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Characterizing the performance of fluorescence microscopy and nonlinear imaging systems is an essential step
required for imaging system optimization and quality control during longitudinal experiments. Emerging multi-
modal nonlinear imaging techniques require a new generation of microscopy calibration targets that are not
susceptible to bleaching and can provide a contrast across the multiple modalities. Here, we present a nanodia-
mond-based calibration target for microscopy, designed for facilitating reproducible measurements at the object
plane. The target is designed to support day-to-day instrumentation development efforts in microscopy labora-
tories. The images of a phantom contain information about the imaging performance of a microscopy
system across multiple spectral windows and modalities. Since fluorescent nanodiamonds are not prone to bleach-
ing, the proposed imaging target can serve as a standard, shelf-stable sample to provide rapid reference measure-
ments for ensuring consistent performance of microscopy systems in microscopy laboratories and imaging
facilities. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.434236

1. INTRODUCTION

Recent advances in nonlinear optical imaging microscopy tech-
niques have increased the adoption of nonlinear imaging
modalities that rely on high-intensity illumination for
imaging [1–4]. As a result, calibrating the performance of these
imaging systems poses a new set of requirements on the “stan-
dard samples” that may be used to assess the imaging perfor-
mance. While a new generation of microscopy calibration
targets is under active development [5–7], there is still a need
for a convenient and shelf-stable alternative to fluorescent beads
that are typically relied on to provide rapid insight into the im-
aging performance of a microscope.

While there are multiple techniques for assessing and
troubleshooting the imaging quality of a multiphoton fluores-
cence microscope, most of them rely on access to the internal
structure of the microscope. A combination of beam profile
measurements, polarization, and pulse width, in conjunction
with wavefront sensing techniques for assessing the optical

system alignment, can provide granular insight into the perfor-
mance characteristics of a microscope.

At late stages of refining and maintaining a microscopy sys-
tem, tests based on imaging standard samples are commonly
used for benchmarking and fine-tuning. Imaging of commer-
cial fluorescent beads is one of the most common approaches,
because point sources can be used for both (A) rapid visual as-
sessment of image quality and (B) quantitative assessment of
the point spread function and optical transfer function of
the microscope. Fluorescent beads are also suitable for rapid
measurements to indicate the presence of aberrations that
might be present due to system alignment drift over time.

However, measuring changes in excitation efficiency for dif-
ferent imaging channels is challenging because phantoms that
are based on fluorescent dyes are prone to rapid bleaching. To
partially counteract this, a fresh imaging sample needs to be
prepared each time, which is not only time-consuming but also
requires care to be taken to avoid imaging the same beads for
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too long before they bleach. Bleaching can be slowed through
the use of novel fluorescent agents such as quantum dots; how-
ever, this only partially solves the issue by extending the imag-
ing time [8], and ultimately quantum dots are still prone to
bleaching [9,10].

Fluorescent nanodiamonds have excellent photostability
and do not show any signs of bleaching over a period of several
hours [10–12]. The fluorescence in nanodiamonds is emitted
by the defects in the lattice. Over 500 color centers have been
characterized [13], emitting from the deep ultraviolet to the far-
infrared ends of the optical spectrum [14]. For our purpose,
two color centers are of particular interest because of their com-
mercial availability: the nitrogen-vacancy (NV) and the nitro-
gen-vacancy-nitrogen (NVN) centers. The emission of an NV
center is centered around 680 nm [15], while NVN emission is
centered around 580 nm [16]. Fluorescence lifetimes up to a
few tens of nanoseconds were reported for fluorescent nanodia-
monds prepared using different methods [17]. Additionally,
diamond nanoparticles have been shown to produce second-
harmonic generation (SHG) and third-harmonic generation
(THG) [18,19]. Obviously, due to a high refractive index, they
are also visible in reflection and transmission microscopy modes
as well [20]. Aforementioned imaging contrast mechanisms are
also summarized in Table 1 (Appendix B).

Natural variability of shape and fluorescent properties of
individual particles [21] have affected the development of cal-
ibration targets that use the fluorescent nanodiamonds as a con-
trast agent. One way to overcome the variability is through the
use of arrays of lithographically defined patterns with clusters of
nanodiamonds adherent to the predefined grid patterns [22].
Unfortunately this process could not ensure the presence of sin-
gle diamonds in specific locations. Alternatively, grids of
single color centers can be achieved by using laser writing to
create the fluorescent centers inside of bulk diamond [23].
This process, however, is resource-intensive, and the high re-
fractive index of diamond (n � 2.4) [24] does not represent
imaging conditions that are typically encountered in biomedi-
cal imaging.

Here we propose a nanodiamond-based, shelf-stable imag-
ing phantom, which allows image frequency spectrum analysis
for assessing changes in optical transfer function in the micro-
scope. The structure of the phantom also allows intuitive visual
assessment of a microscope imaging performance. A stable
structure of the phantom does not pose any special require-
ments for storage conditions. To facilitate the repeated
measurements, we have combined a sparse layer of nanodia-
monds with a laser-defined grid (Fig. 1). Fluorescent nanodia-
monds can provide various forms of contrast simultaneously
across SHG, THG, two-photon fluorescence (2PF), three-
photon fluorescence (3PF), scattering, and many other imaging
techniques and/or modalities. Here, we demonstrate practical
implementation of a microscope calibration target that can be
used as a reference for microscopy system development pur-
poses. We anticipate that nanodiamond-based calibration tar-
gets will be useful for optical instrumentation developers and
for imaging facilities to rapidly assess the imaging performance
of microscopes. Additionally, we expect that for microscope
users, an image of a standard sample taken before each imaging

session can provide for quality control of system performance
during longitudinal or comparative studies [25–27] or for im-
age normalization during image data analysis.

