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Current study focuses on the interactions between nanodiamonds and macrophages.Confocal microscopy studies indicated that 
carboxylated fluorescent nanodiamonds (cFNDs) were efficiently internalized by RAW 264.7 and MH-S macrophage cell lines and were 
essentially localized in the cytoplasmic area. BCG induced potent inflammatory response in the two macrophage cell lines and carboxylated 
nanodiamonds (cNDs) significantly inhibited this inflammatory response. Potent inhibitory effect of cNDs was found on the BCG induced 
production of reactive oxygen species (ROS) and nitric oxide (NO) by both macrophage cell lines. Using quantitative Real time PCR, we 
found that the treatment with cNDs led to considerable downregulation in expression of BCG induced pro-inflammatory genes- COX-2, 
iNOS, TNF-α, IL-6 and IL-1β at transcriptional level. Downregulation in expression of BCG induced COX-2 by cNDs was further confirmed at 
translational level using Western blotting. Using Gelatin zymography we further demonstrated marked reduction in BCG induced release 
of Matrix Metalloproteinases MMP-2 and MMP-9 by cNDs. Collectively, our results indicate a potent anti-inflammatory effect of cNDs in 
alleviating BCG induced inflammatory responses in macrophage cell lines. These results suggest that use of nanodiamonds may be explored
for suppressing inflammatory responses at the level of macrophages.

