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Nanodiamond (ND) has emerged as a promising carbon nanomaterial for therapeutic applications. In
previous studies, ND has been reported to have outstanding biocompatibility and high uptake rate in
various cell types. ND containing nitrogen-vacancy centers exhibit fluorescence property is called
fluorescent nanodiamond (FND), and has been applied for bio-labeling agent. However, the influence and
application of FND on the nervous system remain elusive. In order to study the compatibility of FND on the
nervous system, neurons treated with FNDs in vitro and in vivo were examined. FND did not induce
cytotoxicity in primary neurons from either central (CNS) or peripheral nervous system (PNS); neither did
intracranial injection of FND affect animal behavior. The neuronal uptake of FNDs was confirmed using
flow cytometry and confocal microscopy. However, FND caused a concentration-dependent decrease in
neurite length in both CNS and PNS neurons. Time-lapse live cell imaging showed that the reduction of
neurite length was due to the spatial hindrance of FND on advancing axonal growth cone. These findings
demonstrate that FNDs exhibit low neuronal toxicity but interfere with neuronal morphogenesis, and
should be taken into consideration when applications involve actively growing neurites (e.g. nerve
regeneration).

N
anodiamond (ND), a carbon derivative nanomaterial has become a promising candidate for biomedical
applications1–9. NDs have been evaluated as a new class of nanocarrier for chemotherapeutic drugs by
covalent or non-covalent linkages4,8. Moreover, ND containing nitrogen-vacancy centers can emit fluor-

escence property without photobleaching that is called fluorescent nanodiamond (FND), which has been applied
for bio-labeling agent10,11. Although FNDs did not induce significant toxicity in various cellular and animal
systems12,13, the effects of FNDs on the nervous system are still unclear.

The excellent biocompatibility of nanodiamond (ND) in various biological systems has made it a prom-
ising carbon nanomaterial for therapeutic applications, especially in cancer therapy. It has recently been
demonstrated that doxorubicin-complexed ND markedly reduced the brain tumor via convection-enhanced
intracranial delivery14. This result opens up the possibility of using ND to treat nervous system-related
diseases and injuries. Previous researches have demonstrated the low cytotoxicity of ND in primary neurons
or neurons derived from embryonal carcinoma cells15–17. Thalhammer et al. first demonstrated that culturing
mouse hippocampal neurons on ND monolayer did not affect the neuronal attachment, neurite outgrowth,
or cell-autonomous neuronal excitability compared to the traditional ECM coating15. The same group
recently showed that the size and curvature of the NDs exhibited a significant correlation with neurite
extension, the smaller the nanodiamond the longer the neurites extend16. Other diamond or diamond-like
carbon surfaces have also been tested and exhibited excellent biocompatibility with neurons18,19. These
researches suggested ND as a potential material for drug delivery in the nervous system. However, none
of the experiments mentioned above examined the effect of ND after neurons have been seeded and
developed, which is the state of the damaged neurons to be treated.

It has been demonstrated that microtubule stabilization with taxol can induce axon regeneration and improve
functional outcome20,21. We have previously shown that taxol can be covalently linked to NDs and this ND-taxol
blocked the tumor growth in vivo8. These observations suggested the possibility of using ND to deliver taxol into
injured nervous system in order to promote nerve regeneration. We selected FND in this study for its fluorescent
property and high photostability. To minimize diffusion once FND has been injected into the nervous system, we
decided to use FND with the size of 100 nm.

OPEN

SUBJECT AREAS:
CELL-PARTICLE

INTERACTIONS

NANOPARTICLES

Received
6 August 2014

Accepted
13 October 2014

Published
5 November 2014

Correspondence and
requests for materials

should be addressed to
T.-W.C. (twchiu@g2.

nctu.edu.tw); J.-I.C.
(jichao@faculty.nctu.

edu.tw) or E.H.
(hwangeric@mail.

nctu.edu.tw)

* These authors
contributed equally to

this work.

SCIENTIFIC REPORTS | 4 : 6919 | DOI: 10.1038/srep06919 1



We first examined the biocompatibility of FND in vitro and dis-
covered that FND did not induce cytotoxicity in CNS or PNS neu-
rons. Intracranial injection of FND into the hippocampi of live rats
did not cause gross behavioral differences compared to saline-
injected rats. In addition, we demonstrated that FND could be
internalized by neurons in vitro using flow cytometry and confocal
microscopy. Surprisingly, we also discovered that FND caused a
dosage-dependent decrease on neurite length in both CNS and
PNS neurons in vitro. Finally, we performed live cell imaging on
neurons treated with FND in vitro and found that the neurite length
reduction effect was most likely the result of FND aggregates serving
as spatial hindrance instead of as growth cone poison.

