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Alkali metal ions such as sodium and potassium cations play fundamental roles in biology. De-
veloping highly sensitive and selective methods to both detect and quantify these ions is of consid-
erable importance for medical diagnostics and bioimaging. Fluorescent nanoparticles have emerged
as powerful tools for nanoscale imaging, but their optical properties need to be supplemented with
specificity to particular chemical and biological signals in order to provide further information about
biological processes. Nitrogen-vacancy (NV) centers in diamond are particularly attractive as fluo-
rescence markers, thanks to their optical stability, biocompatibility and further ability to serve as
highly sensitive quantum sensors of temperature, magnetic and electric fields in ambient conditions.
In this work, by covalently grafting crown ether structures on the surface of nanodiamonds (NDs),
we build sensors that are capable of detecting specific alkali ions such as sodium cations. We will
show that the presence of these metal ions modifies the charge state of NV centers inside the ND,
which can then be read out by measuring their photoluminescence spectrum. Our work paves the
way for designing selective biosensors based on NV centers in diamond.

I. INTRODUCTION

Alkali ions such as sodium and potassium play an es-
sential role in biological systems and their concentration
is tightly regulated and vary in different bodily fluids.
For example, sodium and potassium ions are responsible
for maintaining fluid and electrolyte balance: the typical
Na+ concentration is 135-150 mM in human blood and
only less than 30 mM in intracellular fluid, while these
proportions are inverted for K+ – below 5 mM in blood
and about 150 mM in intracellular fluid [1, 2]. Fluctua-
tions in their concentrations are usually problematic and
can lead to various physiological disorders and diseases,
including cardiovascular disease and hypertension [3, 4].
Measurement of their concentrations would thus be of
great interest both in understanding the functions of the
ions for studying cellular physiology and in clinical ex-
aminations.
Clinical laboratories typically use ion-selective elec-

trodes [5] or flame photometry [6] to perform measure-
ments, but these techniques require a sample volume
as large as several mL. To overcome this issue while
achieving a high spatial and temporal resolution, small
molecule-based fluorescence sensors would be favorable.
Developing small molecular or nanoparticle probes for
sodium or potassium ions has seen substantial advances
in recent years [1, 2, 7, 8]. Unlike instrumentation meth-
ods in clinical labs, these probes could not only provide a
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good spatio-temporal resolution but also potentially cross
the cell membrane and be used for intracellular measure-
ments.

One of the key challenges for designing such ion sen-
sors is to distinguish the target from other common metal
ions. As an example, a sodium sensor should be able to
tell the difference between sodium (Na+) and other high-
concentration ions in biological system, such as potas-
sium (K+), magnesium (Mg2+) and calcium (Ca2+) ions.
In this context, the crown ether family has been widely
used in designing alkali metal sensors thanks to its capa-
bility of binding alkali ions selectively [9]. Crown ethers
are cyclic chemical compounds that consist of a ring con-
taining several ether groups, which can bound specific
cations inside the ring. For example, 18-crown-6 is known
to have a high affinity for potassium cation whereas 15-
crown-5 for sodium cation and 12-crown-4 for lithium
cation. Using crown ether together with a fluorescent
moiety, highly sensitive metal ion sensor can then be
built [9, 10]. However, the fluorescent dye molecules used
by most of the existing metal ion sensors can suffer from
photobleaching and fast efflux from cells after loading.
Nanoparticles, on the other hand, might provide stable
fluorescent signal and last long in cells [11, 12]. In par-
ticular, nanodiamonds (NDs) are bio-compatible and can
have stable fluorescence due to inner spin defects, the
most-studied one of which is the nitrogen-vacancy (NV)
center. The NV center is a point defect in diamond lat-
tice consisting of a substitutional nitrogen atom with an
adjacent vacancy. The negatively-charged NV− defect
has a triplet ground state energy with a zero-field split-
ting of (2π)2.87 GHz and can show quantum effects even
at room temperature. In recent years, the NV system
has been widely used in various quantum applications
such as quantum sensors [13–18] and quantum informa-
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FIG. 1. a. Schematics of the ion sensor. NV center-containing NDs are firstly coated with crown ether. Upon their introduction,
sodium cations will be trapped in the 15-crown-5 compounds. b. Energy band schematic of diamond-air interface. Positive
charges on the diamond surface lead to upward bending of the conduction band (CB) and valence band (VB) as well as the