Introduction
Nanodiamonds represent a novel category of carbon nanoparticles 
that are approximately 2-8 nm in diameter (1, 2). The core of 
nanodiamonds comprises of sp3 hybridized carbon atoms while the 
surface is characterised by presence of sp2 hybridized graphitic carbon 
atoms that allows easy functionalization with oxygenic functional 
groups like carboxyl, hydroxyl and keto groups (3). Due to their 
unique physio-chemical properties, and possibility of easy surface 
tagging with various chemical groups and drugs, nanodiamonds 
have become an attractive candidate in diagnostics, imaging, and 
as therapeutic agents in biomedicine (4-8). Nanodiamonds can be 
made fluorescent resistant to photo-bleaching by creating nitrogen-
vacancy centres in the diamond lattice (9). The resulting fluorescent 
nanodiamonds (FNDs) are being used as efficient fluorescent probes
for in vitro and in vivo imaging (10-14). As such, nanodiamonds do 
not have many surface groups like -COOH, -NH2 etc, that would 
render them charged, but the sp2 carbon surface of nanodiamonds 
may absorb oxonium ions (H30+) from aqueous medium and this 
protonation results in a net positive zeta potential on pristine 
nanodiamonds (15). Functionalization of surface sp2 carbon atoms 
with negatively charged carboxyl group imparts a negative charge to 
nanodiamonds and the carboxyl group may be exploited to couple 
a variety of drugs and molecules to nanodiamond cell surface. What 
further adds to the attractiveness of nanodiamonds in biomedical 
application is the fact that they are rather inert biologically and do 
not show significant toxicity in human and animal systems (16, 12, 
17, 18). A number of studies have demonstrated the interaction of 
nanodiamonds with different types of cells (16, 19-23). Non-toxicity 
and bio-compatibility of nanodiamonds has been demonstrated for 
293-T human kidney cells (19), Neuroblastoma, alveolar macrophages 
and keratinocytes (20), HepG2, HeLa cells (21), Mouse and human 
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pluripotent embryonal carcinoma (22), A549 human lung epithelial 
cells (23) and Human/rat red blood cells (16). Nanodiamonds also 
do not cause significant toxic response when administered in vivo 
(12, 17, 18). Inflammation is a defensive response of the host against 
infections and tissue damage and is characterized by a cascade 
of events including vasodilation and recruitment of immune cells 
and plasma proteins to the site of infection (24). Since many toxic 
mediators released during inflammation to eliminate pathogens can 
also damage the bystander host cells, unconstrained inflammatory 
response can cause serious cell and tissue damage. Macrophages 
have a key role in initiating the inflammatory response (25) and 
drugs and agents that downregulate the inflammatory response in 
macrophages may prove to be beneficial in containing tissue damage 
that may occur in chronic inflammation. In this study, we demonstrate 
that nanodiamonds are internalized by macrophages and significantly 
block the induction of an inflammatory response to BCG. Two murine 
macrophage cell lines RAW 264.7 and MH-S were used in this study 
and all eight parameters of inflammation that we studied (ROS and 
nitric oxide production, upregulation of COX-2, iNOS, TNF-α, IL-6, IL-
1β genes and release of matrix metalloproteinases MMP-2 and MMP-
9), were markedly inhibited by carboxylated nanodiamonds (cNDs). 
These results suggest that use of cNDs may be further explored as an 
agent that suppresses inflammatory responses initiated at the level of 
macrophages.
Materials and Methods
Cells
RAW 264.7 (a murine peritoneal macrophage cell line) and MH-S 
(a murine lung alveolar macrophage cell line) cells obtained from 
American Type Cell Culture, were cultured in DMEM and RPMI 1640 
culture medium respectively supplemented with 2 mM glutamine, 4.5 
g glucose per litre, 10 mM HEPES buffer pH 7.2, gentamycin (0.5 mg/
ml) and fetal bovine serum (10% V/V).
Nanodiamonds and their characterization
Carboxylated fluorescent nanodiamonds (cFNDs) (catalog no. 
NDNV100nmHiCOOH10ml) and carboxylated nanodiamonds (cNDs) 
(catalog no. ND-H20-15nm-II-100ml) were obtained from Adamas 
Nanotechnologies, USA. Using Zetasizer equipment, (Nano ZS90, 
Malvern instruments, Malvern, UK) cFNDs suspended in water were 
found to have an average size of 77.4 rnm and average zeta potential 
of -32.8 mV while the corresponding values for cNDs were 24.9 rnm and 
-42mV respectively (Supplementary Fig. 1). Fluorescent nanodiamonds
cFNDs containing nitrogen vacancies (NV centres) were used for 
uptake studies using Confocal microscopy. To study the effects of 
NDs on different parameters of inflammation in macrophage cell lines, 
cNDs were used.
Reagents and other supplies
Bio-Rad Clarity Western ECL substrate and 2',7'-Dichlorofluorescin 
diacetate (DCFDA) were procured from Sigma Aldrich, USA. N-1-
napthylethylenediamine dihydrochloride (NED), sulfanilamide, sodium 
nitrite and polyclonal antibody against mouse COX-2 (Item no. 160126) 
were obtained from Cayman Chemicals, USA. SYBR-iTAQ Universal 
SYBR Green super mix was purchased from Bio-Rad Laboratories 
(California, USA). cDNA Synthesis kit and RNA Iso Plus Trizol were 
purchased from DSS TaKara, India. DMEM and RPMI 1640 culture 
medium supplemented with glutamine (2 mM), HEPES buffer pH 7.2 
(10 mM), gentamycin (10 μg/ml), fetal bovine serum (FBS) (10% V/V), 
Middlebrook 7H9 media and OADC supplements were purchased from 
Himedia, India.
Culture of BCG
BCG was cultured in Middlebrook 7H9 liquid media supplemented 

