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Abstract

Fluorescent nanodiamonds (FNDs) are nontoxic, infinitely photostable, and emit fluorescence in 

the near infrared region. Natural killer (NK) cells and monocytes are part of the innate immune 

system and are crucial to the control of carcinogenesis. FND-mediated stimulation of these cells 

may serve as a strategy to enhance anti-tumor activity. FNDs were fabricated with a diameter of 

70±28 nm. Innate immune cell FND uptake, viability, surface marker expression, and cytokine 

production were evaluated in vitro. Evaluation of fluorescence emission from the FNDs was 

conducted in an animal model. In vitro results demonstrated that treatment of immune cells with 
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FNDs resulted in significant dose-dependent FND uptake, no compromise in cell viability, and 

immune cell activation. FNDs were visualized in an animal model. Hence, FNDs may serve as 

novel agents with “track and trace” capabilities to stimulate innate immune cell anti-tumor 

responses, especially as FNDs are amenable to surface-conjugation with immunomodulatory 

molecules.

GRAPHICAL ABSTRACT

Fluorescent nanodiamonds (FNDs) are a unique tool that may be employed in the treatment of 

cancer. High-energy electron beams are employed to introduce nitrogen vacancy centers within the 

diamond lattice to yield infinitely photostable near-infrared fluorescence. Upon treatment of 

immune cells with biocompatible FNDs, FNDs are taken up and may be visualized within the 

cytoplasm by flow cytometry and confocal microscopy. FNDs present an extensive, modifiable 

surface area and may serve as a vector for targeted delivery of immunomodulatory agents to 

promote immune cell effector functions in the fight against cancer.
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BACKGROUND

Fluorescent nanodiamonds (FNDs) are unique, multifunctional reagents that may be 

employed in cancer immunotherapy and other biomedical applications. The generation of 

nitrogen vacancy (NV)-centers within the diamond lattice endows nanodiamonds with 

fluorescent properties.1–3 FNDs containing NV-centers are nontoxic, biocompatible 

nanomaterials that emit strong fluorescence in the near-infrared (NIR) region, remain 

photostable in the presence of intense laser excitation (>1 GW/cm2), and exhibit excellent in 

vivo stability.4–7 Additionally, FNDs present an extensive, modifiable surface area owing to 

their faceted architecture.6,8

The versatile surface of FNDs may be functionally modified. Some functional modification 

techniques include coating FNDs with biocompatible molecules, such as polyethylene 

glycol, glycidol or cellobiose, which may be further conjugated for targeted drug delivery 
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applications.9–11 Importantly, FND surface functionalization may be used as a potential 

therapeutic anti-tumor strategy. Emerging therapeutic delivery platforms displaying peptides, 

proteins, and nucleic acids are being developed and provide FNDs with a broad range of 

future therapeutic options.12–15 Therefore, FNDs have the potential to be coated with 

biocompatible chemicals, conjugated to antibodies or other immunomodulatory agents, and 

thereby targeted to innate immune cells to promote anti-tumor activity.9–12,16–18

Innate immune cells contribute to cancer immunosurveillance through recognition and 

elimination of developing tumors. Monocytes and natural killer (NK) cells are key 

contributors to this line of defense. Monocytes are phagocytic cells that target and kill 

opsonized cells.19–21 NK cells are non-MHC-restricted cytotoxic lymphocytes that have the 

ability to lyse transformed cells without prior sensitization.22,23 Upon activation, these cells 

secrete several immune stimulatory cytokines (e.g., TNF-α and IL-12 by monocytes/

macrophages and IFN-γ by NK cells) and upregulate expression of surface molecules 

indicative of activation (e.g., HLA-DR and CD86 on monocytes and NKG2D and CD69 on 

NK cells).24–27 These responses not only mediate direct anti-tumor activity but also promote 

the recruitment of adaptive immune cells, which further enhances the anti-tumor immune 

response.20–22,28–30 Thus, immunotherapeutic strategies that target monocytes and NK cells 

to promote their effector functions may provide a mechanism to modulate the tumor 

microenvironment and inhibit tumorigenesis.

With the knowledge that the immune system shapes the course of tumor progression, 

scientists in the growing field of cancer immunotherapy have aspired to identify immune-

modulatory agents to harness the power of the immune system for the treatment of cancer. In 

the present study, it was hypothesized that FNDs may serve as vectors for targeted immune 

cell activation to promote anti-tumor activity. To address this question, it was important to 

first evaluate direct immune cell uptake, biocompatibility, and immunostimulation mediated 

by unconjugated FNDs prior to examining further biomedical applications. Therefore, we 

have characterized the behavior of monocytes and NK cells following exposure to 

unconjugated FNDs through evaluation of cellular uptake, FND localization, cell viability 

and effects on immune cell activation. The findings presented herein support future 

investigation into novel therapeutic applications utilizing FNDs. Notably, this study confirms 

that innate immune cells will take up FNDs with no compromise in cell viability and result 

in stimulation of pro-inflammatory responses. Hence, these results support the notion that 

FNDs may serve as novel agents to stimulate innate immune cell anti-tumor responses.

