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Nanoparticles (NPs) offer promise for a multitude of biological applications including cellular probes
at the bio-interface for targeted delivery of anticancer substances, Raman and fluorescent-based
imaging and directed cell growth. Nanodiamonds (NDs), in particular, have several advantages
compared to other carbon-based nanomaterials — including a rich surface chemistry useful for chemical
conjugation, high biocompatibility with little reactive oxygen species (ROS) generation, physical and
chemical stability that affords sterilization, high surface area to volume ratio, transparency and a high
index of refraction. The visualization of ND internalization into cells is possible via photoluminescence,
which is produced by direct dye conjugation or high energy irradiation that creates nitrogen vacancy
centers. Here, we explore the kinetics and mechanisms involved in the intracellular uptake and
localization of novel, highly-stable, fluorophore-conjugated NDs. Examination in a neuronal cell line
(N2A) shows ND localization to early endosomes and lysosomes with eventual release into the
cytoplasm. The addition of endocytosis and exocytosis inhibitors allows for diminished uptake and
increased accumulation, respectively, which further corroborates cellular behavior in response to NDs.
Ultimately, the ability of the NDs to travel throughout cellular compartments of varying pH without
degradation of the surface-conjugated fluorophore or alteration of cell viability over extended periods
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of time is promising for their use in biomedical applications as stable, biocompatible, fluorescent

probes.

1. Introduction

A multitude of nanoparticles (NPs) are being examined for their
suitability to interact with biological entities at the nano-surface
level in areas such as drug delivery, detoxification, sensing, and
imaging.’ As the number of available NPs increases, it becomes
a priority to understand the mechanisms through which they may
enter the intracellular space. The majority of studies on the
cellular uptake of NPs have cited endocytosis as the mech-
anism.*® For example, carbon nanotubes (CNTs) complexed to
proteins or DNA were shown to be uptaken via clathrin-depen-
dent endocytosis.*® In other studies, quantum dot-multi-walled
CNT conjugates’ and multi-photon carbon dots® were internal-
ized by endocytosis after 1 h at 37 °C compared to little or no
uptake at 4 °C. In contrast, non-endocytic or non-phagocytic
uptake mechanisms based on diffusion, adhesion, or other
interactions may play a role in internalization. For example, the
uptake of fluorescent fluorescein isothiocyanate (FITC)-conju-
gated CNTs into the cytoplasm and nucleus of cells appeared to
be energy-independent,®! while fluorescent polystyrene micro-
spheres did not localize to membrane-bound structures within
pulmonary macrophages or red blood cells.!* Although the exact
mechanism of NP entry is difficult to pinpoint, other studies
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show that CNTs localized to intracellular vesicles in human
keratinocytes'? or fullerenes to mitochondria in COS-7 monkey
kidney cells after 24 h.'* More recently, Zhang and Monteiro
found that quantum dots were internalized into early endosomes
and then transferred to late endosomes or lysosomes with the
endocytic pathway primarily regulated by the G-protein-coupled
receptor/scavenger receptor in human epidermal keratinocytes.'*
In this regard, it is essential to track the location of NPs inside
cells over time to evaluate accumulation kinetics. Factors found
to influence NP uptake by cells include size, surface charge,
concentration, time, temperature, and cell line.”#517

Detonation NDs are very attractive candidates for intra-
cellular studies due to their ability to be produced with high
purity, low cost, high yield synthesis methods,'®?° sterilized by
either filtration or autoclave methods, ease of surface function-
alization, lack of reactive oxygen species (ROS) generation, pH
stability, stable fluorescence and their greater inherent biocom-
patibility with cells in culture!”-'#2-23 compared to other nano-
materials such as carbon nanotubes or quantum dots.*
Consequently, NDs have been used for drug-delivery applica-
tions and as enterosorbents.?® Further, in vivo biodistribution®
and anticancer studies*’ show promising preliminary results.

As imaging probes, NDs can be viewed with multiple methods
of optical and spectral detection and associated imaging tech-
niques (e.g., N-vacancy induced fluorescence, optical trans-
parency in the visible wavelength range, high index of refraction,
and Raman scattering signal).'8:2028:29:31-34.69 The further surface
functionalization of NDs through attachment of biomolecules
has been demonstrated by direct physisorption.3*3¢ This can be
accomplished either by indirectly linking amines to physisorbed
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polylysine®” or by grafting silane as a linker to couple amino acids
or bioconjugates to the ND surface.?*** Covalent coupling of the
dye molecule, TAMRA - through the carbon surface of NDs,
using standard wet chemical synthesis methods — allowed for
dual visualization of NDs and streptavidin.***!