2. PRACTICAL IMPLEMENTATION AND
CHARACTERIZATION OF THE IMAGING
PHANTOM

A. Structure of the Phantom
For the demonstration presented in this paper, we have selected
a design where a pair of two-dimensional nanodiamond layers is
supported by a glass structure [Figs. 1(a) and 1(b)]. This con-
figuration is robust against handling and permits imaging with
microscopy objectives that are compatible with standard
170 μm coverslips. The structure of the phantom contains
two distinct layers. The first is a 2D nanodiamond layer where
single nanodiamond particles are dispersed sparsely and ran-
domly, which is used for imaging quality characterization. A
second adjacent 2D layer has nanodiamonds arranged in a grid
pattern, which is used for calibrating X and Y scale dimensions
and facilitates finding the same area for repeated imaging.

The grid layer consists of a glass coverslip (Millennium
Sciences, DRM 800) with a laser-etched 1 × 1 mm grid sub-
divided into 100 μm squares. The grooves in the laser-etched
grid are 1 μm deep and are readily visible in transmission
microscopy [Figs. 1(c) and 1(e)] and in a THG imaging chan-
nel through inverse contrast due to a THG signal from a glass–
air interface [Fig. 2(b)]. To further enhance the visibility of the
grid in other channels, and particularly in fluorescence imaging
channels, fluorescent nanodiamonds (MDNVN1umHi30mg,
Adamas Nanotechnologies) were embedded in the etched
grooves of the grid. The particles were inserted into the la-
ser-etched grooves through dry deposition of the nanoparticle
layer, and by subsequent dry-cleaning of the glass substrate to
remove the particles that were present on the raised flat areas
and not embedded within the grooves of the grid. Diamond
particles containing NVN and NV color centers are visible
in red and green fluorescence channels, spanning from
500 nm to over 750 nm [15,16]. Single-photon fluorescence
images acquired at 10× and 60× magnifications depicted in
Figs. 1(d) and 1(f ) show merged green (470/40 nm excitation
and 525/50 nm detection) and red (620/60 nm excitation and
700/75 nm detection) fluorescence imaging channels.

A nanodiamond layer is prepared by dispersing single nano-
diamond particles on a glass surface. Two types of nanodia-
monds were used in this paper: 0.1 μm (900174, Sigma-
Aldrich) and 0.7 μm (MDNVN1umHi30mg, Adamas
Nanotechnologies). For nanodiamond deposition, a solution
of nanodiamonds in deionized water was prepared
(0.001 mg/mL for 0.1 μm particles and 0.01 mg/mL for
0.7 μm particles) and sonicated for 1 h. A 10 μL sample of
the sonicated solution was deposited on a clean coverslip
(No. 1, 2845-22, Corning), and the coverslips were allowed
to dry at room temperature. The dried coverslips were washed
under a stream of deionized water to remove loose particles and
then dried again. As a result, a sparse layer with randomly dis-
tributed nanoparticles was obtained. The nanoparticle layers
prepared in this way were attached to the glass and were stable
for imaging purposes, without the use of additional binding
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agents that can cause undesirable background fluorescence
signals.

The coverslip with the nanodiamond layer, the coverslip
with the grid pattern, and the microscope slide (12-544-7,
Fisher Scientific) were carefully aligned and positioned as de-
picted in Fig. 1(a). The edges around the coverslips were sealed
with UVF-curable optical adhesive (No. 63, 6301, Norland
Products) and cured under UV light for at least 8 h to form
a water- and oil-proof seal. The resulting air gap between

the grid and the random nanodiamond layer was approximately
40 μm. The thickness of the air gap varied slightly from sample
to sample.

The nanodiamond layer is protected from the environment
by its structure. Figures 1(g)–1(i) illustrate that the same par-
ticles can be found during repeated measurements, recorded
several months apart. For repeated measurements at approxi-
mately the same location presented in Figs. 1(g)–1(i), the im-
aging location was identified by using a grid. Then the

Fig. 1. Structure of a nanodiamond based imaging target. (a) The imaging target combines a laser-etched grid with embedded fluorescent nano-
diamonds along with a 2D layer of nanodiamonds deposited on a coverslip. A standard microscope slide provides structural support. (b) Photograph
of an assembled target. The grid facilitates finding the physical location of the same particles during repeated longitudinal measurements. (c) Laser
machined structure is visible in transmission widefield imaging mode. (d) Nanodiamonds embedded in the grid facilitate view finding in fluorescence
imaging mode. (e), (f ) Magnified images of a portion of the grid. (g)–(i) Images of the layer with sparse randomly distributed 100 nm nanodiamond
particles, captured (g) immediately after assembling the phantom, (h) after one month of storage, and (i) after six months of storage. The measured
fluorescence intensity for individual particles varied by less than 2%.
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microscope was refocused to the layer with randomly deposited
nanoparticles. The measured fluorescence intensity for individ-
ual particles varied by less than 2% across these measurements.

B. Nonlinear Multichannel Imaging
To demonstrate multimodal imaging of nanodiamonds using
nonlinear excitation (Fig. 2), we used a setup described
previously in Ref. [2]. Briefly, fluorescence excitation was
achieved with a supercontinuum from a photonic crystal fiber
(PM-LMA-15, NKT Photonics) that was pumped with a
fiber laser (Satsuma, Amplitude Systemes) operated at 10 MHz.
The 1110� 30 nm pulses from the pulse shaper were deliv-
ered via raster scanning by a galvanometer-driven mirror pair
(6215H, Cambridge Technology) and focused by a multi-
photon objective (XLPLN25XWMP2 25×, NA � 1.05,
Olympus) with an average power of 5 mW incident on the
sample. The simultaneous four-channel (A–D) detection at op-
tical windows (A) 365–375 nm, (B) 420–480 nm, (C) 540–
570 nm, and (D) 580–640 nm was implemented, and the light
in each channel was detected by four photon-counting photo-
multiplier tubes (H7421-40, Hamamatsu).