METHODS

Reagents and Cell Lines

Murine macrophage cell line, RAW264.7, was obtained from American Type Culture 

Collection (Manassas, VA). Human natural killer cell (NKL) cell line was provided by Dr. 

Michael A. Caligiuri at The Ohio State University.
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FND Preparation

Columbus Nanoworks, Inc. (Columbus, OH) generated FNDs from micron-sized, high 

pressure, high temperature diamonds that were then milled to nanoscale size and cleaned 

with concentrated sulfuric acid and nitric acid as previously described.31 The FNDs 

generated in this study were uncoated, non-functionalized, and not activated.

FND Characterization

Samples were prepared by depositing 0.0005% (w/w) FNDs on a coverslip and drying in a 

vacuum oven for 2 hours. Scanning electron microscopy (SEM) images were acquired on a 

field emission scanning electron microscope (Zeiss Ultra 55) operating at 5 kV and a 

working distance of 7.9 mm. Size characterization was performed from the SEM images (n 

= 168) using Image J. The fluorescence emission spectrum was obtained using a Horiba 

ARAMIS Raman upright microscope (50× objective) and a 532 nm excitation laser. 

Confocal microscopy images were collected on an Olympus FV1000-Filter Confocal 

System using a 543 nm excitation laser and corresponding 655/55 nm barrier filters.

Isolation of Human NK Cells and Monocytes

Peripheral blood mononuclear cells (PBMC) and NK cells were isolated from healthy donor 

leukopacks (American Red Cross, Columbus, OH) as previously described.32 For NK cell 

isolation, PBMC were incubated for 30 minutes with RossetteSep Human NK Cell 

Enrichment Cocktail (Immunodensity Negative Selection Cocktail, Stem Cell Technologies, 

Vancouver, BC). Ficoll hypaque density gradient centrifugation was performed and PBMC 

and NK cells were collected. NK cells procured in this manner were confirmed to be greater 

than 95% pure by flow cytometric analysis according to their CD56 surface marker 

expression. For monocyte isolation, PBMC were added to 6-well plastic plates and allowed 

to adhere for 24 hours prior to washing and harvesting the monolayer. Monocytes procured 

in this manner were confirmed to be greater than 94% pure by flow cytometric analysis 

according to their CD14 surface marker expression. Immune cells were cultured in 

RPMI-1640 medium supplemented with 10% heat-inactivated pooled human AB serum (C-

six Diagnostics; Germantown, WI), 100 units/ml of penicillin, 100 μg/ml of streptomycin, 

and 0.25 μg/ml of amphotericin B (10% HAB medium).

In vitro FND Treatment Assays

RAW264.7 cells, monocytes, NKL cells and NK cells were added to 24-well flat-bottom 

plates at a concentration of 1×106 cells/well in 10% HAB medium alone (untreated control) 

or medium supplemented with FNDs and cultured at 37°C. For functional analyses of FND-

treated NK cells, additional treatment groups stimulated with 1 μg/ml of IL-12 were 

evaluated. Cell-free culture supernatants or cells were collected for analysis.

Flow Cytometry

Flow cytometry was performed on a LSR II flow cytometer (BD Biosciences, San Jose, 

CA). Monocytes were labeled with a CD14-allphycocyanin (APC) monoclonal-antibody 

(mAb) (Beckman Coulter, Brea, CA) and NK cells were labeled with a CD56/NKH1-RD1-

phycoerythrin (PE) mAb (Beckman Coulter, Brea, CA). Cells were gated based on forward 
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laser light scatter (FS) and side laser light scatter (SS) and monocyte and NK cell 

populations were gated according to their CD14 or CD56 surface marker expression, 

respectively. Purity greater than 94% for monocytes and 95% for NK cells was confirmed 

via flow cytometric analysis (FlowJo, Ashland, OR). Immune cell FND uptake was 

evaluated by changes in FS, SS, and NIR fluorescence measured in the PE-Cyanin 5.1 

channel compared to untreated controls. Monocyte surface marker expression was examined 

via CD86-PE and HLA-DR-APC mAb (BD Pharmingen, San Jose, CA) staining, as 

previously described.33 NK cell surface marker expression was examined via CD69-PE and 

NKG2D-APC mAb (BD Pharmingen, San Jose, CA) staining.33 Percentage of positively 

staining cells, mean fluorescence intensity (MFI), and fold-change in fluorescence compared 

to untreated controls were calculated.

Trypan Blue Cell Viability Staining

Following overnight FND treatments, cells were collected and washed ×2 with phosphate-

buffered saline. An aliquot of 1×105 cells was used for 1:1 staining with 0.4% trypan blue 

dye. Cells were incubated in trypan blue stain for 3 minutes and viable cells were counted 

using a hemocytometer.

