and ionic strength), we also investigated
the sensitivity of our sensor in the physiologically relevant pH
range (3.7-6.9) for a short measurement time frame (12 min). We
estimated the T; change rate for each measured pH and found a
monotonous dependence on pH (Supplementary Fig. 8) allowing
for accuracy of a pH difference at least ~0.7.

Furthermore, we also investigated the change in T; of
ND@redox nanosensor (cleavable at reduction conditions) in
the presence of GSH, an important antioxidant found in most of
the animal cells*®. As shown in Fig. 4d, we observed a mild
increase in the T; change rate after adding 1 mM GSH and a
significant change for 10 mM GSH, while the measured T; value
was constant before GSH addition.

We can reduce the used measurement schema into fast fixed-t
measurement by directly counting the ratio (monitoring function f)
of fluorescence signal at two fixed time points®. A large
monitoring function f value indicates a longer relaxation time. As
shown in Fig. 4e, the monitoring function fkept almost the same in
pH 7.4 buffer, but starts to increase once the pH 2.0 buffer is
introduced, indicating the increase of T; time due to Gd>™
complexes release (being consistent with data in Figs 2e and 4c).
With the fast measurement scheme, we can perform T
contrast imaging on several different NDs in a confocal scanning

6

approach. To demonstrate this, we first incubated ND@pH
particles in pH 2.0 buffer as shown in Fig. 4f, followed by
rinsing with pH 7.4 buffer and adding again freshly prepared
ND@pH particles in pH 7.4 buffer. Next, we performed fixed-t
measurement for each pixel within the chosen field of view and
reconstructed a T; contrast image shown in Fig. 4g. ND@pH
particles that were not subject to low pH (white arrows in Fig. 4g)
showed short T times, whereas particles that were subject to pH
2.0 (white triangles in Fig. 4g) showed long T; times, as most of
their loaded Gd®>* complexes had been released during pH 2.0
treatment. This is consistent with the statistical view of T;
observations for the sample ND@pH, indicating significant
different T} in two different pH buffers (pH 2.0 and pH 7.4;
Supplementary Fig. 9).

Modelling the NV relaxometry modulated by Gd*>* complexes.
To fully understand the observed effects, we started with the
model description*” and revised it to describe the function of our
nanosensors (see Supplementary Methods). As shown in Fig. 5a,
we modelled a single ND particle as a sphere and considered the
introduced Gd> complexes as randomly fluctuating spin bath
inside the polymer shell at the beginning. As the actual position of
our NV centre in the crystal is not known, we considered various
positions of the NV centre between the centre and the edge of the
sphere. By this we derive an average value of the simulated T;.
From measurements using ICP atomic emission spectroscopy
(AES), we obtained the average content of Gd3* complexes in
ND particles ~3.2%. Therefore, we can estimate the approximate
number of Gd®>* complexes is around 8,000 per particle if we
assume an average diameter of NDs as 33 nm, equivalent to the
average value obtained from our TEM measurements
(Supplementary Fig. 1). To estimate the shell thickness of the
HPMA for the given sample in the used buffer solutions, we fixed
the number of Gd®> ™ complexes inside the polymer shell and
varied its thickness to investigate the corresponding T; change. In
this way, we derive the T, value as a function of shell thickness as
shown in Fig. 5b. The measured T; of ND-HPMA-Gd is ~10 s
(Fig. 4b) pointing to ~02M Gd** concentration in our
simulation (Fig. 5b) with a ~10nm shell (insert in Fig. 5b).
This shell thickness is similar with our TEM observation in
Fig. 1c and Supplementary Fig. 1, and we used it in all further
analysis steps. One could also account for paramagnetic centres
lying on the surface of NDs*7, but as we know the relaxation rate
for the situation when the Gd> T is absent, we can use the already
gained T; time from the control sample ND-HPMA as a basis
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offset. The measured T; value was 67.7 s (Fig. 4b) for the control
sample ND-HPMA in buffer solutions. We interpreted this as the
intrinsic relaxation rate

