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ABSTRACT: There is a continuous demand for imaging probes oﬀering
excellent performance in various microscopy techniques for comprehensive
investigations of cellular processes by more than one technique. Fluorescent
nanodiamond−gold nanoparticles (FND−Au) constitute a new class of “allin-one” hybrid particles providing unique features for multimodal cellular
imaging including optical imaging, electron microscopy, and, and potentially
even quantum sensing. Confocal and optical coherence microscopy of the
FND−Au allow fast investigations inside living cells via emission, scattering,
and photothermal imaging techniques because the FND emission is not
quenched by AuNPs. In electron microscopy, transmission electron
microscopy (TEM) and scanning transmission electron microscopy
(STEM) analysis of FND−Au reveals greatly enhanced contrast due to
the gold particles as well as an extraordinary ﬂickering behavior in three-dimensional cellular environments originating from the
nanodiamonds. The unique multimodal imaging characteristics of FND−Au enable detailed studies inside cells ranging from
statistical distributions at the entire cellular level (micrometers) down to the tracking of individual particles in subcellular
organelles (nanometers). Herein, the processes of endosomal membrane uptake and release of FNDs were elucidated for the ﬁrst
time by the imaging of individual FND−Au hybrid nanoparticles with single-particle resolution. Their convenient preparation,
the availability of various surface groups, their ﬂexible detection modalities, and their single-particle contrast in combination with
the capability for endosomal penetration and low cytotoxicity make FND−Au unique candidates for multimodal optical−
electronic imaging applications with great potential for emerging techniques, such as quantum sensing inside living cells.
KEYWORDS: Nanodiamond, nanogold, hybrid particles, multimodal imaging, lifetime-engineering

F

luorescent nanodiamonds (FNDs) constitute an emerging
class of three-dimensional, nanosized carbon materials with
localized optically active point defects in their crystal lattice.
Due to the presence of such defects and the resulting excellent
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Figure 1. (a) FND−Au preparation through (1) the protein incomplete-coating approach (step 1). (2) EDC−NHS (1-ethyl-3-(3(dimethylamino)propyl) carbodiimide hydrochloride−N-hydroxysuccinimide)-catalyzed carboxylic and amine cross-linking to stabilize the FND−
Au nanoparticles (step 2). (b) FND−Au size distribution generated by the sedimentation coeﬃcient curve from AUC (ρsolvent: 0.99704 g/mol,
ηsolvent: 0.00891, ρparticle: 7.52 g/cm3, absorbance: 540 nm, and speed: 3000 rpm): only fraction ii contained the desired FND−Au within the size
range of 35−50 nm. (c) Illustration of the FND−Au separation by ultracentrifugation (step 3).

Although FNDs provide several important advantages for
various optical microscopy techniques, they have relatively low
contrast in electron microscopy, which can represent a
limitation. For example, ﬂuorescence imaging studies indicated
that FNDs capable of escaping from endosomes were
homogeneously distributed inside the cytosol.12 The endosomal membrane penetration was attributed to the sharp edge
structures of the FNDs,12 but due to limited resolution in
optical imaging, no direct proof was given. Transmission
electron microscopy (TEM) provides access to cellular
structures with nanometer-scale resolution, which allows
analyzing cellular processes such as the membrane translocation
of FNDs in greater detail. However, due to the low contrast of
FNDs in TEM, it is very challenging to diﬀerentiate FNDs from
the complicated background in cellular environments.13
Therefore, the design of hybrid nanoparticles suitable for
multimodal imaging by combining diﬀerent imaging techniques
would be highly desirable to ultimately achieve single particle
resolution with highest sensitivity in diﬀerent cellular environments.
Herein, FNDs were decorated with Au nanoparticles
(AuNPs) yielding FND−Au hybrid particles (FND−Au)
combining the inherent features of each individual nanoparticle.
The hybrids were prepared by a controlled protein coating
method and exhibited narrow size distributions and long-term
stability during storage as well as excellent biocompatibility.
The stabilization of single FNDs and AuNPs in one hybrid
particle system opens access to multiple detection techniques
and improves certain features of the FND−Au. In contrast to
the emission quenching of AuNPs in AuNPs−chromophore