In this example, four imaging channels contain the nonlin-
ear imaging signals from four modalities: SHG, THG signals

generated by nanodiamonds, and fluorescence from NV and
NVN color centers. Channel A contains a predominant
THG signal. Channel B contains part of the fluorescence signal
from the NVN color centers. Channel C contains a strong con-
tribution from the NVN and a small contribution from the NV
color centers and the SHG component. Channel D mostly cap-
tures the NV fluorescence with a minor contribution from the
NVN color centers. With 1110 nm illumination, the fluores-
cence from the NV color centers is excited through two-photon
excitation, while both two- and three-photon excitations are
likely to contribute toward the excitation of the NVN color
centers.

Figure 2 shows two different calibration targets. In Fig. 2(a),
the dominant signal comes from NV color centers of 100 nm
nanodiamonds, while in the grid, the THG component gen-
erated by the glass–air interface and clusters of nanodiamonds
dominates. In Fig. 2(c), signal is detected across all the channels
and therefore appears white in a merged image for a few
sparsely distributed 700 nm particles. The grid layer in
Fig. 2(d) shows signals from nanodiamonds embedded in
the grid, with a variety of unique spectral signatures and the
distribution of the emitters in the defined and distinctive grid
pattern.

Fig. 2. Simultaneous four-channel multiphoton imaging of different types of calibration targets. (a) A dense lawn of 100 nm nanodiamond
particles with NV color centers. (b) Locator grid with embedded 100 nm nanodiamonds is strongly visible in purple as well as in red channels.
(c) Sparse nanodiamond particles deposited on a coverslip. (d) Locator grid with embedded 700 nm nanodiamond particles.
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C. Fluorescence Lifetime Imaging
Fluorescent nanodiamonds are compatible with fluorescence
lifetime measurements. Here we demonstrate the fluorescence
lifetime measurements captured with the system previously de-
scribed in detail in Ref. [28].

The excitation light was obtained by pumping a nonlinear
photonic crystal fiber (PCF, LMA-PM-15, NKT Photonics)
using a high-power femtosecond laser centered at 1040 nm
(Femtotrain, Spectra-Physics, 10 MHz, 370 fs, USA), resulting
in a pulse with a central wavelength of 1110 nm and a band-
width of 150 nm. The fluorescence light at the spectral window
defined by the optical bandpass filter from 405 to 504 nm
(FF01-451/106-25, Semrock) was detected using a low-noise
hybrid photon counting photodetector with a photomultiplier
tube. A time-correlated single-photon counting unit
(HydraHarp 400, PicoQuant GmbH) was used for fluores-
cence lifetime imaging (FLIM) signal acquisition.

The fluorescence lifetime measurements are depicted in
Fig. 3. In Fig. 3(a), the fluorescence lifetime was calculated us-
ing the “Fast FLIM” function in commercial software

(Symphotime 64, Picoquant GmbH, Germany). Here, the es-
timated average fluorescence lifetimes for individual particles
vary; however, most nanoparticles have a lifetime slightly below
30 ns. Figure 3(b) shows a fluorescence decay curve for the
whole field of view. These results are in line with previous dem-
onstrations of fluorescence lifetime measurements [22,29,30].

D. Photostability
A key property of the fluorescent nanodiamonds, which makes
them interesting for the application in the development of cal-
ibration targets, is that they exhibit a stable fluorescence over
time without being affected by photobleaching [14].

To illustrate the photostability of the fluorescent nanodia-
mond-based phantom, we have imaged two samples, one with
nanodiamonds and the other with fluorescent beads, using the
same fluorescence excitation conditions. The wide-field single-
photon fluorescence measurements were chosen to minimize
the effects of system drift on the long-term measurements [31].
The fluorescence images (620/60 nm excitation; 700/75 nm
detection) were captured using a Zeiss Plan-Apochromat
63 × 1.4 NA oil immersion objective. Figure 4(a) shows a

Fig. 3. Fluorescence lifetime measurements. (a) A layer of nanodiamond particles with fluorescent centers deposited on glass can be used as a
reference for assessing the fluorescence lifetime imaging performance of microscopy systems. (b) Overall fluorescence decay from all nanoparticles
across the field of view. The inset in (b) shows representative examples of decay curves measured for individual particles.

Fig. 4. Bleaching in fluorescent beads and in fluorescent nanodiamonds. Fluorescence microscopy images of (a) fluorescent beads and (c) fluo-
rescent nanodiamonds deposited on the glass. (b) Fluorescent dyes in beads decay exponentially as a function of time, due to photobleaching.
(d) Fluorescence of color centers in the diamond particles remains stable over time.
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wide-field fluorescence image of 0.5 μm TetraSpeck beads
(T7281, Molecular Probes) deposited on a coverslip. As ex-
pected, the fluorescence from beads decays exponentially over
time [Fig. 4(b)].

In contrast, the fluorescence from 0.1 μm nanodiamonds
(900174, Sigma-Aldrich) remains stable [Figs. 4(c) and 4
(d)]. Also, it is worth noting that during the preparation of
the phantom, the nanodiamonds in the phantom were exposed
to UV light for at least 8 h, while the fluorescent beads were
protected from light until the experiment.

3. QUANTIFICATION OF IMAGE DATA FOR
OPTICAL SYSTEM CHARACTERIZATION

An image contains information both about the object and
about the imaging system that was used for imaging. When
an object contains features that are smaller than the size of
the point spread function (PSF) of an imaging system, an image
of an object can be used for sampling the optical transfer func-
tion (OTF) of the imaging instrument [32]. While normally
there is no direct access to OTF measurements, the image spa-
tial frequency spectrum may provide a proxy if a wide spread of
spatial frequencies is present in the object [33]. A layer of fluo-
rescent nanodiamonds that are deposited randomly [Fig. 5(a)]
is suitable for this type of measurement.