In this study, the rhodamine-conjugated NDs (ND-T), as
mentioned above, were used to characterize mechanistic uptake
dynamics in neuroblastoma cells. This neuronal cell phenotype
was chosen to simulate both the deliberate targeting of NPs to
the nervous system or accidental exposure and subsequent
translocation from sites of administration.*> NDs labeled with
pH-independent TAMRA dye showed photostability and high
brightness, likely due to the NDs’ high index of refraction. ND-T
is positively charged and has a high degree of colloidal stability in
aqueous solution.* Imaging with transmission electron micro-
scopy (TEM) was used to examine uptake and localization over
time, and the uptake pathway was corroborated by using
chemical inhibitors. Further staining of subcellular organelles
and imaging with confocal microscopy was utilized to temporally
track the uptake and localization of ND-T. Through these
studies, a better understanding of NP uptake is gleaned towards
further surface-tailoring of intelligently designed nano-
structures.****

2. Materials and methods
Fluorescent ND synthesis and characterization

Detonation NDs (NDs, >98% purity, designated 16, supplied by
New Technologies, Co., Chelyabinsk, Russian Federation) were
functionalized by ITC as described in*® by amination of the ND
and coupling to the reactive NHS functionalized TAMRA to
produce the singly conjugated particle TAMRA-ND (ND-T).
X-ray photoelectron spectroscopy (XPS) was performed using
a Kratos Axis Ultra with a monochromatic Al ka X-ray source
and a silicon wafer as a supporting substrate. The survey and
high resolution scans were performed at 160 eV pass energy with
1 eV step and 10 eV pass energy with 0.1 eV step, respectively.
The peak position calibration was done against Si 2p3/2 @
99.3 eV.* The collected data were processed with CasaXPS
software. A Shimadzu FTIR-8300 spectrometer was used for
FTIR analysis with a fixed quantity of ND sample mixed with
KBr and compressed at up to 150 kg/cm? into plates 0.5-0.7 mm
thick. Tablets were placed in an IR vacuum cell and heated at
100 °C under vacuum (1 x 1072 torr) for 2 h inside the IR cuvette
in order to remove traces of water. After this procedure, FTIR
spectra were recorded without exposure of the samples to air in
order to avoid any influence due to the atmospheric water.

The amount of TAMRA in the ND-T samples obtained by the
chemical reaction between aminated ND and NHS-TAMRA
was measured by comparison of the nonreactive form of
TAMRA. The experimental procedure performed to quantify
the binding of physisorbed and chemically bound TAMRA were
previously reported;** however, in this paper we show the
binding curves. An amount of 100 pL of 16-NH, (10 mg/mL in
0.1 M bicarbonate buffer pH 8.1) was mixed with 200 pL of 0.1M
bicarbonate buffer (pH 8.1). Stock solutions of 16.8 mM
TAMRA and 9.89 mM TAMRA-NHS were prepared in DMSO
as measured by UV-Vis at the peak absorbance of 551 nm. Each

series consisted of four reactions using 5, 15, 20, and 40 pL of
TAMRA or 2, 10, 20, and 40 uL. of TAMRA-NHS added to each
ND solution. The solutions were kept at room temperature
under mixing for 90 min. Next, the ND was pelleted using
6,000 rpm for 5 min and the supernatant was collected. The ND
pellet was then resuspended in 0.1 M bicarbonate buffer (pH 8.1)
and centrifuged again with removal of the supernatent. The
amount of dye removed from the ND was measured by UV-Vis
and the total amount of TAMRA removed was calculated.

ND-T was prepared as a stock solution at a concentration of
7.5 mg/mL in water, which was then further diluted in sterile
water to 1 mg/mL before use in cell culture experiments. Verifi-
cation of the size and morphology was performed with fluores-
cent microscopy (Olympus IX71 Inverted Research Microscope)
and transmission electron microscopy (TEM, Hitachi H-7600,
110 kV).