NV−/0 transition level. The dashed line indicates the Fermi level. NV0 is the dominant NV charge state when the NV−/0

transition level is above the Fermi level, while NV− dominates in the opposite case. The surface density of Na+ is taken to
be 0.1 nm−2 here. c. Energy band structure when the surface density of Na+ is 1 nm−2 d. Simulated fraction of negatively
charged NV states versus surface Na+ density. e. Generalization into other type of crown ethers, which can selectively bind
certain cations and form complexes.

tion processors [19, 20]. In particular, the NV defect
is known to be highly sensitive to certain external sig-
nals such as magnetic fields and surrounding charge en-
vironments. Depending on the local charge distributions
and external electrical manipulations, the NV state could
have dynamical transitions between the widely-studied
negative NV− state and a neutral state NV0 [21]. The
charge state of NV centers can then serve as a meter to
yield the information of its environment [18, 22–25].

In this work, we design and demonstrate an alkali ion
sensor based on NV centers in crown-ether-functionalized
nanodiamonds. As a proof-of-principle example, we use
15-crown-5 to detect sodium ions. The formation of 15-
crown-5-Na+ complexes on nanodiamond surface will suf-
ficiently modify the charge environment of the NV cen-
ters inside, and thus alter the charge states of NV defects.
We thus measure the photoluminescence (PL) emission
spectrum of NV defects in nanodiamonds under continu-
ous green laser illumination, from which we can extract
the fraction of each NV charge state. We find that the
NV’s charge state is influenced both by the surface charge
profile and by the power of illumination laser. To demon-
strate the sensor’s capability in detecting the ions pres-
ence we exploit the emergence of a distinctive laser power

dependence of the NV− fraction’s upon introduction of
sodium cations in the sample, that is clearly different
from the pure ND dependence. We further demonstrate
the specificity of the NV-based sensor by several control
experiments. While we uses 15-crown-5 in our proof-of-
principle experiments, we remark that a different type
of crown ether structure can be adapted to probe other
alkali ions, including lithium, potassium and cesium ions.

II. RESULTS

A. Principles of the sensor

We start by introducing the basic detection mechanism
of the sensor. As shown in Fig. 1(a), a fluorescent ND
with initial carboxyl group terminations is firstly coated
with crown ether via covalent bond. This yields a neutral
surface layer in contrast to the negative layer due to the
carboxyl groups. Due to the chelate effect and macro-
cyclic effect, depending on its cavity size, crown ether
exhibits strong affinities for specific alkali ions [9, 10].
Upon introducing these ions, stable complexes will form,
which in turn lead to positive charges on the ND surface.



3

550 600 650 700 750 800

wavelength (nm)

0

0.2

0.4

0.6

0.8

1

In
te

n
s
it
y
 (

a
.u

.)

[NV
-
] = 0.754

Experiment

NV
0

NV
-

total fit

10
2

10
3

Laser power [ W]

0

0.2

0.4

0.6

0.8

1

[N
V

- ]

Spot1

Spot2

Spot3

Spot4

a b c

FIG. 2. a. Typical PL spectrum for unfunctionalized NDs (carboxyl-terminated) acquired under 532 nm laser illumination.

We perform linear fitting of the spectrum to extract the fraction of NV− charge state. The peak-normalized NV−(0) spectrum
is from reference [26]. The Raman peak at around 547 nm is attributed to the silicon wafer over which we deposit our samples.
Oscillations of PL intensity after 700 nm are due to the etaloning effect on the CCD camera. b. Distribution of NV− fraction
for carboxyl-terminated NDs in the absence and presence of sodium ions. The laser power is fixed to be 0.5 mW. Sodium
cations are added via mixing NaCl solutions with samples of interest hereafter. c. Typical laser power dependence of NV−

fraction of carboxyl-terminated NDs for four different spots. The errorbars are the fitting errors (5 percent). Inset shows the
recombination and ionization processes of the two NV charge states.