; 1
t__
Rint — T%m

(2)

where T = 67.7ps of the nanosensors in solution and calculated
the expected relaxation T; time (Fig. 5¢) using

T]Calculated _ (Rint + RGd)71 (3)

where R is the intrinsic relaxation rate and RG9 is the simulated

relaxation rate induced by Gd>* complexes. From this, we can
deduct that we are able to detect Gd** complexes with
concentration ranging from 0.2M (~8,000 Gd*>* complexes
per particle) down to 0.001M (~40 Gd®>* complexes per
particle), corresponding to the measured highest (purple dashed
line in Fig. 5¢) and lowest (blue dashed line in Fig. 5¢) Gd
content, respectively.

Discussion

Our hybrid nanosensor achieves signal transduction, recording
and amplification simultaneously. Subtle changes in physiological
systems (weak signals) can be recorded by counting the variance
of Gd** complexes (strong interaction with NV centres) inside
the polymer shell due to a programmed chemical reaction. The
well-fitted first-order reaction equation for measured release
kinetics (Fig. 2e,f and Supplementary Fig. 7) indicates that our
nanosensor responds to changes in a single, pre-defined chemical
parameter. Importantly, the thickness of the polymer shell was
insensitive to pH and ionic strength (Fig. 2d and Supplementary
Fig. 3a). We observed neither swelling nor collapse of the polymer
shell in any of the conditions used. Consistently, we observed no
influence of these factors on T (Supplementary Fig. 3c), which is
critical for reliable and robust function of the nanosensors in
biological environments.

The excellent agreement between the experimental results
(Fig. 4b) and theoretical modelling (Fig. 5c¢) indicates the
underlying mechanism: the change in T; relaxation time is
caused by release of Gd> complexes from the polymer shell.
Precise agreement of ICP MS with T; kinetic measurements
(Supplementary Fig. 7) suggests the high accuracy and sensitivity
of the current detection method. In principle, we can monitor
gradual release down to several tens of molecules of Gd>™*
complexes (Fig. 5¢) at a single-particle level (Fig. 4e-g), which
allows us to monitor a localized chemical process occurring on an
extremely small scale (~10722-1072% mol). Although the achieved
accuracy (~0.7 pH unit) is lower compared with the current,
most sensitive measurement techniques*® (~0.1 pH unit for
intracellular measurement), our system operates in quite a broad
pH range. In contrast, for some optical pH sensors, which exhibit
a sigmoidal response towards changes in pH, their narrow
dynamic range represent often a limitation?®. Considering
practical measurements in cells, the accuracy of our sensor is
sufficient, as pH differences between extracellular space, cytosol
and some organelles are much higher than 0.7. For example, the
cytosol pH is ~ 7.4, whereas endo/lysosomal compartments show
pH ~4.5 (ref. 50). Similarly, the intracellular GSH concentrations
usually range from 0.5 to 10 mM, whereas extracellular values are
almost three orders of magnitude lower>!. These differences are
in a range well measurable by our nanosensor.

Many of the currently used nanosensors are based on
mechanisms, which are either irreversible (based on formation
or cleavage of covalent bonds) or practically irreversible, because
the formed non-covalent sensing assembly is extremely stable (for
instance, nucleic acid hybridization, antibody and aptamer

affinity probes, fluorescence resonance energy transfer sensors
utilizing cleavage reactions®?). Irreversibility is typical also for
current approaches to detect GSH>>*. The chemical nature of
our sensing mechanism also renders our scheme irreversible,
which limits the possible durations of measurements, especially
for higher cleavage rates. To enlarge the measurement window to
basically unlimited time, we are currently developing a reversibly
responding polymer coating on NDs, which operates without a
need of irreversible cleavage events.