Cell culture

Neuroblastoma (N2A) cells, a neuronal phenotype, were
purchased from ATCC (Neuro-2a line, CCL-131). Cells were
grown in an atmosphere of 5% CO, and 37 °C according to
standard cell culture techniques.'”'*#*® Growth media for the
neuroblastoma cells was DMEM/F12 supplemented with 10%
normal fetal bovine serum (FBS). Growth media for the human
keratinocyte (HaCaT, ATCC) cells was RPMI-1640 supple-
mented with 10% FBS, and growth media for the rat alveolar
macrophages (ATCC, NR8383 line, CRL-2192) was Ham’s
Nutrient Mixture F-12 K (Kaughn’s Modification) media
(ATCC) supplemented with 20% FBS. All cell culture media also
contained 1% Pencillin-streptomyocin (ATCC). Other cell
culture supplies included 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT, Sigma Chemical Company, St.
Louis, MO), 10x Phosphate buffered saline (pH 7.4), and 2.5%
trypsin (Gibco Invitrogen™ Corporation, Carlsbad, CA).

Biocompatibility assay

For biocompatibility evaluation, all cells were seeded in 6-well
plates at a concentration of 5 x 10° cells/ymL. The 3-[4,5-
Dimethyl-thylthiazol-2-yl]-2,5-diphenyl-tetrazolium  bromide
(MTT) assay was conducted to assess cellular viability based on
mitochondrial function. After 30 min of incubation with MTT,
a purple color developed within the cells, indicating the cleavage
of the tetrazolium salt (MTT) by active mitochondria in live cells.
The purple-colored product (formazan crystals) was extracted
into solution with acidified isopropanol for homogeneous
staining, and the absorbance was measured on a Spectromax 190
microplate reader from 570-630 nm after centrifugation to
remove the NPs. The percent reduction of MTT was compared
to controls (cells not exposed to NDs), which represented 100%
MTT reduction.

Transmission electron microscopy of cellular uptake

N2A cells were processed for TEM according to Schrand et al.*®
Briefly, the cells were seeded in 100 mm tissue culture dishes, and
then dosed with NDs at 85% confluency. Twenty-four hours
later, the cells were fixed in 2.5% paraformaldehyde/gluter-
aldehyde in PBS for 2 h. Thereafter, the cells were post-fixed with
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1% osmium tetroxide for 1 h, and then the cells were scraped
from the plate and centrifuged. The cells were dehydrated using
increasing concentrations of ethanol with three changes of 100%
ethanol. The samples were then placed in 100% LR White resin
and cured overnight at 60 °C in BEEM® capsules. The samples
were thin-sectioned on a Leica ultramicrotome at a thickness of
50-100 nm, collected on formvar/carbon-coated TEM grids and
imaged using a Hitachi H-7600 TEM at 110k V.

Morphological evaluation with light microscopy

For morphological evaluation, N2A cells were grown to 80%
confluency in two-chambered glass slides for phase contrast light
microscopy (Olympus IX71 inverted light microscope with
QCapture imaging software). Subsequently, cell cultures were
dosed with freshly prepared ND-T at concentrations from
0-100 pg/mL in cell culture media without serum for N2A or
HacCat cells, or media with 10% serum for macrophages to reduce
proliferation.

Confocal localization and uptake studies

Confocal imaging was performed on a BD Pathway 435 instru-
ment with associated AttoVision software. In live cell fluorescent
confocal experiments, Hoechst 33342 nuclear dye (Biomol, Ply-
mouth Meeting, PA) was used as a counterstain. The early
endosome stain EEA-1 (Abcam, Cambridge, MA) was utilized at
a working concentration of 1-4pug/mL in exposure media. After
1 h of incubation, the cells were washed 3x with warmed expo-
sure media. LysoTracker Green lysosome stain (Invitrogen/
Molecular Probes, Eugene, OR) was probed under the FITC
filter for co-localization experiments according to the manu-
facturer’s protocol.

Image Data Explorer software was utilized to quantify the
uptake of fluorescent NDs. A compound macro was set up to
collect images for an entire 96 well plate. Afterwards, the analysis
function of the Confocal microscope segmented the image based
on differences in fluorescence, distinguishing areas of Rhoda-
mine and Hoechst intensity from background fluorescence.
Finally, the Image Data Explorer quantified these areas,
providing a numerical value of relative fluorescent units. This
value represents the quantity of ND-Ts present and is propor-
tional to cellular ND-T uptake since all wells were seeded at
similar densities.

Chemical inhibitors

For modulating cellular uptake, known chemical inhibitors of
endocytosis (Dynasore) and exocytosis (Brefeldin A, BFA) were
utilized. Dynasore is a known inhibitor of dynamin, a protein
required for clathrin-dependent vesicle formation,*-** while
Brefeldin A is a known lactone antibiotic that interferes with the
merging of endosomes and lysosomes, thereby resulting in an
accumulation of proteins and extracellular transports within the
cell.’*? These chemicals were co-incubated with the NPs at low
doses of 20 uM and 3 pg/mL respectively to interfere with normal
processes of uptake and migration.

