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Abstract
Background: Nanodiamonds (ND) have attracted signi�cant interest for use in several biomedical
applications. These applications can be very useful if safety and compatibility of ND have been proved.

Results: We assessed the effects of ND (100 nm, Carboxylated) on primary macrophages and a
macrophage-like cell line and found that these particles are not toxic to these cells at the lower
concentrations, but they may interfere with cell’s functions and differentiation. Internalization of ND by
these cells in a time- and dose-dependent manner were mostly via phagocytosis and clathrin-dependent
endocytosis and localized to the cytoplasm but not into the nucleus. No signi�cant induction of
in�ammatory cytokines and no reduction in the ability of these cells to respond to lipopolysaccharides
(LPS) were noted. However, the endocytic activity of these cells was signi�cantly reduced. In addition, ND
exposure reduced the ability of differentiating bone marrow cells to express macrophage surface
markers.

Conclusions: Our �ndings suggest that ND are not cytotoxic to macrophages at the tested concentrations,
but they can interfere with macrophage functions and differentiation. 

Background
The �eld of nanomedicine has attracted much interest due to its high potential to improve diagnosis and
treatment modalities. The ability to manipulate nano-sized particles with enhanced physical, chemical,
and biological characteristics led to many different biomedical applications using a wide variety of
nanoparticles (1,2). Carbon-based nanomaterial with different sizes, shapes, and surface chemistries
such as single- and multi-walled carbon nanotubes, fullerene, graphene, and nanodiamonds (ND), are
highly investigated nanoparticles for biomedical applications [3–6]. Among these materials, ND are
described as the most biocompatible carbon-based nanomaterial [7–15]. However, other reports showed
toxic effects of ND both in vitro and in vivo [16–19].

Introducing foreign material such as nanoparticles to the body may lead to their recognition by immune
cells, initiation of an immune response, modulation or even depletion of the immune cells function (20).
Any negative effect on immune cells’ viability, proliferation, differentiation, or function is considered as
immunotoxicity which can be induced by exposure to nanoparticles leading to detrimental effects on the
immune system and the whole body [21]. The nonspeci�c innate immune cells usually recognize and
initiate a response to any foreign substance or organism and have been used extensively in
immunotoxicity studies of nanoparticles. Activation of immune cells by many different types of
nanoparticles have been reported in several studies [22–25]. In addition, suppression of immune cells
functions after exposure to nanoparticles such as carbon nanotubes have also been reported [26–29].

The effects of ND on immune cells may include suppression or over stimulation, and thus need to be
further evaluated. We aimed to study interactions of ND with macrophages, and we showed that these
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particles are non-cytotoxic at the lower concentrations but can interfere with macrophages ability to
endocytose other material and differentiation from primary mouse bone-marrow cells.

Results

Interactions of ND with macrophages
The macrophage cell line (J774A.1) and primary BMDM were exposed to different concentrations of ND
(0- 100 µg/ml ND) and for different time points (0–24 hours); the ND-treated or untreated cells were
visualized with �uorescent and confocal microscopes and analyzed with FACS. Results showed that
these cells internalized the ND spontaneously as seen in microscopic images (Fig. 1A & B). ND appeared
as dark aggregates in the bright �eld images with a red �uorescence in the TRITC channel. ND were
localized to the cytoplasm but not in the nucleus as seen in the confocal microscope images (Fig. 1C).
These images also show that the cell shape did not change dramatically due to ND treatment. FACS
analysis for the forward scatter (FSC, which indicates cell’ size) and side scatter (SSC, which indicates
cell granularity) showed that the ND-treated cells size (Fig. 1D & E) decreased while the granularity
increased (Fig. 1F & G) in a time-and dose-dependent manner. Figure 1H shows representative graphs of
FACS analysis and changes in FSC and SSC of ND-treated cells (One-way ANOVA p value for FSC-
concentrations 0.297, FSC-times 0.0649, SSC-concentrations < 0.000, SSC-times 0.044)

