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Abstract: The measuring of nanoparticle toxicity faces an important limitation since it is based
on metrics exposure, the concentration at which cells are exposed instead the true concentration
inside the cells. In vitro studies of nanomaterials would benefit from the direct measuring of the
true intracellular dose of nanoparticles. The objective of the present study was to state whether the
intracellular detection of nanodiamonds is possible by measuring the refractive index. Based on
optical diffraction tomography of treated live cells, the results show that unlabeled nanoparticles can
be detected and localized inside cells. The results were confirmed by fluorescence measurements.
Optical diffraction tomography paves the way to measuring the true intracellular concentrations and
the localization of nanoparticles which will improve the dose-response paradigm of pharmacology
and toxicology in the field of nanomaterials.

Keywords: label-free imaging; refractive index; nanoparticle; quantitative image analysis; real-time
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1. Introduction

Imaging of living cells in their natural environment is essential to study biological
processes. To obtain real-time high-resolution images of cells remains a technical challenge
because cells are mainly composed of water, giving them physical properties close to the
culture medium. Moreover, the three-dimensional spatial arrangement of cell structures is
essential for the living processes. Tomographic phase microscopy technics have increas-
ingly been applied to biomedical research [1]. The application of digital holography to
microscopy allowed producing a reliable quantitative phase mapping of biological sam-
ples [2—4]. Recently Cotte et al. [5] developed a three-dimensional computed holographic
and tomographic microscope visualizing the 3D morphological structures by contrasting
the refractive indices observed via a laser monochromatic wavelength. It is then possible
to characterize cells using their refractive indices under label-free conditions. Numerous
studies have emphasized the importance of the refractive index of biological materials
for fundamental biology and biomedical diagnostics. Indeed, the refractive index is a
biophysical parameter correlated with mechanical, electrical, and optical properties of the
cells [6-10]. It was suggested that the nuclear refractive index may be a novel physical pa-
rameter for diseases, such as early cancer detection [7,11,12]. Nanoparticles have attracted
great scientific interest in recent years because of their abundant and versatile applications
in medicine including imaging, biosensing, diagnostics, and the therapeutic field. A wide
variety of nanoparticles has been produced, although they are finely characterized in size,
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surface charges and composition, they are immediately bounded by proteins and ions soon
after their addition to biological fluids, forming a protein corona preventing the prediction
of their biological performance. The protein corona formed is particle-dependent, cell type-
dependent, and environment-dependent, resulting in very poor translational predictions
from in vitro to in vivo [13]. The toxicity of an NP is measured on proliferating cells in
the presence of increasing concentrations of NP. The concentration at which cells stop to
proliferate is considered toxic. Suppose an NP that is not at all taken up by cells. It will not
be regarded as toxic, it is not wrong, since cells will not be altered by these NPs, except that
NPs could have been toxic if they were able to penetrate the cells. There is a confusion be-
tween toxicity and uptake. Truly safe NPs are those present inside cells that do not impact
cell life. To establish the safety of NPs, their toxicity should be expressed in the function of
their intracellular presence and not by the concentration applied on cells. However, it is
very difficult to measure the intracellular concentration of nanoparticles. Although compu-
tational models of particle sedimentation and diffusion have been developed and provide
a good approximation of NPs toxicity in vitro, the gold standard for particle dosimetry
for in vitro nanotoxicology studies remains the direct experimental measurement of the
cellular content of the particle studied [14]. Considering that nanoparticles may have a
refractive index very different from that of cell components, it should, in principle, be
possible to localize them at least in the case of accumulation, and/or to measure their
impact inside cells. The aim of the present study is to state whether it is possible to detect
and localize the presence of unlabeled nanoparticles inside cells, based on measuring their
refractive indices.

