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Not all cells are created equal – endosomal escape
in fluorescent nanodiamonds in different cells†

Yue Zhang,a Rokshana Sharmin,a Alina Sigaeva, a Carline W. M. Klijn,a

Aldona Mzyka,b and Romana Schirhagl *a

Successful delivery of fluorescent nanodiamonds (FNDs) into the cytoplasm is essential to many biological

applications. Other applications require FNDs to stay within the endosomes. The diversity of cellular

uptake of FNDs and following endosomal escape are less explored. In this article, we quantify particle

uptake at a single cell level. We report that FNDs enter into the cells gradually. The number of internalized

FNDs per cell differs significantly for the cell lines we investigated at the same incubation time. In HeLa

cells we do not see any significant endosomal escape. We also found a wide distribution of FND endo-

somal escape efficiency within the same cell type. However, compared with HeLa cells, FNDs in HUVECs

can easily escape from the endosomes and less than 25% FNDs remained in the vesicles after 4 h incu-

bation time. We believe this work can bring more attention to the diversity of the cells and provide poten-

tial guidelines for future studies.

Introduction

Fluorescent nanodiamonds have gained popularity in the bio-
medical fields over the past decades. They have for instance
been proven useful in the drug delivery field.1,2 Here their rich
surface chemistry offers possibilities for chemists to attach
drugs and engineer their properties.3,4 They are infinitely
photostable and do not bleach.5–7 Additionally, their excellent
biocompatibility was demonstrated in many different cell
types and even in vivo.8–11 Thus they are promising fluorescent
labels, especially when long term labeling is required.12,13

Nanodiamonds are also well visible with several different
imaging techniques, which makes them interesting for correla-
tive microscopy.14

More recently also their unusual magnetic sensing abil-
ities have proven to be useful.15 FNDs contain fluorescent
defects, which change their optical properties based on their
magnetic surrounding.16 Since optical signals are easier to
detect than magnetic signals, this technique is unprecedent-
edly sensitive and allows nanoscale magnetic resonance
measurements.17,18 This effect was first utilised by physicists
for nanoscale sensing of magnetic proteins,19 magnetic struc-

tures like hard drives,20 domain walls21 or nanoparticles.22

Recently, this method was applied in cell biology. There
nanodiamonds have been utilised for nanoscale temperature
measurements23,24 or to measure free radical generation
during stress responses.25

For all these applications it is crucial to determine where
exactly the nanodiamonds end up. There are a lot of articles,
which report on nanodiamond uptake in many different
types of cells.26–29 Unless nanodiamonds are injected or
otherwise forced into the cells,14,30 the most common way
to enter the cells is endocytosis.31 More specifically, Liu et al.
have shown that they enter via so-called clathrin mediated
endocytosis.32 This pathway is a complex energy dependent
endocytic portal into cells through which cargo is packaged
into vesicles with the aid of a clathrin coat (and other
compounds).33 If particles are following this uptake route
they usually end up in early endosomes multivesicular bodies
(MVBs) and finally in lysosomes. Vaijayanthimala et al. have
also shown clathrin mediated endocytosis in HeLa cells.
This was achieved by blocking different pathways specifically
while monitoring changes in uptake.26 Sigaeva et al. have
observed evidence for macropinocytosis in HT29 cells (a
colon cancer cell line).34 However, we know much less about
what happens after they have entered. Chu et al. have
shown that particles escape the endosomes in HepG2 cells
(a liver carcinoma cell line).35,36 We show here that there is a
large variability between different cell types. As illustrated in
Fig. 1, we systematically compare uptake in different
cell types and determine dynamics and variability in the
uptake process.
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Materials and methods
Reagents and materials