Cell viability
The MTT assay was �rst used to determine the effects of ND on cell metabolic activity, i.e., cell viability,
proved to be incompatible with the presence of ND. After exposure of the macrophage cell line to different
concentrations of ND, we measured the absorbance of ND-treated and untreated cells and found that ND
interfere with the absorbance measurement at all required wavelengths (Fig. 2A-C). The MTT assay
requires lysing of cells to release the produced formazan and therefore we decided to use the MTS assay,
which does not require lysing of cells to release the colored formazan. After ND treatment, the soluble
formazan was transferred into new wells to eliminate ND interference. Cells treated with different
concentrations (10–100 µg/ml of ND for different time intervals (4–24 hours) did not show a signi�cant
reduction in metabolic activity except for two treatments: the 100 µg/ml ND treatment for 8 hours (T-test
p-value 0.003) and 10 µg/ml ND for 12 hours (T-test p-value 0.026) which showed higher (122.08%) or
lower (88.68%) activities (Fig. 2D & E). To determine the effects of ND on these cells after a longer time of
exposure, cells were treated with 20–100 µg ND for 24 hours and the MTS assay was performed at 1, 2,
and 3 days after treatment (Fig. 2F). The results showed changes in cell metabolic activity (72.1–
115.85%) but was not signi�cant statistically (p > 0.05). We con�rmed the cell viability results using the
apoptosis assay kit which supposed to differentiate live cells from apoptotic or necrotic cells. In this kit,
the apoptotic cells are differentiated from live cells using the caspase 3/7 green �uorescent and the
necrotic cells are labeled with the red dead stain (SYTOX™ AADvanced™). We had to eliminate the red
dead cell stain due to the interference of ND �uorescent with this stain (Fig. 2G-I). Therefore, this kit was
only useful to differentiate live from dead cells (regardless of whether they are apoptotic or necrotic). The
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percent of dead cells ranged from 1.34 to 1.58-fold change in cell death as compared to the control,
untreated cells with no signi�cant difference (p > 0.05) at all ND concentrations used (Fig. 2J).

Quantitation of ND uptake and their internalization
mechanism
The �uorescence of ND was clearly detected on multiple channels using FACS (Fig. 2G-I) and the results
showed an increased intensity with increasing the ND concentrations and incubation times (Fig. 3A & B).
Multiple endocytic pathways inhibitors were used prior to ND treatment to determine the uptake
mechanisms. We found that ND uptake was mostly through actin- and clathrin-dependent pathways (Fig.
3C). The uptake was reduced by about 40% when cells were pretreated with cytochalasin D which is an
inhibitor of actin-dependent pathways. In addition, the clathrin-dependent pathway inhibitor,
chlorpromazine hydrochloride, reduced the uptake by about 20%. Similar to previous studies showing
multiple pathways used by nanos for uptake.

Effects of ND on gene expression in macrophages
Assessments of changes in gene expression in response to ND were performed using RT-qPCR and
ELISA. Expression of in�ammatory cytokines IL1β, IL6, TNFα, and iNOS and chemokines; CXCL2, and
CCL2 were determined in both cell types using RT-qPCR. In addition to these genes, BMDM were also
assessed for IL4, IL10, and IL12 expression after ND treatment. Responses of the two cell types to ND
treatment showed some variations, although none of these were signi�cant statistically (P > 0.05) (Fig. 4A
& B). Upregulation in the expression of iNOS was detected in BMDM but not in the J774A.1 cell line. In
addition, the J774A.1cell line showed some upregulation (2.35-, 1.56-, 2.78-, and 2.62-fold change in the
expression of IL1β, TNFα, CXCL2, and CCL2 respectively) in the pro-in�ammatory genes except for IL6
(-1.09-fold change), whereas BMDM showed downregulation in most genes (-1.52, -2.23, -1.16, -1.36, and
− 1.24 fold change in expression of IL1β, IL6, IL4, IL10, and IL12 respectively) except for TNFα (-1.04 fold
change), CXCL2 (1.00 fold change), and CCL2 (1.24 fold change) which were unaffected. The expression
levels were also measured in BMDM using ELISA assays for IL1β, IL6, TNFα, IL10, and IL12 - these did not
change in response to ND treatment, while a signi�cant increase was detected in the expression of CCL2
(Fig. 4C-G).

