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Nanodiamonds (NDs) are unique, multifunctional nanoparticle with increasing clinical applications. The nitrogen vacancy (NV)-centers 
within the diamond lattice endows nanodiamonds with fluorescent properties. NDs are considered nontoxic, biocompatible and 
photostable compared to other nanoparticles which makes it suitable for in vivo applications. In the present study, we evaluated the uptake 
of carboxylated fluorescent nanodiamonds (cFNDs) by different subpopulations of spleen in vitro and by resting and activated spleen B 
and T cells. We also compared this data with the uptake of fluorescence tagged acid functionalized single walled carbon nanotubes (FAF-
SWCNTs). We found that there was poor uptake/binding of cFNDs by resting B and T cells, however, we could see the internalization of 
cFNDs by activated B and T Cells. Also, the percentage of cells positive for cFNDs increased significantly in activated B and T cells but the 
increase was significantly lower than that seen for the uptake of FAF-SWCNTs. The higher internalization of cFNDs in activated B and T cells 
suggests the possibility of use of cFNDs for imaging of activated B and T cells in vivo.

Introduction
Nanodiamonds (ND) are carbon nanoparticles that are about 2–8 
nm in diameter (1,2) and represent an emerging class of materials 
with important clinical applications in medicine (3,4) . Their consistent 
dimensions, unique surface properties, facile processing parameters 
and scalability (5,6) innate biocompatibility and applicability as imaging/
diagnostic tools (7–9) make them a suitable candidate for therapeutic 
and diagnostic approaches (10–15). With the increasing interest in ND 
for in vivo bio-medical applications, it became important to study its 
possible interactions with the cells of the immune system.
Different studies have demonstrated the interaction of ND with 
immune system. NDs can cause immune-stimulation (16–19) or 
immunosuppression which could reduce the resistance of organism 
towards infections (20). In vitro treatment with NDs did not show 
toxicity towards leukocytes and erythrocytes (21). NDs are taken up by 
NK cells and monocytes in a dose dependent manner without causing a 
reduction in cell viability (22). Induction of apoptosis has been observed 
in both normal and cancer cells at higher doses of 200–1000 μg/ml (23).
The mechanisms of uptake of different nanoparticles especially 
carbon nanotubes by lymphocytes and their modulatory effects 
on the immune response have been reported (24–30). Pristine carbon 
nanotubes are as such highly agglomerated and insoluble in aqueous 
media and therefore do not interact efficiently with cells. Acid 
functionalized carbon nanotubes with carboxyl groups attached to 
carbon atoms become negatively charges, disperse easily in aqueous 
media and interact efficiently with various kinds of cells in vitro and 
in vivo (31–33). We have previously shown the efficient interactions of 
acid functionalized single-walled carbon nanotubes (AF-SWCNTs) with 
lung epithelial cells (34), erythrocytes (35,36), T and B lymphocytes (37–39) 
macrophages (40) and NK cells (41). In the present study, we evaluated 
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the uptake of carboxylated fluorescent NDs (cFND) with the B and 
T lymphocytes and compared it with the uptake of AF-SWCNTs. We 
found that there was low uptake of cFNDs by resting B cells, T cells, 
macrophages and granulocytes. Also, the cFNDs uptake by B and T cells 
did not increase with time. We further studied the uptake of cFND by 
resting and activated B and T cells as previously done for AF-SWCNTs. 
Here, we found that after activation, uptake of cFND was increased 
in B and T cells. But this increase in uptake was still much lower than 
uptake of AF- SWCNTs. Confocal microscopy results indicated that in 
resting cells, cFNDs were localized mainly around the cells membrane 
but in activated B and T cells they were localized inside the cells.
Materials and Methods
Animals
Inbred C57BL/6 mice (8-15 weeks old, 20-25g body weight) were used 
throughout the study. Animals were maintained in the animal house 
facility at South Asian University (SAU), New Delhi, and obtained from 
the National Institute of Nutrition (NIN), Hyderabad. Animals were 
housed in positive pressure air-conditioned units (250C, 50 % relative 
humidity) and on a 12- hour light/dark cycle. Water and chow were 
provided ad libitum. All the experimental protocols were conducted 
strictly in compliance with the guidelines notified by the Committee 
for the Purpose of Control and Supervision on Experiments on Animals 
(CPCSEA), Ministry of Environment and Forest (www.envfor.nic.in/
divisions/awd/ cpcsea_laboratory.pdf). The study was duly approved 
by SAU Institutional Animal Ethics Committee.