Oxygen terminated red fluorescent nitrogen-vacancy nanodia-
monds (FNDs, Adamas Nanotechnology) were used in this
study. The average particle size of FNDs in the stock solutions
(1 mg mL−1 in deionised water) is 70 nm. According to the
vendor, these FNDs were produced by a high-pressure, high
temperature (HPHT) process followed by size separation and
acid cleaning. Calcein, paraformaldehyde, gelatin, Triton
X-100, Bovine Serum Albumin (BSA), FITC-phalloidin, 4′,6-di-
amidino-2-phenylindole (DAPI) and HEPES were purchased
from Sigma Aldrich, Dulbecco’s Modified Eagle’s Medium sup-
plemented with 4.5 mg mL−1 glucose (DMEM-HG), fetal
bovine serum (FBS), penicillin/streptomycin (P/S) and trypsin/
EDTA from Gibco Life Technologies. Microvascular
Endothelial Cell Growth Medium (EGM™-2MV) is commer-
cially available from Lonza, (CC-3202, Switzerland) and glutar-
aldehyde from Merck. Phosphate-buffered saline (PBS) was
purchased from Invitrogen.

Preparation of FNDs (FBS coated)

Following a previous report, FND stock solutions were diluted
in pure FBS to prevent the formation of large FND clusters in
the cell culture medium.37 FBS-coated FNDs were further
mixed with serum-free medium to get the desired FND concen-
tration and 10% FBS. FND in the following text refers to FBS-
coated FNDs unless specified differently.

FNDs were prepared similarly for endosomal escape experi-
ments in complete cell culture medium, supplemented with
0.25 mM calcein.

Characterization of FNDs

The average hydrodynamic diameter of FNDs was determined
by dynamic light scattering (DLS) at 25 °C. The tests were per-
formed by Zetasizer Nano ZS ZEN3500 (Malvern) equipped
with a 633 nm He–Ne laser using back-scattering detection.

The material is widely used in literature and its size, shape
and surface chemistry are well known from literature.38,39

Cellular toxicity of FNDs

HeLa cells (10 000 cells per well) or HUVECs (60 000 cells per
cm2) were seeded in 96-well plates and incubated for 24 h until
the confluency reached 70–90%. Then cells were incubated with
10 or 2.5 µg mL−1 FNDs for 24 h. Then, 20 µL MTT solution
(0.75 μg mL−1 final concentration) was added to each well. The
plates were further incubated at 37 °C for 3 h. Finally, the
media were replaced with 200 µL dimethyl sulfoxide (DMSO).
The absorbance at OD = 590 nm was determined with a synergy
H1 microplate reader (BioTek). Untreated cells were used as the
control and DMSO was used as blank. The concentrations used
in this article had no effects on metabolic activity (see ESI†).

Quantification of cellular uptake of FNDs

The quantification procedure was done in the same way as
reported previously.34 In this study we chose to investigate HeLa
cells as well as HUVECs because of their relevance in nano-
particle uptake studies. In addition they are also readily available
and relatively easy to work with. HeLa cells were cultured in
DMEM-HG medium, supplemented with 10% FBS and 1% P/S.
30 000 cells were seeded in each quarter of 35 mm four compart-
ment glass-bottom Petri dishes (Greiner) and cultured in an
incubator (37 °C and 5% CO2) for 24 h. When the confluency
reached 70–90%, the cells were incubated with 10 µg mL−1 FNDs
for 1 h, 2 h, 4 h, 8 h or 10 h in the incubator. After co-incu-
bation, HeLa cells were rinsed twice with PBS, fixed with 3.7%
PFA and stored at 4 °C. Cells cultured in complete DMEM-HG
medium without FNDs were used as the control group.

Human umbilical vein endothelial cells (HUVECs),
obtained from Lonza (CC-2519, Switzerland), were cultured in
EGM™-2 medium supplemented with EGM™-2 MV Single
Quot Kit Supplements and Growth factors (Lonza). Cells were
maintained at 37 °C with 5% CO2/95% air until passage 5 or 6.
Meanwhile, a Petri dish was pretreated with 1% gelatin solu-
tion for 30 minutes. After that, the gelatin solution was
replaced with 0.5% glutaraldehyde solution for 15 min to fix
the coating. The Petri dish was washed three times with Ca2+

or Mg2+ free PBS and EGM™-2MV medium and kept in an
incubator with 300 μL EGM™-2MV medium for 30 minutes
before use. 35 × 103 cells per cm2 were seeded in the coated
Petri dish and cultured in an incubator (37 °C and 5% CO2) for
24 hours. The following steps were the same as for HeLa cells
with 2.5 µg mL−1 FNDs. Cells cultured in EGM™-2MV medium
without FNDs were used as the control group.