For example, the 15-crown-5 structure we studied in this
work can strongly bond Na+ and form complexes, while
its interaction and affinity with K+ are weak. While we
focus on 15-crown-5 and sodium cation in this work, the
scheme is general and can be extended to probe other
alkali or alkaline earth metal ions using different types of
crown ethers. For example, in Fig. 1(e) we show the case
of detecting Li+ and K+.

The accumulated charges on the ND surface can ef-
fectively result in bending of the valence band and con-
duction band in the diamond lattice [18, 25, 27]. Sim-
ilar as hydrogen-terminated diamond [27, 28], as shown
in Fig. 1(b-c), a positive charge layer on the surface can
lead to upward bending of both bands and the bending of
the NV−/0 level, which indicates the energy at which the
NV defect loses or takes up one electron. In other words,
this transition level indeed corresponds to the transition
from the neutrally to the negatively charged NV states.
When its relative position with respect to Fermi level is
lower (higher), the defect tends to absorb (lose) one elec-
tron. Due to the positive charge layer on the surface,
when close to the surface, this transition level is shifted
above the Fermi level (dashed line in Fig. 1(b-c)) and
then the NV defect is ionized from NV− to NV0. This
effect is particularly important for shallow NVs or NVs
in ND, while at larger depths the band bending effect is
weak and the Fermi level is above the NV−/0 level and
the dominant charge state would be NV−. We note that
the NV0 can further lose an electron and becomes a non-
fluorescent state NV+ [21], which is inaccessible here.

To quantitatively characterize the above model, we
perform numerical simulations to study the relative ratio
of different NV states (see Methods for detailed infor-
mation). The NV−/0 level corresponds to the ground
state of NV−. It’s predicted to be in the band gap and
it’s 2.8 eV above the valence band maximum [21]. In

Fig. 1(c) we show the simulated band bending effect due
to sodium cations on the surface of ND with a diame-
ter of 40 nm when the surface ion density is 1 nm−2.
At a depth of 12.5 nm, we observe that the dominant
species of NV defects switches from neutrally to nega-
tively charged states. We note that close to the surface,
the valence band is shifted above the Fermi level, indi-
cating p-type surface conductivity due to the formation
of a two-dimensional hole gas. With Fermi-Dirac distri-
bution, one can then extract the fraction of NV− as a
function of surface cation density (here we use sodium
ion as an example). As expected, in Fig. 1(d) we ob-
serve that a larger density of cations on the ND surface
will serve as electron acceptor, thus leading to a smaller
NV− fraction in the diamond lattice.

B. Experiments

To demonstrate the proposed mechanism for ion sens-
ing, we coat NDs with 15-crown-5 via EDC coupling
(see Methods for details) and use the sensor to detect
sodium cations. In order to measure the change of NV−

fraction induced upon the surface charge, we measure
the spectrum of nanodiamond ensembles using a Raman
spectroscopy (see Methods for details). NV− and NV0

have different PL spectra [26, 29], in particular, the zero-
phonon-line (ZPL) of NV− is at 637 nm while it is 575
nm for NV0. To approximately determine the NV− frac-
tion, we fit the acquired spectrum of our samples I(λ) to
a linear combination of spectrum of NV− and NV0:

I(λ) = a{[NV −]I− + (1− [NV −])I0}, (1)

where I−(0) denotes the peak-normalized spectrum for

a NV−(0) and a is a normalization factor. In Fig. 2(a)
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FIG. 3. a. PL spectrum of NDCE5 under different illumination powers. b. Typical laser power dependence of NV− fraction
for various samples. Measurements are performed in order of increasing power. c. Memory curve of NDCE5 sample. The solid
curve were first measured in power ascending order and then we went back to low powers (dashed line, in power descending
order). d. Comparison of different samples using the coordinates of maximal reachable NV− fraction and absolute change
of NV− fraction when one varies illumination power. The lighter data points show the results for individual spots, while the
opaque data is the average results of different samples. The dashed line is when the change of NV− fraction equals the maximal,
i.e., when starting from [NV−]=0 at low power.

we give an example of a typical spectrum for carboxyl-
terminated nanodiamonds measured under continuous
532 nm laser illumination. The fitting here yields that
the fraction of NV− is [NV−] = 0.754, which is compa-
rable to the value observed in bulk diamond [22, 30].