optical properties, FNDs receive an ever-increasing interest in
up-front bioimaging applications such as quantum sensing,
super-resolution live-cell imaging, and single-particle tracking.1
Particularly, the nitrogen vacancy (NV) center, a substitutional
nitrogen defect in direct vicinity to a vacancy, is the most
extensively studied characteristic of FNDs. It oﬀers many
advantages for ﬂuorescence imaging such as stable emission,
which is resistant to photobleaching,2 and broad emission
wavelength including NIR emission. More importantly, the NV
center has a zero-ﬁeld magnetic resonance between the ms = 0
and the ms = ±1 magnetic states of an electronic spin triplet.
This electron spin exhibits remarkably long coherence (T2) and
relaxation times (T1), which can reach milliseconds in ultrapure
diamond.3 Thus, even for single NV centers, this electronic spin
can be easily detected, which is particularly attractive for
quantum sensing in a biological environment to study
temperature changes, detect nanoscopic electron spins, or
accomplish single-molecular NMR and hyperpolarized magnetic resonance imaging.4−7 Moreover, FNDs allow highresolution imaging at the single-nanoparticle level. One of the
most promising applications of FNDs is their use as markers in
super-resolution stimulated emission depletion microscopy
(STED), which provides single-particle and even single-NVcenter resolution ﬂuorescence imaging on glass plates8 or inside
cells.9 Furthermore, FNDs are based on carbon crystals that are
considered biocompatible10 and stable against enzymatic
degradation.11 Therefore, due to their unique optical and
electronic characteristics, FND−Au provides great opportunities to study biological structures and processes with highprecision in vitro and, potentially, also in vivo.
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Figure 2. Characterization of FND−Au hybrid particles. (a) TEM image of FND−Au. The insert depicts the size distribution of FND−Au. (b)
HRTEM image of the FND−Au on graphene as supporting ﬁlm. The lattice fringes of FND (0.206 nm) and Au (0.235 nm) were clearly resolved.
The separation width between the FND and Au was measured to be about 1 nm. (c,d) Representative TEM images of FND−Au1 and FND−Au2.
(e) Fluorescence correlation spectroscopy autocorrelation curve of FND−Au compared to FND. (f) Fluorescent image of single FND−Au
nanoparticles (λex = 532 nm, λem = 582−675 nm). (g) Histogram of FND−Au and FND ﬂuorescence spot intensity. (h) Normalized second-order
autocorrelation of the ﬂuorescence emitted from FNDs (blue) and FND−Au (red). g(2) at τ = 0 is below 0.5, which is a signature of a single photon
emitter. (i) Dependence of the ﬂuorescence on the power of the excitation laser. Scale bar: (a) 200 nm, (b) 5 nm, (c,d) 50 nm, and (e,f) 1 μm.

transmission electron microscopy (STEM) for the ﬁrst time.
Due to their excellent optical and electronic features, their
capability of endosomal escape, and high biocompatibility, the
FND−Au hybrid particles reported herein represent a powerful
platform for studying cellular activity and functions with singleparticle resolution, which is challenging to achieve with a single
imaging technique.
Result and Discussion. Preparation and Puriﬁcation of
FND−Au Hybrid Nanoparticles. To prepare FND−Au hybrid
particles suitable for cellular imaging, the following major
challenges had to be solved: (1) high tendency of the FNDs to
form aggregates in buﬀer and cell culture medium, (2) limited

conjugates, the presence of AuNPs in the FND−Au hybrids did
not debilitate the emission properties of the FNDs. AuNPs in
the FND−Au nanoparticles even enhanced the emission
brightness and shortened the lifetime of the excited state,
which oﬀers faster ﬂuorescence imaging at lower laser power.
The FND hybrids reported herein were well-distinguishable
from the dense subcellular background with high contrast due
to the labeling with AuNPs thus facilitating detailed
investigations by electron microscopy imaging. In this way,
their cellular distribution and penetration of endosomal
membranes was studied by TEM, and a unique ﬂickering
behavior of the FNDs was recorded by 3D scanning
6238