After fixation, the actin cytoskeleton and nuclei of cells were
stained with FITC-phalloidin and DAPI. The z-stack images were
acquired using a Zeiss LSM780 confocal microscope with a 63×
objective. The signals of FNDs were obtained using 561 nm exci-
tation laser, and emission was collected between 670 nm and
740 nm (NV centers emit above 600 nm; however, collecting
above 670 nm gives a better signal to noise ratio in presence of
strong backgrounds). The signals of FITC–phalloidin were
obtained using a 488 nm excitation laser and the emission was

Fig. 1 The evaluation of fluorescent nanodiamonds endosomal escape
in HeLa cells and HUVECs. FNDs were incubated with cells in the cell
culture medium, supplemented with calcein. We quantified uptake after
incubating the cells with diamond solution for 4 hours (4 + 0 h) and
once again after the medium was replaced and another 4 hours had
passed (4 + 4 h).
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collected between 500 nm and 550 nm. The signal of DAPI was
obtained using 405 nm excitation laser and the emission was
collected between 420 nm and 480 nm. Z-Stack images were
obtained with voxel sizes of 190 × 190 × 200 nm. To count
diamond particles inside cells the FITC–phalloidin labelled
volume was used to identify each cell. For each FND it was then
checked whether it is within or outside the cell border.

Assessment of FNDs endosomal escape

To evaluate the endosomal escape efficiency of FNDs, 30.000
HeLa cells were seeded in each quarter of a glass-bottom Petri
dish and incubated at 37 °C and 5% CO2 for 24 h. Then cells
were incubated with 10 µg mL−1 FNDs in cell culture medium
(containing 0.25 mM calcein) for 4 h in an incubator. After
that, the cells were rinsed twice with PBS to remove free FNDs.
For the 4 + 0 h groups, the cells were fixed immediately. For 4
+ 4 h groups, the cells were further incubated another 4 h in
the standard complete medium before the fixation. The cells
were fixed with warm 3.7% PFA for 3 min and stored at 4 °C in
the dark. The images were taken within 2 days after the cell fix-
ation to keep high quality. The cells cultured in the complete
medium (containing 0.25 mM calcein) were used as the
control group. The cells cultured in normal complete medium
were used as control group for image analysis. The same
experimental design was also applied to HUVECs with 2.5 µg
mL−1 FNDs. The FND concentrations for two different cell
lines were chosen based on the previous experiences in our
group, with the intention to have enough internalized dis-
tinguishable FND objects per cell for statistical analysis.

The z-stack images were acquired using a Zeiss LSM780
confocal microscope with a 63× objective. The signals of FNDs
were obtained using 561 nm excitation laser and emission was
collected between 670 nm and 740 nm; the signals of calcein
were obtained using 488 nm excitation laser and emission was
collected between 510 nm and 540 nm. Z-Stack images were
obtained with voxel sizes of 190 × 190 × 200 nm.

Image processing and data analysis

All confocal z-stack images were processed and analysed by the
free FIJI software. The z-stack images were deconvolved by FIJI
plugins “Diffraction PSF 3D” and “Iterative Deconvolve 3D” before
the following process to achieve better signal to noise ratio.

Similarly as reported before,34 the FND objects were identi-
fied by the FIJI plugin “3D Object Counter”.40 It’s worth noting
that these measurements only reveal an estimate rather than
the precise amount of objects due to limitations of the conven-
tional confocal resolution and FND brightness. However, it’s
still possible to compare numbers to reveal trends. The
threshold is determined by the brightness of the control group
(a threshold was selected that gives zero detected objects in
absence of particles). In cellular uptake experiments, we used
the FITC signals to define the cells’ area and the FND objects
outside the cells or on the image edges were removed. More
than 30 complete cells (Table S1†) from three independent
experiments were randomly selected for the counting.

The colocalization analysis was performed on a single cell
level. Every single cell was manually selected and separated as
in Fig. S1.† At least 15 complete cells with more than 3 FND
objects from three independent experiments were considered.