Results
Fluorescence nanodiamonds did not induce cytotoxicity in CNS
or PNS neurons. To test whether FNDs exhibit any cytotoxic effect
on neurons, we utilized two primary neuron cultures: mouse
hippocampal neurons (represent CNS neurons) and mouse dorsal
root ganglion (DRG) neurons (represent PNS neurons). Both
neurons were isolated from embryonic mouse pups and seeded into
optical bottom 96-well plates to facilitate image acquisition and
analysis. Various dosages of FNDs (1, 5, 10, 25, 50, 100, 250 mg/
mL) were then applied to the hippocampal neurons DRG neurons
(Figure 1). After fixation, neurons were immunofluorescence stained
with antibody against neuron-specific b-III-tubulin and the DNA
stain DAPI. Images of hippocampal or DRG neurons were acquired
using an automated fluorescence microscope. We quantified the
number of neurons remain attached to the culture surface. This is a
reliable indicator of viable neurons, because toxin-induced cell death
caused neurons to detach from the culture surface. The neuron
morphology quantification software NeurphologyJ22 was used to

quantify the number of neurons in hippocampal and DRG neuron
cultures after FND treatment. We did not detect any significant
change in hippocampal or DRG neuron number under various
FND dosages (Figure 2). In addition, we analyzed the fragmentation
of the nuclear DNA after FND treatment. This is because cells
undergoing apoptosis often exhibit fragmented nuclear DNA23. The
circularity of the nuclear DNA was measured in FND treated neurons
to deduce the morphology of the nuclear fragmentation. Nuclear
DNA in healthy cells displays high circularity (.0.7), whereas those
undergoing apoptosis display low circularity (,0.5). None of the FND
dosage we examined altered the circularity of the nuclear DNA in
dissociated hippocampal neurons (Figure 3). Finally, we examined
the level of activated caspase-3 in dissociated hippocampal neurons
after FND treatment. Caspase-3 exists as inactive a proenzyme that
needs to undergo proteolytic cleavage to generate the activated
caspase-3, and this is a well-known apoptotic marker in various cell
types including neurons24–26. None of the FND dosages we examined
significantly increased the level of activated caspase-3 in hippocampal
neurons (Figure S1). Taken together, these results indicate that FNDs
did not induce cytotoxicity at concentration up to 250 mg/mL.

Intracranial injection of fluorescence nanodiamonds did not alter
gross animal behavior. To further examine the effect of FNDs on the
nerves system in vivo, we intracranially injected 10 mL of FNDs at a
concentration of 100 mg/mL into the hippocampi of post-weaned
juvenile rats. After the injection, the body weight, fodder and water
consumption were assessed on a daily basis for one week. There were
no significant differences in the daily changes of body weight or the
daily consumption of fodder or water between FND- and saline-
injected rats (Figure 4A–C). We also performed a behavioral test
to determine whether there were more subtle effects of FNDs on
the hippocampus. The novel object recognition test (NORT),

Figure 1 | Schematic diagram of dissociated primary neurons preparation, fluorescent nanodiamond treatment, and imaging procedure. Primary

neurons from mouse hippocampi and the dorsal root ganglia were isolated from embryonic mice, dissociated with protease, and seeded into 96-well

plates. Dissociated neurons were treated with FNDs for 2 , 3 days, fixed, and immunofluorescence stained with antibody against neuron-specific b-III-

tubulin. Automated image acquisition and analysis were performed on stained neurons.

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 6919 | DOI: 10.1038/srep06919 2



developed by Ennaceur and Delacour27, is based on the natural
preference of rats to explore novel objects more than familiar ones.
It has been shown that drugs which can damage the hippocampus
lowered the discriminating index of NORT28,29. Therefore, we used
NORT to assess the effects of FNDs on hippocampal neurons in
behaving animals. Neither the procedure of intracranial injection
nor the injection of FNDs to the hippocampus altered the
discriminating index of NORT (Figure 4D). These results
suggested that FNDs didn’t interfere with the general function of
the hippocampus in live animals.