Fluorescence Microscopy Analysis of FND Uptake

Following 24 hour FND treatments, cells were stained with PureBlu™ Hoechst 33342 

Nuclear Staining Dye (Bio-Rad Laboratories, Hercules, CA). Uptake and distribution of 

FNDs were assessed using a Nikon A1R confocal microscope equipped with a 60× objective 

lens, NA 1.4 (Nikon Instruments, Melville, NY). FNDs were visualized using the 561 nm 

and 638 nm laser lines with corresponding 595/50 nm and 700/75 nm barrier filters. 

Representative images from each treatment group were prepared using the Nikon NIS 

Elements software (Ver. 4.30.02).

IFN-γ and TNF-α Enzyme-Linked Immunosorbent Assay (ELISA)

Following 24 hour FND treatments, cell-free culture supernatants were harvested and 

analyzed for levels of IFN-γ and TNF-α by ELISA (R&D Systems, Minneapolis, MN) as 

previously described.34

Animal Model

Wild-type BALB/c mice (The Jackson Laboratory) were injected subcutaneously in the right 

flank with 30 μg of either non-fluorescent or fluorescent nanodiamonds. Mice were imaged 

with using an IVIS Lumina II optical imaging system (Caliper Life Science Co., USA) after 

nanodiamond treatment to evaluate the ability to visualize and track the nanodiamonds. 

These studies were conducted under a protocol approved by Ohio State University’s 

Institutional Animal Care and Use Committee.

Statistical Analysis

Log transformation was applied on SS intensity and MFI of each fluorescence channel 

evaluated by flow cytometry. FND optimal treatment dose analysis was performed using 

random effects mixed model and t-tests. Multiple comparisons were adjusted by Tukey’s 
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method.35 A linear trend test across FND treatment doses was performed. Cell viability was 

analyzed using random effects mixed model and F-tests were used for testing overall 

difference.36 Analyses of optimal FND treatment duration, surface marker expression and 

cytokine production were performed using random effects mixed model and t-tests. Multiple 

comparisons were adjusted using Holm’s method.37 Statistical analyses were performed 

using SAS®9.4 software. Level of significance was set at 0.05.

RESULTS

FND Characterization

The FNDs generated in this study were uncoated, non-functionalized, and not activated. NV-

centers are point defects within the diamond lattice that produce infrared fluorescence upon 

excitation and may be visualized via confocal microscopy. Figure 1A demonstrates the 

fluorescence of micron-sized diamonds’ NV-centers. Similar results were obtained for nano-

sized diamonds (data not shown). Upon excitation with a 532 nm laser, FND NV-centers 

emit broad fluorescence between ~600–800 nm with maximum fluorescence at 684 nm 

(Figure 1B). SEM analysis demonstrated that FNDs display non-spherical morphology 

(Figure 1C) with an average hydrodynamic size of 70 ± 28 nm (Figure 1D).

Optimal FND Treatment Dose

RAW264.7 cells, NKL cells, monocytes, and NK cells were cultured overnight in 10% HAB 

medium alone or in the presence of varying doses of FNDs (12.5–200 μg/ml). Cells were 

then harvested and cellular FND uptake was evaluated by flow cytometry. FNDs scatter light 

in the visible region and an increase in SS of FND-treated cells is indicative of cellular 

uptake. Further, FNDs emit fluorescence in the NIR region, and an increase in NIR 

fluorescence of FND-treated cells suggests FND uptake. Scatter plots were employed to 

examine SS by FS (to evaluate changes in cellular granularity and size, respectively) and SS 

by NIR (to examine variations in granularity and NIR fluorescence; shown in Figure 2A). 

Quadrant 2 in these plots represents double-positive cells, denoted SS+NIR+, which are 

presumed to have taken up FNDs. Fold changes in SS and NIR fluorescence, as well as 

percent FND uptake (percent SS+NIR+ cells) were quantified compared to untreated controls 

(Figure 2B).

FND treatment resulted in a dose-dependent increase in SS in RAW264.7 cells and NKL 

cells, as well as healthy donor human monocytes and NK cells. A significant increase in SS 

was observed for RAW264.7 cells across all treatment concentrations compared to untreated 

cells (p < 0.0001). Monocytes displayed a substantial increase in SS starting at 25 μg/ml 

FND treatment (p = 0.086), and a significant increase in SS was observed at 50 μg/ml FND 

(p = 0.028) compared to untreated controls. There was no significant difference between the 

25 μg/ml and 50 μg/ml treatment doses (p = 0.812). NKL cells demonstrated a significant 

increase in SS following treatment with 25 μg/ml FND (p = 0.036) and NK cells displayed a 

significant increase in SS starting at 100 μg/ml FND treatment (p = 0.007).