Statistical analysis

The above biochemical assays were performed in triplicate and
the results were presented as mean + standard deviation in
comparison to control values. The data were subjected to
statistical analysis by one-way analysis of variance (ANOVA)
followed by Tukey-Kramer’s procedure for multiple compari-
sons (pHStat Excel add-in). A value of p < 0.05 was considered
significant and marked with asterisks (*) on graphs.

3. Results and discussion

Fluorescent tetramethylrhodamine (TAMRA)-labeled NDs
(ND-T) were previously characterized as a stable aqueous
colloidal suspension with a zeta potential of +40 mV, a primary
size of ~ 4 nm, and after suspension in water, an average
aggregate size of ~150 nm.*® Since NDs are a good sorbent for
biomolecules, the relative amounts of chemically bound and
physisorbed TAMRA on the ND surface were measured. Most
experiments using ND as a fluorescent tracer require chemical
bonding of the dye to the ND surface since this complex is
stronger and more stable than physisorption. The chemical
reaction of the amine functionality of 16-NH, with the NHS ester
group of TAMRA-NHS produces a chemically stable amide
bond. In order to show that the conjugation reaction is actually
taking place due to the amine functionality on 16-NH, with the
amine reactive NHS ester of TAMRA, the reaction was
completed along with the control reaction using TAMRA
without the NHS reactive group over a series of concentrations
of dye. Using the same amount of 16-NH, along with increasing
dye concentration, the amount of dye removed from the ND
through repeated centrifugation pelleting and washing steps was
measured. In this case, the majority of the dye was removed after
two washes.

The corresponding Langmuir isotherms are shown in Fig. 1. It
can be seen that 16-NH, appears to chemically bind TAMRA
(green line) using the TAMRA-NHS reactive moiety, since
TAMRA dye used without the reactive ester function has fewer
moles of dye bound to the ND. In addition, we can see that

2.0E-07 A

1.5E-07 -

1.0E-07 4

TAMRA Bound (moles)

5.0E-08 A

0.0E+00 T T
0.0E+00 2.5E-07 5.0E-07

TAMRA Removed (moles)

Fig. 1 Plot of the amount TAMRA bound to 16-NH, as a function of
amount of TAMRA removed or in equilibrium for the reaction (green)
and the control (blue). Measurements were an average of three data sets.
The deviation in each measurement of bound TAMRA is shown with
error bars.
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Fig. 2 XPS spectra of (a) ND-I6, (b), ND-NH, and (c) ND-T demon-
strating progression of surface functionalization (amine, imine, nitro,
nitroso and amide bond formation).

TAMRA physisorption (blue line) begins to saturate at a higher
dye concentration. Furthermore, as previously reported, the ND-
T sample using NHS-TAMRA appeared red, whereas the ND
mixed with unreactive TAMRA had no apparent coloration.*

ND-T product was characterized using XPS and FTIR after
extensive removal of unbound TAMRA dye from the ND
surface. XPS is reported (Fig. 2) for the starting material (I6), the
amine functionalized ND (ND-NH,), and the dye conjugate
(ND-T). The peaks at 399.8 and 399.7 in all samples are indic-
ative of nitrogen in a sp® type environment (amine).>* The ami-
nation reaction resulted in a dramatic increase in the overall
content of sp* type nitrogen, which is due to the formation of
amine species on the surface of the ND. The ND-T product had
an amine peak at 399.7, which may be attributed to the amide
bond between ND and TAMRA, as well as the two nitrogen sp?
groups from TAMRA. The peak at 400.8 eV in the first two
samples is indicative of nitrogen in a sp® type environment
(imine).>* The peak at 403.6 eV is indicative of N-O species
(nitro, nitroso).>**¢ Additional peaks were seen in the ND-T
product which can be attributed to the conjugated ring system of
TAMRA and the charged N in TAMRA.