For a typical T; measurement with an additional control
sequence using a square pulse, one needs to find the resonance
frequency and the length of used pulse to effectively invert the
spin population. This is especially important for NDs, because
their NV centres are typically arbitrary oriented and with a strain-
induced variation in resonance frequency?>. In comparison, the
used linear chirp pulse scheme simplifies T} measurements into a
single step: direct T; measurement by applying chirp pulse acting
as ‘inversion pulse’ without any preliminary measurements for
identifying the resonance frequency and pulse length. In addition,
the chirp pulse scheme results in enhanced sensitivity compared
to that with a square pulse (Fig. 3 and Supplementary Fig. 6). This
is also consistent with our simulation of NV spin state evolution
excited by different pulse scheme: the square pulse is sensitive to
the changes in microwave excitation while the linear chirp pulse
is much more robust, especially in the presence of
inhomogeneous ODMR line broadening (see Supplementary
discussion and Supplementary Fig. 10). Thus, the chirp pulse
scheme enables robust T, measurement on different NDs
simultaneously (ensemble measurement).

In conclusion, our hybrid nanosensor, owing to its versatility,
can serve as a general platform with potential applications
ranging from catalytic chemistry to cell biology and physiology,
especially for label-free three-dimensional imaging of
physiological variables by optical means. Development of
molecular-sized NDs with NV centres®>>® can further increase
the sensitivity of the current method due to improved spin
sensitivity of NV centres.

Methods

Experimental setup. In the current study, we adapted a confocal microscopy
apparatus. The laser (CNI, CW DPSS Laser 532 nm) was directed through
acousto-optic modulator (AOM) and focused onto the focal plane of a x 60 water-
immersion objective (Olympus) for the ensemble measurements and a x 60 oil
objective (Olympus) when measuring individual NDs. The fluorescence of NV
centre was filtered (long pass, cutoff at 647 nm) and collected by two avalanche
photo diode (Perkin-Elmer) in Hanbury-Brown and Twist configuration. Resonant
microwave manipulation of the NV centre was achieved using a spanned copper
wire inside a home-built microfluidic channel made of transparent poly-
dimethylsiloxane (Sylgard 184 silicone elastomer kit, Dow Corning) in the vicinity
of the optical focus. Two small plastic tubes are used to exchange the solution in
the microfluidic channel.

Preparation of ND-polymer-Gd nanosensors. Detailed descriptions for pre-
paration of fluorescent NDs with NV centres®’, their coating with HPMA polymer
and synthesis of Gd>* complexes can be found in the Supplementary Information.
Briefly, alkyne-modified HPMA-coated NDs were decorated with azide-modified
Gd>* complexes using Cu(I)-catalysed azide-alkyne cycloaddition (CuACC).
HPMA-coated NDs (10 mg in a final reaction volume of 12.8 ml of 50 mM HEPES
buffer, pH 7.4) were mixed with either non-cleavable Gd*>* complexes or Gd>*
complexes with hydrazone or disulfide linker (in final concentrations of 0.96, 1.92
and 2.4 mM, respectively), pre-mixed 0.32 mM CuSO, and 0.64 mM tris(3-
hydroxypropyltriazolylmethyl)amine ligand, and a freshly prepared solution of
sodium ascorbate (5 mM). The reaction mixture was well sealed, left for 1 h with no
stirring and washed by centrifugation with water (Gd>* conjugates with non-
cleavable linker, ND-HPMA-Gd and disulfide linker, ND@redox) or methanol
(Gd>* conjugate with hydrazone linker, ND@pH). The resulting nanosensors
were stored in water (ND-HPMA-Gd and ND@redox) or in dry methanol
(ND@pH) at 4°C.

Characterization of ND-polymer-Gd nanosensors. The morphology and size of
the particles were characterized with TEM (JEOL JEM-1011)°%. The stability and
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surface charge of HPMA-coated NDs with Gd®>* complexes were tested by

dispersing them in buffer solutions (50 mM citric acid buffer pH 2.0, 50 mM acetate
buffer pH 4.5, 50 mM HEPES buffer pH 7.4, 50 mM TRIS buffer pH 8.5 and 1.5M

PBS buffer pH 7.4) for further experiments. Dynamic light scattering and zeta

potential were recorded with a Zetasizer Nano ZS system (Malvern Instruments) at

37°C at a concentration of 0.l mgml ~ L.