DOI: 10.1021/acs.nanolett.6b02456
Nano Lett. 2016, 16, 6236−6244

Letter

Nano Letters

Figure 3. (a) Biopolymer HSA-PEO coated FND−Au. (b) Eﬀect of FND−Au on viability of epithelial cells. (c) No eﬀect of FND−Au on
macrophage viability and activation.

the presence of the spherical AuNPs. Quantiﬁcation of the ﬁrst
successful attachment of AuNPs to the FNDs surface based on
TEM imaging indicated about 78% of FND−Au, 19.5% single
FNDs, and 2.5% AuNPs.
The individual FND and AuNPs in the FND−Au hybrids
were imaged by high-resolution TEM (HRTEM), revealing
their respective characteristic crystal lattice spacing (Figure 2b).
Increased hydrodynamic diameters (Dh) of the FND−Au
hybrids of about 50 nm were observed in aqueous suspension
by ﬂuorescence correlation spectroscopy (FCS)15 due to the
attachment of the AuNPs to the raw FNDs with diameters of
about 33 nm (Figure 2e). In this way, stable FND−Au
nanoparticles with average diameters of about 48 nm according
to dynamic light scattering were achieved, with high shelf lives
of more than 6 months of storage at 4 °C (Figure S4a).
Moreover, the convenient and reproducible “mixing” protocol
even allowed rapid production of larger quantities at the gram
scale. In addition, the small distance between the FND and
AuNPs of about 1 nm (Figure 2b) allows the tuning of the
optical properties and spin state of the FNDs. Such close FNDnanoparticle distances have not been realized by any other
FND preparation scheme reported yet.
Single-molecule sensitive ﬂuorescence imaging (Figure 2f)
revealed that the AuNPs did not deteriorate the emission
brightness of the FNDs, which is a common problem when
chromophores are conjugated to AuNPs. The intensity
histograms indicated that the FND−Au were, even by a factor
of 1.3, brighter than the individual FNDs (Figure 2g). In
parallel, the lifetime of the excited state was reduced by a factor
of ∼2 (see ﬂuorescence lifetime histograms in Figure S3) due
to coupling of the NV center to the plasmons in the AuNPs
nanoparticles, which shortened the lifetime of the excited state
and resulted in altered emission.16−18 Second-order autocorrelation (g(2)) measurements of the FND and FND−Au emission
(Figure 2h) conﬁrmed that the NV in the FND acted indeed as
a single photon emitter. The dependence of the emission on
the power of the excitation laser was depicted in Figure 2i.
Remarkably, in the linear regime (laser power below 100 μW),
the FND−Au hybrids emitted almost four times more photons
compared to the individual FNDs (2.21 versus 0.605 kcounts/