As a control test, we first demonstrate that the charge
state of NV centers in the carboxyl-terminated nanodi-
amonds (labelled as ND in the plots) is not sensitive to
sodium cations. First, the ion itself shows no fluorescence
under 532 nm laser. Then, as plotted in Fig. 2(b), the dis-
tribution of [NV−] shows little dependence on the concen-
tration of sodium ions. The laser power here is fixed to be
0.5 mW. We further present typical illumination power
dependence curves of [NV−] for these unfunctionalized
NDs in the absence of external ions (Fig. 2(c)). The
green excitation dynamically modulates the NV charge
state between neutral and negative. Due to NV’s suc-
cessive absorption of two photons with wavelength less
than 637 nm (corresponds to 1.946 eV), an extra elec-
tron of NV− can be ejected into the conduction band.
The first photon pumps the NV− from ground state to
excited state while the second photon takes the electron

to the conduction band. In the opposite case, a neutrally
charged NV defect can take up one electron from the dia-
mond valence band band via absorption of a photon with
energy larger than 2.156 eV (wavelength 575 nm). Under
532 nm illumination here, both the electron-NV recom-
bination and the NV− ionization processes can happen,
yielding an equilibrium NV− fraction around 0.7. Again,
this is similar as NV centers in bulk diamond [22, 30]. To
further study the power dependence of the recombination
or ionization process separately, another laser with longer
wavelength (for example, 632 nm) is required to induce
one-directional charge conversion process while suppress-
ing the reverse one.

We then switch to the crown-ether-functionalized nan-
odiamond sample and measure its fluorescence spectrum
under the same 532 nm laser illumination. The mea-
surement is performed from low laser power to high
power chronologically. Fig. 3(a) clearly shows that now
the emission spectrum for 15-crown-5 coated nanodia-
mond (labelled as NDCE5 hereafter) is power-dependent.
When one increases the laser power, the spectrum shifts
rightward, corresponding to an increasing NV− fraction.
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We note that overall the fraction of negative charge state
for NDCE5 is smaller than unfunctionalized ND even
when the laser power is high. This can be attributed to
the fact that NDCE5 is supposed to have neutral charge
on the surface, while the carboxyl-terminated NDs tend
to have negatively charged surface.

For a comparison, we then show the the power-
dependence of [NV−] for different samples in Fig. 3(b).
While for unfunctionalized NDs we observe no depen-
dence on illumination power, for all crown-ether-coated
samples studied in this work, we see that when the power
is low the NV− fraction is approximately zero and it then
keeps increasing as a function of illumination power. A
similar phenomenon has been observed in near-surface
shallow NV centers [22] and this is in contrast to NV
centers in certain bulk samples [29], where the NV−-to-
NV0 ratio decreases as a function of the laser intensity.
The power dependence observed here emerges from the
interplay between the ionization and recombination rates
and the charge transfer rate from NV− to neighboring
traps [22, 31]. These trap states are likely originated
from neighboring defects such as vacancy complexes.

While the NDCE5 curve typically shows a saturated
fraction of about 0.5, after adding sodium cations, the
NV− fraction is considerably lower than 0.5 (usually be-
low 0.4) even at high laser power. We attribute this to the
positive charge on ND surface yielding the band bend-
ing effect. We further show the data for NDCE5 in the
presence of potassium ions. In contrast to sodium ions,
15-crown-5 has low affinity for potassium cation and the
sample shows a high [NV−] at large laser power.

We note that we observe a memory effect for the
NDCE5 sample studied above. That is, after finishing
the spectrum measurement at high laser power, we set
the power to low values and re-evaluate the properties
of spectrum. Fig. 3(c) shows that the NV− fraction re-
mains at a high value (above 0.5) even when the laser
power is set as low as 50 µW. The memory effect per-
sists for at least hours. While a detailed study on the
charge dynamics and electron transfer process is needed,
we suspect that high laser power preferentially transfers
an excess electron from local traps to the NV defect [22].