2. Materials and Methods
2.1. Measurement of Refractive Indices

The commercial microscope Nanolive (Nanolive SA, Lausanne, Switzerland) was
used to measure refractive indices and to reconstruct 3-dimensional refractive index (3-D
RI) images of the cells. A green light (520 nm) from a laser diode was split into sample
and reference beams. The sample was positioned between a high-numerical-aperture air
objective (60x magnification) beneath the sample and a low power laser (0.2 mW/ mm?)
reflected by a rotational illumination arm above. The sample was illuminated with the laser
beam inclined at 45° rotating 360° around the sample. A series of holograms was recorded
via a digital camera by combining the beam that had passed through the sample with the
reference beam. One hundred holograms were captured per rotation. High-resolution
images (Axy = 200 nm; Az = 400 nm) of each sample layer were created by employing a
synthetic aperture and multiple-viewpoint-holographic methods. The software displayed a
comprehensible 96 z-stacks cell image in gray scale for a depth of field of 30 um. A version
of the Nanolive microscope was equipped to detect the fluorescence. It was used to detect
and localize the presence of fluorescent nanoparticles.

Raw data were transferred into FIJI, an open-source platform for biological image
analysis [15]. Graphs of pixels for each refractive index were constructed to compare
experimental versus control conditions. Refractive indices (RI) were measured on one stack.
Measurements performed on five stacks showed no significant difference (not shown).

Additionally, it was possible to colorize cells according to their refractive indices.
Basic manipulations with image data were implemented using OpenCV library. Pixels
ranging from 1.39 to 1.41 have been colorized in red. The number of pixels of each color
was measured and used to estimate the uptake of NPs by one cell.

2.2. Cell Culture and Nanoparticle Preparation

Cell line Panc-1 (ATCC CRL1469) was initially grown in flasks containing Dulbecco’s
modified Eagle’s medium 4.5 g/L glucose supplemented with 10% newborn calf serum
100 IU penicillin, 100 pg streptomycin, and 0.25 mg/L amphotericin B at 37 °C in a
water-saturated atmosphere with 5% CO,, in a Heraeus incubator. Cell suspensions were
produced using 0.05% trypsin. The cell concentration was measured using a Scepter pipet
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(Millipore). The cells were seeded at 5000 per well on Ibidi plates (35 mm). After 48 h under
control conditions, the cells were either exposed or not exposed to 0.25 or 0.5 mg/mL to
nanodiamond nanoparticles for 24 h. These concentrations of nanodiamonds were not toxic
to the cells. The cell cultures were rinsed with fresh culture medium before observation.

Nanodiamonds were produced by laser synthesis as previously described [16] by
Ray Techniques Ltd. (Givat Ram, Israel) (ref RayND-W-5D), with an average size of
4-5 nanometers possessing a cubic diamond lattice in the core and a shell of graphene-like
structure with various functional groups on the surface.

2.3. Cell Toxicity Measurement

Panc-1 cells were exposed for 24 h to ND at 0.25 or 0.5 mg/mL or to the cell death
inducer staurosporin at 2 mM (St) as positive control, then for 15 min to propidium iodide
(PI) 1 mg/mL at 37 °C, and finally fixed with formalin 3%. Cells were then labeled with
Hoechst 33258 in phosphate buffer saline buffer with 0.1% triton. Pl is a red-fluorescent cell
viability dye which is excluded from live cells with intact membranes, but penetrates into
dead or damaged cells. PI intensity was measured at Em/Ex: 535/617 nm on a Cytation
3 plateform (Biotek Instrument, Winooski, VT, USA). Data are presented as mean values of
7 replicates +/—SEM.

2.4. Statistical Analysis

The data are presented as mean values + standard error of the mean (SEM) of at least
triplicates. The statistical analysis was performed with StatView 4.5 software for Windows.
The data were analyzed using Student’s t-test and one way ANOVA followed by Fisher’s
protected least significance difference [PLSD], post hoc test.