Fluorescence nanodiamonds can be internalized by neurons. It has
been well documented that FNDs can be taken up by cancer cells9,30.
And it has recently been documented that FNDs can also be taken up
by neurons derived from embryonal carcinoma cells in vitro17. To
confirm whether FNDs can be internalized by primary neurons, we
treated dissociated mouse cortical neurons with 0, 50, 250 mg/mL of
FNDs for 3 days and examined using flow cytometry (Figure 5). The
red fluorescence intensity from FNDs was excited with a 488 nm
laser and the emission was collected at 650 , 750 nm wavelength
range with flow cytometry. We detected a FND dosage-dependent
increase in FND fluorescence signal, suggesting FNDs remain
associated with dissociated neurons after they were released from
the culture surface. However, flow cytometry cannot distinguish

whether FND localized on the surface or the inside of neurons.
Therefore, confocal microscopy was utilized to determine whether
FND was indeed internalized by neurons. We treated dissociated
mouse cortical neurons with 20 mg/mL of FNDs for 2 days, fixed,
and stained with concanavalin-A and DAPI to detect plasma
membrane and nuclear DNA. Clusters of FNDs can be detected
inside the cell bodies of the cortical neurons (Figure 6).
Interestingly, internalized FND clusters were surrounded by
concanavalin-A-containing organelles (Figure 6C–E). To assure
the red fluorescence came from FNDs, we repeated scanned the
soma region in an attempt to photobleach all fluorophores except
the unbleachable FNDs. Indeed, the only remaining fluorescence
after the photobleaching process was the red emission from FNDs
(data not shown). These results demonstrated that FNDs can be
internalized by neurons, and internalized FNDs tend to aggregated
together inside membrane-surrounded organelles.

Fluorescence nanodiamonds affected neuronal morphogenesis in
CNS and PNS neurons. Even though FNDs did not have any
cytotoxic effect for neurons in vitro and in vivo, there remains a
possibility that they can interfere with normal neuronal
morphogenesis, a process requires intricate interaction between
neurons and their extracellular environment. One of the most
prominent morphological features of neurons is the elongated

Figure 2 | Fluorescent nanodiamonds did not cause cytotoxicity in dissociated hippocampal or dorsal root ganglion neuron cultures. (A) Images of

dissociated hippocampal neurons treated with various concentrations of FNDs 4 hours after seeding and incubated for 3 days in vitro. Images on the top

row show DAPI-stained nuclei, merged images on the bottom row show FND (red), neuron-specific b-III-tubulin (green), and DAPI-stained nuclei

(blue). Scale bars represent 50 mm. (B) Quantification of neuron number per image field of FND treated hippocampal neurons. (C) Images of dissociated

DRG neurons treated with various concentrations of FNDs after seeding and incubated for 2 days in vitro. Arrows point to the nuclei of DRG neurons.

Scale bars represent 20 mm. (D) Quantification of neuron number per image field of FND treated DRG neurons. All quantification data were obtained

from 3 independent repeats and normalized to the group without FND. No statistically significant difference between control group and FND-treated

groups can be detected. p . 0.05, by one-way ANOVA. Both bar graphs are expressed as mean 6 SEM.
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neurites. We therefore examined the effect of FNDs on neurite
length. Various dosages of FND (1, 5, 10, 25, 50, 100, 250 mg/mL)
were applied to the cultured neurons (hippocampal neurons for 3
days and DRG neurons for 2 days). Due to the excessive growth of
axons after 48 hours (which interfered with our image analysis),
DRG neurons were treated with FNDs for only 2 days. After
fixation and immunofluorescence staining, images of neurons were
acquired using the automated fluorescence microscopy and the
neurite length of hippocampal or DRG neurons was quantified
using NeurphologyJ22 (Figure 1). Surprisingly, FNDs provoked a
dosage-dependent reduction in neurite length in both CNS
hippocampal neurons (Figure 7) and PNS DRG neurons
(Figure 8). Furthermore, we discovered a striking morphological
alteration in DRG neurons under high dosage FND treatment
(100 mg/mL and above). Almost all DRG neurons generated
numerous terminal branches under this condition (Figure 8A). To
better understand the neurite length reduction effect of FNDs, we
performed live cell imaging on DRG neurons after treatment with
low dosage of FND (1 mg/mL) for 24 hours. We observed that the
advancing growth cone of the DRG neuron stopped and retracted
whenever it encountered FND clusters (Figure 9). However, this

growth cone remained motile and regrew after selecting a different
advancing route (Figure 9 and supplemental movies). This result
suggested that the reduction of neurite length was due to the FND
acting as a spatial hindrance of the advancing neuronal growth cone
instead of acting as a poison that compromised the motility of the
growth cone.