aﬃnity of AuNPs to adsorb at the FND surface, (3) necessity of
attaching only one or two AuNPs per FND, and (4)
stabilization of the hybrid particles to allow puriﬁcation and
long-term cellular studies. To achieve these goals, the FND−Au
hybrid particles were prepared by adsorption of AuNPs and the
human plasma protein human serum albumin14 (HSA) as
multifunctional stabilizer onto FNDs in solution (Figure 1a,
step 1). By careful adjustment of the relative ratios of the FND,
AuNPs, and HSA (weight ratio 1:5.7:2), deﬁned hybrid
nanoparticles were prepared in aqueous solution (see the
Supporting Information). Because AuNPs and HSA were
noncovalently adsorbed to the FNDs, the resulting FND−Au
were still unstable at this stage. Therefore, the carboxylate
groups at the surfaces of the FNDs and AuNPs were crosslinked with the amine groups of HSA to stabilize the hybrid
nanoparticles by additional covalent linkages (Figure 1a, step
2). The size distribution of the FND−Au was then further
improved by applying ultracentrifugation (Figure S2a). The
analytical ultracentrifugation (AUC) method provides detailed
analysis of the FND−Au mixture and the generation of the
sedimentation coeﬃcient distribution (s-distribution, Figure
S2b). Through the s-distribution, the nanoparticle size
distribution (d-distribution, Figure 1b) was obtained, from
which interdependent parameters, such as rotor angular
velocity and centrifugation time, were calculated to ultimately
separate the FND−Au within the desired size range. As
illustrated in Figure 1c, fraction ii from Figure 1b containing
single FNDs with one or two AuNPs attached to the surface
were isolated from the crude reaction mixture by preparative
ultracentrifugation (UC).
Characterization of the FND−Au. The isolated fraction (ii)
obtained from UC was analyzed by TEM (Figure 2a), and
FND−Au with only one or two AuNPs attached to single
FNDs were observed, indicating that unbound AuNPs, FNDs,
and larger aggregates were removed successfully (Figure 2c,d).
Quantiﬁcation of the FND−Au sizes by counting about 300
particles in TEM imaging gave average diameters of about 33
nm with narrow size distributions (Figure 2a, insert). FNDs
with their uneven surface structures only reveal low imaging
contrast, and considerably higher contrast was only observed in
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Figure 4. Optical imaging of A549 cells loaded with FND−Au after 24 h of incubation. (a) Bright ﬁeld. (b) Fluorescence channel (green, λex = 561
nm and emission wavelength = 575−718 nm). (c) Overlap of (a) and (b). (d−f) Fluorescent and scattering imaging of FND−Au in A549 cells. (d)
Fluorescence channel (green, λex = 561 nm and emission wavelength = 575−718 nm). (e) Scattering channel (gray, λex = 458 nm, scattering
wavelength = 450−470 nm). (f) Overlap of (d) and (e). Scale bar: 20 μm.

μW). These results unambiguously indicated that FND−Au
hybrid nanoparticles provide improved features for cellular
imaging compared to the results from FNDs because less laser
power was required for image acquisition, which should reduce
cellular toxicity. By further analyzing the power dependence of
the g(2) via a three-level system model,19 we demonstrated that
the lifetime of the excited state of the FND−Au was shortened
from 20.8 ns for single FNDs to about 14 ns. These results
were comparable with the direct lifetime measurements (see
also Figure S3). The enhanced emission of the FND−Au was
attributed to the shortened lifetime of the NV and to the more
eﬃcient laser excitation due to the concentration of the exciting
light by the AuNPs.
Cellular Uptake and Biocompatibility of FND−Au Hybrid
Particles. The application of FND−Au as multimodal optical
imaging platform requires eﬃcient cellular uptake and high
biocompatibility of the hybrid nanoparticles. The ﬁrst-layer
HSA coating provided a negative net charge at neutral pH
(isoelectric point of 5.9)20 and a high tendency to bind various
polymeric polycations. The negative surface charges (ζ
potential = −22.4 mv; Figure S4) of the HSA conjugated
FND−Au hybrid particles limited cell membrane interactions
and cellular uptake.21 Therefore, following a previously
published protocol,21 the negative surface net charge was
converted to positive through complex formation with the
biocompatible HSA-derived polyethylene glycol (HSA-PEO)
biopolymer21 (Figure 3a), but in principle, other polycationic
polymers could also be applied for this purpose. The coated
FND−Au hybrid particles revealed positively charged surfaces
(ζ potential = 28.8 mv; Figure S4) and consequently eﬃcient
cellular uptake as demonstrated below by applying optical
imaging.
The biocompatibility of FND−Au was evaluated thoroughly
by studying their eﬀect on epithelial cells and macrophages.
Human cervix epitheloid carcinoma cell line (HeLa) cells and
murine macrophages (J774A.1) were incubated with increasing