While the fast Fourier transform (FFT) of an imaging phan-
tom [Fig. 5(b)] contains more information about the optical
transfer function, a radial profile of the values [Fig. 5(b)] pro-
vides an easier reference for rapid evaluation. Here, an azimu-
thal integration of frequency-domain components in the
Fourier spectrum of an image F �I�r, θ�� containing randomly
distributed nanoparticles, as per Eq. (1), reveals a radial profile
corresponding to a frequency content in an image Q�r� as a
function of r. Values in Q�r� are proportional to the accuracy
with which the spatial frequencies measured in cycles∕μm that
are present in the object space can be transferred through the
imaging system by

Q�r� �
Z

2π

0

F �I�r, θ��dθ: (1)

Measurements of Q�r� do not provide a direct measurement of
the OTF, because these measurements can be ambiguous if the
shape of the particles is not well controlled, which is the case
with nanodiamonds. If the uniformity of the particles is assured
during the manufacturing and deposition, the suggested phan-
tom could also be used for absolute measurements. However,
the Q�r� curve is particularly useful for rapid assessment of
changes in OTF and imaging quality, as they would be visible
as a drop of the curve for higher spatial frequency components
when compared to the measurements captured in optimal

Fig. 5. Dense random lawn of nanodiamonds for assessing imaging system performance. (a) A dense layer of subresolution 100 nm nanodiamond
particles with NV centers deposited on glass can be used for rapid assessment of imaging performance of microscopy systems. (b) FFT of (a) reveals
the broad frequency content of the image with no directionally ordered features. (c) The radial profile of (b) provides a rapid proxy for modulation
transfer function measurements. The inset in (c) shows a schematic example representing a drop of imaging quality in a compromised optical system;
(d) and (e) show lateral and axial slices, respectively, from a captured volume containing a single particle.
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conditions as depicted in the inset of Fig. 5(c). For repeated
assessment, the same imaging location can be found using
the view-finding grid. When measuring different locations,
the presence or absence of particle clusters can affect the out-
comes of the frequency analysis. Fluorescent nanodiamonds
can also be used for capturing the 3D point spread function
of the system [Figs. 5(d) and 5(e)]. However, these measure-
ments should be interpreted with caution if the shape of the
particles is not well characterized or is nonuniform. One
way to decouple the potential influence of the subdiffraction
limit sized particle shape from the effects of the optical aberra-
tions would be to repeat the PSF measurements for several par-
ticles in a similar position in the field of view of the microscopy
system.

4. DISCUSSION AND CONCLUSIONS

The optical performance of a system can be evaluated both vis-
ually and quantitatively by imaging a 3D nanodiamond-based
imaging phantom. A single image of a dense layer of randomly
distributed nanodiamonds, positioned at the focal plane of a
microscope, can provide information for rapid assessment of
system performance. Also, the parameters such as the uniform-
ity of the fluorescence intensity across a field of view can reveal
vignetting and imaging plane curvature. The average intensity
value from a fraction of the top intensity values could offer in-
sights about signal excitation efficiency, while the low baseline
values could indicate background noise from environmental il-
lumination in the system.

One of the purposes of the square grid is to facilitate finding
the same area during repeated imaging events. However, it can
also serve as a microscopic ruler for measuring the size of the
area being imaged. Further functionality can be achieved by
replacing the grid with different geometries, such as Siemens
star or a USAF resolution test chart.

The fluorescence lifetime measurements may be useful for
comparing the measurements that can be achieved on different
systems. Also, these measurements could be used to evaluate
when assessing the system operating with different illumination
levels or when optimizing other system or imaging parameters.

The optical quality of an imaging system and the presence of
aberrations due to a system drift over time can be easily de-
tected by assessing changes in the spatial frequency spectrum
over time while imaging the same location of a dense lawn
of randomly distributed subresolution nanodiamonds. While
this can be performed as a quick visual check, the measurement
is also highly amenable to automation. Also, while in this paper
we focus on using nonuniform nanoparticles, it would be very
desirable to replace them with uniform nanodiamonds that are
subresolution, as this would allow direct measurements of
the PSF.

Further development of the target is necessary to explore the
potential of embedding the fluorescent nanodiamonds into a
3D volume. Key challenges here will be to identify the materials
that do not generate significant background signal in the optical
channels of interest. Therefore, we anticipate that the 3D sub-
strate will be customized for compatibility with specific imag-
ing system types as opposed to a universal solution.

We anticipate that nanodiamond-based phantoms will be
valuable for developing and maintaining adaptive optics-based
microscopy systems that rely on image quality metrics for es-
timating the optical wavefront [34]. Here, the stable fluores-
cence signal coupled with good spatial frequency coverage in
the object plane will improve the accuracy of iterative measure-
ments when calibrating the adaptive element and measuring
the system-induced aberrations.

The requirement of the particle density in the random lawn
is determined by a compromise between the required signal-to-
noise ratio and the quality of the optical system that is being
used for imaging. A single subresolution particle at the center of
the field of view would provide adequate sampling across the
range of relevant spatial frequencies. Increasing the number of
particles in the field of view facilitates measurements by im-
proving the signal-to-noise ratio. However, low spatial frequen-
cies are boosted more than high spatial frequencies as more and
more particles are being added. The presence of particle aggre-
gates further exaggerates this effect. In practice, we have ob-
served that several dozens of particles in a single field of
view offer a good compromise between accuracy and ease of
use. The presence of aggregates can be mitigated by imaging
the same area during successive measurements. Alternatively,
to achieve strong signal, the particles that are larger than the
diffraction limit can be used, as long as they have irregular
shapes with features smaller than diffraction limit of the imag-
ing system.

While we have explored in this paper nanodiamonds con-
taining two types of color centers (NV and NVN), other color
centers are also actively being developed [35]. Specifically,
nanodiamonds containing N3 are emerging as a commercially
available product [36] that emit fluorescence centered at
450 nm, providing coverage for the blue end of the spectrum.
The improved availability of alternative color centers will allow
for good coverage across the visible optical spectrum.