Discussion
Consistent with previous researches15–17,31, we did not observe any
cytotoxic effect of FND on primary CNS or PNS neurons.
Furthermore, intracranial injection of FND into the hippocampus
of the rat did not alter the animal behavior. We did notice a slight
increase of GFAP-positive astrocytes in FND-injected hippocampus
compared to saline-injected hippocampus (data not shown).
However, the sample size of this observation was rather small and
requires further examination. While FND uptake has been observed
in neurons derived from embryonal carcinoma cells17, neurons have
very different membrane protein composition and whether other
types of neurons can uptake FND remained unclear. Here we
demonstrated that FNDs could be internalized by primary cortical
neurons in vitro. The fact that FNDs can be internalized by neurons

Figure 3 | Fluorescent nanodiamonds did not induce apoptosis in dissociated hippocampal neuron cultures. (A) Quantification of nucleus circularity in

hippocampal neurons treated with various concentrations of FND. All quantification data were obtained from 3 independent repeats. No

statistically significant difference between control group and FND-treated groups can be detected. p . 0.05, by one-way ANOVA. The bar graph is

expressed as mean 6 SEM. (B) Representative images of cell nuclei with various circularity. Images on the top row show DAPI-stained nucleus and images

on the bottom row show DAPI stained nucleus overlaid with ImageJ detected nuclear outline. The scale bar represents 10 mm. (C) Histogram of nucleus

circularity in hippocampal neurons treated with various concentrations of FND.
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hints at their applications as neurite tracer. We do not yet know
whether internalized FNDs possess anterograde and/or retrograde
motility.

We observed a dosage-dependent decrease of neurite length in
both CNS and PNS neuron cultures in this study. However, a recently

research showed that ND-coated surface enhanced neurite out-
growth in CNS neuron culture16. These seemingly contradicting
results may be explained by the particle size of the NDs used and
the attachment of NDs to the culture surface. While FNDs utilized in
our study have an average size of 114.7 nm, the previous study used

Figure 4 | Intracranial injection of fluorescence nanodiamonds did not alter body weight change, fodder and water consumptions, nor the
performance of novel object recognition test. Quantification of daily changes of body weight (A), fodder (B), and water (C) consumption per day in

control (saline-injected, n54) and FND-injected (n54) rats. No statistically significant difference between control and FND-treated groups can be

detected. p . 0.05, by Wilcoxon sign rank test. (D) Quantification of discriminating index of NORT in control (n54) and FND-injected (n54) rats

before and after intracranial injection. No statistically significant difference between control and FND-injected groups before and after intracranial

injection can be detected. No interactions between the intracranial injections and FND treatments. p . 0.05, by two-way ANOVA repeated

measurements. All bar graphs are expressed as mean 6 SEM.

Figure 5 | The uptake ability of fluorescent nanodiamonds in dissociated neurons by flow cytometry analysis. (A) Dissociated mouse cortical neurons

treated with 0, 50, or 250 mg/mL FND for 3 days. FNDs were excited by with the 488 nm wavelength light, and the emitted light was collect in

.650 nm wavelength range. (B) The fluorescence intensity of FND was quantified from a minimum of 10,000 cells using CellQuest software. Data were

collected from 3 independent experiments, and the bar graph is expressed as mean 6 SEM.
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NDs with the size ranging from 20 nm to 35 nm16. The same
research also showed that the particle size of the ND is negatively
correlated with the neurite length, with the smallest ND particles
promoting the best neurite outgrowth16. FNDs utilized in our study
were not pre-coated on the culture surface and might form even
larger aggregates. It is therefore possible that when the particle size
exceedes a certain threshold, the neurite promoting effect may switch
to a neurite inhibitory effect. Another origin of the discrepancy may
come from the attachment of ND to the culture surface. FNDs we
applied to our neuronal cultures were not pre-attached on the culture
surface, but Edgington et al. used various approaches to attach their
NDs to the surface. Although we did not observe prominent move-
ments for large FND aggregates (Figure 9 and supplemental movies),
it is a possibility that smaller FND particles invisible to phase contrast
microscopy were moving on the culture surface and compromising
neurite extension.