Reagents and other supplies
Lipopolysaccharide (LPS) from Escherichia coli O26:B6, staphylococcal 
enterotoxin B (SEB) from Staphylococcus aureus, Carboxylated 
fluorescent nanodiamonds [cFNDs] (ND900NV- 100nm-COOH) were 
from Adamas Nanotechnologies Inc. (Raleigh, NC, USA). RPMI-1640 
medium (with 2mM glutamine, 1mM sodium pyruvate, 4.5 gm glucose/
litre, 10 mM HEPES, 1.5 gm/litre sodium bicarbonate and 20μg/ml 
gentamycin) and fetal bovine serum (FBS) were from Gibco (Carlsbad, 
CA, USA). Anti-mouse CD16/32 purified, FITC anti-mouse CD3, PE-anti- 
mouse CD19, APC-anti-mouse F4/80, PE-CY7 anti-mouse Gr1 and 7AAD 
were purchased from eBiosciences (San Diego, CA, USA).
Isolation of Spleen cells.
Mice were euthanized using carbon dioxide, dissected and spleens 
were harvested. For isolation of splenocytes, spleen was meshed 
using 70µm strainer in a Petri-dish containing RPMI complete medium 
(5ml). Content was transferred to 15 ml conical tube and cells pelleted 
down at 1500 rpm for 5 minutes. Supernatant was discarded and 
the pellet was resuspended in 1 ml ACK lysis buffer and kept on ice 
for 5 minutes with intermittent shaking. One ml of RPMI complete 
medium (RPMI 1640 media with 15% heat inactivated Fetal Bovine 
Serum, 2mM L- Glutamine, 4.5gms Glucose per litre, 10mM HEPES, 1.5g 
per litre Sodium bicarbonate, 1mM Sodium pyruvate and 80mg/ litre 
gentamycin) was added to the tube and cells centrifuged at 1500 rpm 
for 5 minutes. Pellet was washed twice and was finally suspended in 1 
ml RPMI complete medium and counted using a hemocytometer.

Confocal Microscopy
Cells were cultured without and with LPS/SEB and incubated with 
carboxylated fluorescent nanodiamonds (cFNDs). Cells were 

harvested, washed with PBS +2% FBS, Fc receptors were blocked 
using anti-mouse CD16/32 and B and T cells were stained with anti-
mouse CD19 or CD3 antibody respectively. Cells were fixed with 4% 
Paraformaldehyde (PFA) for 15 minutes, samples were washed thrice 
to remove residuals of PFA and pellet was resuspended in 500µl PBS 
+ 2% FBS. B and T lymphocytes were sorted using FACS aria III (purity 
> 96%) and cells were collected in 5ml round bottom tube precoated 
with RPMI complete medium. After collection, cells were pelleted 
down by centrifugation at 1500 rpm for 5 minutes and resuspended 
in 100µl PBS. Cells were adhered onto poly-l-lysine (0.01%) coated 
coverslips, dried to remove excess PBS (presence of PBS can cause 
formation of crystals in the sample) and mounted onto glass slide 
using prolong gold antifade reagent (prevents photobleaching). A 
coverslip was placed on glass slide, the slide sealed with transparent 
nail-paint, dried and visualized under an A1R Laser Confocal Scanning 
Microscope (Nikon, Japan).

Flow Cytometry
Spleen cells from C57BL/6 mice were cultured (106 cells/ml in RPMI-
1640 complete medium in 24 well culture plate. Cells were either 
unstimulated (resting) or stimulated in vitro with LPS (5µg/ml) and 
SEB (5 µg/ml) for 24 and 72 h respectively in sterile environment. 
Thereafter, the cells were incubated with cFND (10 µg/ml) for 4, 
12 and 24 h after each mentioned time point and were harvested, 
washed with PBS three times and incubated with anti-mouse CD16/32 
(0.5µg/106 cells in 100 µl PBS + 2% FBS) for 30 minutes on ice to block 
Fc receptors followed by staining with anti-mouse CD19/ CD3/ F4/80 or 
Gr-1 antibody (1 µg/106 cells) respectively for 30 minutes on ice in dark. 
Separately, equal number of cells were stained with Isotype control 
antibodies to set flow cytometry gates. Samples were washed twice 
to remove excess antibody and were resuspended in 500µl PBS. 7AAD 
(2µg/ml) were added to the samples and incubated for 15 minutes 
on ice to identify dead cell population. After incubation, cells were 
analysed on a BD aria-III flow cytometer and analysed using FACS Diva 
software. (BD Biosciences, San Jose, CA, USA.)

Statistical analysis
Each experiment was repeated three times. Statistical Analysis was 
performed using Sigma Plot software (Systat software, San Jose, CA). 
Student’s t-test was used to calculate the significance level between 
groups and ANOVA was used to calculate significance between and 
within groups.
Results
Characterization of cFNDs
Diamond comprises a crystal lattice of sp3 hybridized carbon atoms 
and as such in this form diamonds are not fluorescent. If the lattice is 
bombarded with high energy helium atoms, few nitrogen vacant (NV) 
spaces are created in the lattice in place where carbon atoms existed 
before. Nanodiamonds with these vacant spaces have fluorescence 
properties. Fluorescent nanodiamonds with an average size of 100 
nm containing >900 ppm of NV centres were used in the study. Using 
a laser particle analyzer (Malvern DLS zeta sizer) pristine FNDs were 
found to have a zeta potential of 1.1 mV whereas the zeta potential of 
carboxylated FNDs (cFNDs) was - 43.3 mV (Figure 1). The cFNDs could 
be excited by 488 nm laser and had an emission maximum of 785 nm 
that could be read in the PE-Cy7 window on the flow cytometer (BD 
aria III).
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Figure 1: Measurement of Zeta potential of fluorescenated nanodiamonds (FND) and carboxylated fluorescenated nanodiamonds 
(cFND). Zeta potential values of non- carboxylated fluorescenated nanodiamonds of size 90 nm and carboxylated fluorescenated 
nanodiamonds of size 100 nm has been measured using Malvern DLS zeta sizer.