Finally, in Fig. 3(d) we summarize the results for var-
ious samples we evaluated. Here we plot the absolute
change of [NV−] as a function of the maximal [NV−] the
sample can achieve at high illumination power. We note
that in the presence of sodium ions, the maximal frac-
tion is considerably lower than other samples, including
NDCE5 and unfunctionalized NDs. Again, this is due to
the fact that 15-crown-5 can form complexes with sodium
cations, leading to a positive charge layer on the ND sur-
face. This in turn results in the band bending effect and
thus in a lower NV− fraction even when the laser illu-
mination power is high. Surprisingly, we find that in the
presence of K+, at high power most of the NV defects can
be converted to NV−. Further study is needed to inves-
tigate the interaction between 15-crown-5 and potassium
cations.

III. DISCUSSIONS

While our results demonstrate that the NV charge ra-
tio can be used to detect the presence of targeted cations,
the large inhomogeneities in the ND properties prevented
us from obtaining quantitative results on the [NV−] den-
sity. As our experimental setup lacked the ability to re-
peatedly addressing the same ND, we had to perform
measurements over many spatial spots to average out
the inhomogeneities among NDs and extract significant
differences as a function of sample properties. The inho-
mogeneities in fluorescence intensity, initial charge ratio
and ionization(deionization) rates are induced by vari-
ous factors, including inefficient surface coating of crown
ether, spatial density profile of NV centers and nitrogen
atoms, as well as distinct local charge environments. A
well-calibrated, single ND sensor would avoid this costly
repeated measurement process to extract the behavior
distribution, and greatly improve the sensitivity of the
sensor. NV centers with pre-characterized local charge
environments and surface charge densities might be used
to reduce the overhead in measuring many spatial spots.
While we used an all-optical approach to read out

the charge state information of NV defects via their PL
spectrum measurement, we remark that one might ex-
tract the same information from the signal contrast of
optical-detected magnetic resonance (ODMR), given the
fact that NV0 and NV− have distinct ground state spin
configurations. A larger NV− fraction will yield a better
signal contrast at the resonance frequency (2.87 GHz in
the absence of external magnetic fields). In this case, a
microwave pulse would be required for the ODMR exper-
iment. With the help of microwave, the surface charge
layer might also be probed by monitoring the transverse
relaxation time of the NV− charge state, as it can induce
fluctuating electrical field that can interact with the NV
centers shortening its relaxation time [32, 33].
In conclusion, we designed a sodium ion sensor based

on NV centers in crown-ether-functionalized nanodia-
monds. The charge state of NV centers shows a strong
dependence on the surface charge profile and can be de-
tected by measuring the PL spectrum of NV centers.
While we focused on sodium cations here, the sensing
mechanism can be extended to detect other ions such
as K+ by changing the surface crown ether structures.
These NV-based sensors have a stable PL signal and can
provide excellent spatial resolutions, thus opening new
opportunities for monitoring ion concentrations in bio-
logical systems and for cellular physiology.
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Appendix A: Experiment details

1. Nanodiamond sample

The nanodiamonds (Adamas Nanotechnologies,
NDNV40nmHi10ml) in this work had an average size of
35-40 nm and were milled from high pressure high tem-
perature (HPHT) micro-size particles. Before milling,
these particles were irradiated with 2-3 MeV electrons
followed by annealing at 850◦C for 2 hrs. Substitutional
nitrogen content in the starting micro-size material was
around 100 ppm, while the concentration of NV defect
is found to be 1-2 ppm, corresponding to around 12-14
color centers per 40 nm nanoparticle [34].