To quantitatively measure the amount of Gd>* complexes released from the

nanosensors, the particles were mixed with buffer and incubated for a certain
time. Then, cleavage conditions were stopped, the particles were centrifuged
and the released Gd>* complexes in supernatant were measured with an ICP
MS 7700 (Agilent Technologies) instrument in duplicates. The non-cleavable
ND-HPMA-Gd*>* conjugate was used as a control and processed under the
same conditions. The relative release at a given time was calculated as a ratio
of the amount released to the maximum release amount. A detailed description
of these release experiments can be found in the Supplementary Information.
The total amount of Gd*> T conjugated to HPMA-coated NDs was

measured as ~3.2% (weight percentage to NDs) using ICP AES (Spectro
Arcos SOP).

Relaxation measurement with linear chirp pulse. For full T, relaxometry
measurement, laser light modulation was achieved by passing continuous wave
laser through an acousto-optical modulator for polarization and readout of NV
centres. We first applied a laser pulse for polarizing NV centres into m,=0
(initialization) and then wait for the time 7, followed by another laser pulse to

detect NV fluorescence revealing the spin state (readout). Afterwards, we applied a
similar sequence that differs from the first one, by adding a microwave pulse before
the readout. The microwave pulse (linear chirp) is generated by mixing the output

of one microwave source (SMIQ 03B, Rhode & Schwarz) with an arbitrary
waveform generator (AWG2041, Tectronixs) and amplified by a microwave

amplifier (ZHL-16W-43 4, mini circuits). The linear chirp microwave pulse starts
from 2.845 GHz and is swept over 100 MHz (covering most of the detuning range

in NDs) at certain speed. The chirp speed was kept as 10-100kHzns ~ 1. The
obtained difference in fluorescence AF(t) is proportional to the residual spin

polarization after time 7 of only those NV centres excited by microwave pulse. We
thus further normalized the obtained AF(t) (named T, contrast)®3, fitted it with a

single exponential function:

AF(7) = Ae~ /T (4)

to get an average decay constant T; value. For comparison of a chirp pulse with a

square pulse for effective spin state inversion during T, measurement, 10 pl

poly(HPMA)-coated NDs (4 mg ml ~ ! in water) were dropped in the vicinity of the

copper wire on top of cover glass and air dried. The analysed detection volume
contains more than several hundreds of NV centres, estimated on the detected

photon flux in this experiment in comparison with that detected from a single NV
centre measured with the same setup. The focal point of the laser was tuned to any

position of the dense packed NDs nearby the copper wire for ensemble
measurements (all the NDs inside the focus volume). At different microwave

power, we performed T; measurement through both square pulse and chirp pulse
with different sweeping speed. The adiabaticity factor Q is defined as the effective
Larmor precession around the effective magnetic field in the rotating frame over
the angular change of the field*>. The driving strength is defined as the effective

Rabi frequency of an ensemble of NV centres driven by an external microwave. To

quantify the performance of individual scheme in an experiment, the sensitivity
enhancement factor is calculated as ratio of power noise equivalents 0T, of the
different pulse scheme:

s rechirp
ST

_ Cchirp
= square — :
ST

EF

Csquare tchirp

where ¢ is the contrast and ¢ is the cycle time of the measurement.

NV relaxometry measurements in a microfluidic channel. For all time-depen-

dent T; measurements (Fig. 4 and Supplementary Fig. 9), the freshly prepared

nanosensor particles were dispersed in the respective buffer at a concentration of
approximately 100 pg ml ~ ! and were injected into a microfluidic channel through

the conjugated tube. In case of the ensemble measurement we used a PDMS

chamber that can be opened and covered from top. The focal point of the laser was
placed to any position inside the channel for ensemble measurements (all the free

diffusing particles). For fixed T measurement, we only collected the fluorescence

signal (F) at two fixed time points (t; =0.001 ps and 7, =20 ps) on the obtained

full T} curve of chosen ND spot and compare the change of T} by monitoring
function:

f=F(2)/F(n1) (6)

Data availability. Data supporting the findings of this study are available within

the article and its Supplementary Information files and from the corresponding
authors upon reasonable request.