Upon examination of NIR fluorescence (NIR MFI) in FND-treated cells, it was found that 

NIR MFI was increased significantly across all treatment concentrations in RAW 264.7 cells 
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and monocytes compared to untreated cells (p < 0.0001 for both). A significant increase in 

NIR MFI was observed upon treatment with 100 μg/ml FND in NKL and NK cells (p = 

0.007 and 0.012, respectively). Lastly, SS+NIR+ double-positive cells were quantified as a 

measure of percent FND uptake for each cell population. Percent FND uptake was 

significantly enhanced across all treatment concentrations for RAW264.7 cells and 

monocytes compared to untreated controls (p < 0.006 and p < 0.0001, respectively). Percent 

FND uptake was significantly increased upon treatment with 50 μg/ml FND for NKL cells 

(p = 0.006) and at 100 μg/ml FND treatment for NK cells (p = 0.008). Overall, RAW264.7 

murine macrophages and human monocytes displayed greater FND uptake compared to 

NKL and NK cells.

The optimal treatment concentrations were then selected based on the minimum FND 

concentration required to see a significant increase in SS, NIR MFI and SS+NIR+ double-

positive cells. Monocytes displayed a substantial increase in SS starting at 25 μg/ml FND 

treatment (p = 0.086), and a significant increase in SS was observed at 50 μg/ml FND (p = 

0.028) compared to untreated controls. Additionally, there was no significant difference 

between the 25 μg/ml and 50 μg/ml treatment doses (p = 0.812). NIR MFI was increased 

significantly across all treatment concentrations monocytes compared to untreated cells (p < 

0.0001). Percent of SS+NIR+ double-positive cells was also significantly enhanced across all 

treatment concentrations compared to untreated controls (p < 0.0001). Therefore, the 

minimum concentration required to see a significant increase in SS, NIR MFI, and SS+NIR+ 

double-positive cells was 25 μg/ml FND. NK cells displayed a significant increase in SS 

starting at 100 μg/ml FND treatment (p = 0.007). A significant increase in NIR MFI was 

observed upon treatment with 100 μg/ml FND in NK cells (p = 0.012). The percentage of 

SS+NIR+ double-positive cells was significantly increased upon treatment with 100 μg/ml 

FND treatment in NK cells (p = 0.008). Therefore, a minimum concentration of 100 μg/ml 

FND was required to see a significant increase in SS, NIR MFI, and SS+NIR+ double-

positive cells. Taken together, this data suggested that 25 μg/ml represents an effective FND 

treatment dose for RAW264.7 cells and monocytes, whereas 100 μg/ml represents an 

optimal treatment dose for NKL and NK cells.

FND Optimal Treatment Duration

Monocytes and NK cells were treated with FNDs (25 μg/ml or 100 μg/ml, respectively) for 

6, 12, 24, or 48 hours. Following treatment, cells were evaluated by flow cytometry and fold 

changes in SS, NIR MFI, and percent FND uptake (percent SS+NIR+ cells) were quantified 

compared to untreated controls (Figure 3). Compared to untreated controls both monocytes 

and NK cells displayed substantial increases in SS, NIR MFI and percent FND uptake across 

all time points.

To identify the optimal treatment duration where maximal FND uptake is observed, 

comparisons between each treatment group were performed. Percent FND uptake of FND-

treated monocytes was not significantly different between the 6, 12, 24, or 48 hour treatment 

groups. However, comparisons between each time point for FND-treated monocytes 

demonstrated a significant increase in SS in the 24 hour treatment group compared to the 6 

hour treatment group (p = 0.035), indicating that 24 hours represents a reasonable monocyte 

Suarez-Kelly et al. Page 7

Nanomedicine. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FND treatment period. Comparisons between each time point for FND-treated NK cells 

displayed a significant increase in percent FND uptake in the 48 hour treatment group 

compared to the 12 hour (p = 0.006) and 24 hour (p = 0.043) treatment groups. However, no 

differences in SS or NIR MFI were identified between the 24 and 48 hour time points. Thus, 

it was concluded that 24 hours may be considered an optimal NK cell FND treatment 

duration. Given that both cell types (monocytes and NK cells) demonstrated significant FND 

uptake at 24 hours, this time point was utilized for further analyses.

FND Localization by Fluorescence Microscopy

To confirm that FNDs were indeed taken up by immune cells and not simply adhering to the 

cell surface, confocal microscopy was employed to confirm the intracellular location of the 

FNDs. RAW264.7 cells, monocytes, NKL and NK cells were treated with FNDs for 24 

hours. Cells were then imaged via confocal microscopy. Two-dimensional maximum 

intensity projections of the fluorescence image stacks were generated as well as cross-

sectional composite images composed of the differential interference contrast and 

fluorescence projections. These images revealed red fluorescence emitted by FNDs 

contained within the cell membrane and surrounding the blue fluorescence of the stained 

nucleus. Therefore, confocal microscopy demonstrated FND uptake into each cell type 

(Figure 4). Additionally, serial sections of RAW264.7 cells treated with FNDs with confocal 

imaging clearly demonstrated that the nucleus appears as a central open space that was 

devoid of diamonds (Figure 5). Similar claims have been reported by other groups.38–40 The 

diffuse FND uptake seen within the cells with no FNDs present within the nuclei on 

confocal imaging indicate that the FNDs taken up by the cells could certainly reside within 

the cytoplasm and the endosomes of the cell. In line with the observations made by flow 

cytometry, RAW264.7 cells and monocytes displayed greater FND uptake compared to NKL 

and NK cells.