Effects of ND on macrophages functions and differentiation
To determine the effects of ND treatment on macrophages functions, cells were treated with ND before
exposing them to the inducer, LPS. Pre-treatment of these cells with ND did not affect their ability to
respond to LPS (Fig. 5A & B). Changes in gene expression were not signi�cant in the two cell types but
again slight differences were detected in their responses. The macrophage cell line showed more
variability than BMDM in the expression of IL1β (-1.00 – +2.67-fold change), a slight increase in IL6 (1.67-
fold change) and CXCL2 (1.38-fold change), and downregulation of CCL2 (-1.49-fold change) while the
primary BMDM expression was unaffected by ND treatment. The endocytic activity of macrophages,
which is an important function for macrophages, was also studied. Cells were pre-treated with different
concentrations of ND before exposing them to �uorescently labeled dextran particles (3000 MW). Results



Page 5/27

show that the ability of these cells to endocytose dextran was signi�cantly reduced (one way ANOVA sig
0.047, Dunnett t test (2-sided sig 0.048, 0.069, and 0.038 comparing control with 10, 20, and 50 µg/ml ND,
respectively) at all ND concentrations (64.04, 67.95, and 61.28 mean �uorescence intensity fold change
for cells treated with 10, 20, and 50 µg/ml respectively) that were used (Fig. 6).

Expression of macrophage surface markers
As described in the methods, cells were prepared from mice bone marrow in vitro for 7 days with M-CSF
to produce the BMDM. Cells were incubated with ND from the �rst day after isolation from bone marrow
to study the effects of ND on the differentiating cells. After 7 days, ND-treated and untreated cells were
viewed with the microscope and analyzed for their ability to express macrophage surface markers, CD11b
and F4/80, using FACS (Fig. 7). Cell morphology did not appear to be affected by ND treatment (Fig. 7A).
The percent of cells expressing the two surface markers were not affected (Fig. 7B-D). However, the
�uorescens intensities that indicate the number of surface markers expressed on these cells was reduced
signi�cantly with p > 0.042 for CD11b and p > 0.008 for F4/80 (Fig. 7E).

Discussion
The �eld of nanomedicine has attracted attention in recent years due to the advantages it offers in
various biomedical applications. Along with this attraction, the need to investigate interactions and
effects of nanomaterials on biological systems has been increasing. Several carbon-based nanoparticles
have been in the focus of research and among these particles, ND stand out as the most biocompatible
material [7–11]. We aimed to assess the effects of ND on macrophages using the macrophages cell line,
J774A.1 and primary BMDM.

Our results showed some variations in the effects of ND between the two cell types. Cell lines have been
extensively used for cytotoxicity studies. However, the continuous culturing of cells in vitro results in loss
of genes that might not be required for cells’ survival and therefor, may not represent the response of
normal cells in vivo [31, 46]. Previous studies have reported signi�cant differences between cell lines and
primary cells [47]. Our primary cells, BMDM were used in this study to con�rm and compare results from
the macrophage cell line and to observe the effects of ND on these cells during their differentiation.

The microscopic images showed that these cells internalized ND into their cytoplasm without any
signi�cant effects of the cell shape. However, ND-treated cells appeared larger in these images due to
their darker color as compared to the transparent, control cells. The FACS results showed that these cells
decreased in size in response to ND (26–32% reduction in size). Other studies showed that macrophages
and other cell types increased in size in response to ND treatment [48, 49]. In these studies, the size of the
ND was 10 times smaller than our ND (< 10 nm), which tend to cause more harmful effects on cells [17,
50]. The FACS results also showed an increase in cellular granularity which has also been reported
previously [49]. The internalized ND remained in the cytoplasm of these cells which has also been
reported in previous studies but for other cell types [12, 13].
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The bright �uorescence of ND was e�ciently captured through the �uorescence microscope and FACS.
The �uorescence intensity increased with increasing the concentration of ND or increasing the treatment
intervals. The intrinsic �uorescence of ND arises from the presence of the negatively charged nitrogen
vacancy centers [51]. This stable �uorescence makes ND suitable for imaging and tracking applications
[52]. The uptake of these particles was shown to be dependent on the concentration and treatment
intervals in addition to the size of the particles as well as the cell types [13, 53]. The uptake mechanism of
nanoparticles depends on their speci�c characteristics and on the cell type [54]. We used different
endocytic pathway inhibitors to study the uptake mechanism of ND in these cells and our results showed
that the uptake was reduced by about 40% when using the inhibitor of actin-dependent pathways and by
about 20% when using the inhibitor of clathrin-dependent pathways. Other cell types have been reported
to internalize ND through clathrin-dependent pathway [53]. Professional phagocytes such as
macrophages can endocytose varying sizes of particles through phagocytosis, which is actin-dependent,
but this does not preclude endocytosis through the other pathways. Huang and coworkers showed that
ND internalization in RAW264.7 macrophages was reduced by 23% using the same clathrin pathway
inhibitor but at lower concentrations [55]. However, they did not report any effect of the actin pathways
inhibitor.