8

tsquare ( 5 )

References

1.

13.

14.

15.

17.

18.

19.

20.

21.

22.

23.

24.

2

w

26.

27.

28.

29.

30.

3

—_

32.

33

34.

Orrenius, S., Zhivotovsky, B. & Nicotera, P. Regulation of cell death: the
calcium-apoptosis link. Nat. Rev. Mol. Cell Biol. 4, 552-565 (2003).
Winterbourn, C. C. Reconciling the chemistry and biology of reactive oxygen
species. Nat. Chem. Biol. 4, 278-286 (2008).

Wu, J. & Kaufman, R. J. From acute ER stress to physiological roles of the
unfolded protein response. Cell Death Differ. 13, 374-384 (2006).

He, L. & Hannon, G. ]J. MicroRNAs: small RNAs with a big role in gene
regulation. Nat. Rev. Genet. 5, 522-531 (2004).

Casey, J. R., Grinstein, S. & Orlowski, J. Sensors and regulators of intracellular
pH. Nat. Rev. Mol. Cell Biol. 11, 50-61 (2010).

Schafer, F. Q. & Buettner, G. R. Redox environment of the cell as viewed
through the redox state of the glutathione disulfide/glutathione couple. Free
Radic. Biol. Med. 30, 1191-1212 (2001).

Domaille, D. W., Que, E. L. & Chang, C. J. Synthetic fluorescent sensors for
studying the cell biology of metals. Nat. Chem. Biol. 4, 168-175 (2008).
Howes, P. D., Chandrawati, R. & Stevens, M. M. Bionanotechnology. Colloidal
nanoparticles as advanced biological sensors. Science 346, 1247390 (2014).
Zhang, J., Campbell, R. E,, Ting, A. Y. & Tsien, R. Y. Creating new fluorescent
probes for cell biology. Nat. Rev. Mol. Cell Biol. 3, 906-918 (2002).

. Schrand, A. M. et al. Are diamond nanoparticles cytotoxic? J. Phys. Chem. B

111, 2-7 (2007).

. Mochalin, V. N., Shenderova, O., Ho, D. & Gogotsi, Y. The properties and

applications of nanodiamonds. Nat. Nanotechnol. 7, 11-23 (2012).

. Zhu, Y. et al. The biocompatibility of nanodiamonds and their application in

drug delivery systems. Theranostics 2, 302-312 (2012).

Fang, C. Y. et al. The exocytosis of fluorescent nanodiamond and its use as a
long-term cell tracker. Small 7, 3363-3370 (2011).

Mohan, N,, Chen, C. S., Hsieh, H. H., Wu, Y. C. & Chang, H. C. In vivo imaging
and toxicity assessments of fluorescent nanodiamonds in Caenorhabditis
elegans. Nano Lett. 10, 3692-3699 (2010).

Balasubramanian, G. et al. Nanoscale imaging magnetometry with diamond
spins under ambient conditions. Nature 455, 648-651 (2008).

. Maze, J. R. et al. Nanoscale magnetic sensing with an individual electronic spin

in diamond. Nature 455, 644-647 (2008).

Gruber, A. et al. Scanning confocal optical microscopy and magnetic resonance
on single defect centers. Science 276, 2012-2014 (1997).

Chow, E. K. et al. Nanodiamond therapeutic delivery agents mediate enhanced
chemoresistant tumor treatment. Sci. Transl. Med. 3, 73ra21 (2011).

Kuo, Y., Hsu, T. Y., Wu, Y. C. & Chang, H. C. Fluorescent nanodiamond as a
probe for the intercellular transport of proteins in vivo. Biomaterials 34,
8352-8360 (2013).

Chu, Z. et al. Rapid endosomal escape of prickly nanodiamonds: implications
for gene delivery. Sci. Rep. 5, 11661 (2015).