with 10% OADC supplements. Growth was monitored by measuring 
absorbance of the bacterial suspension at 600 nm. Viability and 
colony forming units (CFU) count was determined by plating on 7H11 
agar OADC plates. Autoclaved BCG preparations were obtained by 
autoclaving the BCG suspensions at 121°C and 15 psi for 60 minutes. 
Before use, the autoclaved BCG suspensions were passed through a 
syringe fitted with 26-gauge needle to break clumps.
Confocal Microscopy
To study the uptake and intercellular localization of the cFNDs,RAW 
264.7 and MH-S cells were cultured [0.1×106/ml/well] on a coverslip in 
a 12 well culture plate, incubated with 10 μg/ml of cFNDs for 12 hours, 
washed twice with PBS and fixed using 4% paraformaldehyde on ice 
for 10 minutes. The fixed cells were washed thoroughly to get rid of 
any residual paraformaldehyde and nuclei were counterstained with 
Hoechst 33342 dye as described before (26). Coverslips were mounted 
onto the glass slide with 50% glycerol and examined on a Nikon A1R 
Confocal Laser Scanning Microscope.
Estimation of reactive oxygen species (ROS) and nitric oxide 
(NO)
ROS generation in the two cell lines was assessed by using fluorogenic 
dye, 2',7'-Dichlorofluorescin diacetate (DCFDA). For flow cytometry 
studies to detect the production of ROS, RAW 264.7 and MH-S cells 
were cultured [0.1×106/ml/well] in 12 well plate with and without various 
treatments for 12 hours. The cells were trypsinized, washed twice with 
PBS, and pelleted cells were incubated in fresh media containing 5 μM 
DCFDA for 30 minutes in the dark at 37°C. ROS produced by the cells 
brings about oxidation of DCFDA to form fluorescent product DCF (2’, 
7’ dichlorofluorescein), which was estimated by flow cytometry. Nitric 
oxide (NO) released into culture supernatants was measured by using
Griess reagent as described elsewhere (27). Culture supernatants 
were mixed 1:1 (v/v) with Griess reagent and the color generated 
after 15-minute incubation at room temperature was read in an ELISA 
reader at 540 nm.
Real time PCR (RT-PCR):
RT-PCR was carried out as described before (28). Briefly, cells to be 
tested were washed with cold PBS and incubated with the TRIzol 
reagent to extract total RNA. cDNA was synthesized using 2 μg total 
RNA with a cDNA synthesis kit. Forward and reverse sequences of 
primers were:
β-actin[GGAGGGGGTTGAGGTGTT, GTGTGCACTTTTATTGGTCTCAA];
COX-2 [TGAGTGGGGTGATGAGCAAC, TTCAGAGGCAATGCGGTTCT]
iNOS [GGCAGCCTGTGAGACCTTTG, GCATTGGAAGTGAAGCGTTTC]
TNF-α [GACAAGCCTGTAGCCCACG, TGTCTTTGAGATCCATGCCGT]
IL-6 [ACAAAGCCAGAGTCCTTCAGAG, GAGCATTGGAAATTGGGGTAGG]
IL-1β [ATGCCACCTTTTGACAGTGATG, TGTGCTGCTGCGAGATTTGA]
Reaction volume of 10 μl was used for the amplification consisting of 
2.5 μl of ten-fold diluted cDNA, 5 μl SYBR green, 0.2 μl (10 mM) of each 
primer and sterile distilled water. Cycling condition was as follows: 
10 min at 95°C and 40 cycles of 15 sec at 95°C, 30 sec at 60°C and the 
melt curve with single reaction cycle with the following conditions: 
95°C for 15 sec, 60°C for 1 min and dissociation at 95°C for 15 sec. After 
the amplification, the cycle threshold (Ct) values were obtained and 
normalized to the value of housekeeping gene β-actin. The relative 
expressions of the target genes were calculated using the 2-ΔΔCt 
method.
Western Blotting
Western blot analysis was carried out as described before (29). Briefly, 
RAW 264.7 and MH-S cells were cultured with or without 100 μg/ml of 
cNDs and/or Autoclaved BCG MOI 100:1 for 24 hours. Cells were washed 
twice with ice-cold PBS and incubated in RIPA lysis buffer containing 
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a cocktail protease inhibitor mixture at 4°C for 20 minutes and then 
stored at -80 degrees overnight. Next day, cell lysates were sonicated 
3 three times for 10 sec each and analysed for protein content using the 
BCA protein assay kit (Thermo Fisher scientific). Samples containing 
30 μg/μl of cell lysate proteins per lane were resolved on SDS-PAGE 
(10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis) 
along with pre-stained protein ladder and transferred onto PVDF 
membranes (Invitrogen). The transferred membranes were blocked 
for 2 hours using 5% BSA in TBST (25 mm Tris-HCl, pH 7.4, 125 mm NaCl, 
0.05% Tween 20) and incubated with COX-2 primary antibody at 4°C 
overnight. Membranes were washed thrice with TBST for 5 minutes 
and incubated with horseradish peroxidase coupled isotype-specific 
secondary antibody for 1 hour at room temperature. The immune 
complexes were detected by enhanced chemi-luminescence detection 
system (Bio-Rad) and quantified using NIH Image J software.
Gelatin Zymography for MMP-2 and MMP-9
Protocol used for zymography has been described elsewhere (30). 
Briefly, 0.1x106 RAW 264.7 and MH-S cells were cultured in a 12 well cell 
culture plate with or without 100 μg/ml cNDs and/or Autoclaved BCG 
MOI 100:1 for 12 hours in serum-free media. Supernatants were mixed 
with 5X nonreducing sample buffer and subjected to electrophoresis 