Interestingly, a recent paper showed that titanium dioxide, silicon
dioxide, and hydroxyapatite nanoparticles could destabilize the
microtubule cytoskeleton and induce focal adhesion remodeling32.
We do not believe FNDs caused microtubule disruption as micro-
tubule filaments can still be observed in neurons treated with 250 mg/
mL of FNDs (data not shown). Furthermore, our live cell imaging
experiment showed that axon extension, a process that requires
intact microtubule cytoskeleton, was not impaired in FND-treated
DRG neurons.

In addition to the reduced neurite length, we also observed a
drastic alteration of neurite morphology in DRG neurons under high
dosage of FND (Figure 8A). Numerous terminal branches can be
seen reminiscent of the synaptic terminals of unmyelinated DRG
axons observed in vivo33. Whether these terminal branches had really
developed into synapses in our high-dosage FND cultures reminds to
be tested. Nonetheless, the drastic morphological changes caution
any ND application involves actively growing neurites (e.g. nerve
regeneration). It is also worth noting that some nanomaterials have

been shown to disrupt the homophilic interaction of VE–cadherin at
the adherens junction of the endothelial cells34 Whether FNDs affect
the synaptic junction between neurons remains to be tested.

Methods
FND preparation. NDs with an average size of 100 nm were purchased from
Element Six (Micron1 MDA, Element Six, Ireland). ND powders were radiation-
damaged by using either a 40-keV He1 beam at a dose of ,1 3 1014 ions/cm2 or a 3-
MeV H1 beam at a dose of ,1 3 1016 ions/cm2 to create the optimum amount of
vacancies in the diamond crystal lattice, as previously described10. ND particles were
subsequently annealed in vacuum at 800uC for 2 hours to form FND. The nitrogen-
vacancy-containing particles were extensively rinsed in distilled deionized water and
stored at room temperature prior to use. The particle size and morphology of FNDs
were examined by a scanning electron microscope (S6700, JEOL, Japan) (Figure S2).
The average size of FNDs was around 114.7 6 8.4 nm when analyzed by dynamic
light scattering (BI-200SM, Brookhaven Instruments, Holtsville, NY) (Figure S3). We
also observed that our FNDs carried negative charge around 220.65 6 1.63 mV as
determined by zeta potential analysis (ZetaPALS, Brookhaven Instruments,
Holtsville, NY).

Primary neuron cultures. All experimental procedures were approved by the
Institutional Animal Care and Use Committee (IACUC) of National Chiao Tung
University (NCTU) and in accordance with the Guide for the Care and Use of
Laboratory Animals.

Hippocampal neurons from E18 mouse embryos (C57BL/6) were prepared as
described35. Dissociated hippocampal neurons were seeded into poly-L-lysine-coated
96-well optical bottom plates at the density of 2 3 104 cells per well in 200 mL serum-
containing neuronal plating medium (minimum essential medium supplemented
with 5% fetal bovine serum, 0.6% D-glucose, and 2 mM L-glutamine; Life
Technologies, Carlsbad, CA). The serum-containing medium was replace with
100 mL serum-free neuronal maintenance medium (neurobasal medium with B27
supplement and 0.5 mM L-glutamine; Life Technologies) 3 hours after seeding.
100 mL of 23 FND-containing serum-free neuronal maintenance medium was added
4 hours after seeding. Neurons were treated with 1, 5, 10, 25, 50, 100, or 250 mg/mL of
FND. FND stock solution was vortexed for 30 seconds and sonicated for 30 mins
before diluted in serum-free neuronal maintenance medium to minimize
aggregation.

DRG neurons from E14 mouse embryos (C57BL/6) were prepared as described36.
Dissociated DRG neurons were seeded into poly-L-lysine- and laminin-coated 96-
well optical bottom plates at the density of 3 3 103 cells per well in serum-free DRG
growth medium (neurobasal medium with 25 ng/mL NGF, B27 supplement, 2 mM
L-glutamine, Life Technologies). Neurons were treated with 1, 5, 10, 25, 50, 100, or
250 mg/mL of FND at the time of seeding. FND stock solution was vortexed for 30
seconds and sonicated for 30 mins before diluted in serum-free DRG growth medium
to minimize aggregation.