Zhang, T. et al. Photoacoustic contrast imaging of biological tissues with
nanodiamonds fabricated for high near-infrared absorbance. J. Biomed. Opt. 18,
26018 (2013).

Chu, Z. et al. Unambiguous observation of shape effects on cellular fate of
nanoparticles. Sci. Rep. 4, 4495 (2014).

McGuinness, L. P. et al. Quantum measurement and orientation tracking of
fluorescent nanodiamonds inside living cells. Nat. Nanotechnol. 6, 358-363
(2011).

Kucsko, G. et al. Nanometre-scale thermometry in a living cell. Nature 500,
54-58 (2013).

. Petrakova, V. ef al. Imaging of transfection and intracellular release of intact,

non-labeled DNA using fluorescent nanodiamonds. Nanoscale 8, 12002-12012
(2016).

Dolde, F. et al. Electric-field sensing using single diamond spins. Nat. Phys. 7,
459-463 (2011).

Neumann, P. et al. High-precision nanoscale temperature sensing using single
defects in diamond. Nano Lett. 13, 2738-2742 (2013).

Toyli, D. M., Chatles, F., Christle, D. J., Dobrovitski, V. V. & Awschalom, D. D.
Fluorescence thermometry enhanced by the quantum coherence of single spins
in diamond. Proc. Natl Acad. Sci. USA 110, 8417-8421 (2013).

Doherty, M. W. et al. Electronic properties and metrology applications of the
diamond NV — center under pressure. Phys. Rev. Lett. 112, 047601 (2014).
Momenzadeh, S. A. et al. Thin circular diamond membrane with embedded
nitrogen-vacancy centers for hybrid spin-mechanical quantum systems. Phys.
Rev. Applied 6, 024026 (2016).

. Neburkova, J., Vavra, J. & Cigler, P. Coating nanodiamonds with biocompatible

shells for applications in biology and medicine. Curr. Opin. Solid State Mater.
Sci. 21, 43-53 (2017).

Slegerova, J. et al. Designing the nanobiointerface of fluorescent nanodiamonds:
highly selective targeting of glioma cancer cells. Nanoscale 7, 415-420 (2015).

. Rehor, L et al. Fluorescent nanodiamonds with bioorthogonally reactive

protein-resistant polymeric coatings. ChemPlusChem 79, 21-24 (2014).
Ermakova, A. et al. Detection of a few metallo-protein molecules using color
centers in nanodiamonds. Nano Lett. 13, 3305-3309 (2013).

| 8:14701| DOI: 10.1038/ncomms14701 | www.nature.com/naturecommunications


http://www.nature.com/naturecommunications

ARTICLE

35. Steinert, S. et al. Magnetic spin imaging under ambient conditions with sub- 57. Stursa, J. et al. Mass production of fluorescent nanodiamonds with a narrow
cellular resolution. Nat. Commun. 4, 1607 (2013). emission intensity distribution. Carbon 96, 812-818 (2016).

36. Kaufmann, S. et al. Detection of atomic spin labels in a lipid bilayer using a 58. Rehor, I. & Cigler, P. Precise estimation of HPHT nanodiamond size
single-spin nanodiamond probe. Proc. Natl Acad. Sci. USA 110, 10894-10898 distribution based on transmission electron microscopy image analysis. Diam.
(2013). Relat. Mater. 46, 21-24 (2014).

37. Sushkov, A. O. et al. All-optical sensing of a single-molecule electron spin.
Nano Lett. 14, 6443-6448 (2014).

. R ky, J. et al. Lanthanide(I1I 1 f hylphosphonat
udovsky, J. et a . ant .amde( ) comp exes ofa mono(methylphosp ona ¢ The authors thank Philipp Neumann, Thomas Héberle and Florestan Ziem for fruitful
analogue of Hydota: the influence of protonation of the phosphonate moiety on

the TSAP/SAP isomer ratio and the water exchange rate. Chemistry 11, d%scussmns, Matthias Widmann for his assistance with drawnr'lg 1llustr:at10n cartoons in
2373-2384 (2005). Fig. 1, Tomas Matousek for ICP MS measurements, and David Chvatil and Jan Stursa

(Nuclear Physics Institute AS CR, Czech Republic) for irradiation of nanodiamonds,
which was supported by grant project RVO61389005. P.C. and J.N. acknowledges the
support from the Grant Agency of the Czech Republic (Project Number 16-16336S). J.K.
and O.Z. acknowledge the support from the Grant Agency of the Czech Republic (Project
Number 16-03156S). ].W. acknowledges funding by the DFG via SPP 1601 and FOR
1493, the Volkswagenstiftung and the EU via the IP DIADEMS.