on 7.5% SDS-PAGE containing 4 mg/ml gelatin. After washing with the 
washing buffer for 30 minutes, the gel was incubated in the incubation 
buffer at 37 °C for 24 hours. Gels were stained with staining solution and 
were de-stained. The gelatinolytic activity of samples was detected as 
clear band against blue background. The bands were visualized using a 
Bio-Rad gel scanner and quantified using NIH Image J software.
Statistical Analysis
All experiments were repeated at least three times. Results are 
expressed as Mean ±SEM. The paired t-test was performed to define 
the significance of all the experiments. Statistical analyses were 
performed using Sigma Plot software (Systat software, San Jose, CA).
Results
Uptake of cFNDs by RAW 264.7 and MH-S cells
We have previously shown that BCG is efficiently taken up by 
macrophages (31, 32). To study the uptake of cFNDs, RAW 264.7 and 
MH-S cells were incubated with cFNDs for 12h. Confocal microscopy 
results in Figure 1 clearly show that almost all cells had taken up 
cFNDs that appear to be localized essentially in the cytoplasmic area. 
Z-sectioning data at different depths (2 μm, 2.5 μm and 3 μm) further 
confirmed that cFNDs were present inside the macrophage cells 
(Figure 1).

Figure 1: Uptake and localization of cFNDs by macrophages.
RAW 264.7/MH-S cells [0.1×106/ml/well] were cultured with cFNDs (10 μg/ml) for 12 hours. After incubation, cells were washed with PBS and 
examined by confocal microscopy. Internalization of cFNDs by RAW 264.7 and MH-S cells for 12-hour time point are shown in the top panels. Red 
fluorescence denotes cFNDs uptake and blue stain of Hoechst 33342 dye shows the nuclei. Magnification 100X in all cases. Z-sectioning results 
at various depths showing the internalization of cFNDs are shown in the bottom panel.
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Inhibition of BCG induced Reactive Oxygen Species (ROS) 
production by cNDs
Onset of inflammatory response in macrophages is characterised by 
huge upsurge in production of ROS inside the cells (33). ROS production 
by the macrophage cell lines in response to BCG and its modulation by 
cNDs was studied by using the fluorogenic dye 2',7'-Dichlorofluorescin 
diacetate (DCFDA) that gets converted to a fluorescent product DCF 
in presence of ROS, as described elsewhere (34). Results presented in 
Figure 2 clearly show that little or no ROS production was observed 
in untreated control macrophages or macrophages treated with cNDs 

alone. Treatment with autoclaved BCG resulted in marked increase in 
ROS production by macrophages (p<0.001) with almost 100 percent 
positivity and a 10 to 14 fold increase in DCF MFI (mean fluorescence
intensity) that would be a measure of relative average per cell 
production of ROS. BCG induced ROS response was almost completely 
blocked in presence of cNDs (85% and 90% inhibition in RAW 264.7 and 
MH-S cells respectively in case of DCF percent positive cells and 90% 
and 85% inhibition in RAW 264.7 and MH-S cells respectively in DCF 
MFI). These results show that cNDs can block the BCG induced ROS 
production in macrophages.