The FTIR spectra are compared for the samples taken in air
(Fig. 3). By comparing the ND-NH, and ND-T spectra,
a difference in the intensity distribution of peaks is seen, shown
as red arrows. The starting ND 16 sample and ND-T have
similarities in the stretching modes of C-H (v 2800-2900 cm™")
and C-H bending mode (1460 cm™"). The similarity is caused by
the addition of the organic moeity TAMRA. Bonded water may
be seen in the region between 3200 and 3500 cm~' and at
1635 cm™'. All three species have oxygen-containing groups, such
as: =C-OH (3200-3600 cm™' - v O-H in water, hydroxyl groups
in carboxylic or tertiary alcohol). Whereas 16 has a significant
peaks for =C-0-C= (v 1100-1370 cm™! - in ether, acid anhy-
dride, lactones, epoxy groups), these groups were removed in the
reduction reaction. The >C=O0 group (1700-1865 cm™' in
ketonic, carboxylic, acid anhydrides groups, ester and lactones)
was also reduced and is not present in the aminated ND material.
For ND-NH, the O-H and N-H bands (v1635 cm™") are indic-
ative of an amine group in ND-NH,. For ND-T, this region is
larger relative to the C-H and O-H frequencies at 1384 cm™".
This increase in hydrocarbons can be caused by TAMRA. Also,
for ND-T this band is possibly broadened due to the amide bond
between TAMRA and ND-NH, (shoulder at 1550 cm™"). Other
peaks for the amide group include 3320 and 3360 cm™! for the
amide N-H bond, which increased relative to ND-NH,.

Ultimately, the chemical characterization results demonstrate
that the final product ND-T is attached to the ND surface
through a strong chemical bond. Representative fluorescent
(Fig. 4A) and transmission electron micrographs (TEM, Fig. 4B)
of a 1 mg/mL ND-T stock solution are shown in Fig. 4. Although
the primary size of the ND-T was ~2-10 nm (Fig. 4B), small
aggregates could be found after introduction into cell culture
media (Fig. 4B). The issue of dispersion to aggregate sizes less
than 50 nm in various physiological solutions has been discussed
elsewhere.>”%!

To determine the biocompatibility of ND-T in both rodent
and human cell lines, changes in cell viability after 24 h of
incubation with 5-100 pg/mL ND-T were assessed with the MTT
assay (Fig. 5). Statistical analysis indicates that N2A, HaCat,
and macrophage cell viabilities do not significantly differ from
the control at any of the concentrations tested. Additionally,
morphological examination did not show any alterations in cell
shape compared to the controls (Fig. 5). Together, these
biochemical and visual findings support the low toxicity of ND-T
after 24 h even at increasing doses with concurrent cellular
accumulation.

Transmission electron microscopy (TEM) was performed on
N2A cells in order to initially investigate the time-dependent
uptake of ND-T into cells as well as their localization. The TEM
studies enabled both verification of uptake and higher resolution
sub-cellular localization of ND-Ts. Images in Fig. 6 show ND-T
outside cells (white arrows), internalized into membrane-bound
structures resembling early endosomes inside cells (black arrows)
as well as free in the cytoplasm after lysosomal processing
(Fig. 61). The presence of ND-T aggregates increases over time
from 1h to 6 h (Fig. 6A-H) compared to 24 h where larger
pockets were found (Fig. 61-L). The ND aggregates inside the
intracellular vacuoles were ~500 nm in size. Several images
suggest that the NDs, after coming into contact with the cell
membrane, are brought inside by an endocytic mechanism where
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Fig. 3 FTIR spectra of 16 (Green), ND-NH, (Blue), ND-T (Red) taken in air. Bands are shown at their corresponding wavenumber and bonding
modes. Red arrows indicate an increase in intensity of ND-T with respect to ND-NH,.

Fig. 4 Images of stock solution of 1 mg/mL fluorescent NDs (ND-T).
(A) Fluorescent image, (B) Transmission electron micrograph demon-
strating fluorescence and primary ND size/morphology, respectively.

they remain close to the edge of the membrane, but do not appear
to enter the nucleus. Additionally, the degradation of the
membrane-bound structure containing the NDs was found in
some areas after 24 h (Fig. 6I). Confirmation of the increased
uptake of ND-T over time was demonstrated with confocal
microscopy after static incubation with 10 pg/mL of ND-T over
1-24 h (Fig. 7A-C).