Uptake of cFND by subpopulations of spleen cells.
In order to assess the uptake of cFND, spleen cells (106 cells/ml) were 
cultured in 24 well culture plate with cFND (10µg/ml) for 4, 12 and 24 
h. Cells were harvested, stained with anti-mouse CD19, CD3, F4/80 and 
Gr-1 antibody to stain B cells, T cells, macrophages and granulocytes 
respectively and were analysed for cFND uptake by different cell 
populations. Results are presented as cFND percent positive cells 
(closed circles) and mean fluorescence intensity (MFI) of cFND uptake 

(open circles) in spleen subpopulations (Figure 2). The percentage of 
cFND positive cells are around 6% (B and T cells) and 12% (granulocytes 
and macrophages). This percent uptake in all the cell types are 
consistent throughout different time points. However, MFI of splenic 
granulocytes was maximum (350 at 24 h) amongst all four cell types. 
These results show that the uptake of cFNDs by resting spleen B and T 
lymphocytes is relatively poor.

Figure 2: Uptake of Carboxylated Fluorescenated nanodiamonds (cFND) by spleen subpopulations in vitro. Spleen cells were isolated 
from C57BL/6 mice and (1 x106/ml) were cultured with cFND (10 µg/ml) for 4, 12 and 24 h. After incubation, cells were washed, stained 
with anti-mouse CD19, CD3, F4/80, Gr-1 antibody and 7AAD. Samples were analyzed for uptake of cFND by different live spleen cell 
subpopulations using FACSaria III. Left Y axis shows percent uptake of cFND by different subpopulations of spleen ± SEM of three 
independent experiments. Number of events acquired on flow cytometer were 50,000. 
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Uptake of cFND by resting and activated B and T cells by flow 
cytometry:
Spleen cells were activated with LPS (5 µg/ml) and SEB (5 µg/ml) for 48 
and 72 h respectively, washed and incubated with cFND for 4, 12 and 

24 h to study the uptake of cFND. Results of flow cytometric analysis 
of these cells are shown in Figure 3. These results show that cFND 
positive cells increased after B and T cell activation, though the uptake 
was not time dependent.

Figure 3: Uptake of cFND by resting and LPS/SEB activated B and T lymphocytes. Spleen cells were isolated from C57BL/6 mice and 
1 x 106 cells/ml were cultured in 24 well culture plate without and with LPS (5 µg/ml) for 48 h and without and with SEB (5 µg/ml) for 
72 h and incubated thereafter with cFND for 4, 12 and 24 h. Harvested cells were washed twice with PBS and stained with anti-mouse 
CD19 and anti-mouse CD3 antibody to stain B and T cells respectively, cells were counterstained with 7AAD to gate out 7AAD+ dead 
cells. Data analysed using FACSaria III and analysed using FACS diva software. In each case 10,000 events were analysed.

Uptake of cFND by confocal microscopy
To determine the localization of cFND in resting and activated B and 
T cells, confocal microscopy was performed. For this purpose, resting 
and activated spleen cells were incubated with cFND for 4 h followed 
by staining with anti CD19 and CD3 antibodies. Pure (>96%) T and B 
cells were isolated using FACS aria III cell sorter and were examined for 
cFND uptake under confocal microscope. Results in Figure 4A show the 
confocal microscopy images of resting and LPS activated B cells and 

Figure 4B shows similar data for resting and SEB activated T cells. These 
results show that in resting B cells the cFNDs appear to be localized on 
cell membrane whereas in activated B and T cells some penetration of 
cFNDs into cytoplasmic space was apparent. Localization of cFNDs was 
also examined in cell sections by z-sectioning on confocal microscope. 
Results in Figure 5A and 5B shows the z-sectioning data that confirmed 
the membrane localization of cFNDs in resting B and T cells and some 
cytoplasmic localization in activated B and T cells.
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Figure 4: cFND uptake  by resting and  LPS  and  SEB activated  B and T cells respectively.
Spleen cells were isolated from C57BL/6 mice and were cultured in 24 well culture plate with and without LPS (5 µg/ml) for 48 
h and with and without SEB (5ug/ml) for 72 hours. After that cells were incubated with cFND (10 µg/ml) for 4 h, harvested and 
stained with anti mouse CD19 and CD3 antibody. Pure CD19+ B cells and CD3+ T cells were obtained by cell sorting on a FACSaria III 
cell sorter. Cells were collected and adhered onto poly-l-lysine coated coverslips and were mounted on glass slide using prolong 
gold antifade reagent. Slides were allowed to dry and analysed using Nikon Confocal Microscope. Magnification 100 X.