The fact that these particles can be clearly detected inside cells is bene�cial specially for tracking and
imaging applications. However, this feature can be problematic because they can interfere with
colorimetric and �uorometric assays. We showed that ND can absorb light at different wavelengths, and
they also interfere with �uorescence signals at different wavelengths and therefor one should pay
attention when assessing the effects of these particles on cells for example for viability assays.
Interference of nanoparticles with toxicity assays has previously been reported for different particles [56,
57]. We used the MTS assay because the detection of cells’ metabolic activity does not require lysing of
cells to release the produced formazan. Our results showed no signi�cant reduction in cell viability after
exposure to ND with different concentrations and for different time points. Similarly, previous studies
showed no signi�cant effects of ND on different cell types [7, 55]. These studies used the MTT assay
which require measurement of the absorbance at 570 and 690 nm, which we have seen to have ND
interference. A more recent study showed a reduction of about 14% in cell viability in response to ND-
COOH, which were functionalized from smaller (4–5 nm) pristine ND [58].

Expression of in�ammatory cytokines and chemokines were studied at the mRNA and the protein level,
and the results showed no signi�cant difference between ND-treated and untreated cells. Although we did
not see statistically signi�cant changes in genes expression, the results clearly showed differences in the
responses between the two cell types. The proin�ammatory cytokines and chemokines, interleukin (IL)1β,
CCL2, and CXCL2 were signi�cantly upregulated in 3 out of the 4 replicated experiments using the
J774A.1 cells. However, only CXCL2 was upregulated in BMDM. Previous studies have shown different
results regarding the regulation of the expression of various pro- and anti-in�ammatory cytokines. Huang
et al. showed that small (2–8 nm) ND had no effects on the expression of IL6, TNFα, and iNOS in a
murine macrophage cell line [55]. Another study also showed downregulation in the expression of IL1β,
TNFα, CXCL2, CCL2, PDGF, and VEGF for the same cell type (RAW 264.7) in response to different sizes of
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ND [17]. Huang and coworkers also reported no signi�cant production of pro-in�ammatory cytokines
from these cells [55]. Expression of TNFα but not IFNγ increased in response of human monocytes to ND
without upregulating the expression of activation markers [60]. On the other hand, carboxylated ND have
been shown to induce in�ammatory cytokines in monocytes [58]. However, this study used a different cell
type and much smaller particles as compared to the ND we used. Another recent study also showed
signi�cant expression of in�ammatory cytokines from a monocyte cell line [61]. The variations in the
change in gene expression can be explained by the type of cells and the type of particles being studied

The ability of different nanoparticles to modulate or inhibit the immune functions of macrophages has
been reported and therefore, we aimed to study the effects of ND on two main macrophage functions.
Cells were pre-treated with ND before exposing them to conventional macrophage activator, LPS. The
response of the two cell types was then assessed using RT-qPCR; the results showed that both cell types,
ND-treated or untreated, were able to respond normally to LPS. To our knowledge, the effect of ND on
macrophage ability to respond to LPS has not been investigated. The ability of RAW 264.7 cells has been
shown to be attenuated in response to CpG (TLR9 ligand) after treatment with gold nanoparticles [62].
Further studies are still needed to investigate the effects of ND on the response of macrophages to other
immunogens and at other ND concentrations.

The endocytic activity of macrophages after treatment with ND has also been studied and the results
showed a signi�cant decrease the ability of these cells to internalize dextran particles. The endocytic
activity of macrophages after exposure to ND has not been studied but other nanoparticles have been
shown to reduce this activity in macrophages [63–65]. In these studies, the nanoparticles did not induce
signi�cant reduction in cell death or in�ammatory response, rather they showed interference in
macrophages functions such as response to LPS and phagocytic activity. These results show that
different nanoparticles might be used to manipulate the functions or responses of immune cells for
different therapeutic purposes.