Fluorescent nanodiamonds can also provide optical contrast
in a variety of optical microscopy techniques. The use of nano-
diamonds in STED [16] and STORM [37] super-resolution
microscopy techniques has been reported. These super-
resolution imaging techniques are particularly sensitive to pho-
tobleaching; therefore, we anticipate that nanodiamond-based
imaging phantom could be integrated into system development
and maintenance pipelines for these systems.

In conclusion, a fluorescent nanodiamond-based optical
phantom has been developed and demonstrated to be a stable
and useful tool for characterizing optical performance of
microscopy systems. In this paper we demonstrated and evalu-
ated the practical implementation of a nanodiamond-based im-
aging phantom. Individual diamond nanoparticles have unique
optical signatures and shapes. However, in combination with a
view-finding reference grid, the same nanodiamonds, or the
same areas containing a lawn of nanodiamonds, can be
found repeatedly and imaged over long periods of time.
Nanodiamonds have near-infinite photostability and can serve
as a contrast agent for a wide variety of optical microscopy sys-
tem types. Because of these properties, our imaging phantom
provides a stable, low-maintenance, and easy-to use alternative
to other imaging system characterization methods. As a result,
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we anticipate that nanodiamond-based imaging targets and
phantoms will have the potential to be widely adopted in
microscopy laboratories and imaging facilities as a standard cal-
ibration and characterization tool.

APPENDIX A: RESPONSE TO A MAGNETIC
FIELD

Nanodiamonds with NV centers are sensitive to a magnetic
field [38]. NV fluorescence intensity can be reduced and repro-
ducibly modulated through an application of a magnetic
field [38–40]. The effect of a magnetic field on fluorescence
intensity of NV centers is well known [38–40], and here we
briefly explain the underlying mechanism. The ground-state
electronic configuration of the NV center in its negative charge
state has two co-parallel electron spins, giving rise to a spin that
has three possible orientations about the symmetry axis of the
NV center. These three spin orientations give rise to three mag-
netic sublevel states ms � 0 and ms � �1. The fluorescence
intensity depends on the distribution of spins among the three
magnetic sublevel states, yielding higher fluorescence intensity
when the spin population is in ms � 0.

An important property of NV centers is that they have a trip-
let ground-state electronic configuration that leads to unique op-
tical properties, including the ability to modulate the intensity of
NV fluorescence by applying a weak radio-frequency field and/or
a static magnetic field. In the presence of a magnetic field, the
states ms � �1 undergo Zeeman splitting, and some of the

excited electrons decay through a nonradiative transition, reduc-
ing the fluorescence signal [41,42]. In turn, the fluorescence
intensity can be reduced by 1%–5%, even in the presence of
low static magnetic fields of a few hundred Gauss [43].

To illustrate the possibility of modulating the fluorescence
intensity in the fluorescent nanodiamonds, we prepared and
used a phantom with 0.1 μm nanodiamonds (900174,
Sigma-Aldrich), which was combined with a custom-built
miniature electromagnetic coil as shown in Figs. 6(a) and
6(b). The coil was modulated via a mechanical switch to
induce a magnetic field, which was measured to be just over
240 Gauss at the nanodiamond layer. In accordance with pre-
viously reported results [43], the presence of the magnetic field
resulted in the reduction of fluorescence intensity by over 10%
[Fig. 6(c)]. In a control experiment where the fluorescent beads
were used instead of the nanodiamonds, we observed a drop of
a fluorescence intensity related only to bleaching. In addition to
bleaching, we also observed minor changes in signal intensity
due to small sample shifts caused by the thermal effects related
to coil operation [Fig. 6(d)].

APPENDIX B: SUMMARY OF CONTRAST
MECHANISMS IN FLUORESCENT
NANODIAMONDS

The fluorescent nanodiamonds can provide a variety of contrast
mechanisms for imaging and sensing. Table 1 shows a concise

Fig. 6. Modulation of nanodiamond fluorescence intensity with a magnetic field. (a), (b) A miniature electromagnetic coil can be positioned near
the nanodiamond layer. (c) Fluorescence intensity, as measured with a widefield fluorescence microscope, is significantly reduced in the presence of a
magnetic field. (d) The modulation is not observed when the same field is applied to the fluorescent beads.

Table 1. Sources of Contrast in Nanodiamondsa

Source of Contrast Fluorescence FLIM Scattering SHG THG Raman

Diamond Crystal [44]
Interfaces [20] [18,19]
Colour Centers [14] [17] [45]

aFluorescent nanodiamonds can be seen in multiple imaging modalities. Various contrast mechanisms stemming either from color centers, interfaces between the
diamond and surrounding environment, or simply from the diamond lattice itself, allow imaging using either single- or multi-photon fluorescence, fluorescence lifetime
imaging (FLIM), scattering, second-harmonic generation (SHG), third-harmonic generation (THG), or Raman microscopy.
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outline of selected contrast mechanisms that can be useful in
optical microscopy.

Funding. GlaxoSmithKline; National Institutes of Health
(R01CA241618, R01EB023232); Air Force Office of
Scientific Research (FA9550-17-1-0387).

Acknowledgment. The authors thank Marina
Marjanovic and Darold Spillman Jr. for administrative support,
and Prabuddha Mukherjee for helpful discussions. Additional
information can be found at http://biophotonics.illinois.edu.

Disclosures. MZ: University of Illinois at Urbana-
Champaign (P); SAB: University of Illinois at Urbana-
Champaign (P).

Data Availability. Data underlying the results presented
in this paper are not publicly available at this time but may
be obtained from the authors upon reasonable request and
through a collaboration agreement.

REFERENCES
1. N. Mazumder, N. K. Balla, G.-Y. Zhuo, Y. V. Kistenev, R. Kumar, F.-J.