Figure 5: Uptake of carboxylated Fluorescenated Nanodiamonds (cFND) by resting and activated B and T cells (Z-sectioning 
images). Spleen cells were isolated from C57BL/6 mice and were cultured with and without LPS and SEB (5 µg/ml), incubated with 
cFND for 4 h, harvested and stained with anti-mouse CD19/CD3 antibody. CD19/CD3 positive cells were sorted using FACS aria III, 
mount cells onto coverslip and analysed by Confocal Microscopy. Magnification 100X.
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Discussion
Nanodiamonds (NDs) are nanoparticles that have high biocompatibility 
and low toxicity (42– 44). Further chemical inertness of diamond core 
with highly tailorable and fully accessible surface, capable of acquiring 
a number of functional groups that can be used for non-covalent or 
covalent attachment of drugs or biomolecules (45,46). NDs are thus 
especially suitable for use in targeted drug delivery (47). A special 
feature of fluorescent nanodiamonds is that their bright fluorescence 
does not fade even on extended exposure to incident light (48). This is 
unlike various fluorescent molecular probes that show a rapid fading 
of the fluorescence when continuously exposed to incident laser light. 
This property of FNDs make them specially suitable for in vitro and 

in vivo imaging studies (49–51). Not much information is available about 
the uptake characteristics of fluorescent nanodiamonds by different 
types of cells. We have presented data in this communication about 
the uptake of cFNDs by leukocytes, especially the B and T cells.
There was relatively poor uptake of cFNDs by resting B and T cells. 
Confocal data further  shows that the observed uptake of cFNDs 
in resting B and T cells was essentially due to the binding of these 
nanoparticles with the cell membrane of B and T cells. Since we 
have previously examined the uptake of AF-SWCNTs by resting and 
activated B and T cells (40), it was of interest to compare the uptake of 
these two types of nanoparticles by B and T cells. Comparative data of 
the uptake of cFNDs and AF-SWCNTs by resting and activated B and T 
cells is given in Table 1.

These results clearly show that in the case of AF-SWCNTs, the activation 
process resulted in a substantial increase in the percentage of both 
B and T cells positive for fluorescenated AF-SWCNTs (FAF-SWCNTs) 
as well as in the mean fluorescence intensity that is a measure of 
average per cell uptake of the nanoparticles. In case of cFNDs also, 
the percentage of cells positive for cFNDs increased significantly in 
activated B and T cells but the increase was significantly lower than 
that seen for the uptake of FAF-SWCNTs (Table 1). Further, there was 
no change in the MFI values of cFND uptake by activated B and T cells. 
Confocal data further showed that the cFND uptake characteristics 
were qualitatively different for resting and activated B and T cells. 
In resting cells the uptake essentially reflected some membrane 
binding of cFNDs whereas in activated B and T cells, the particles were 
internalized in the cells. Thus, no change in the MFI of cFNDs in resting 
and activated B and T cells seem to reflect a change in localization of 
these particles in resting and activated cells.
The non-fading fluorescence of fluorescent nanodiamonds makes 
them highly suitable for imaging work. The fact that there is higher 
internalization of cFNDs in activated B and T cells opens up the 
possibility of in vivo imaging of B and T cell tumors by using cFNDs. High 
uptake of AF-SWCNTs by activated B and T cells also results in killing 
of activated cells (38). We found that the cFNDs are not significantly 
toxic to lymphocytes (data not shown). Relative low toxicity of 
nanodiamonds as compared to AF-SWCNTs may further support the 
proposition of use of cFNDs for imaging activated B and T cells in vivo. 
This proposition would however require further testing.

References
1. Chao J-I, Perevedentseva E, Chung P-H, Liu K-K, Cheng C-Y, Chang 
C-C, et al. Nanometer-sized diamond particle as a probe for biolabeling. 
Biophys J. 2007 Sep 15;93(6):2199–208.

Table 1: comparison of FAF-SWCNT and cFND uptake by resting and activated B and T cells

2. Dolmatov VY. Detonation-synthesis nanodiamonds: synthesis, 
structure, properties and applications. Russ Chem Rev. 2007;76(4):339.
3. Passeri D, Rinaldi F, Ingallina C, Carafa M, Rossi M, Terranova ML, et 
al. Biomedical Applications of Nanodiamonds: An Overview. J Nanosci 
Nanotechnol. 2015 Feb;15(2):972–88.
4. Turcheniuk K, Mochalin VN. Biomedical applications of nanodiamond 
(Review). Nanotechnology. 2017 Jun 23;28(25):252001.
5. Mochalin VN, Shenderova O, Ho D, Gogotsi Y. The properties and 
applications of nanodiamonds. Nat Nanotechnol. 2011 Dec 18;7(1):11–
23.
6. Pichot V, Muller O, Seve A, Yvon A, Merlat L, Spitzer D. Optical 
properties of functionalized nanodiamonds. Sci Rep. 2017 Oct 
26;7(1):1–8.
7. Prabhakar N, Rosenholm JM. Nanodiamonds for advanced optical 
bioimaging and beyond. Curr Opin Colloid Interface Sci. 2019 Feb 
1;39:220–31.
8. Hemelaar SR, de Boer P, Chipaux M, Zuidema W, Hamoh T, Martinez 
FP, et al. Nanodiamonds as multi-purpose labels for microscopy. Sci 
Rep. 2017 Apr 7;7(1):1–9.
9. Hegyi AN, Yablonovitch E. Nanodiamond imaging: A new molecular 
imaging approach. In: 2012 Annual International Conference of the 
IEEE Engineering in Medicine and Biology Society. 2012. p. 2639–42.
10. Torres Sangiao E, Holban AM, Gestal MC. Applications of 
Nanodiamonds in the Detection and Therapy of Infectious Diseases. 
Materials [Internet]. 2019 May 20 [cited 2019 Nov 27];12(10). Available 
from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6567273/
11. Chauhan S, Jain NG, Nagaich U. Nanodiamonds with powerful 
ability for drug delivery and biomedical applications: Recent updates 
on in vivo study and patents. J Pharm Anal [Internet]. 2019 Oct 1 
[cited 2019 Nov 27]; Available from: http://www.sciencedirect.com/