The primary macrophages we used in this study were prepared from mice bone marrow under M-CSF. We
studied the effects of ND on the differentiating cells and the results showed that cells’ morphology did
not change in response to ND treatment. In addition, the percent of cells expressing macrophages surface
markers (CD11b and F480) did not change. However, the number of surface markers expressed on these
cells were reduced signi�cantly which may indicate an effect on macrophage function. These markers
are required for various macrophage functions including cell adhesion, spreading, and migration [66].
Previous studies showed signi�cant changes in the ability of macrophages to phagocytose opsonized
and non-opsonized beads after exposure to different nanoparticles [67]. An in vivo study in chicken
embryos showed that ND may interfere with cells differentiation through downregulation of growth
factors [68].

Several previous studies investigated the effects on different types of ND on cell viability while fewer
reports investigated their effects of macrophages function. To our knowledge, the effects of ND on
BMDM during and after differentiation have not been investigated. Further studies are needed to
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investigate the effects of ND on macrophage functions and the mechanisms by which these particles are
interfering with macrophages functions. The response of different cell types may vary signi�cantly and
therefore it is essential to study interactions of different nanoparticles in different systems before
concluding their toxic/nontoxic effects. In addition, it is also important to note the ability of these
particles to interfere with both the absorbance and �uorescence signals which may lead to false results in
toxicity studies.

Materials And Methods

Nanodiamonds and cell culture
Carboxylated, High pressure-high temperature ND with average size of 100 nm, containing > 900 nitrogen
vacancy (NV, which are point defects in the diamond lattice responsible of producing the �uorescence of
the ND) /particle, and excitation/emission of 532/700 nm (Adámas Nanotechnologies, Inc. Raleigh, NC),
were sonicated for 10–15 minutes in water bath sonicator before each use and suspended in cell culture
media at concentrations 1-100 µg/ml.

Two macrophage cell types that were used in this study, the J774A.1 cell line (American Type Culture
Collection, Manassas, VA) and mouse bone marrow-derived macrophages (BMDM). The J774A.1cells
were maintained in Dulbecco's Modi�ed Eagle's Medium (DMEM, Lonza, USA) supplemented with 10%
heat-inactivated fetal bovine serum (FBS, Gibco USA), 100 units/ml penicillin and 100 µg/ml
streptomycin (Gibco) at 37°C in a 5% CO2 humidi�ed incubator. The primary cells were isolated and
differentiated directly or frozen as previously described with some modi�cations [30, 31]. Brie�y,
C57BL/6, CD-1, DBA/2J, or BALB/cJ, mice 1–4 months old, were euthanized in CO2 chamber. Femurs and
tibias were �ushed with phosphate buffer saline (PBS), passed through a 40 µm cell strainer (Celltreat),
centrifuged at 200 g for 5 minutes, and re-suspended in freezing media (90% FBS and 10% DMSO) or
plated directly in differentiation media: RPMI 1640 (Mediatech Manassas, VA) supplemented with 20%
FBS, 100 units/ml penicillin, 100 µg/ml streptomycin and 10 ng/ml macrophage-colony stimulating
factor (M-CSF, Biolegend, San Diego, CA) at 37°C in a 5% CO2 humidi�ed incubator. After seven days, cells
were harvested by scraping or detachment with 5 mM EDTA/PBS, counted and plated with cultivation
media (same constituent as differentiation media except FBS was decreased to 10%). Mice femurs and
tibias were obtained through tissue sharing from IACUC approved protocols (14 − 003, 14 − 007, 15–027,
16–016). The macrophages were identi�ed as double positive for CD11b and F4/80 surface markers.
Cells were suspended in �ow buffer (1% bovine serum albumin, BSA, in PBS) with blocking antibody (CD
16/32) for 10 minutes. One microliter of FITC-CD11b and PE-F4/80 (AbD Serotec®) were added and
incubated in the dark at room temperature. After 30 minutes, cells were washed and re-suspended in 300
µl �ow buffer for Fluorescence-activated cell sorting (FACS) analysis (BD FACSAriaTM cell sorter BD
Biosciences San Jose, CA).

Cell viability assays
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The MTS viability assay (CellTiter 96® AQueous Non-Radioactive Cell Proliferation Assay, Promega) was
used to assess cell viability. Cells were plated at 2–3 x 104 cells per well of a 96-well plate for 24 hours
then the ND were applied at the indicated concentrations and time intervals for each experiment. After
treatment, media was replaced and the MTS reagent was added directly or at 1, 2, or 3 days after ND
treatment. After 2–4 hours, supernatants were transferred into new wells and the absorbance was
measured at 490 nm in a plate reader (SpectraMax i3, Molecular devices). The cell viability was obtained
by normalizing the absorbance of the ND-treated cells against the control, untreated cells, and expressed
as percentage.