To assess the fraction of FNDs colocalized with endosomes
at different timepoints, two methods were used. Manders’
Colocalization Coefficients (MCC) were calculated based on a
pixel-level analysis. For two probes, denoted as R (Red, FNDs)
and G (Green, Calcein), two different MCC values are derived,
M1, the fraction of R in compartments containing G and M2,
the fraction of G in compartments containing R.41 We are
interested in the proportion of colocalized FNDs, which is
described by M1 in this case. The M1 coefficient is simply cal-
culated by JACoP as:

M1 ¼
P

i
Ri;colocal

P

i
Ri

where Ri,colocal = Ri if Gi > 0 and Ri,colocal = 0 if Gi = 0. The
thresholds of both calcein and FND channels were determined
by the maximum intensity of the control group images.

Another method is object-based colocalization. It is calcu-
lated as:

Coloc object ¼ Number of colocalised FNDobjects
Number of FNDobjects

:

The number of total and colocalized FND objects were cal-
culated based on centres of mass-particles coincidence by Fiji
plugin “JACoP”.

Statistical analysis

Nonparametric one-way analysis of variance (Kruskal–Wallis
test, one-way ANOVA) was performed to evaluate the statistical
significance among the different groups in FND cellular
uptake experiments. The multiple comparisons between each
pair of groups were done by Dunn’s test. The unpaired t-test
was used to compare the colocalization results from the two

Fig. 2 Size distribution of FNDs in different media. The measurements
were performed at 25 °C.
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timepoints. All tests were two sided with a significance level of
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). The
statistical analysis was performed in GraphPad Prism 7.

Results and discussion
Characterization of FNDs

Bare FNDs are relatively colloidally stable in H2O and easily
aggregate in high salt solution or cell culture medium.42

Coating with FBS is a simple and effective way to prevent the
formation of large FND clusters. The size distribution of FNDs
in different media were measured by DLS. Fig. 2 shows that,
compared to bare FNDs in H2O, the size of FNDs suspended in
cell culture medium increased to around 150–200 nm. The

slight increase might be from protein coating or small aggrega-
tion, but an increase in this size range is still acceptable for
further experiments. No significant difference was found
between the two different media.

Quantifications of cellular uptake of FNDs

In a limited number of cases, it has been shown that FNDs
enter the cells via energy-dependent, clathrin-mediated and
receptor-mediated endocytosis.33 These processes can differ
per cell type.43,44 Some immune cells like macrophages are
more likely to ingest the particles while HT-29 cells are not.34

Besides, the shape and size of the cells vary even within the
same cell line which is less explored.45 To have a certain
amount of FNDs for the endosomal escape study and know
more about the cells’ diversity, we investigated the relationship

Fig. 3 Quantification of FNDs internalized by two types of cells after different incubation times. 10 µg mL−1 FNDs were incubated with HeLa cells
and 2.5 µg mL−1 FNDs were incubated with HUVECs. Representative images of (A) HeLa cells and (C) HUVECs. Arrows indicate FNDs. The cells were
stained with FITC–phalloidin (green) and DAPI (blue). The scale bar is 20 µm. The number of FND objects and particles internalized by (B) HeLa cells
and (D) HUVECs with increasing incubation time. The whiskers are shown as median with 95% confidence interval (Kruskal–Wallis test followed by
Dunn’s test, ns > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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between the number of FNDs in the cells and the incubation
time. Overall, compared with HeLa cells, HUVECs ingest more
FNDs. As shown in Fig. 3, in both HeLa cells and HUVECs, the
number of FND objects keeps increasing within 4 h incubation
while a very low number of FNDs were found in the first 2 h.
Therefore, we chose 4 h incubation for the following endo-
somal escape experiments. The number of FNDs inside the
cells reaches a maximum after 8 h and 10 h. A possible reason
is that the confluency of cells is much higher after long time
incubation and might influence the cellular uptake of FNDs.