Type of 
Nanoparticle

State of cell B cell T cell

%  Positive MFI % Positive MFI

FAF-SWCNT Resting 52.3 ± 2.8 152.2 ± 23.4 16.4 ± 1.7 98.2 ± 18.9

Activated 99.9 ± 0.5 685.1 ± 56.3 72.8 ± 1.5 495.0 ± 31.3

cFND Resting 4.8 ± 0.8 119.5 ± 26.6 5.2 ± 1.3 138.7 ± 24.3

Activated 17.3 ± 1.6 88.5 ± 22.8 24.6 ± 1.9 109.2 ± 20.3

Data shows values for uptake at maximum activation time point i.e. 48 h for B cells treated with LPS 
(5 µg/ml) and 72 hours for T cells with SEB (5 µg/ml) and FAF-SWCNT/cFND incubation of 4 hours.

66

https://www.cell.com/biophysj/fulltext/S0006-3495(07)71475-3
https://www.cell.com/biophysj/fulltext/S0006-3495(07)71475-3
https://iopscience.iop.org/article/10.1070/RC2007v076n04ABEH003643
https://iopscience.iop.org/article/10.1070/RC2007v076n04ABEH003643
https://www.ncbi.nlm.nih.gov/pubmed/26353603
https://www.ncbi.nlm.nih.gov/pubmed/26353603
https://iopscience.iop.org/article/10.1088/1361-6528/aa6ae4
https://iopscience.iop.org/article/10.1088/1361-6528/aa6ae4
https://www.ncbi.nlm.nih.gov/pubmed/22179567
https://www.ncbi.nlm.nih.gov/pubmed/22179567
https://www.ncbi.nlm.nih.gov/pubmed/22179567
https://www.nature.com/articles/s41598-017-14553-z
https://www.nature.com/articles/s41598-017-14553-z
https://www.nature.com/articles/s41598-017-14553-z
https://www.sciencedirect.com/science/article/pii/S1359029418301080
https://www.sciencedirect.com/science/article/pii/S1359029418301080
https://www.sciencedirect.com/science/article/pii/S1359029418301080
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5429637/pdf/41598_2017_Article_797.pdf
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5429637/pdf/41598_2017_Article_797.pdf
https://ieeexplore.ieee.org/document/6346506
https://ieeexplore.ieee.org/document/6346506
https://ieeexplore.ieee.org/document/6346506
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6567273/
https://www.sciencedirect.com/science/article/pii/S2095177919301467


International Journal of Nanotechnology in Medicine & Engineering Volume 4 Issue 7, December 2019

Citation: Rajiv K. Saxena et al. (2019), Uptake of Carboxylated Fluorescent Nano-Diamonds by Resting and Activated T And B Lymphocytes and 
Comparison with Carbon Nanotube Uptake. Int J Nano Med & Eng. 4:7, 61-68