Cell death was measured using the apoptosis assay kit according to the manufacturer instructions except
for the last step of adding the red dead cell stain (SYTOXTM AADvancedTM), that would differentiate
apoptotic cells from necrotic cells, which was not used due to ND interference with the red �uorescent
stain (CellEvent™ Caspase- 3/7 Green Flow Cytometry Assay Kit, Thermo Fisher). Cells were plated at 105

cells/well in 6-well plates for 24 hours before incubation with 10, 50, or 100 µg/ml ND for another 24
hours, with the untreated cells as a negative control, and 10 µM staurosporine (Sigma) or a 100 ng/ml
LPS (Sigma) as positive controls.

ND uptake and subcellular localization
Microscopic slides were prepared by plating cells on coverslips for 24 hours then treatment with 50 µg/ml
ND for another 24 hours, staining with DAPI, and viewed with �uorescent microscopy (Olympus BX51)
and with confocal microscopy to determine their subcellular localization (Leica TCS SP8, Leica
Microsystems).

To quantitate ND uptake, cells were plated at 105 cell/well in 6-well plates for 24 hours and treated with
the indicated ND concentrations and time intervals. Each sample was harvested, centrifuged for 5
minutes at 200 g, and re-suspended in �ow buffer before FACS analysis.

The endocytic pathways inhibitors (Sigma) were prepared and used as previously described (References
in Table 1). Each inhibitor was incubated with cells for 30 minutes at 37°C prior to ND treatment. The
uptake of ND by cells pre-treated or untreated with each inhibitor were measured using FACS.
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Table 1
Endocytic pathway inhibitors.

Inhibitor Pathway Reference Concentration

Chlorpromazine hydrochloride Clathrin-dependent endocytosis 32,33 20 µg/ml

Phenylarsine oxide Clathrin and receptor-mediated
endocytosis

34,35 0.5 µg/ml

Methyl-beta-cyclodextrin Caveolae and clathrin-dependent
endocytosis

36,37 10 mM

Nystatin Caveolae/lipid raft dependent
endocytosis

33,38 40 µg/ml

5-(N-Ethyl-N-isopropyl)
amiloride; EIPA

Macropinocytosis 39,40 66 µM

Cytochalasin D Actin-dependent endocytosis 41 6 µM

Gene expression
Expression of cytokines were measured at the mRNA and protein levels. For the RT-qPCR experiments,
cells were plated at 1–2 x 105 cell/well of 12-well plates and exposed to 50 µg/ml ND for 4 hours before
RNA isolation (ISOLATE II RNA Mini Kit, Bioline USA). Complimentary DNA (cDNA) was synthesized using
SensiFAST™ cDNA synthesis kit (Bioline USA) and the quality and quantity of RNA and cDNA were
assessed with NanoVue (GE Healthcare). The cDNA was ampli�ed using SensiFAST SYBR® Hi-ROX kit
(Bioline USA) in a Bio Rad CFX Connect Real-Time PCR Detection System (BioRad, USA). Primers (IDT®)
sequences were from previously published work (references and sequences are summarized in Table 2).
Gene expression data were normalized to two housekeeping genes; Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) and β actin, and the fold change was determined using the ΔΔCT method. To
assess the ability of ND-treated cells to respond to LPS, cells were plated as above with or without ND (50
µg/ml) for 4 hours then with or without 10 ng/ml LPS (Sigma) for 3 hours before RNA isolation and RT-
qPCR analysis.
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Table 2
RT-qPCR primers.