Figure 2: Inhibition of BCG induced ROS production by cNDs.
RAW 264.7 and MH-S cells [0.1×106/ml/well] were cultured alone or with cNDs (100 μg/ml), BCG (MOI 100:1) and BCG + cNDs for 12 hours. After 
incubation, cells were harvested, stained with 5 μM DCFDA for 30 minutes, washed and analyzed by flow cytometry. Panel a and b represent 
DCF Percent positive cells while panel c and d represent DCF MFI for RAW 264.7 and MH-S respectively. Histograms show result of 3 independent 
experiments (Mean ±SEM). **p<0.01, ***p<0.001.
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Reduction of BCG induced nitric oxide production by cNDs
Nitric oxide has been demonstrated to be a crucial molecule in 
mediating inflammatory responses in macrophages and other cells of 
the immune system (35). Results in Figure 3a (RAW 264.7 cells) and 
3b (MH-S cells) show that in control macrophages or macrophages 
treated with cNDs alone for 4 and 12h time points, there was little 

secretion of NO. Treatment with autoclaved BCG led to a substantial 
increase in NO production in both the macrophage cell lines (p<0.001) 
which was strongly inhibited in presence of cNDs; the decline being 
90% and 75% in 4 hour and 12 hour time point in RAW 264.7 cells and 
75% and 80% in both 4 hour and 12 hour time points in MH-S cells 
respectively.

Figure 3: Suppression of BCG induced NO production by cNDs.
RAW 264.7 and MH-S cells [0.1×106/ml/well] were cultured alone or with cNDs (100μg/ml), BCG (MOI 100:1) and BCG + cNDs for 4 hours and 12 
hours. NO levels in the culture supernatants were measured by using modified Griess reagent as described in Methods. Histograms show result 
of 3 independent experiments (Mean±SEM).***p<0.001.
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Regulation of expression of BCG induced pro-inflammatory 
genes in macrophages by cNDs
Since we found a strong suppressive effect of cNDs in downregulating 
BCG induced ROS and NO, we further tested the effect of BCG on 
early expression of some crucial key genes known to be involved in 
the generation of inflammatory response, namely COX-2, iNOS, TNF-α, 
IL-6 and IL-1β and modulation of their expression in presence of cNDs. 
Results in Figure 4 show that treatment of RAW 264.7 and MH-S cells 
with BCG for 4h resulted in a significant increase in expression of COX-
2, iNOS, TNF-α, IL-6 and IL-1β. While in most cases the increase ranged 

from 2 to 15 fold, the enhancement of expression of IL-6 and IL-1β in 
RAW 264.7 cells was 200 and 70 fold respectively.
However, treatment of both RAW 264.7 and MH-S cells with cNDs 
led to a remarkable reduction in expression level of all BCG induced 
pro-inflammatory genes; the decline being 50% in COX-2(p<0.01) and 
iNOS(p<0.05) and 80% in TNF-α (p<0.001), IL-6 (p<0.001)and IL-1β 
(p<0.01) in RAW 264.7 cells. The corresponding decline in MH-S was 
nearly 80% in COX-2 (p<0.001), iNOS(p<0.001), TNF-α (p<0.01), IL-6 
(p<0.05) and IL-1β(p<0.05).