Immunofluorescence staining and microscopy. Hippocampal and DRG neurons
were fixed with 3.7% formaldehyde in 1xPBS at 37uC for 15 mins and 30 mins,
respectively. Fixed neurons were permeabilized with 0.25% triton X-100 for 5 mins at
room temperature, and blocked for 30 mins at 37uC with 10% BSA. Neurons were
incubated for 1 hour at 37uC with primary antibodies (TUJ1, 154000, Covence;
cleaved caspase-3 antibody, 15400, Cell Signaling) in 2% BSA. Alexa Fluor 488-
labeled secondary antibodies (151000, Life Technologies) were incubated for 1 hour
at 37uC in the dark. Fluorescence images were acquired with a Nikon Eclipse-Ti
inverted microscope equipped with a Photometrics CoolSNAP HQ2 CCD camera. A
103 0.45 N.A. Plan Apochromat objective lens and the Nikon NIS-Element imaging
software were used to automatically acquire fluorescence images for neuronal
morphology quantification. A 203 0.75 N.A. Plan Apochromat objective lens was
used to automatically acquire fluorescence images for activated caspase-3
quantification.

Live cell imaging was performed on the same Nikon microscope equipped with a
Tokai Hit TIZHB live cell chamber. Time-lapse series were acquired using a 203

0.45 N.A. Ph1 Plan Fluor objective. Time-lapse series were acquired at 5 mins
intervals. Dissociated DRG neurons were cultured with or without 1 mg/mL FNDs in
a poly-L-lysine- and laminin-coated 12-well plate for 18 hours. Live cell imaging was
conducted for the subsequent 22 hours.

For confocal microscopy of dissociated neurons, 5 3 105 mouse cortical neurons
were seeded into a 35 mm optical bottomed dish (m-dish, ibidi, Germany) in serum-
containing neuronal plating medium. The serum-containing medium was replaced
by freshly made serum-free neurobasal medium containing 20 mg/mL of FND
4 hours afterwards. Neurons were fixed 2 days after seeding with 3.7% formaldehyde
in 1xPBS for 15 mins at 37uC. After washing with 1xPBS three times, neurons were
incubated with Alexa Fluor 488-labeled concanavalin-A (50 mg/mL, Life
Technologies) and DAPI (5 mg/mL, Life Technologies) for 1 hour at 37uC. FND
particles were excited with wavelength centered at 580 nm and the emission was
collected in the wavelength range of 610 , 750 nm using a Leica TCS-SP5-X
microscopy system.

Cleaved caspase-3 quantification. Dissociated hippocampal neurons treated with
FNDs were fixed and immunofluorescence stained as previously described. DAPI
stained images were used to identify the location of the nuclei, and the signal of the

Figure 6 | Fluorescent nanodiamonds can be internalized into
dissociated neurons. Confocal image of dissociated mouse cortical

neurons cultured in the presence of 20 mg/mL FND for 2 days, fixed, and

stained with Alexa Fluor 488-conjugated concanavalin-A and DAPI. (A)

Image of the entire field. FNDs are shown in red, concanavalin-A-stained

membrane in green, and DAPI-stained nuclei in blue. (B) Zoom-in image

of the 2 cortical neuron cell bodies in the boxed area of panel A. (C) XZ

section of the concanavalin-A channel. (D) XZ section of the FND channel.

(E) XZ section of the merged image. The dotted line in panel B indicates

the location of the XZ sectioning shown in panel C–E. Scale bar in panel E

represents 5 mm.
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Figure 7 | Fluorescent nanodiamonds reduced neurite outgrowth in a dosage-dependent manner in dissociated hippocampal neurons. (A) Images of

dissociated hippocampal neurons treated with various concentrations of FNDs 4 hours after seeding and incubated for 3 days in vitro. Images on the

top row show b-III-tubulin staining (inverted to enhance visibility), merged images on the bottom row show FND (red) and b-III-tubulin staining

(green). Scale bars represent 100 mm. (B) Quantification of total neurite length per neuron in FND treated hippocampal neurons. All quantification data

were obtained from 3 independent repeats and normalized to the group without FND. * p , 0.05, ** p , 0.01, *** p , 0.001 one-way ANOVA followed

by Dunnett’s post-hoc analysis against the control group (0 mg/mL FND). The bar graph is expressed as mean 6 SEM.
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Figure 8 | Fluorescent nanodiamonds reduced neurite outgrowth in a dosage-dependent manner in dissociated dorsal root ganglion neurons. (A)

Images of dissociated DRG neurons treated with various concentrations of FNDs after seeding and incubated for 2 days in vitro. Images on the top row

show b-III-tubulin staining (inverted to enhance visibility), merged images on the bottom row show FND (red) and b-III-tubulin staining (green).