Kao, S. Brasselet, V. V. Nikolaev, and N. A. Krivova, “Label-free non-
linear multimodal optical microscopy-basics, development, and appli-
cations,” Front. Phys. 7, 170 (2019).

2. S. You, R. Barkalifa, E. J. Chaney, H. Tu, J. Park, J. E. Sorrells, Y.
Sun, Y.-Z. Liu, L. Yang, D. Z. Chen, M. Marjanovic, S. Sinha, and
S. A. Boppart, “Label-free visualization and characterization of extrac-
ellular vesicles in breast cancer,” Proc. Natl. Acad. Sci. USA 116,
24012–24018 (2019).

3. M. Žurauskas, O. Barnstedt, M. Frade-Rodriguez, S. Waddell, and
M. J. Booth, “Rapid adaptive remote focusing microscope for sensing
of volumetric neural activity,” Biomed. Opt. Express 8, 4369–4379
(2017).

4. Y.-Z. Liu, C. Renteria, C. D. Courtney, B. Ibrahim, S. You, E. J.
Chaney, R. Barkalifa, R. R. Iyer, M. Žurauskas, H. Tu, D. Llano,
C. A. Christian-Hinman, and S. A. Boppart, “Simultaneous two-photon
activation and imaging of neural activity based on spectral–temporal
modulation of supercontinuum light,” Neurophotonics 7, 045007
(2020).

5. A. Royon and N. Converset, “Quality control of fluorescence imaging
systems: a new tool for performance assessment and monitoring,”
Opt. Photonik 12, 22–25 (2017).

6. R. Lin, A. H. Clowsley, T. Lutz, D. Baddeley, and C. Soeller, “3D
super-resolution microscopy performance and quantitative analysis
assessment using DNA-PAINT and DNA origami test samples,”
Methods 174, 56–71 (2020).

7. A. D. Corbett, M. Shaw, A. Yacoot, A. Jefferson, L. Schermelleh, T.
Wilson, M. Booth, and P. S. Salter, “Microscope calibration using laser
written fluorescence,” Opt. Express 26, 21887–21899 (2018).

8. U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke, and
T. Nann, “Quantum dots versus organic dyes as fluorescent labels,”
Nat. Methods 5, 763–775 (2008).

9. G. Grimaldi, J. J. Geuchies, W. Van Der Stam, I. Du Fossé, B.
Brynjarsson, N. Kirkwood, S. Kinge, L. D. Siebbeles, and A. J.
Houtepen, “Spectroscopic evidence for the contribution of holes to
the bleach of Cd-chalcogenide quantum dots,” Nano Lett. 19,
3002–3010 (2019).

10. P. Reineck, A. Francis, A. Orth, D. W. M. Lau, R. D. V. Nixon-Luke,
I. D. Rastogi, W. A. W. Razali, N. M. Cordina, L. M. Parker, V. K. A.
Sreenivasan, L. J. Brown, and B. C. Gibson, “Brightness and photo-
stability of emerging red and near-IR fluorescent nanomaterials for
bioimaging,” Adv. Opt. Mater. 4, 1549–1557 (2016).

11. S.-J. Yu, M.-W. Kang, H.-C. Chang, K.-M. Chen, and Y.-C. Yu, “Bright
fluorescent nanodiamonds: no photobleaching and low cytotoxicity,”
J. Am. Chem. Soc. 127, 17604–17605 (2005).

12. S. Hemelaar, P. De Boer, M. Chipaux, W. Zuidema, T. Hamoh, F. P.
Martinez, A. Nagl, J. Hoogenboom, B. Giepmans, and R. Schirhagl,
“Nanodiamonds as multi-purpose labels for microscopy,” Sci. Rep. 7,
1 (2017).

13. A. Zaitsev, “Vibronic spectra of impurity-related optical centers in dia-
mond,” Phys. Rev. B 61, 12909–12922 (2000).

14. M. H. Alkahtani, F. Alghannam, L. Jiang, A. Almethen, A. A.
Rampersaud, R. Brick, C. L. Gomes, M. O. Scully, and P. R.
Hemmer, “Fluorescent nanodiamonds: past, present, and future,”
Nanophotonics 7, 1423–1453 (2018).

15. E. Fraczek, V. G. Savitski, M. Dale, B. G. Breeze, P. Diggle, M.
Markham, A. Bennett, H. Dhillon, M. E. Newton, and A. J. Kemp,
“Laser spectroscopy of NV− and NV0 colour centres in synthetic dia-
mond,” Opt. Mater. Express 7, 2571–2585 (2017).

16. G. Laporte and D. Psaltis, “STED imaging of green fluorescent nano-
diamonds containing nitrogen-vacancy-nitrogen centers,” Biomed.
Opt. Express 7, 34–44 (2016).

17. C. Laube, T. Oeckinghaus, J. Lehnert, J. Griebel, W. Knolle, A.
Denisenko, A. Kahnt, J. Meijer, J. Wrachtrup, and B. Abel,
“Controlling the fluorescence properties of nitrogen vacancy centers
in nanodiamonds,” Nanoscale 11, 1770–1783 (2019).

18. F. Trojánek, K. Ždek, B. Dzurňák, M. Kozák, and P. Malý, “Nonlinear
optical properties of nanocrystalline diamond,” Opt. Express 18,
1349–1357 (2010).

19. M. Kozák, F. Trojánek, B. Rezek, A. Kromka, and P. Malý, “Optical
harmonic generation in nanocrystalline diamond,” Phys. E 44,
1300–1303 (2012).

20. V. Pichot, O. Muller, A. Seve, A. Yvon, L. Merlat, and D. Spitzer,
“Optical properties of functionalized nanodiamonds,” Sci. Rep. 7,
14086 (2017).

21. V. N. Mochalin, O. Shenderova, D. Ho, and Y. Gogotsi, “The proper-
ties and applications of nanodiamonds,” Nat. Nanotechnol. 7, 11–23
(2012).