concentrations of FND−Au for 48 h, and cell viability was
recorded. Staurosporine (stau, 500 nM, an established inducer
of apoptotic cell death) was applied as positive control. FND−
Au hybrid nanoparticles were very well tolerated by living cells,
as demonstrated by their negligible toxicity in both cell types,
even at very high concentrations of 1000 μg/mL (Figures 3b
and S5a). The incubation of these cells with FND−Au did not
aﬀect the amount of viable cells, and FND−Au neither induced
cell death nor interfered with cell division. Compared to the
results from bacterial lysate containing lipopolysaccharide, no
macrophage activation was induced by FND−Au (Figure 3c),
indicating that FND−Au will most likely not trigger
inﬂammatory reactions upon in vivo applications.
Cell viability was also evaluated in A549 cells (an
adenocarcinomic human alveolar basal epithelial cell line) by
investigating the presence of adenosine triphosphate (ATP)
over even longer incubation periods. Only at very high
concentrations (400 μg/mL) of the FND−Au, which are not
relevant for imaging applications,1,22 cell viability was slightly
aﬀected, but still about 75% viable cells remained, even after 72
h incubation at such a high concentration (Figure S5b).
Moreover, incubation with the FND−Au did not result in
reactive oxygen species (ROS) formation in human epithelial
cells (Figure S5c). Furthermore, the endocytic machinery was
not disturbed in HeLa cells treated with the FND−Au, as
demonstrated by the endocytic uptake of a bacterial protein
toxin, namely Clostridium botulinum C2 toxin (Figure S 5d). C2
toxin was taken up into cells by receptor-mediated endocytosis
and translocated from early acidiﬁed endosomal vesicles into
the host cell cytosol, where it modiﬁed G-actin and caused cellrounding.23 Because there was no obvious diﬀerence in the
cytotoxic eﬀects induced by C2 toxin in cells treated with
FND−Au or not, it was concluded that the uptake of this toxin
via endosomes was found to be comparable in untreated and
FND−Au treated cells and that FND−Au did not negatively
aﬀect endocytotic pathways. In addition, the impact of FND−
6240
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Figure 5. FND−Au cell distribution and cell slice observed by TEM based on the high-pressure freezing procedure.30 (a) Single FND−Au inside the
cellular endosome. (b,c) FND−Au distributed in endosomes and cytosol. (d) Disrupted endosome membrane by the sharp FND edges. (e)
Ampliﬁcation of (d). (f) STEM image tilt series with a 1.5° increment. Scale bar: (a−e) 100 nm and (f) 20 nm.

Au on caspase 3/7 activity was studied in HeLa cells. Again, no
eﬀect was observed (Figure S5e), clearly indicating that the
FND−Au were very well tolerated by cells. In comparison to
the results from other Au hybrid particles22,24 reported so far,
the cell experiments indicated improved biocompatibility of
FND−Au.
Intracellular Optical Microscopy Imaging with FND−Au.
FND−Au particles were applied for multimodal optical imaging
ranging from ﬂuorescence, scattering, and optical coherence
microscopy (OCM). A549 cells were incubated with FND−Au
(100 μg/mL) for 24 h and then studied by confocal laser
scanning microscopy (CLSM, Figure 4a−c). A549 cells loaded
with FND−Au hybrid nanoparticles were imaged in both
ﬂuorescence and scattering channels, as depicted in Figure 4d−
f. The scattering channel provided an additional option for
FND−Au detection in optical imaging, which is speciﬁc for
nanoparticles and allows their diﬀerentiation from organic
ﬂuorophores. The 84.4% overlap of the emission and scattering
images was quantiﬁed by the Fiji software (JACoP plugin),
indicating the presence of high contents of FND−Au. The
minor, nonoverlapping portion was attributed either to FND−
Au already dissociated inside cells or to the diﬀerent
sensitivities of these two detection modes. Therefore, to further
assess how many FND−Au hybrid particles remained
colocalized after cellular uptake and to evaluate the stability
of the protein coating, we have lysed the cells and extracted all
particles after incubation for diﬀerent time periods. A549 cells
were incubated with FND−Au for 12 and 24 h. Thereafter, the
cells were mechanically lysed by high-speed centrifugation and
sonication to harvest all nanoparticles that were taken up by the
cells.25 The released nanoparticles were collected and imaged
by TEM. Even after 12 h of incubation with cells, high numbers
of individual FND−Au hybrid particles were still observed.
Because free FNDs form aggregates after degradation of the
biopolymer coating, the well-distributed hybrid particles found
in TEM indicated that the biopolymer layer remained stable