FND-treated Immune Cell Viability

Next, FND biocompatibility was evaluated. Since the optimal treatment dose for healthy 

donor human NK cells was determined to be four-fold higher than that of monocytes, 

monocytes and NK cells were treated with varying doses of FNDs (12.5–200 μg/ml) for 24 

hours. Subsequently, cell viability was evaluated via trypan blue staining. FND treatment 

resulted in no significant cell death in monocytes (p = 0.238) or NK cells (p = 0.980) across 

all treatment concentrations compared to untreated controls. Monocyte viability ranged from 

87–95% and NK cell viability ranged from 90–92% across the untreated controls and 

treatment groups (Figure 6).

Immune Cell Activation by FND

FND-mediated immune cell activation was evaluated by examining changes in surface 

marker expression and cytokine production in FND-treated human monocytes and NK cells 

compared to untreated controls of each cell type. Accordingly, expression of monocyte 

surface markers HLA-DR and CD86 as well as NK cell markers NKG2D and CD69 were 

evaluated. Further, monocyte TNF-α production and NK cell IFN-γ production were 

measured following treatment with FNDs. It has been shown previously that NK cells 

require priming via stimulatory factors to achieve their full effector potential.28 Therefore, in 
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order to appropriately investigate the ability of FNDs to modulate NK cell activity and to 

provide a positive control, NK cells were cultured in the presence or absence of the 

stimulatory cytokine IL-12.

No significant differences in HLA-DR or CD86 expression were observed in FND-treated 

monocytes compared to untreated controls (p = 1.0 for both; Figure 7A). NK cells treated 

with IL-12 alone demonstrated a significant increase in CD69 expression compared to 

untreated NK cells (p = 0.032), but no significant difference in NKG2D expression was seen 

(p = 1.0). NKG2D and CD69 expression levels were significantly increased in NK cells 

treated with FNDs alone compared to untreated controls (p < 0.001). NK cells treated with 

both IL-12 and FNDs also demonstrated a significant increase in NKG2D and CD69 

expression compared to untreated controls (p < 0.001). Combined treatment of NK cells 

with IL-12 plus FND resulted in a greater than additive increase in CD69 expression at both 

the 25 μg/ml (p = 0.032) and 100 μg/ml FND doses (p = 0.045). However, this effect was not 

observed in regard to NKG2D expression (Figure 7B).

Upon examination of cytokine production by innate immune cells following treatment with 

unconjugated FNDs, FND-treated monocytes demonstrated a significant increase in TNF-α 
production compared to untreated controls at both the 25 μg/ml FND (p = 0.015) and 100 

μg/ml FND treatment doses (p = 0.007) (Figure 7C). No difference in TNF-α production 

was observed for FND-treated NK cells (data not shown). FND-treated monocytes, FND-

treated NK cells in the absence of IL-12, and FND-untreated NK cells in the presence of 

IL-12 did not display a significant increase in IFN-γ production compared to untreated 

controls (monocyte data not shown). However, both 25 μg/ml and 100 μg/ml FND-treated 

NK cells in the presence of IL-12 produced significantly more IFN-γ than those treated with 

IL-12 alone (p < 0.0001) or FNDs alone (p < 0.0001) (Figure 7D).

Visualization of FNDs in an Animal Model

Evaluation of the ability to detect fluorescence emission from the FNDs was conducted in an 

animal model. Wild-type BALB/c mice were injected subcutaneously in the right flank with 

30 μg of either non-fluorescent or fluorescent nanodiamonds. After nanodiamond 

treatments, the mice were imaged with using an IVIS Lumina II optical imaging system to 

evaluate the ability to visualize and track the nanodiamonds. The FNDs were easily 

visualized, demonstrating that in vivo tracking of FNDs is feasible (Figure 8).

DISCUSSION

Fluorescent nanodiamonds are a new class of the carbon nanoparticle family that are 

nontoxic, emit bright, photostable fluorescence in the NIR region, and have emerged as a 

promising therapeutic agent in the field of nanomedicine, including cancer 

therapy.3,6,8,18,41,42 The present study has characterized the immunologic implications of 

treatment with FNDs. FNDs used in this study demonstrated an average hydrodynamic size 

of 70 ± 28 nm and maximum photostable fluorescence at 684 nm. Unconjugated FNDs were 

employed to evaluate the effects of FND treatment on innate immune cells, such as NK cells 

and monocytes. Following treatment, phagocytic immune cells (RAW264.7 murine 

macrophages and human monocytes) displayed significant FND uptake. Uptake by non-
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phagocytic cells (human NKL cells and NK cells) was low but measurable. This uptake was 

accomplished without adverse effects on cell viability. Moreover, it was observed that 

unconjugated FNDs produced alterations in immune cell activation following uptake as 

measured by increased NK cell CD69 and NKG2D surface expression and enhanced 

production of monocyte-derived TNF-α and NK cell-derived IFN-γ.