To further investigate ND-T intracellular trafficking based on
specific uptake and release mechanisms, chemical inhibitors of
endocytosis and exocytosis were employed in conjunction with
confocal microscopy. The chemical compounds Dynasore and
Brefeldin A (BFA) were chosen to regulate entry or exit of the
NDs, respectively. Dynasore inhibits dynamin, a protein
required for clathrin-dependent vesicle formation.*** BFA
interferes with the merging of endosomes and lysosomes, thereby
resulting in an accumulation of proteins and extracellular
transports near organelles such as the rough endoplasmic retic-
ulum.’>** When ND-T uptake was chemically inhibited with

Dynasore (Fig. 8B) or retention induced with BFA (Fig. 8C),
there were visible and quantifiable reductions or increases in
fluorescent intensity, respectively, relative to untreated cells
(Fig. 8A).

Because an endocytic mechanism appeared to be at work, the
co-localization of ND-T in distinct subcellular locations was
probed with organelle-specific stains for early endosomes and
lysosomes in a chronological study. Early endosomes are
observed during the early stages of clathrin-dependent endocy-
tosis as membrane vesicles pinch off containing extracellular
transports including NPs. Lysosomes are single-membrane
compartments found in most eukaryotic cells that are responsible
for the breakdown of materials.®* In the case of endocytosis,
lysosomes develop gradually from late endosomes, which are
vesicles that initially carry materials into the cell. The coalescence
of the endosome with the low pH environment of the lysosome
causes the degradation and release of the contents. Therefore, we
expect to observe early localization of ND-T to endosomes,
followed by localization to lysosomes, and finally to the cytosol.

In cells fixed and stained for detecting early endosomes,
control N2A cells show diffuse green staining with some punctate
spots that represent invaginating early endosomes (Fig. 9A).
After 1 h, green punctate dots can still be observed; however,
there is some overlap of red signal from ND-T with the green
dots, suggesting that there is early and rapid localization to early
endosomes (Fig. 9B). After 3 h, there is increased ND-T density
within the early endosomes (Fig not shown).

In cells fixed and stained for lysosomes, control N2A cells
show diffuse green staining with some very small punctate spots
indicative of the lysosomes (Fig not shown). However, there was
very little localization to lysosomes after a short incubation with
10 pg/mL of ND-T for 1 h (Fig not shown). After 3 h, there was
some overlapping of the red signal from ND-T and the green

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 MTT viability assessement and morphological evaluation of N2A, HaCat, and macrophage cells after 24 h of incubation with 0-100 pg/mL of
ND-T. Triplicate experiments show no significant difference in viability after exposure to ND-T compared to untreated controls. Phase contrast light
microscopy of (A,C,E) Controls and (B,D,F) Cells incubated with 100 pg/mL ND-T. (A,B) N2A cells, (C,D) HaCat cells, and (E,F) Macrophages. There

were no morphological changes compared to the controls.

signal representative of lysosomes resulting in yellow spots,
suggesting that ND-T co-localized with the lysosomes (Fig. 9C).
After 6 h, the density of this overlap greatly increases, suggesting
that movement to the lysosomes follows early endosomes local-
ization (Fig. 9D). After 24 h, most of the ND-T appeared to be
released from the lysosomes and was found in the cytoplasm as
red aggregates while the lysosomes remained stained in green
(Fig. 9E).

4. Discussion and conclusions

In summary, we have demonstrated the time-dependent uptake
and localization of ND-T with significant accumulation while

maintaining high biocompatibility (Table 1). These NDs are able
to maintain low toxicity in vitro while maintaining strong surface
stability of its protein conjugates and bright fluorescence, making
them strong candidates for applications in nano-biotechnology
and nano-biomedicine. Based on our TEM and Confocal
imaging data, we propose that the uptake mechanism is endo-
cytic as shown schematically in Fig. 9.

Similar to our previous results with raw, acid-, or base-purified
detonation NDs," this study with novel ND-Ts found internal-
ization by both animal and human cell lines. Moreover, cells with
internalized NDs were able to maintain high viabilities at
concentrations up to 100 pg/mL for 24 h even with NDs from
different vendors.'”' The characteristics of this novel ND-T
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A
¢

Fig. 6 Internalization and localization of NDs into N2A cells with TEM. (A-D) After 1h incubation, (E-H) After 6 h incubation, (I-L) After 24 h
incubation. Notice the time-dependent accumulation of ND-T both in the cytoplasm and intracellular vacuoles.

allowed dual visualization with both fluorescent confocal
microscopy and transmission electron microscopy thereby
providing a strong particle tracking method inside of cells.
While other groups have utilized similar techniques to track the
final ND destination in cells,?*®* the use of chemically stable,
bright dye-conjugated NDs allows for versatile tailoring of dyes
onto the NP surface without causing chemical or structural
changes in the NP itself. Dye conjugated NDs are easily synthe-
sized using standard conjugation reactions and provide
a complementary method compared to internally photo-
luminescent NDs. While innately photoluminescent NDs, created

-

by high energy methods do not photoblink or photobleach, they
currently have a narrow range of available photoluminescent
colors and their brightness cannot be tuned. Furthermore, their
photoluminescence may be particle-size dependent.