and were still able to protect the inner FND−Au particles
(Figure S9a,d). After 24 h of incubation, single FND−Au and
larger FND−Au coaggregates were found (Figure S9b,e),
suggesting that some protein polymer (HSA-PEO) coating
could have started to degrade. However, the also thus-formed
FND−Au coaggregates could be applied for cellular bioimaging.
The presence of one or two AuNPs attached to the surface of
the FNDs also enabled imaging via photothermal optical lockin optical coherence microscopy (poli-OCM).26 The poli-OCM
provides 3D speciﬁc contrast images with excellent sensitivity
by employing the photothermal contrast mechanism,27 which
beneﬁts from the strong plasmonic resonance of AuNPs. HeLa
cells incubated with FND−Au for 12h were imaged on the poliOCM using both of its modalities. In the dark-ﬁeld OCM
mode, the entire 3D morphology of the cells was imaged
(Figure S6a), whereas the poli-OCM modality allowed speciﬁc
intracellular imaging utilizing the AuNPs as localized heating
zones thus providing high photothermal contrast.26 A 532 nm
laser was used to excite the plasmonic resonance of the Au
inducing localized heating, essential for poli-OCM imaging
(bandpass 735−865 nm). The same 532 nm laser also excited
the FNDs and the resulting emission was acquired through the
ﬂuorescence arm of the poli-OCM. (Figure S6b, HQ680/35m
emission ﬁlter). We have identiﬁed the FND ﬂuorescence and
the photothermal signal from the AuNPs (Figure S6b,c) clearly
demonstrating that the FND−Au facilitated dual mode imaging
with the ﬂuorescence and photothermal channels.
According to these results, the FND−Au have been detected
by emission, scattering and photothermal channels, thus
forming a novel class of hybrid nanomaterials combining
multimodal optical imaging with the greatest ﬂexibility for
selecting the desired detection methods as well as high
sensitivity and eﬃcient cellular uptake. However, limited by
the resolution of optical microscopy (hundreds of nanometers),
the even more detailed sub organelle distribution or behavior of
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term bioimaging or intracellular drug release. Obviously, the
distinctive features of the FNDs seemed to be responsible for
the unique characteristics of the FND−Au hybrids in
controlling endosomal release, subcellular migration, and
retention.
The 3D morphology of the FND−Au endosome distribution
was investigated by scanning and transmission electron
microscopy tomography. The respective bright ﬁeld images of
reconstruction of the tilt series between −70° to 72° with 1.5°
increments were depicted in the movie in the Supporting
Information (nl6b02456_si_003.avi, horizontal ﬁeld width 655
nm). A dark signal was obtained from the AuNPs that heavily
scattered due to the high density of the AuNPs in the FND−
Au. Consequently, the FNDs could not be detected in a single
image because the density of the FNDs was lower than the
density of the heavy metal stained biological structures.
However, Bragg scattering enabled direct determination of
the FNDs based on their extraordinary ﬂickering behavior. As
shown in Figure 5f in the dark-ﬁeld images of three consequent
tilt series, the FND exhibited continuously appearing and
disappearing motions during specimen rotation (marked by the
blue squares). This so-called “ﬂickering” eﬀect was clearly
observed in the movie in the Supporting Information
(nl6b02456_si_002.avi, horizontal ﬁeld width 655 nm). Bragg
scattering critically depends on the angle of the crystal lattice
and the incoming beam,29 with small changes in this angle
causing major changes in Bragg contrast. The Bragg scattered
electrons were scattered to low angles and only hit the darkﬁeld detector when a long camera length was chosen. This
results in “ﬂickering” of the signal originating from the FNDs,
when the images of the tilt series are viewed as a movie.
Although the FND contrast was not very high in the movie, the
blinking was well-distinguished from the static cellular background. Because the STEM dark-ﬁeld images were performed
by electron transmission and scattering, the distinct ﬂickering
behavior was only related to the crystalline composition and
structure of the FND in the hybrid particles. Consequently,
following this method, nanodiamonds could even be observed
with high spatial resolution inside cells in the absence of any
NV emission to provide subcellular organelle information.
Conclusions. We have presented the convenient and
eﬃcient preparation of FND−Au hybrid nanoparticles, and
we have demonstrated their application as powerful markers for
detailed cellular investigations with high precision. FND−Au
oﬀer many distinct features: (1) the FND−Au nanoparticles
exhibited photostable emission originating from the FND and
an optically active localized surface plasmon resonance from the
AuNP entity, facilitating optical imaging in both the emission
and the scattering modes without quenching of the FND
emission by the AuNPs. (2) The AuNPs’ surface plasmon
resonance eﬀect allowed the reduction of laser power, and
consequently, less irradiation time was required for FND
excitation, thus making the FND−Au particles well-suited for
multimodal optical imaging with improved biocompatibility.
(3) AuNPs labeling greatly improved the FND−Au contrast in
TEM images, providing an additional electronic microscopy
method to study the FND cellular migration and fate with
single particle spatial resolution. (4) STEM dark-ﬁeld
tomography revealed ﬂickering of the nanodiamonds inside
cells for the ﬁrst time, thus presenting an entirely new, 3D, and
high-resolution approach to study nanodiamonds in such
hybrid nanoparticles inside subcellular organelles.