Gene Forward primer Reverse primer Reference

GAPDH TAT GTC GTG GAG TCT ACT GGT GAG TTG TCA TAT TTC TCG T 42

β-Actin TGG AAT CCT GTG GCA TCC ATG
AAA C

TAA AAC GCA GCT CAG TAA CAG
TCC G

42

IL1-β CAA CCA ACA AGT GAT ATT CTC
CAT G

GAT CCA CAC TCT CCA GCT GCA 43

IL 6 GAG GAT ACC ACT CCC AAC AGA
CC

AAG TGC ATC ATC GTT GTT CAT
ACA

43

TNF α CCT GTA GCC CAC GTC GTA GC AGC AAT GAC TCC AAA GTA GAC C 42

CCL2 CCC ACT CAC CTG CTG CTA CT TCT GGA CCC ATT CCT TCT TG 44

CXCL2 CCA CTC TCA AGG GCG GTC AAA TAC GAT CCA GGC TTC CCG GGT 17

iNOS TTT GCT TCC ATG CTA ATG CGA
AAG

GCT CTG TTG AGG TCT AAA GGC
TCC G

42

IL4 AAC GAG GTC ACA GGA GAA GG TCT GCA GCT CCA TGA GAA CA 45

IL10 ATA ACT GCA CCC ACT TCC CA GGG CAT CAC TTC TAC CAG GT 45

IL12 GAT GAC ATG GTG AAG ACG GC AGG CAC AGG GTC ATC ATC AA 45

Secretion of pro-in�ammatory cytokines was measured with an ELISA kit (LEGENDplexTM mouse
in�ammation panel, Biolegend®, San Diego, CA). Cells were plated at 106 cell/ml in 6-well plates for 24
hours then the media was replaced with 50 µg/ml ND or 10 ng/ml LPS and incubated for another 24
hours. Cell culture supernatant was collected, centrifuged at 1500 RPM for 10 minutes at 4°C, and stored
at -80 until analyzed with ELISAs. 

Effects of ND on macrophages endocytic activity
Bone marrow cells were plated 105 cells/well in a 6-well plate for 24 hours then treated with 0, 10, 20, or
50 µg/ml ND. After 16 hours, cells were incubated with cascade blue-labeled dextran particles (3000MW
Invitrogen, Eugene OR) for 45 minutes, washed and re-suspended in �ow buffer for FACS analysis.

Differentiation of BMDM
Bone marrow cells were isolated as described above and differentiated into BMDM in differentiation
media with or without 50 µg/ml ND for 7 days. Fresh media were added every 2 days and after 7 days,
cells were viewed with the microscope and labeled with the macrophages surface markers (CD11b and
F4/80) for FACS analysis.

Statistical analysis
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Results are presented as the mean value ± standard error of the mean (SEM) of at least three independent
experiments. Test for signi�cant was performed using one-way ANOVA for multiple comparison followed
by Dunnet’s test. P value < 0.05 was considered statistically signi�cant. Statistical calculations were
performed using IBM SPSS version 24. Statistical signi�cance was assessed with student’s T test when
comparing one treatment with one control.

Abbreviations
µg Microgram

ANOVA Analysis of variance

BMDM Bone marrow derived macrophages

CCL C-C motif ligand

cDNA Complimentary DNA

CPZ Chlorpromazine hydrochloride

ct Threshold cycle

CXCL C-X-C motif ligand

CYTO Cytochalasin D

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

EIPA 5-(N-Ethyl-N-isopropyl) amiloride

FACS Fluorescence-activated cell sorting

FBS Fetal bovine serum

GAPDH Glyceraldehyde 3-phosphate dehydrogenase

IACUC Institutional animal care and use committee

IFN Interferon

IL Interleukin

iNOS Inducible nitric oxide synthase

LPS Lipopolysaccharide
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MBC Methyl-beta-cyclodextrin

M-CSF Macrophage-colony stimulating factor

MFI Mean �uorescence intensity

ND Nanodiamonds

ng Nanogram

nm Nanometer

NV Nitrogen vacancy

NYST Nystatin

OD Optical density

PBS Phosphate buffer saline

PDGF Platelet-derived growth factor

PHYN Phenylarsine oxide

RNA Ribonucleic acid

ROS Reactive oxygen species

RT-qPCR Real time-quantitative polymerase chain reaction

SEM Standard error mean

SSC Side scatter

TNF Tumor necrosis factor

VEGF Vascular-endothelial growth factor
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Figure 1

Internalization of ND and effects on cells’ morphology. Fluorescent microscope images of J774A.1 (A)
and BMDM (B) control and ND-treated (50 µg/ml ND for 24 hours) images from top to bottom are bright
�eld, DAPI, TRITC, and merged images. (C) Confocal microscope images of BMDM treated with ND. DAPI
staining was used to stain the nucleus. Image of bright �eld (top left), DAPI (top right), TRITC (bottom
left), and merged (bottom right). FACS analysis of BMDM treated with 0, 10, 50, or 100 µg/ml ND for 24
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hours (D & F) or with 50 µg/ml ND for 0, 2, 4, 6, or 8 hours (E & G). (H) Representative graphs of FACS
analysis for cells treated with different concentrations of ND showed the increase in SSC (cell granularity)
and decrease in FSC (cell size) with increasing ND concentration. Results represent the average of at
least 3 independent experiments ±SEM.
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Figure 2