Specifically, as shown in Fig. 3, particle numbers per cell vary
significantly among different cells even after 10 h incubation.
Even cells from the same type differ in their ability to engulf
FNDs. Interestingly particle uptake differs for other nano-
particles and Torrano et al. for instance found that silica par-
ticles are taken up more by HeLa cells rather than HUVECs.46

Assessment of FNDs endosomal escape

The calcein assay is a method to evaluate whether particles
enter the cells and whether they can escape the endosome.
Calcein is a cell membrane impermeant fluorescent dye and
emits green light in endosomes or lysosomes. If a particle
escapes the endosome, it no longer colocalizes with the green
vesicles. First of all, from Fig. 4, we can easily find separated
FND signals and green vesicles in the cells (representative 3D
reconstruction in Fig. S2†). Then, we performed pixel and
object based colocalization analysis. Both methods showed
similar results. Fig. 5 confirms that also here there are large
differences between individual cells. It’s not surprising that the
percentage of FNDs colocalized with endosomes in single cells
has a wide range. There are several possible reasons for this,
including cells being in different stages of their cell cycle or
slight variations in the microenvironment. This is quite
different from the whole image analysis which leads to relatively
narrow distributed numbers in some papers.35,47 Normally, the
result from one image is the average of several cells and these
differences are averaged out. In contrast, the single cell analysis
provides more detailed information, but also brings more
uncertainty. Nevertheless, we observed considerable differences
in our two cell types. FNDs in the HUVECs can escape from the
endosomes more easily within the extra 4 h incubation. At 4 +
4 h, the FND colocalization in HUVECs is below 25% and sig-
nificantly different from the previous timepoint. The situation
in HeLa cells is different. Although the FND colocalization
decreased slightly after 4 + 4 h incubation, there are no statisti-
cally significant differences between the two timepoints. FNDs
endosomal escape is complex and difficult to evaluate precisely.

Fig. 4 Representative confocal images of FNDs endosomal escape in
(A) HeLa cells and (B) HUVECs at 4 + 0 h or 4 + 4 h. All images are from
the sections of z-stack images. Arrows indicate FNDs. The scale bar is
20 µm.

Fig. 5 The pixel or object based FND and calcein colocalization analysis in (A) HeLa cells and (B) HUVECs at 4 + 0 h and 4 + 4 h. The whiskers were
shown as mean with standard deviation (unpaired t test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Paper Nanoscale

13298 | Nanoscale, 2021, 13, 13294–13300 This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 7

/3
0/

20
25

 1
0:

29
:0

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr02503a


Han et al. reported that FND clusters appeared outside the
HeLa’s membrane as well as in endosomal vesicles as detected
by correlative light-electron microscopy (CLEM).48–50 Chu et al.
found that prickly FNDs were able to rupture the membranes in
HepG2 cells and easily escape from the endosomes.35 Overall,
we have shown that the cell type influences the efficiency of the
endosomal escape. Here, we show that calcein is useful to evalu-
ate this process on a single cell level. A possible reason might
be in the biological function of the two cell types. HUVECS are
endothelial cells from veins of the umbilical cord while HeLa
cells originated in the cervix. Thus, the two cell lines are special-
ised to receive their nutrients from a very different environment
which might alter their uptake behaviour. A reason for these
discrepancies in endosomal escape between different cells
could also be caused by the formation of a protein corona.
Unless it is specifically prevented,51 this corona formation
always happens and has also been reported for
nanodiamonds.36,52–55 Depending on the cell type different pro-
teins might be treated in a different way. Another explanation
could be that the two cell types use a different uptake mecha-
nism. Besides clathrin mediated endocytosis there are many
other mechanisms which can be differentiated by specific
blocking.26 Yet another explanation could be that their endo-
somes are just more or less permeable due to differences in the
lipid composition of their endosomes.56

Conclusions

It has been reported already earlier that there are large differ-
ences between different cell types in their ability to ingest
nanodiamond particles. We confirm this also for the cells we
have investigated. We also performed a single cell analysis
which reveals large differences between cells from the same
cell type. Similarly, the endosomal escape ratio differs greatly
between the two investigated cell types. While in HUVECs less
than 25% remain in the endosomes within 4 h, in HeLa cells
up to 50% remain in the endosomes within the same time
period. Being aware of the differences between cells is essen-
tial for labelling and sensing applications. Furthermore, our
data can be used as a guideline to select the best cell types to
investigate processes in specific organelles or to adjust the
timing and conditions of FND internalization.
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