science/article/pii/S2095177919301467
12. Lim DG, Prim RE, Kim KH, Kang E, Park K, Jeong SH. Combinatorial 
nanodiamond in pharmaceutical and biomedical applications. Int J 
Pharm. 2016 Nov 30;514(1):41–51.
13. Ho D, Wang C-HK, Chow EK-H. Nanodiamonds: The intersection of 
nanotechnology, drug development, and personalized medicine. Sci 
Adv. 2015 Aug 1;1(7):e1500439.
14. Fu C-C, Lee H-Y, Chen K, Lim T-S, Wu H-Y, Lin P-K, et al. Characterization 
and application of single fluorescent nanodiamonds as cellular 
biomarkers. Proc Natl Acad Sci U S A. 2007 Jan 16;104(3):727–32.
15. Kuo Y, Hsu T-Y, Wu Y-C, Chang H-C. Fluorescent nanodiamond as a 
probe for the intercellular transport of proteins in vivo. Biomaterials. 
2013 Nov;34(33):8352–60.
16. Zhang Y, Cui Z, Kong H, Xia K, Pan L, Li J, et al. One-Shot 
Immunomodulatory Nanodiamond Agents for Cancer Immunotherapy. 
Adv Mater. 2016;28(14):2699–708.
17. Zhang H, Zhang L, Li Z, Wu Q, Gao J. In Vitro Immune Activation 
of Raw264.7 Cells by Nanodiamonds with Different Surface Chemistry 
[Internet]. 2018 [cited 2019 Nov 27]. Available
f r o m : h t t p s : / / w w w . i n g e n t a c o n n e c t . c o m / c o n t e n t /
a s p / j n n / 2 0 1 8 / 0 0 0 0 0 0 1 8 / 0 0 0 0 0 0 0 2 / a r t 0 0 0 0 7 % 3 b j s e s s i 
onid=751iiambqmbm2.x-ic-live-02
18. Ghoneum M, Ghoneum A, Gimzewski J. Nanodiamond and 
Nanoplatinum Liquid, DPV576, Activates Human Monocyte-derived 
Dendritic Cells In Vitro. Anticancer Res. 2010 Oct 1;30(10):4075–9.
19. Pham NB, Ho TT, Nguyen GT, Le TT, Le NT, Chang H-C, et 
al. Nanodiamond enhances immune responses in mice against 
recombinant HA/H7N9 protein. J Nanobiotechnology. 2017 Oct 
5;15(1):69.
20. Pentecost A, Kim MJ, Jeon S, Ko YJ, Kwon IC, Gogotsi Y, et al. 
Immunomodulatory nanodiamond aggregate-based platform for 
the treatment of rheumatoid arthritis. Regen Biomater. 2019 Jun 
1;6(3):163–74.
21. Wąsowicz M, Ficek M, Wróbel MS, Chakraborty R, Fixler D, Wierzba 
P, et al. Haemocompatibility of Modified Nanodiamonds. Materials 
[Internet]. 2017 Mar 28 [cited 2019 Nov 27];10(4). Available from: 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5506996/
22. Suarez-Kelly LP, Campbell AR, Rampersaud IV, Bumb A, Wang 
MS, Butchar JP, et al. Fluorescent nanodiamonds engage innate 
immune effector cells: A potential vehicle for targeted anti-tumor 
immunotherapy. Nanomedicine Nanotechnol Biol Med. 2017 Apr 
1;13(3):909–20.
23. Horie M, Komaba LK, Kato H, Nakamura A, Yamamoto K, Endoh S, 
et al. Evaluation of cellular influences induced by stable nanodiamond 
dispersion; the cellular influences of nanodiamond are small. Diam 
Relat Mater. 2012 Apr 1;24:15–24.
24. Zolnik BS, González-Fernández A, Sadrieh N, Dobrovolskaia 
MA. Nanoparticles and the immune system. Endocrinology. 2010 
Feb;151(2):458–65.
25. Cui X, Wan B, Yang Y, Ren X, Guo L-H. Length effects on the dynamic 
process of cellular uptake and exocytosis of single-walled carbon 
nanotubes in murine macrophage cells. Sci Rep [Internet]. 2017 May 
10 [cited 2019 Dec 2];7. Available from: https://www.ncbi.nlm.nih.gov/
pmc/articles/PMC5431871/
26. Orecchioni M, Bedognetti D, Sgarrella F, Marincola FM, Bianco A, 
Delogu LG. Impact of carbon nanotubes and graphene on immune 
cells. J Transl Med. 2014 May 21;12:138.
27. Pondman KM, Salvador-Morales C, Paudyal B, Sim RB, Kishore U. 
Interactions of the innate immune system with carbon nanotubes. 
Nanoscale Horiz. 2017 Jun 26;2(4):174–86.
28. Ilves M, Alenius H. Modulation of Immune System by Carbon 