The present report demonstrates that treatment of innate immune cells with FNDs results in 

dose-dependent FND uptake and positive effects on immune cell activation with no adverse 

effects on cell viability. However, the mechanisms by which immune cells take up FNDs and 

become activated are not well understood. Previously, it has been suggested that some cell 

types engulf nanodiamonds via phagocytosis, while other cells may allow nanodiamond 

diffusion directly across the cell membrane.38,43,44 Additionally, previous studies 

demonstrate that FNDs appear to enter cells through a clathrin-dependent endocytotic 

process which was demonstrated using chemical inhibitors like brefeldin as well as ATP 

poisons like vanadate.39,40 Similar to our study, these studies used FNDs that lacked any 

kind of biomedical coating and presumably are non-specifically taken up by cells.39,40 None 

of the FND studies that have been reported thus far, including the present study, show any 

entry of FNDs into the nucleus.38–40 Immune cell activation may be triggered by the 

internalized FNDs or may be unrelated to uptake and result from stimulation of cell-surface 

receptors. In order to address these questions, further research to define the dynamics of 

FND uptake and determine the mechanism of immune cell activation is warranted.

Although nanodiamonds have considerable potential as immunological reagents, they are 

only recently beginning to see significant usage. In the past, fluorescent diamonds were used 

for photophysics applications and contained only a few NV-centers within the diamond 

crystal. However, the fluorescence of these nanodiamonds is far too low for most biological 

applications. Nanodiamonds can now be prepared with significant numbers of NV-centers 

but many of these lack functional groups/surface coatings for biomedical applications. The 

FNDs used in this study contains high numbers of NV-centers (approximately 35 centers per 

35 nm crystal) and have functional groups for bioconjugation, which is crucial to their 

development as novel tools for immunotherapeutic applications.

Recently, it has been demonstrated that nanoparticle-based delivery systems may be 

employed to yield enhanced T cell-mediated anti-tumor activity via nanoparticle conjugation 

to CpG oligodeoxynucleotides, anti-TGF-β siRNA or anti-PD-L1 siRNA.45–47 Moreover, it 

has been shown that nanoparticles are engulfed preferentially by phagocytic myeloid cells 

and may serve as a mechanism to target these cells and promote a tumor-suppressive 

environment.48,49 For example, in a study by Huang et al., a galactosylated cationic dextran 

nanoparticle-driven nucleic acid delivery system carrying CpG, anti-IL-10, and anti-IL-10 

receptor oligodeoxynucleotides was utilized to target tumor-associated macrophages (TAM) 

to suppress their pro-tumorigenic functions and promote anti-tumor activity.50 Employing 

similar myeloid cell targeting strategies in future experimentation with FNDs represents an 

exciting avenue of immunologic research.

FNDs offer unique advantages as myeloid-targeting nanoparticles, in that they possess an 

extensive, faceted architecture and uniquely emit bright, photostable fluorescence in the NIR 
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spectrum.3,6,8,18,41,42 Additionally, previous in vitro and in vivo studies have demonstrated 

FND biocompatibility.13–15,18,42 These characteristics have facilitated early characterization 

of immune cell FND uptake, and will also permit in vivo tracking to better understand the 

cellular localization and anti-tumor properties of FNDs. The faceted architecture of FNDs is 

of immense value, as it permits the conjugation of molecules that can serve as immune-

stimulatory agents. For example, our group recently described a FND conjugation technique 

that may be universally applied for large-scale FND production. It was shown that 

polyethylene glycol may be utilized as a biocompatible surface coating, and subsequent 

PEGylation reactions may be employed for bioconjugation with molecules presenting a 

variety of functional groups.3

Non-fluorescent nanodiamond-mediated chemotherapy delivery systems have been 

developed with promising biocompatible mechanisms for enhancing chemotherapeutic 

efficacy, decreasing toxicities, and overcoming chemoresistance both in vitro and in 

vivo.17,38,51–54 Similarly, some in vitro and in vivo studies have employed a nanodiamond 

and nanoplatinum mixture to demonstrate nanodiamond- and nanoplatinum-mediated 

dendritic cell activation, T cell proliferation, chemosensitization of a multidrug resistant 

human myeloid leukemia cell line and structural alteration of breast cancer cells.43,55–57 

However, the in vivo use of this mixture was through coating of the mixture onto cloths 

lining the mice cages and not through systemic administration. Additionally, FNDs have 

been used in a number of imaging experiments related to cancer research, ranging from 

immunofluorescence studies in a number of cell lines to sentinel lymph node mapping in 

small animals.7,58–63 In this study, we have evaluated the ability to detect fluorescence 

emission from the FNDs using an animal model. The FNDs were easily visualized, 

demonstrating that in vivo tracking of FNDs is feasible. Thus, FNDs have the potential to 

serve as an immune drug delivery vehicle with “track and trace” capabilities. Further 

development of the FNDs described in this study could lead to agents with the potential for 

systemic administration and broad therapeutic applications.