Figure 4: Modulation of expression of BCG induced pro-inflammatory genes by cNDs.
RAW 264.7/MH-S cells [0.5×106/ml/well] were cultured alone or with cNDs (100 μg/ml), BCG (MOI 100:1) and BCG + cNDs for 4 hours. RNA 
was extracted and RTPCR was performed as described in Methods. Fold change in gene expression was calculated using 2−ΔΔCt method. 
Histograms show result of 3 independent experiments (Mean± SEM). *p<0.05, **p<0.01, ***p<0.001.
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Inhibition of expression of BCG induced COX-2 enzyme at 
protein level by cNDs
Cyclooxygenase-2 (COX-2) is a key enzyme involved in the conversion 
of arachidonic acid to several molecules of prostaglandin family that in 
turn play a crucial role in the induction of inflammatory responses (36). 
Our RT-PCR results showed downregulation of BCG induced expression 
of COX-2 gene at transcriptional level in the presence of cNDs. Effect of 
cNDs on the accumulation of COX-2 enzyme at the translational level 

in the macrophage cells was also assessed using Western blotting 
technique. COX-2 is an inducible enzyme and accordingly there was no 
expression of COX-2 in untreated control RAW 267.4 and MH-S cells 
(Figure 5). Treatment with cNDs alone also did not induce COX-2 in 
these cells but BCG induced a marked accumulation of COX-2 enzyme 
in both cell lines that was strongly inhibited by cNDs treatment (60% 
and 99% inhibition in RAW 264.7 and MH-S cells respectively).

Figure 5: Modulation of expression of BCG induced COX-2 by cNDs using Western
blotting. RAW 264.7 and MH-S cells [0.5 × 106/ml/well] were cultured alone or with 100 μg/ml cNDs, BCG MOI 100:1 and BCG MOI 100:1+100 μg/
ml cNDs for 24 hours. Protein lysates were prepared by using RIPA extraction buffer and Western blotting carried out to estimate COX-2 gene 
product as described in Methods. Panel a and Panel b show histograms for COX-2 normalized with housekeeping gene Beta actin for RAW 264.7
and MH-S cells respectively. Histograms show result of 3 independent experiments (Mean± SEM). *p<0.05, ***p<0.001.
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Modulation of expression of BCG induced MMP-2 and MMP-9 
by cNDs
Matrix metallopeptidases (MMPs) have been demonstrated to be 
important mediators in regulation of inflammation responses (37). 
Secretion of two of the crucial members of the MMPs family of 
metallopeptidases, MMP-2 and MMP-9 was assessed for macrophage
cell lines treated with BCG in presence and absence of cNDs. Using the 

technique of Gelatin Zymography we found a basal release of MMP-
2 and MMP-9 in the culture supernatants of control RAW 267.4 and 
MH-S cells, that was significantly increased upon treatment of the 
cells with BCG (Figure 6). This enhanced MMP-2 and MMP-9 secretion 
was reversed if cNDs were added along with BCG wherein the MMP 
secretions were brought down to a level similar to control cultures 
(Figure 6).

Figure 6: Modulation of BCG induced MMP-2 and MMP-9 by cNDs.
RAW 264.7 and MH-S cells [0.5 × 106/ml/well] were cultured alone or with cNDs (100 μg/ml), BCG (MOI 100:1) and BCG + cNDs for 12 hours in 
serum free medium. Culture supernatants were used for Gelatin zymography to reveal different MMPs as described in
Methods. Panel a and b show results for RAW 264.7 cells and MH-S cells respectively. Histograms show result of 3 independent experiments 
(Mean ± SEM). **p<0.01, ***p<0.001.
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Supplementary Figure 1: Characterization of cFNDs using Zetasizer.
Upper panel shows the Zeta size and lower panel shows the Zeta potential of cFNDs measured using Malvern Zetasizer.