Localization

In this study, we tracked ND-T throughout the cytoplasm of cells
and revealed time-based localization to intracellular vacuoles
~500 nm in size, which include early endosomes, lysosomes, and
generalized aggregation in the cytoplasm between 1-24 h. The

Fig.7 Representative confocal microscope images of N2A cells incubated with ND-T (red) and counterstained with and Hoechst dye (blue) for nuclear
staining. Time-dependent increases in ND-T accumulation at a static dose of 10 pg/mL from 1-24 h. (A) 1h incubation, (B) 3 h incubation and (C) 24 h

incubation with ND-T. Images were taken at 60x magnification.
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Fig.8 Effect of endocytosis and exocytosis inhibition on the uptake and release dynamics of ND-T in N2A cells. Cells were dosed with 10 pg/mL ND-T
for 3 h with (B, C) or without (A) direct incubation with chemical inhibitors and assessed with confocal microscopy. Relative fluorescent intensities were
higher when exocytosis was blocked with the chemical inhibitor BFA (red line) compared to the control (brown line) and reduced fluorescent intensities
were obtained after blocking endocytosis with the chemical inhibitor Dynasore (orange line). Representative images show visual depiction of control
ND-T uptake (A) compared to reduced ND-T uptake after treatment with endocytosis inhibitor Dynasore (B) and increased ND-T uptake after
blocking exocytosis with chemical inhibitor BFA (C).

time-based and sequential progression of ND-T through cellular endosomes. Other recent studies have shown the uptake of
compartments strongly implicates clathrin-mediated endocyotis carbon nanomaterials by both endocytosis*® and energy-inde-
as a major uptake pathway. pendent and non-endocytic pathways®'® into the cytoplasm and

nucleus of cells. In order to corroborate the clathrin-dependent

Mechanism endocytosis pathway, Dynasore was utilized to inhibit this
After coming into contact with the outside of the cell membrane, process. Our confocal imaging data indicates that inhibition of
ND-T appeared to be taken inside the cell by an endocytic this pathway seemed to reduce quantified uptake, as measured by
mechanism, remaining close to the edge of the membrane in early Rhodamine intensity. As such, this data provides further

,

Fig.9 Confocal microscopy of N2A cells for co-localization of ND-T (10 pg/mL) and early endosomes or lysosomes after various time points. Labels:
ND-T (red), Hoechst nuclear dye (blue) and LysoTracker/EEA1 (green). Combined red and green signals, indicative of co-localization of ND-T in
lysosomes or early endosomes, appear in yellow or orange. (A) Control with EEA1, (B) 1 h, stained for EEA1, (C) 3 h, stained for LysoTracker (D) 6 h,
stained for LysoTracker, (E) 24 h, stained for LysoTracker. Notice that not all ND-T is localized to lysosomes, but some NDs are free in the cytoplasm
and not all lysosomes contain ND-T. Images were taken at 60 x magnification. EEAl at3 h, 6 h, 24 h and LysoTracker at 0 h, 1 h were omitted for clarity
and ease of presentation.
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Table 1 Overview of ND-T cellular uptake experiments and results

10 pg/mL ND-T Doses and Examination 1-6h 24h
Biocompatibility (MTT Assay) High High
TEM (Imaging) Uptake Increased uptake

Confocal (Imaging) Uptake Increased uptake
_Confocal (Endocytosis inhibitor) Reduced uptake s
Confocal (Exocytosis inhibitor) | Increased accumulation ---

ih: | 3h ] 6h | 24h
Low Toxicity of ND-T

Increasing ND-T uptake with TEM Imaging

Increasing ND-T uptake with Confocal Imaging

Inhibition of endocytosis reduces ND-T uptake

Inhibition of exocytosis increases accumulation

Colocalization of ND-T with early endosomes

Colocalization of ND-T with lysosomes
I

Colocalization of ND-T with cytoplasm

evidence to suggest that ND-T rely at least in part on the
clathrin-mediated endocytosis pathway for their uptake.