22. A. H. Heffernan, A. D. Greentree, and B. C. Gibson, “Nanodiamond
arrays on glass for quantification and fluorescence characterisation,”
Sci. Rep. 7, 9252 (2017).

23. Y.-C. Chen, P. S. Salter, S. Knauer, L. Weng, A. C. Frangeskou, C. J.
Stephen, S. N. Ishmael, P. R. Dolan, S. Johnson, B. L. Green, G. W.
Morley, M. E. Newton, J. G. Rarity, M. J. Booth, and J. M. Smith,
“Laser writing of coherent colour centres in diamond,” Nat.
Photonics 11, 77–80 (2017).

24. T. Ruf, M. Cardona, C. Pickles, and R. Sussmann, “Temperature
dependence of the refractive index of diamond up to 925 K,” Phys.
Rev. B 62, 16578–16581 (2000).

25. M. Žurauskas, R. Barkalifa, A. Alex, M. Marjanovic, D. R. Spillman, P.
Mukherjee, C. D. Neitzel, W. Lee, J. Medler, Z. Arp, M. Cleveland, S.
Hood, and S. A. Boppart, “Assessing the severity of psoriasis through
multivariate analysis of optical images from non-lesional skin,” Sci.
Rep. 10, 1 (2020).

26. A. Alex, E. J. Chaney, M. Žurauskas, J. M. Criley, D. R. Spillman, Jr.,
P. B. Hutchison, J. Li, M. Marjanovic, S. Frey, Z. Arp, and S. A.
Boppart, “In vivo characterization of minipig skin as a model for der-
matological research using multiphoton microscopy,” Exp. Dermatol.
29, 953–960 (2020).

27. S. M. Sternisha, P. Mukherjee, A. Alex, E. J. Chaney, R. Barkalifa, B.
Wan, J. H. Lee, J. Rico-Jimenez, M. Žurauskas, D. R. Spillman, Jr., S. A.
Sripada, M. Marjanovic, Z. Arp, S. S. Galosy, D. S. Bhanushali, S. R.
Hood, S. Bose, and S. A. Boppart, “Longitudinal monitoring of cell
metabolism in biopharmaceutical production using label-free fluores-
cence lifetime imagingmicroscopy,”Biotechnol. J. 16, e2000629 (2021).

28. J. H. Lee, J. J. Rico-Jimenez, C. Zhang, A. Alex, E. J. Chaney, R.
Barkalifa, D. R. Spillman, M. Marjanovic, Z. Arp, S. R. Hood, and
S. A. Boppart, “Simultaneous label-free autofluorescence and multi-
harmonic imaging reveals in vivo structural and metabolic changes
in murine skin,” Biomed. Opt. Express 10, 5431–5444 (2019).

29. J. Tisler, G. Balasubramanian, B. Naydenov, R. Kolesov, B. Grotz, R.
Reuter, J.-P. Boudou, P. A. Curmi, M. Sennour, A. Thorel, M. Börsch,
K. Aulenbacher, R. Erdmann, P. R. Hemmer, F. Jelezko, and J.

Research Article Vol. 9, No. 12 / December 2021 / Photonics Research 2317

http://biophotonics.illinois.edu
http://biophotonics.illinois.edu
http://biophotonics.illinois.edu
https://doi.org/10.3389/fphy.2019.00170
https://doi.org/10.1073/pnas.1909243116
https://doi.org/10.1073/pnas.1909243116
https://doi.org/10.1364/BOE.8.004369
https://doi.org/10.1364/BOE.8.004369
https://doi.org/10.1117/1.NPh.7.4.045007
https://doi.org/10.1117/1.NPh.7.4.045007
https://doi.org/10.1002/opph.201700005
https://doi.org/10.1016/j.ymeth.2019.05.018
https://doi.org/10.1364/OE.26.021887
https://doi.org/10.1038/nmeth.1248
https://doi.org/10.1021/acs.nanolett.9b00164
https://doi.org/10.1021/acs.nanolett.9b00164
https://doi.org/10.1002/adom.201600212
https://doi.org/10.1021/ja0567081
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1103/PhysRevB.61.12909
https://doi.org/10.1515/nanoph-2018-0025
https://doi.org/10.1364/OME.7.002571
https://doi.org/10.1364/BOE.7.000034
https://doi.org/10.1364/BOE.7.000034
https://doi.org/10.1039/C8NR07828A
https://doi.org/10.1364/OE.18.001349
https://doi.org/10.1364/OE.18.001349
https://doi.org/10.1016/j.physe.2012.02.007
https://doi.org/10.1016/j.physe.2012.02.007
https://doi.org/10.1038/s41598-017-14553-z
https://doi.org/10.1038/s41598-017-14553-z
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/nnano.2011.209
https://doi.org/10.1038/s41598-017-09457-x
https://doi.org/10.1038/nphoton.2016.234
https://doi.org/10.1038/nphoton.2016.234
https://doi.org/10.1103/PhysRevB.62.16578
https://doi.org/10.1103/PhysRevB.62.16578
https://doi.org/10.1038/s41598-019-56847-4
https://doi.org/10.1038/s41598-019-56847-4
https://doi.org/10.1111/exd.14152
https://doi.org/10.1111/exd.14152
https://doi.org/10.1002/biot.202000629
https://doi.org/10.1364/BOE.10.005431


Wrachtrup, “Fluorescence and spin properties of defects in single digit
nanodiamonds,” ACS Nano 3, 1959–1965 (2009).

30. D. G. Monticone, F. Quercioli, R. Mercatelli, S. Soria, S. Borini, T. Poli,
M. Vannoni, E. Vittone, and P. Olivero, “Systematic study of
defect-related quenching of NV luminescence in diamond with
time-correlated single-photon counting spectroscopy,” Phys. Rev. B
88, 155201 (2013).