The concept of “immunoengineering” has been put forth to suggest that conjugating 

immunotherapeutic agents to nanoparticles may enable more effective tumor penetration, 

controlled delivery of therapeutic agents and robust immune responses to cancer therapies.64 

A few groups have described nanodiamond surface functionalization as a therapeutic anti-

tumor strategy. For example, Zhao et al. developed a nanodiamond platform with 

hyperbranched polyglycerol coating to evade macrophage uptake and conjugation with a 

RGD targeting peptide for preferential uptake by A549 cancer cells.51 Similarly, Chu et al. 

developed a nanodiamond complex with conjugation of recombinant growth hormone for 

protein-targeting of the surface membrane of A549 NSCLC cells.65 Salaam et al. developed 

a nanodiamond mediated drug delivery system to increase the specificity of doxorubicin by 

nanodiamond conjugation with doxorubicin and the DGEA peptide to target the α2β1 

integrins overexpressed in metastatic prostate cancers.66 However, employing this strategy 

of nanodiamond conjugation for FND-mediated immunotherapy delivery has not yet been 

fully developed. Additionally, most of these previous reports used detonation nanodiamonds 

which are not fluorescent. Thus, FNDs have the potential to serve as an immune drug 

delivery vehicle with “track and trace” capabilities.
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Although there have been significant advances in the field of cancer immunotherapy, such as 

the development of immune checkpoint inhibitors67,68, tumor-immune escape and the 

development of immunotherapy resistance continues to pose a challenge.19,23,25 Targeted 

innate immune cell activation could address these challenges and promote reversal of tumor-

mediated immunosuppression to yield enhanced anti-tumor activity. This study has 

demonstrated that FNDs may be utilized to engage innate immune cells and potentially serve 

as a powerful tool for targeted immunotherapy. The versatile surface of FNDs may be 

conjugated to immunomodulatory agents and function as a novel mechanism to maximize 

immune cell activation. Thus, future studies will investigate the ability to conjugate FNDs 

with antibodies or other immunomodulatory agents to develop an innate immune cell 

targeting strategy and promote anti-tumor activity.
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ABBREVIATIONS

Ab antibody

APC allphycocyanin

ELISA enzyme-linked immunosorbent assay

FND(s) fluorescent nanodiamond(s)

FS forward laser light scatter

HAB Human AB serum

HLA human leukocyte antigen

IFN-γ interferon gamma

mAb monoclonal-antibody

MFI mean fluorescence intensity

MPI maximum intensity projections

NIR near-infrared

NK natural killer
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NV nitrogen-vacancy

PBMC peripheral blood mononuclear cell

PE phycoerythrin

SEM scanning electron microscopy

SS side laser light scatter

TNF-α tumor necrosis factor alpha
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Figure 1. Characterization of FNDs

(A) Visualization of micron-sized diamonds and evaluation of nitrogen vacancy center 

fluorescence emission was performed using an Olympus FV1000-Filter Confocal System, 

employing a 543 nm laser for excitation. Maximal emission was detected between 655–755 

nm. (B) FNDs were examined on a Horiba ARAMIS Raman microscope using a 50× 

objective and excited with a 532 nm laser to determine the fluorescence emission spectrum. 

(C) FND morphology was evaluated using a high resolution scanning electron microscope 

(SEM). (D) FND size (in nm) was characterized by SEM, and a frequency histogram of the 

particle size distribution was generated.
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Figure 2. Analysis of FND uptake by innate immune cells

The murine macrophage cell line RAW264.7, human NK cell line NKL, and primary human 

monocytes and NK cells were cultured overnight in 10% HAB medium alone (untreated 

control, 0 μg/ml FND) or medium supplemented with increasing FND concentrations (12.5, 

25, 50, 100, and 200 μg/ml). Cells then were harvested, washed, and evaluated by flow 

cytometry. (A) FND uptake was evaluated by examining shifts in immune cell side laser 

light scatter (SS) and near-infrared (NIR) fluorescence. SS+NIR+ double-positive cells 

indicate those cells that have taken up FND. (B) Compared to controls, fold-change in SS 
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(left panels) and NIR mean fluorescence intensity (MFI, middle panels) were calculated for 

cells treated with increasing doses of FNDs, and the percent FND uptake (measured by 

percent of SS+NIR+ cells) were plotted (right panels). The means ± SEM for three 

independent experiments are shown for all panels. Statistical analysis was performed using a 

random effects mixed model and t-test (* = p < 0.05 vs. controls).
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Figure 3. Time course analysis of FND uptake by primary human immune cells

Monocytes and NK cells were cultured in 10% HAB medium alone (untreated control) or 

medium supplemented with 25 μg/ml FND (monocytes) or 100 μg/ml FND (NK cells). Cells 

were cultured for 6, 12, 24, or 48 hours and then harvested, washed, and analyzed by flow 

cytometry. FND uptake was evaluated by examining shifts in immune cell side laser light 

scatter (SS, left panels) and near-infrared (NIR) mean fluorescence intensity (MFI, middle 

panels) as compared to untreated cells. Percent FND uptake was calculated from SS+NIR+ 

double-positive cells (right panels). The means ± SEM for three independent experiments 
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are shown for all panels. Statistical analysis was performed using a random effects mixed 

model, t-test, and multiple comparisons were adjusted by Holm’s method (* with underlying 

bracket = p < 0.05 for comparisons among groups).
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Figure 4. FNDs localize within the cytoplasm of immune cells