Routing to lysosomes/localization to cytoplasm

Although ND-T was routed for degradation by lysosomes, the
process was not successful. After 24 h, most of the ND-T
remained in the cytoplasm (Fig. 9E), which suggests that the
ND-T may either be released from lysosomes by this time or
newly internalized NDs may have entered the cells without yet
localizing to lysosomes, potentially by non-endocytic mecha-
nisms. The strong intracellular localization of the ND-T
throughout the cytoplasm of the cells (Fig. 9E) corresponded
well with previous studies of non-fluorescent or electron-beam
irradiated diamond NPs that localized to the cytoplasm, but were
restricted from the nucleus.'®'*-*? The use of Brefeldin A confirms
the interaction between early endosomes and lysosomes during
the early ND uptake pathway. Cells treated with this chemical
inhibitor exhibited increased accumulation, which seems to be
caused by the prevention of merging of early endosomes with
lysosomes in the natural degradation process. This may result in
a delay in the internal processing at the endosome stage, which
explains the increased accumulation observed in the Confocal
imaging studies.

The size of the ND clusters may regulate the uptake
mechanism and intracellular fate with smaller NDs localizing to
the cytoplasm.®® However, the general ability of the NDs to
deagglomerate in the cytoplasm provides a viable mechanism for
intracellular release, which is particularly relevant for the inten-
tional design of sustained endosomal release. In this case,
predestination of the surface-functionalized NDs to the cyto-
plasm over time may increase the efficiency of targeted biomole-
cules in gene and drug delivery and was also explored by Faklaris
et al ®

Long-term imaging/static uptake and accumulation

TEM images support the notion of continued uptake beyond
24 h because the plasma membrane shows invaginations and

many pockets of ND-Ts, which were located at the edge of the
plasma membrane (Fig. 6I-L). The degradation of the
membrane-bound structure containing the NDs was found in
some areas with TEM imaging after 24 h, which may explain why
there is a reduction in the co-localization of fluorescent signals
for the ND-Ts and the lysosome stain at 24 h (Fig. 61, red arrow).
Since photobleaching of ND-T was ruled out, another explana-
tion for the change in fluorescent signals could be the continued
settling, contact, and internalization with the cells over time. This
could have been due to static dosing conditions, because at 24 h,
the plasma membrane still appears to be invaginating to inter-
nalize more NDs (Fig. 6I-L). Although innately photo-
luminescent NDs have been used in continuous cell imaging, it is
also possible for ND-T to be used as a cellular tracking label in
static images beyond a 24 h time period without TAMRA pho-
tobleaching nor destabilization of the ND surface conjugation.
This may prove useful in exploration of long-term ND-T cellular
dynamics.

Several recent studies have demonstrated the use of NDs as
carriers for DNA,*% proteins®***%® and drugs.?**¢ However,
without stable covalent bonds, many surface-conjugated NPs
can lose their desirable therapeutic properties if these weak
bonds are broken during the delivery process. As a result, NPs
with covalently-bonded surface attachments may require
a mechanism for unloading of drugs. Nonetheless, controlling
NP uptake and specific targeting of NPs to subcellular locations
is not yet optimized due to (1) containment within endosomes
and (2) creation of temporary holes in the plasma membrane
leading to toxicity.

In this study, the high photostability of the ND-T complex
permitted its continuous visualization during entrapment in
endosomes and then sequestering to lysosomes. TAMRA is a pH
independent fluorophore, and this property appears to be
retained in the ND-T complex that allowed the continued visu-
alization of ND in the lysosome’s low pH environment and
preserved visualization upon release into the cytoplasm. To
facilitate accurate targeting of NPs to specific locations, novel
combinations of materials and surface conjugation to antibodies
or the transactivating regulatory protein Tat are being
explored.””® However, advances in producing multifunctional
NPs and comparisons between in vitro and in vivo testing for
biocompatibility”™ are required before the full potential of NPs
can be realized in biomedical applications. Furthermore, while
surface functionalization may ensure delivery of a particular
conjugated protein to the viscera, there are still many technical
challenges for the development of advanced NP applications,
such as increasing dispersion in physiological solutions, reducing
endogenous fluorescent scattering of cells or autofluorescence of
tissues, ensuring the functionality of attached biomolecules, and
overcoming the small size of nuclear pores. Nonetheless, as these
technical challenges are resolved, we may begin to exploit
nanodiamonds’ immense applications in the fields of nano-
biotechnology and nano-biomedicine as highly stable and
biocompatible, fluorescent probes.
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