3 Acknowledgements

josd

39. Forsterovd, M. et al. Thermodynamic study of lanthanide(IIl) complexes with
bifunctional monophosphinic acid analogues of Hydota and comparative
kinetic study of yttrium (III) complexes. Dalton Trans. 535-549 (2007).

40. Kotkova, Z. et al. Cyclodextrin-based bimodal fluorescence/MRI contrast
agents: an efficient approach to cellular imaging. Chemistry 16, 10094-10102

(2010).
41. Havlik, J. et al. Benchtop fluorination of fluorescent nanodiamonds on a
preparative scale: toward unusually hydrophilic bright particles. Adv. Funct. Author contributions
Mater. 26, 4134-4142 (2016). Z.Q.C., P.C. and J.W. conceived the idea. T.R. designed and carried out all the optical
42. Hruby, M., Kondk, C. & Ulbrich, K. Polymeric micellar pH-sensitive drug measurements. J.N., 0.Z. and ].K. performed all materials synthesis and characterization.
delivery system for doxorubicin. J. Control Release 103, 137-148 (2005). A.Z. prepared all the buffer solution involved in optical measurements and participated
43. Hiberle, T., Schmid-Lorch, D., Reinhard, F. & Wrachtrup, J. Nanoscale nuclear  in the optimization for optical measurements. T.R. carried out the theoretical calcula-
magnetic imaging with chemical contrast. Nat. Nanotechnol. 10, 125-128 tions. T.R., Z.Q.C. and P.C. analysed the data. ].W. supervised the project. Z.Q.C., P.C.
(2015). and J.W. wrote the manuscript with the comments from all co-authors. All authors

44. Niemeyer, . et al. Broadband excitation by chirped pulses: application to single  discussed the results and commented on the manuscript.
electron spins in diamond. New J. Phys. 15, 033027 (2013).

45. Garwood, M. & DelaBarre, L. The return of the frequency sweep: designing
adiabatic pulses for contemporary NMR. J. Magn. Reson. 153, 155-177 (2001).

46. Wu, G,, Fang, Y.-Z, Yang, S., Lupton, J. R. & Turner, N. D. Glutathione
metabolism and its implications for health. J. Nutr. 134, 489-492 (2004).

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

47. Tetienne, J.-P. et al. Spin relaxometry of single nitrogen-vacancy defects in
‘(izigrg(;nd nanocrystals for magnetic noise sensing. Phys. Rev. B 87, 235436 Competing financial interests: The authors declare no competing financial interests.
48. Ray, A., Yoon, H. K,, Lee, Y. E. K., Kopelman, R. & Wang, X. Sonophoric Reprints and permission information is available online at http://npg.nature.com/
nanoprobe aided pH measurement in vivo using photoacoustic spectroscopy. reprintsandpermissions/
Analyst 138, 3126-3130 (2013).
49. Wencel, D., Abel, T. & McDonagh, C. Optical chemical pH sensors. Anal. How to cite this article: Rendler, T. et al. Optical imaging of localized chemical
Chem. 86, 15-29 (2013). events using programmable diamond quantum nanosensors. Nat. Commun. 8, 14701
50. Grant, B. D. & Donaldson, J. G. Pathways and mechanisms of endocytic doi: 10.1038/ncomms14701 (2017).
recycling. Nat. Rev. Mol. Cell Biol. 10, 597-608 (2009).
51. Lushchak, V. I. Glutathione homeostasis and functions: potential targets for Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
medical interventions. J. Amino Acids 2012, 736837 (2012). published maps and institutional affiliations.