31. W. Colomb, J. Czerski, J. Sau, and S. K. Sarkar, “Estimation of micro-
scope drift using fluorescent nanodiamonds as fiducial markers,” J.
Microsc. 266, 298–306 (2017).

32. N. Meitav, E. N. Ribak, and S. Shoham, “Point spread function esti-
mation from projected speckle illumination,” Light: Sci. Appl. 5,
e16048 (2016).

33. M. Žurauskas, I. M. Dobbie, R. M. Parton, M. A. Phillips, A. Göhler, I.
Davis, andM. J. Booth, “Isosense: frequency enhanced sensorless adap-
tive optics through structured illumination,” Optica 6, 370–379 (2019).

34. M. Booth, D. Andrade, D. Burke, B. Patton, and M. Žurauskas,
“Aberrations and adaptive optics in super-resolution microscopy,”
Microscopy 64, 251–261 (2015).

35. M. D. Torelli, N. A. Nunn, and O. A. Shenderova, “A perspective on
fluorescent nanodiamond bioimaging,” Small 15, 1902151 (2019).

36. N. Nunn, N. Prabhakar, P. Reineck, V. Magidson, E. Kamiya, W. F.
Heinz, M. D. Torelli, J. Rosenholm, A. Zaitsev, and O. Shenderova,
“Brilliant blue, green, yellow, and red fluorescent diamond particles:
synthesis, characterization, and multiplex imaging demonstrations,”
Nanoscale 11, 11584–11595 (2019).

37. K. K. Narayanasamy, J. C. Price, R. Mesquita-Riberio, M. L. Mather,
and I. Jayasinghe, “Self-activated photoblinking of nitrogen vacancy
centers in nanodiamonds (sandSTORM): a method for rapid single
molecule localization microscopy with unlimited observation time,”
bioRxiv, https://doi.org/10.1101/2020.05.20.106716 (2020).

38. S. K. Singam, J. Motylewski, A. Monaco, E. Gjorgievska, E.
Bourgeois, M. Nesládek, M. Giugliano, and E. Goovaerts, “Contrast
induced by a static magnetic field for improved detection in nanodia-
mond fluorescence microscopy,” Phys. Rev. Appl. 6, 064013
(2016).

39. Z. R. Jones, N. J. Niemuth, M. E. Robinson, O. A. Shenderova, R. D.
Klaper, and R. J. Hamers, “Selective imaging of diamond nanopar-
ticles within complex matrices using magnetically induced fluores-
cence contrast,” Environ. Sci. Nano 7, 525–534 (2020).

40. M. Capelli, P. Reineck, D. W. Lau, A. Orth, J. Jeske, M. Doherty, T.
Ohshima, A. D. Greentree, and B. C. Gibson, “Magnetic field-induced
enhancement of the nitrogen-vacancy fluorescence quantum yield,”
Nanoscale 9, 9299–9304 (2017).

41. L. J. Rogers, M. W. Doherty, M. S. Barson, S. Onoda, T. Ohshima, and
N. B. Manson, “Singlet levels of the NV- centre in diamond,” New J.
Phys. 17, 013048 (2015).

42. A. Kuwahata, T. Kitaizumi, K. Saichi, T. Sato, R. Igarashi, T. Ohshima,
Y. Masuyama, T. Iwasaki, M. Hatano, F. Jelezko, M. Kusakabe, T.
Yatsui, and M. Sekino, “Magnetometer with nitrogen-vacancy center
in a bulk diamond for detecting magnetic nanoparticles in biomedical
applications,” Sci. Rep. 10, 2483 (2020).

43. C.-D. Frese and S. Schiller, “3D tomographic magnetofluorescence
imaging of nanodiamonds,” Biomed. Opt. Express 11, 533–553
(2020).

44. I. Pope, L. Payne, G. Zoriniants, E. Thomas, O. Williams, P. Watson,
W. Langbein, and P. Borri, “Coherent anti-Stokes Raman scattering
microscopy of single nanodiamonds,” Nat. Nanotechnol. 9, 940–946
(2014).

45. A. Abulikemu, Y. Kainuma, T. An, and M. Hase, “Second-harmonic
generation in bulk diamond based on inversion symmetry breaking
by color centers,” ACS Photon. 8, 988–993 (2021).

2318 Vol. 9, No. 12 / December 2021 / Photonics Research Research Article

https://doi.org/10.1021/nn9003617
https://doi.org/10.1103/PhysRevB.88.155201
https://doi.org/10.1103/PhysRevB.88.155201
https://doi.org/10.1111/jmi.12539
https://doi.org/10.1111/jmi.12539
https://doi.org/10.1038/lsa.2016.48
https://doi.org/10.1038/lsa.2016.48
https://doi.org/10.1364/OPTICA.6.000370
https://doi.org/10.1093/jmicro/dfv033
https://doi.org/10.1002/smll.201902151
https://doi.org/10.1039/C9NR02593F
https://doi.org/10.1101/2020.05.20.106716
https://doi.org/10.1101/2020.05.20.106716
https://doi.org/10.1101/2020.05.20.106716
https://doi.org/10.1101/2020.05.20.106716
https://doi.org/10.1101/2020.05.20.106716
https://doi.org/10.1101/2020.05.20.106716
https://doi.org/10.1103/PhysRevApplied.6.064013
https://doi.org/10.1103/PhysRevApplied.6.064013
https://doi.org/10.1039/C9EN01008D
https://doi.org/10.1039/C7NR02093G
https://doi.org/10.1088/1367-2630/17/1/013048
https://doi.org/10.1088/1367-2630/17/1/013048
https://doi.org/10.1038/s41598-020-59064-6
https://doi.org/10.1364/BOE.11.000533
https://doi.org/10.1364/BOE.11.000533
https://doi.org/10.1038/nnano.2014.210
https://doi.org/10.1038/nnano.2014.210
https://doi.org/10.1021/acsphotonics.0c01806

	XML ID funding