FND−Au could not be observed. Therefore, it would be highly
desirable to extend the application of FND−Au to transmission
electron microscopy (TEM) imaging, which could provide the
highest resolution, down to the nanometer scale, for single
FND−Au nanoparticle tracking in subcellular organelles.
Subcellular Organelle Electron Microscopy Imaging of
FND−Au. TEM imaging provides higher spatial resolution
compared to optical imaging techniques, but the contrast of the
TEM images strongly depends on the thickness and
composition of the sample material. Compared to heavy
metal materials such as AuNPs, FNDs exhibited low contrast in
TEM imaging due to the carbon crystal composition.
Moreover, cellular sections need to be stained with uranyl
acetate to enhance contrast, particularly in complicated
subcellular environments, which makes it even more challenging to diﬀerentiate FNDs from the complex cellular
components. In the past, only FND aggregates were diﬀerentiated from the cellular background, whereas in the case of
single-FND detection, defocusing of the images or additional
electron diﬀraction13 had to be applied, which limited the
application of FNDs for electron microscopy cellular imaging
applications.
FND−Au hybrid nanoparticles provided high resolution and
contrast in TEM, and single hybrid particles were easily
localized inside cells (Figure 5a), thus allowing the tracking of
their cellular uptake, intracellular release, and traﬃcking with
single-particle resolution. They localized in spherical endosomes (Figure 5b) and in the cytosol (Figure 5c). Interestingly,
FND−Au localized in the cytosol were surrounded by many
luminal vesicles similar to those found in endosomes (Figure 5
b and c, marked with green circles) but lacking the associated
endosome membrane, which indicated that these vesicles were
the remains of disrupted endosomes. To further clarify this
observation, FND−Au were also observed near the partially
penetrated endosomal membrane and the disrupted membrane
appeared perpendicular to the sharp edges of the FNDs (Figure
5d and e, marked with red arrows). Some other images clearly
revealed FND−Au hybrid particles at the endosome penetration stage, with disrupted endosome membrane fragments
nearby (Figure S7a,b, marked with a blue circle) or altered
organelle membrane morphology from globular to structurally
deformed (Figure S7c,d, marked with a red arrow), indicating
endosomal membrane penetration of the FND−Au due to the
sharp edges of FNDs. We have imaged the endosome release
process of FNDs for the ﬁrst time, clearly proving previous
hypotheses that the sharp edges of FNDs were responsible for
membrane release.12 This important sub-organelle process was
now imaged in such detail due to the presence of the AuNPs
that allowed tracking of the FNDs by TEM with nanometer
resolution in the complex cellular surroundings.
The cellular distribution of FND−Au was analyzed at
diﬀerent incubation times. After 12 h of incubation, FND−
Au were mainly distributed inside endosomes (Figure S8a,
marked with blue squares), but their release into the cytosol
occurred after an additional 12 h of incubation in fresh cell
culture medium (Figure S8b, marked with a red square). The
observed endosomal disruption and cytosolic distribution could
be explained by the extremely long cell retention of FNDs,11
and these features are particularly relevant for cell tracking