Viability assays. J774A.1 cells were treated with 0, 1, 10, 20, 50, or 100 µg/ml ND and the absorbance
was measured at 490 (A), 570 (B), and 690 (C) nm. Cell viability assay of ND-treated J774A.1 cells for 24
hours (D). (E) BMDM treated with different doses and time points, 2 days after ND treatment. One-way
ANOVA was not signi�cant except for the 100 µg/ml ND treatment for 8 hours and 10 µg/ml ND for 12
hours. (F) Cell viability of J774A.1 at 1, 2 and 3 days after a 24-hour ND treatment with different
concentrations. One-way ANOVA from three independent experiment, each with four replicates, was not
signi�cant. BMDM were treated with different concentrations of ND (0, 10, 50, or 100 µg/ml ND), and the
�uorescence signal was measured using FACS. Results showed that �uorescence of ND can be detected
in different channels including APC-Cy7 (G), PE-Cy7 (H), and PerCP-Cy5.5 (I). (J) Apoptosis assay. BMDM
were treated with 10, 50, or 100 µg/ml ND for 24 hours. Negative control is untreated cells and positive
controls are 100 ng/ml LPS and 20 µM staurosporine for 24 hours. Results are average ±SEM from at
least three independent experiments.

Figure 3
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ND uptake. FACS analysis of BMDM treated with 0, 10, 50, or 100 µg/ml ND for 24 hours (A) or with
50µg/ml ND for 0, 2, 4, 6, and 8 hours (B). Results represent average of the Mean �uorescence intensity
(MFI) of cells in arbitrary unit ± SEM from three independent experiments. (C) FACS results showing the
uptake of ND by cells pre-treated or untreated with endocytic pathways inhibitor. BMDM were pretreated
with each inhibitor for 30 minutes before exposing them to ND.

Figure 4

Gene expression in macrophages in response to ND. Macrophage cell line, J774A.1 (A), and BMDM (B)
exposed to 50 µg/ml ND for 6-7 hours and the total RNA was isolated, converted to cDNA, and used for
the RT-qPCR. Results obtained using the ΔΔct method and represent the mean fold change averaged
from three independent experiment ±SEM. Student’s T test was not signi�cant for all the tested genes
(P>0.05). (C-G) Cytokines ELISAs. BMDM were treated with or without 50 µg/ml ND or 10 ng/ml
LPS. After 24 hours, media were replaced, and cells were incubated for another 24 hours before collecting
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the supernatant for ELISAs. Results showed no effect of ND treatment on the expression of the tested
cytokines except for CCL2. Results are average of two replicates ± coe�cient of variation (CV). 

Figure 5

Effects of ND treatment on macrophages response to LPS. RT-qPCR results showing gene expression of
cytokines in J774A.1 cells (A) and BMDM (B). Cells were pretreated with 50 µg/ml ND for 4 hours before
exposing them to LPS for 3 hours. The results represent the mean fold change ±SEM
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Figure 6

Endocytic activity. ND-treated and untreated BMDM were exposed to ND for 16 hours before exposing
them to dextran for 45 minutes and the �uorescence signal from cells was measured using FACS. MFI
results represent the mean ±SEM from three independent experiments. One way ANOVA and Dunnett t for
multiple comparisons were signi�cant (p< 0.05).  
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Figure 7

Effects of ND on macrophages differentiation. (A) Microscopic images of BMDM differentiated in the
presence of ND. Isolated bone marrow cells were exposed to 50 µg/ml ND and incubate for 7 days with
differentiation media. Bright �eld images showing ND-treated (right) and untreated (left) cells. (B)
Representative graphs from FACS analysis showing the percent of cells expressing macrophage surface
markers, FITC-CD11b and PE-F4/80. (C) Percent of cells expressing CD11b or F4/80. (D) Percent of each
cell population based on their surface markers. (E) Effects of ND on the number of surface markers
expressed per cell. Results represent fold change in MFI as compared to unstained control from four
independent experiments. * p<0.05.  
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