Nanotubes. In: Biomedical Applications and Toxicology of Carbon 
Nanomaterials [Internet]. John Wiley & Sons, Ltd; 2016 [cited 2019 
Dec 2]. p. 397–428. Available from: https://onlinelibrary.wiley.com/doi/
abs/10.1002/9783527692866.ch13
29. Zhao X, Chang S, Long J, Li J, Li X, Cao Y. The toxicity of multi-
walled carbon nanotubes (MWCNTs) to human endothelial cells: The 
influence of diameters of MWCNTs. Food Chem Toxicol Int J Publ Br 
Ind Biol Res Assoc. 2019 Apr;126:169–77.
30. Li Y, Cao J. The impact of multi-walled carbon nanotubes (MWCNTs) 
on macrophages: contribution of MWCNT characteristics. Sci China 
Life Sci. 2018 Nov;61(11):1333–51.
31. Peng H, Alemany LB, Margrave JL, Khabashesku VN. Sidewall 
Carboxylic Acid Functionalization of Single-Walled Carbon Nanotubes. 
J Am Chem Soc. 2003 Dec 1;125(49):15174–82.
32. Delogu LG, Venturelli E, Manetti R, Pinna GA, Carru C, Madeddu R, 
et al. Ex vivo impact of functionalized carbon nanotubes on human 
immune cells. Nanomed. 2011 Nov 22;7(2):231–43.
33. Dumortier H, Lacotte S, Pastorin G, Marega R, Wu W, Bonifazi 
D, et al. Functionalized Carbon Nanotubes Are Non-Cytotoxic and 
Preserve the Functionality of Primary Immune Cells. Nano Lett. 2006 
Jul 1;6(7):1522–8.
34. Kumari M, Sachar S, Saxena RK. Loss of proliferation and antigen 
presentation activity following internalization of polydispersed carbon 
nanotubes by primary lung epithelial cells. PloS One. 2012;7(2):e31890.
35. Sachar S, Saxena RK. Cytotoxic Effect of Poly-Dispersed Single 
Walled Carbon Nanotubes on Erythrocytes In Vitro and In Vivo. PLOS 
ONE. 2011 Jul 19;6(7):e22032.
36. Bhardwaj N, Saxena RK. Selective loss of younger erythrocytes 
from blood circulation and changes in erythropoietic patterns in bone 
marrow and spleen in mouse anemia induced by poly-dispersed single-
walled carbon nanotubes. Nanotoxicology. 2015 Nov 17;9(8):1032–40.
37. Alam A, Sachar S, Puri N, Saxena RK. Interactions of polydispersed 
single-walled carbon nanotubes with T cells resulting in downregulation 
of allogeneic CTL responses in vitro and in vivo. Nanotoxicology. 2013 
Dec;7(8):1351–60.
38. Dutt TS, Mia MB, Saxena RK. Elevated internalization and 
cytotoxicity of polydispersed single- walled carbon nanotubes in 
activated B cells can be basis for preferential depletion of activated B 
cells in vivo. Nanotoxicology. 2019 Aug;13(6):849–60.
39. Dutt TS, Saxena RK. Activation of T and B lymphocytes Induces 
Increased Uptake of Poly-Dispersed Single-Walled Carbon Nanotubes 
and Enhanced Cytotoxicity. Int J Nano Med & Eng. 2019 Jul;4(3):16–25.
40. Rizvi ZA, Puri N, Saxena RK. Lipid antigen presentation through 
CD1d pathway in mouse lung epithelial cells, macrophages and 
dendritic cells and its suppression by poly-dispersed single- walled 
carbon nanotubes. Toxicol Vitro Int J Publ Assoc BIBRA. 2015 
Sep;29(6):1275–82.
41. Alam A, Puri N, Saxena RK. Uptake of poly-dispersed single-
walled carbon nanotubes and decline of functions in mouse NK cells 
undergoing activation. J Immunotoxicol. 2016 Sep 2;13(5):758–65.
42. Zhu Y, Li J, Li W, Zhang Y, Yang X, Chen N, et al. The Biocompatibility 
of Nanodiamonds and Their Application in Drug Delivery Systems. 
Theranostics. 2012 Mar 7;2(3):302–12.
43. Zupančič D, Kreft ME, Grdadolnik M, Mitev D, Iglič A, Veranič P. 
Detonation nanodiamonds are promising nontoxic delivery system for 
urothelial cells. Protoplasma. 2018 Jan 1;255(1):419–23.
44. Schrand AM, Huang H, Carlson C, Schlager JJ, Ōsawa E, Hussain 
SM, et al. Are Diamond Nanoparticles Cytotoxic? J Phys Chem B. 2007 
Jan 1;111(1):2–7.
45. Landeros-Martínez L-L, Chavez-Flores D, Orrantia-Borunda 
E, Flores-Holguin N. Construction of a Nanodiamond–Tamoxifen 

67

https://www.sciencedirect.com/science/article/pii/S2095177919301467
https://www.sciencedirect.com/science/article/pii/S037851731630480X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037851731630480X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037851731630480X?via%3Dihub
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4643796/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4643796/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4643796/
https://www.pnas.org/content/104/3/727.long
https://www.pnas.org/content/104/3/727.long
https://www.pnas.org/content/104/3/727.long
https://www.sciencedirect.com/science/article/pii/S0142961213008417?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0142961213008417?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0142961213008417?via%3Dihub
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201506232
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201506232
https://onlinelibrary.wiley.com/doi/abs/10.1002/adma.201506232
http://www.ingentaconnect.com/content/asp/jnn/2018/00000018/00000002/art00007%3bjsessi
http://www.ingentaconnect.com/content/asp/jnn/2018/00000018/00000002/art00007%3bjsessi
http://ar.iiarjournals.org/content/30/10/4075.long
http://ar.iiarjournals.org/content/30/10/4075.long
http://ar.iiarjournals.org/content/30/10/4075.long
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-017-0305-2
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-017-0305-2
https://jnanobiotechnology.biomedcentral.com/articles/10.1186/s12951-017-0305-2
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6547310/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6547310/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6547310/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5506996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5506996
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5405740/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5405740/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5405740/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5405740/
https://www.sciencedirect.com/science/article/abs/pii/S0925963512000556
https://www.sciencedirect.com/science/article/abs/pii/S0925963512000556
https://www.sciencedirect.com/science/article/abs/pii/S0925963512000556
https://academic.oup.com/endo/article/151/2/458/2456281
https://academic.oup.com/endo/article/151/2/458/2456281
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5431871/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC5431871/
https://translational-medicine.biomedcentral.com/articles/10.1186/1479-5876-12-138
https://translational-medicine.biomedcentral.com/articles/10.1186/1479-5876-12-138
https://pubs.rsc.org/en/content/articlelanding/2017/nh/c6nh00227g#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2017/nh/c6nh00227g#!divAbstract
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527692866.ch13
https://onlinelibrary.wiley.com/doi/abs/10.1002/9783527692866.ch13
https://www.sciencedirect.com/science/article/pii/S0278691519300791?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0278691519300791?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0278691519300791?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0278691519300791?via%3Dihub
https://link.springer.com/article/10.1007%2Fs11427-017-9242-3
https://link.springer.com/article/10.1007%2Fs11427-017-9242-3
https://link.springer.com/article/10.1007%2Fs11427-017-9242-3
https://www.ncbi.nlm.nih.gov/pubmed/14653752
https://www.ncbi.nlm.nih.gov/pubmed/14653752
https://www.ncbi.nlm.nih.gov/pubmed/14653752
https://www.futuremedicine.com/doi/abs/10.2217/nnm.11.101?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&journalCode=nnm
https://www.futuremedicine.com/doi/abs/10.2217/nnm.11.101?rfr_dat=cr_pub%3Dpubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org&journalCode=nnm
https://www.ncbi.nlm.nih.gov/pubmed/16834443
https://www.ncbi.nlm.nih.gov/pubmed/16834443
https://www.ncbi.nlm.nih.gov/pubmed/16834443
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3287983/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3287983/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3287983/
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0022032
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0022032
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0022032
https://www.tandfonline.com/doi/abs/10.3109/17435390.2014.998307?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2014.998307?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2014.998307?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2014.998307?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2012.739666?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2012.739666?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2012.739666?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.3109/17435390.2012.739666?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.1080/17435390.2019.1593541?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.1080/17435390.2019.1593541?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.1080/17435390.2019.1593541?journalCode=inan20
https://www.tandfonline.com/doi/abs/10.1080/17435390.2019.1593541?journalCode=inan20
https://www.biocoreopen.org/ijnme/Activation-of-T-and-B-lymphocytes-Induces.php
https://www.biocoreopen.org/ijnme/Activation-of-T-and-B-lymphocytes-Induces.php
https://www.biocoreopen.org/ijnme/Activation-of-T-and-B-lymphocytes-Induces.php
http://europepmc.org/article/med/25448806
http://europepmc.org/article/med/25448806
http://europepmc.org/article/med/25448806
http://europepmc.org/article/med/25448806
http://europepmc.org/article/med/25448806
https://www.tandfonline.com/doi/full/10.1080/1547691X.2016.1191562
https://www.tandfonline.com/doi/full/10.1080/1547691X.2016.1191562
https://www.tandfonline.com/doi/full/10.1080/1547691X.2016.1191562
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3326739/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3326739/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3326739/
http://physics.fe.uni-lj.si/publications/pdf/2018_Zupancic_PRINTED_final.pdf
http://physics.fe.uni-lj.si/publications/pdf/2018_Zupancic_PRINTED_final.pdf
https://www.ncbi.nlm.nih.gov/pubmed/17201422
https://www.ncbi.nlm.nih.gov/pubmed/17201422