2. Chemical synthesis and characterization

Commercial reagents were purchased from Sigma-
Aldrich and TCI and used as received unless otherwise
noted. Following reported procedures [35, 36], nanodi-
amonds were first treated with a mixture of acids to
remove the surface graphite contaminants and metal-
lic impurities, generating carboxyl groups for the sub-
sequent functionalization by EDC coupling. In par-
ticular, nanodiamonds were dispersed in a 3:1 mix-
ture of concentrated sulfuric acid and nitric acid and
stirred overnight at room temperature. After neutral-
ization with aqueous NaOH (1 M), the resulting nan-
odiamonds were cleaned using several centrifugation,
washing, and redispersion cycles with Milli-Q water.
EDC coupling with amino crown ether was performed

by adding an excess of 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride and 2-aminomethyl-15-
crown-5 to the nanodiamonds dispersion and the reac-
tion mixture was stirred overnight at room temperature,
followed by several centrifugation, washing, and redis-
persion cycles with Milli-Q water. The resulting nanodi-
monds were characterized by a Bruker Alpha II FTIR
spectrometer with a Diamond Crystal ATR (attenuated
total reflectance) accessory and a K-alpha+ X-ray Photo-
electron Spectrometer system (Thermo Scientific) using
a Al Kα radiation source (Fig. 4).

3. Spectrum measurement and fitting

The photoluminescence (PL) spectrum of the NV cen-
ters under 532 nm laser excitation is collected via a confo-
cal Raman microscope (Renishaw inVia microscope with
a 1024 × 256 pixel CCD camera) at room temperature.
We put the samples on a silicon wafer to avoid unwanted
Raman peaks.
To approximately extract the fraction of NV− charge

state we first peak-normalize the measured curves and
then perform linear fitting of the spectrum from 560 nm
to approximately 750 nm based on the single NV− and
NV0 reference spectra [26].

Appendix B: Simulations

To qualitatively understand the change of NV charge
state in the presence of surface charges, numerical sim-
ulations are performed. We first assume rapid thermal
equilibrium state after the photoexcitation process of the
NV centers [25, 27]. The charge state of NV center
is then exclusively governed by the relative position of
the NV−/0 charge transition level with respect to the
Fermi level, neglecting the complex ground, excited and
metastable states of all defect states. We first perform
numerical simulations of the band bending effect using
the nextnano software [37], a tool for simulation of elec-
tronic semiconductor nanodevices. With realistic param-
eters, one can use it to calculate the band structure of
multi-dimensional devices.
In this work, we perform three-dimensional simulations

on a nanodiamond of spherical shape with a diameter
d = 40 nm. In the simulation, the Poisson equation is
discretized on a grid with grid size 0.5 nm using the fi-
nite differences method and solved iteratively in a self-
consistent manner. The Poisson equation is coupled with
the single-band effective mass Schrödinger equation via
the charge density, as described by the wave functions in
the diamond [25, 27]. Negative charge (electron) donors
in the lattice mainly include the substitutional nitrogen
atoms (ionization energy 1.7 eV) and here we take their
concentration to be 100 ppm (as expected from the ND
used in experiments) and assume uniform distributions
as a function of depth below the diamond surface. We



7

a b c

FIG. 4. Characterization of NDCE5 sample. a. FT-IR spectrum of NDCE5. b-c. XPS C 1s and N 1s spectra of NDCE5.

take the nitrogen-to-NV conversion ratio to be 1%, cor-
responding to a total NV defect concentration of 1 ppm.
The boundary condition is determined by the surface
charges (depth x = 0) that are contributed by the 15-
crown-5-Na+ complexes or 15-crown-5 structures. Con-
sidering the strong affinity for sodium cation of 15-crown-
5, we assume that the density of surface crown ethers is
identical to the density of surface positive ions.

After getting the relative position of the charge tran-
sition level E−/0 with respect to the Fermi level EF , we
use the Fermi-Dirac distribution to extract the average

fraction of NV− charge state at depth x:

〈n−(x)〉 =
1

1 + e(E−/0−EF )/kBT

where kB is the Boltzmann constant and T = 300 K is
the temperature. The total fraction of NV− in the whole
nanodiamond lattice with radius r can then be calculated
by performing the integral

[NV −] =

∫ r

0

〈n−(x)〉g(x)dx

where g(x) is the normalized NV defect density profile in
the diamond lattice, i.e.,

∫ r

0
g(x)dx = 1. In our simula-

tions, we assume uniform distributions of NV defects.
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