52. Howes, P. D., Chandrawati, R. & Stevens, M. M. Colloidal nanoparticles as
advanced biological sensors. Science 346, 1247390 (2014).

53. Jung, H. S., Chen, X,, Kim, J. S. & Yoon, J. Recent progress in luminescent and This work is licensed under a Creative Commons Attribution 4.0

colorimetric chemosensors for detection of thiols. Chem. Soc. Rev. 42, International License. The images or other third party material in this

6019-6031 (2013). article are included in the article’s Creative Commons license, unless indicated otherwise
54, Wang, K., Peng, H. & Wang, B. Recent advances in thiol and sulfide reactive in the credit line; if the material is not included under the Creative Commons license,
probes. J. Cell Biochem. 115, 1007-1022 (2014). users will need to obtain permission from the license holder to reproduce the material.

55. Vlasov, L L et al. Molecular-sized fluorescent nanodiamonds. Nat. Nanotechnol. ~ To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
9, 54-58 (2014).

56. Boudou, J.-P. et al. Fluorescent nanodiamonds derived from HPHT with a size
of less than 10nm. Diam. Relat. Mater. 37, 80-86 (2013). © The Author(s) 2017

| 8:14701| DOI: 10.1038/ncomms14701 | www.nature.com/naturecommunications 9


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/naturecommunications

	title_link
	Results
	Design of ND-polymer-Gd multifunctional nanosensors

	Figure™1Basic principle of a ND-based multifunctional sensor.(a) Cartoon showing the sensing mechanism of a ND-polymer-Gd hybrid nanosensor in response to a local environmental change. The Gd3+ complexes (spin labels attached to the polymer shell on the N
	Chemical engineering and characterization of the ND surface

	Figure™2Design and characterization of ND-polymer-Gd hybrid nanoscale sensors.(a) Chemical structure of the polymer interface with Gd3+ complexes attached via a non-cleavable and two types of cleavable linkers. The specific release mechanisms for (b) pH-d
	Robust NV spin relaxometry utilizing a linear chirp pulse
	Microfluidic measurement of nanosensors

	Figure™3Robust relaxation measurement with linear chirp pulse.(a) Schematic cartoon showing the used optical and microwave pulse sequence for T1 relaxation measurement. (b) Comparison of experimentally extracted contrast of T1 relaxation measurement with 
	Figure™4In situ measurements in a microfluidic channel.(a) Schematic cartoon showing the ensemble measurements on the averaged T1 of ND particles diffusing through the confocal volume. (b) Typical T1 ensemble measurement of ND-HPMA and ND-HPMA-Gd (with no
	Modelling the NV relaxometry modulated by Gd3+ complexes

	Figure™5Simulation for the influence of Gd3+ complexes on relaxometry.(a) The ND is modeled as a sphere with diameter d coated with polymer with thickness L. The Gd3+ complexes embedded in the polymer layer acts as a randomly fluctuating spin bath. The NV
	Discussion
	Methods
	Experimental setup
	Preparation of ND-polymer-Gd nanosensors
	Characterization of ND-polymer-Gd nanosensors
	Relaxation measurement with linear chirp pulse
	NV relaxometry measurements in a microfluidic channel
	Data availability

	OrreniusS.ZhivotovskyB.NicoteraP.Regulation of cell death: the calcium-apoptosis linkNat. Rev. Mol. Cell Biol.45525652003WinterbournC. C.Reconciling the chemistry and biology of reactive oxygen speciesNat. Chem. Biol.42782862008WuJ.KaufmanR. J.From acute 
	The authors thank Philipp Neumann, Thomas Häberle and Florestan Ziem for fruitful discussions, Matthias Widmann for his assistance with drawing illustration cartoons in Fig.™1, Tomas Matousek for ICP MS measurements, and David Chvatil and Jan Stursa (Nucl
	ACKNOWLEDGEMENTS
	Author contributions
	Additional information