Discussion
Inflammatory process is induced in response to the external challenge 
of pathogens and is an effective mechanism to clear the system of 
the pathogens. Many of the effector molecules that are secreted by 
inflammatory cells are nonspecific in nature may cause considerable 
tissue damage. A resolution phase of inflammatory response follows 
in which tissue repair takes place. Macrophages play a central 
role in the inductive as well as resolution phases of inflammation. 
Macrophages exist in appropriately polarized states depending 
upon the function they perform. M1 macrophages are involved in 
the induction of inflammation and M2 category of macrophages 
are required during the later resolution phase of the inflammatory 
response (38). An unresolved and sustained inflammatory response 
(chronic inflammation) may cause serious damage to tissues that 
may be lethal. Understanding the factors that regulate inflammatory 

response is therefore important and there is a need to find drugs and 
agents that suppress the inflammatory response when it threatens 
serious damage to tissues and cells at the site of inflammation. A 
potential candidate for suppressing inflammation is nanodiamonds 
(NDs) and the basic focus of this paper is to assess the efficacy of NDs 
to regulate inflammatory processes at the level of macrophages. M1 
polarized macrophages should be used for such study as this stage 
participates in the induction of inflammation. Both RAW 264.7 and 
MH-S macrophage cell lines that we used in this study essentially 
represent the M1 polarized stage (39-43), as is confirmed in our study 
showing that the test pathogen BCG induced a large number of pro-
inflammatory molecules that participate in the induction and effector
phases of inflammatory response. The parameters that we used to 
assess the inflammatory response in the two immortalized mouse 
macrophage cell lines (44) included enzymes cyclooxygenase-2 (COX-2) 
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and inducible nitric oxide synthetase (iNOS) that are crucial to generate 
reactive oxygen species (ROS) and nitric oxide (NO) that are involved 
in the effector phase of the inflammatory response (45-49). Gene 
expression of both these enzymes assessed by RTPCR was markedly 
upregulated in BCG treated cells and was in turn strongly inhibited 
by treatment with cNDs. Western blotting techniques confirmed the 
increased cellular concentration of the enzyme cyclooxygenase in 
response to BCG and its down regulation in presence of cNDs. COX-2 
and iNOS enzymes are required for the generation of ROS and nitric 
oxide involved in the effector phase of the inflammatory process (45-
49) and accordingly, secretion of ROS and nitric oxide by the two cell 
lines in presence of cNDs indicated that the cNDs may have strong 
anti-inflammatory properties. Besides these parameters, we also 
assessed the gene expression of the cytokines TNF-α, IL-6 and IL-1β 
that are key mediators of inflammation (50-52). All these cytokines too 
were strongly induced by BCG and blocked by the addition of cNDs.
Secretion of matrix metallopeptidases (MMPs) i.e. MMP-2 and MMP-
9 is an important feature of inflammatory responses since these 
enzymes can convert inactive pro-cytokine proteins to active pro-
inflammatory cytokines (53, 54) and play an important role in tissue 
remodelling following an inflammatory response (55). Using the 
Gelatin zymography technique, the secretion of these two enzymes by 
the macrophage cell lines too was found to be augmented by BCG and 
the increase blocked by cNDs. In previous studies by our group, acid-
functionalized single-walled carbon nanotubes (AF-SWCNTs), another 
form of carbon nanoparticles, were shown to have suppressive effect 
on a variety of immune functions like B cell activation, T cell and NK cell
activation, antigen presentation (26, 56-60, 63) and hematopoiesis (61, 
62). Interestingly, activated immune cells internalized more AF-SWCNTs 
than the control resting cells (63). Functionalized nanodiamonds 
(carboxy nanodiamonds functionalized by octadecylamine and 
dexamethasone) were shown to have an inhibitory effect on the 
inflammatory response in human peripheral blood monocytes (64). 
Our present study shows that carboxylated NDs without coupling 
to any drug could downregulate inflammatory responses in mouse 
macrophage cell lines. Carbon nanoparticles may therefore constitute
a potential class of immunosuppressive agents perhaps because of 
their better uptake by activated immune cells including macrophages 
(63, 65). NDs are in general non-toxic to cells in vitro and in vivo (12, 
16-23) and do not constitute a known health risk. Further, NDs may 
naturally target macrophages since these cells have an inherent 
phagocytic activity to internalize particulate matter. In view of our 
results showing strong anti-inflammatory effect, nanodiamonds may 
be examined as a potential anti-inflammatory agent. This proposition 
would require further exploration.
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