International Journal of Nanotechnology in Medicine & Engineering Volume 4 Issue 7, December 2019

Citation: Rajiv K. Saxena et al. (2019), Uptake of Carboxylated Fluorescent Nano-Diamonds by Resting and Activated T And B Lymphocytes and 
Comparison with Carbon Nanotube Uptake. Int J Nano Med & Eng. 4:7, 61-68

Complex as a Breast Cancer Drug Delivery Vehicle [Internet]. Journal 
of Nanomaterials. 2016 [cited 2019 Nov 27]. Available from: https://
www.hindawi.com/journals/jnm/2016/2682105/
46. Lin C-L, Lin C-H, Chang H-C, Su M-C. Protein Attachment on 
Nanodiamonds. J Phys Chem A. 2015 Jul 16;119(28):7704–11.
47. Ansari SA, Satar R, Jafri MA, Rasool M, Ahmad W, Kashif Zaidi S. 
Role of Nanodiamonds in Drug Delivery and Stem Cell Therapy. Iran J 
Biotechnol. 2016 Sep;14(3):130–41.
48. Vlasov II, Shiryaev AA, Rendler T, Steinert S, Lee S-Y, Antonov D, et 
al. Molecular-sized fluorescent nanodiamonds. Nat Nanotechnol. 2014 
Jan;9(1):54–8.

49. Alkahtani MH, Alghannam F, Jiang L, Almethen A, Rampersaud AA, 
Brick R, et al. Fluorescent nanodiamonds: past, present, and future. 
Nanophotonics. 2018;7(8):1423–1453.
50. Laube C, Oeckinghaus T, Lehnert J, Griebel J, Knolle W, Denisenko 
A, et al. Controlling the fluorescence properties of nitrogen vacancy 
centers in nanodiamonds. Nanoscale. 2019 Jan 23;11(4):1770–83.
51. Shenderova OA, Shames AI, Nunn NA, Torelli MD, Vlasov I, Zaitsev A. 
Review Article: Synthesis, properties, and applications of fluorescent 
diamond particles. J Vac Sci Technol B. 2019 Apr 12;37(3):030802.

68

https://www.hindawi.com/journals/jnm/2016/2682105
https://www.hindawi.com/journals/jnm/2016/2682105
https://www.ncbi.nlm.nih.gov/pubmed/25815400
https://www.ncbi.nlm.nih.gov/pubmed/25815400
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5492243/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5492243/
https://www.ncbi.nlm.nih.gov/pubmed/24317283
https://www.ncbi.nlm.nih.gov/pubmed/24317283
https://www.degruyter.com/downloadpdf/j/nanoph.2018.7.issue-8/nanoph-2018-0025/nanoph-2018-0025.pdf
https://www.degruyter.com/downloadpdf/j/nanoph.2018.7.issue-8/nanoph-2018-0025/nanoph-2018-0025.pdf
https://pubs.rsc.org/en/content/articlelanding/2019/NR/C8NR07828A#!divAbstract
https://pubs.rsc.org/en/content/articlelanding/2019/NR/C8NR07828A#!divAbstract
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6461556/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6461556/