The murine macrophage cell line RAW 264.7, human NK cell line NKL, and primary 

human monocytes and NK cells were cultured for 24 hours in 10% HAB medium alone 

(untreated) or medium supplemented with 25 μg/ml FND (RAW264.7 and monocytes, top 

panels, A and B) or 100 μg/ml FND (NKL and NK cells, bottom panels, C and D). Cells 

were harvested, washed, and nuclei were stained using PureBlu Hoechst 33342. Image 

stacks were captured using a Nikon A1R confocal microscope (60× objective lens, NA 1.4). 

Images were captured using 402 nm, 561 nm, and 638 nm excitation lasers with collection 

of emission spectra from 400–750 nm. Images were analyzed using Nikon NIS-Elements 

AR imaging software. The dark panels located on the left of each quadrant represent a two 
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dimensional maximum intensity projection (MPI) of the 402 nm, 561 nm and 638 nm 

channels. The lighter panels on the right of each quadrant represent a cross-sectional 

composite image of the differential interference contrast image and the fluorescent channels. 

The comparison between the two images allows for localization of the FNDs within the 

cytoplasm of the cell. Black arrows highlight the FNDs in NKL and NK cells. Scale bar = 10 

μm.
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Figure 5. Serial sections with confocal imaging of FND-treated RAW264.7 cells demonstrates the 
nucleus as a central open space devoid of FNDs

The murine macrophage cell line RAW 264.7was cultured for 24 hours in 10% HAB 

medium alone (untreated) or medium supplemented with 100 μg/ml FND. Cells were then 

fixed with glyceraldehyde. Image stacks were captured using a Nikon A1R confocal 

microscope (60× objective lens, NA 1.4). Images were captured using 561 nm and 638 nm 

excitation lasers with collection of emission spectra from 530–750 nm. Images were 

analyzed using Nikon NIS-Elements AR imaging software. Serial images were obtained and 

each panel represents a cross-sectional composite image of the fluorescent channels. White 

arrows point to the cell nucleus.
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Figure 6. Treatment with FNDs does not impact immune cell viability

Primary human monocytes and NK cells were cultured for 24 hours in 10% HAB medium 

alone (untreated control, 0 μg/ml) or medium supplemented with increasing concentrations 

of FNDs (12.5, 25, 50, 100, and 200 μg/ml). Cells then were harvested, washed, and relative 

viability was evaluated via trypan blue dye exclusion method. Results are presented as 

percentage of viable cells. The means ± SEM for three independent experiments are shown.
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Figure 7. Treatment with FNDs promotes immune cell activation

(A) Primary human monocytes were cultured for 24 hours in 10% HAB medium alone 

(untreated control, 0 μg/ml FND) or medium supplemented with 25 μg/ml or 100 μg/ml 

FND. Cells were then harvested, washed, and stained using HLA-DR-APC mAb or CD86-

PE mAb. Surface marker expression was evaluated via flow cytometry. Histograms depicting 

shifts in APC (top left panel) or PE (bottom left panel) fluorescence are shown. 

Corresponding fold-changes in mean fluorescence intensity (MFI) compared to untreated 

controls were calculated (right panels). (B) Primary human NK cells were cultured for 24 

hours in 10% HAB medium alone (untreated control, 0 μg/ml FND) ± IL-12 or in medium 

supplemented with 25 μg/ml or 100 μg/ml FND ± IL-12. NK cells then were harvested, 

washed, and stained using NKG2D-APC mAb or CD69-PE mAb. Surface marker expression 

was evaluated by flow cytometry. Histograms depicting shifts in APC (top left panel) or PE 

(bottom left panel) fluorescence are shown. Corresponding fold-changes in MFI compared 

to untreated controls were calculated (right panels). (C) Cell-free supernatants from 

monocyte cultures were collected after 24 hours and analyzed for TNF-α production by 

ELISA. (D) Cell-free supernatants from NK cell cultures were collected after 24 hours and 

analyzed for IFN-γ production by ELISA. The means ± SEM for three independent 

experiments are shown for all panels. Statistical analysis was performed using random 

effects mixed model, t-test, and multiple comparisons were adjusted by Holm’s method (* = 
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p < 0.05 vs. untreated controls and * with underlying bracket = p < 0.05 for comparisons 

among groups).
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Figure 8. FNDs are easily visualized in an animal model

Wild-type BALB/c mice were injected subcutaneously in the right flank with 30 μg of either 

non-fluorescent or fluorescent nanodiamonds. Mice were imaged with using an IVIS 

Lumina II optical imaging system after nanodiamond treatment.
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