Red arrow heads point to neurite terminal with numerous branches. Scale bars represent 200 mm. (B) Quantification of total neurite length per neuron

in FND treated DRG neurons. All quantification data were obtained from 3 independent repeats and normalized to the group without FND. * p , 0.05,

** p , 0.01, *** p , 0.001 one-way ANOVA followed by Dunnett’s post-hoc analysis against the control group (0 mg/mL FND). The bar graph is

expressed as mean 6 SEM.
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activated (cleaved) caspase-3 inside the nuclei was quantified using ImageJ. To
eliminate the spectral bleed through of FND into the caspase-3 channel, signal before
immunofluorescence staining was subtracted from the final caspase-3 signal.

Intracranial injection. All experimental procedures were approved by the IACUC of
NCTU and in accordance with the Guide for the Care and Use of Laboratory Animals.
A total of 8 post-weaned juvenile rats (3 weeks old, 40–50 g, from BioLASCO,
Taiwan) were used in this experiment. Each pair of control and experimental rats was
selected from the same litter to minimize genetic variations. Both control and
experimental rats were anesthetized with isofluorane (5% for induction and 2% for
maintenance) and mounted on the standard stereotaxic instrument (Stoelting, Wood
Dale, IL). A small holed was drilled according to landmarks in Paxinos and Watson’s
standard brain atlas37. 10 mL of FNDs (100 mg/mL) containing saline were injected
into the experimental group hippocampi with a 31-gauge injection cannula that was
connected to a 10 mL microsyringe (Hamilton, Reno, NV) (Figure S4A). The solution
was infused over a 10 mins period and the needle was left in hippocampus for 2 mins
after the end of infusion. Control rats were injected with 10 mL saline. After the
injection cannula was removed, Spongostan film (Ferrosan Medical Devices,
Denmark) and bone wax (WPI Inc., Sarasota, FL) were covered on the opening of the
skull and the resected skins were closed with fine suture (5/0; UNIK, Taiwan). After
recovered from the anesthesia, rats were housed in individual chambers. The wounds,
body weight, fodder and water consumptions were assessed on a daily basis. The daily
changes of body weight, fodder and water consumptions were averaged and
compared between experimental and control groups.

The novel object recognition test (NORT). The experimental environment (78 cm
3 56 cm 3 46 cm) was surrounded by white walls and the floor was covered with
wood bedding. Objects were placed at the symmetrical positions 26 cm from the left
or right sides, and 28 cm from the upper and lower sides of the box. At the end of each
session, the 70% ethanol was used to clean the objects and box to remove any olfactory
cues on the objects and in the box. To minimize the bias for the specific location, the
familiar and non-familiar objects were randomly placed at the left or right position.
To habituate to the perimental environment, rats were placed in the box and allowed
for exploration for 15 mins an hour before the behavioral measurement. NORT
consisted of the training and testing sessions and they were separated by a retention
interval of 1 hour (Figure S4B). NORT were conducted 1 week before and after the
intracranial FNDs injection. During the training session, rats were placed in the box at

the center of two identical objects and allowed to explore for 10 mins. At the end of
the training session, the rats were return to the home cage and the two objects and the
whole box were cleaned with 70% ethanol. After the retention interval, one familiar
object was replaced by a novel object. In the testing session, rats were return to the box
and exposed to the objects for 10 mins. Both the training and testing session were
recorded by a digital video camera and analyzed. The object exploration was defined
as the rat pointing its nose to the object within 1 cm. The difference in time exploring
the novel versus familiar objects normalized by the total exploring time for both
objects in the testing session was the discriminating index (DI). The population data
of DI was expressed as mean 6 SEM. The effects of intracranial injections of FNDs
were assessed by the two-way ANOVA with repeated measurements.

Flow cytometry. Mouse cortical neuron cells were plated at a density of 5 3 106

cells in a 6-well plate coated with poly-L-lysine in serum-containing neuronal
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