experiments over extended time periods.28 The enhanced
subcellular translocation through the endosome membrane
penetration pathway, and the prolonged cell retention times
were essential for the application of FND−Au, such as long6242
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We have shown that the optical excitation of NV centers was
signiﬁcantly improved by stabilizing gold nanoparticles in the
closest distance from the FND surface. Therefore, this hybrid
technique oﬀers great opportunities for nanoscale magnetic
ﬁeld sensing based on NV defects. Optical polarization of NV
centers was achieved with lower excitation laser power, which
allows the performance of cellular experiments with lower
energy light, which is important for sensing applications inside
cells.31 Furthermore, plasmonic enhancement of luminescence
via the Purcell eﬀect32 could be employed to improve the
signal-to-noise measurements in diamond magnetometry.33
The great potential of FND−Au nanoparticles as markers
and (quantum) sensors inside living cells is based on their
eﬃcient cellular uptake by endocytosis due to the positively
charged polymer surface coating, their endosomal escape by the
sharp FND crystal structures that partially destroyed the
endosomal membranes, and their favorable cytotoxicity proﬁle.
Partial destruction of endosomal membranes could be
attractive, for nanoparticle sensors introduced into living cells
as globular nanoparticles without cellular translocation groups
usually remain trapped inside endosomes. We have shown that
this endosomal release process did not induce cytotoxicity, and
the endosomal uptake and release pathways of living cells were
not negatively aﬀected after incubation with FND−Au. As the
FND−Au hybrids remained intact, even after 12 h of
incubation inside living cells, they represent attractive
candidates for cellular imaging studies over extended time
periods.
We believe that the multimodal imaging capabilities of
FND−Au will generate comprehensive images with enhanced
sensitivity and ﬂexible selection of the imaging mode to enable
fast and reliable tracking of FND−Au and their interaction
partners inside complex cellular environments with highest
contrast and resolution. Moreover, the AuNPs used for the
hybrid particle preparation could, in principle, be replaced by
other nanoparticles of similar sizes. Thus, the preparation
method described herein represents a versatile platform for
generating various FND hybrid particle combinations, which
allows further ﬁne-tuning the optical properties and spin states
of the FNDs. Additionally, drugs, proteins, or DNA-targeting
groups could be introduced to the outer protein coating,
providing new avenues for tracking of the delivery of drug
molecules or studying protein−protein or protein−DNA
interactions inside living cells.

■

■

and caspase 3/7 activity; dark-ﬁeld OCM, poli-OCM,
and ﬂuorescence images of HeLa cells; TEM imaging of
FND−Au endosome-penetrating stage; FND−Au time
series cell distribution measured by TEM; and TEM
imaging of mechanically damaged cells released FND−
Au incubated with A549 cells for 12 or 24 h. (PDF)
A video showing the respective bright ﬁeld images of
reconstruction of the tilt series between −70° to 72° with
1.5° increments. (AVI)
A video showing the “ﬂickering” eﬀect. (AVI)
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