3. Results
3.1. Nanodiamond Toxicity

Nuclei counts showed no decrease in response to ND either at 0.25 or 0.5 mg/mL
compared to control (Figure 1A). The cell death inducer staurosporine, used as a positive
control, resulted in a significant decrease in nuclei number. Dead or damaged cells were
identifed using the PI. ND did not increase dead or damaged cells in opposite to stau-
rosporine (Figure 1B). In Figure 1C, left panel shows Hoechst labeling of nuclei, central
panel is the phase contrast images and left panel corresponds to merged Hoechst (blue)
and PI (red).

3.2. Refractive Index Measurement

Nanolive produced 3D images based on the refractive index. For each cell, it was
possible to produce a graph showing the number of pixels for each refractive index. To
avoid variations of cell sizes, the results have been expressed in % of pixels for each
refractive index. Based on these graphs, the cells were characterized by the relative number
of pixels corresponding to each refractive index value (Figure 2). The RI of control Panc-1
cells varied from 1.365 to 1.395. The maximum values of the refractive index were centered
around 1.3725. In controls, 99.5% of the refractive indices were between 1.365 and 1.39. The
shape of the curve is slightly asymmetric since values lower than the maximum RI (=1.3725)
represented 34% of the pixels. Incubation of Panc-1 cells with 0.25 mg/mL nanodiamonds
slightly decreased the maximal value and shifted the curve number of pixels per RI to the
right (Figure 2). A higher concentration of nanodiamonds (0.5 mg/mL) amplified both the
decrease of the maximal value and the shift to the right. The RI shifts occurring from 1.38
to 1.39 attest to the presence of NDs inside the cells. (Figure 2)



Sensors 2021, 21, 5001 40f7

Hoechst Phase contrast

>
(2]

Merged Hoechst/ Propidium iodide

4000 A
Q
-]
&
E 3000 1
<
x wn
~ o
K] o
£ 2000 A S
3 o
S
%
S 1000
o
=
0 -
)
£
ND (mG/mL) g
wn
B 2000 g
< =z
o
= 1500 3
2 S}
A
Z
‘G 1000
g =
3
& 500 3
5
8
w
o0 1

Figure 1. Panc-1 cells treated during 24 h with 0.25 or 0.5 mg/mL ND (0 mg/mL = control) or with cell death inducer
Staurosporin 2 mM (St) as positive control, then 15 min with propidium iodide (PI) 1 mg/mL at 37 °C, and finally fixed
with formalin 3% then labeled with Hoechst 33258 in phosphate buffer saline buffer with 0.1% triton. (A) Nuclei counts
were obtained from Hoechst counts (B) PI intensity was measured at Em/Ex 535/617 nm on a Cytation 3 plateform (Biotek
Instrument, Winooski, VT, USA). Data are presented as mean values of 7 replicates +/—SEM with significant difference at
p < 0.05. (C) left panel corresponds to nuclei coloration with Hoechst (blue), x4, central panel, representative x20 phase
contrast and right panel shows the merged Hoechst (blue) and PI (red) images.
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Figure 2. Repartition of refractive indices of human pancreatic cancer cells (Panc-1, n = 60), an effect
of a 24-h incubation in the presence of nanodiamonds (0.25 or 0.5 mg/mL) on Panc-1 cells (1 = 60).
The controls have not been exposed to NPs. The results are expressed in % of pixel numbers to avoid
the effects of cell size.

The fluorescence of cells exposed to nanodiamonds was significantly increased com-
pared to those of the control cells. For the control cells the values were 5.1 &= 0.2 arbitrary
units (UA), 10.1 & 0.4 (p < 0.05) for cells exposed to 0.25 mg/mL, and 15.1 &+ 0.6 (p < 0.05)
for cells exposed to 0.5 mg/mL (1 = from 67 to 126).
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Knowing the effect of NDs on RI values (Figure 2), the location of nanodiamonds
corresponds to the pixels with the highest values. It was then possible to localize them.
Since NDs are fluorescent, it was then also possible to localize them directly inside the
cells. The comparison of the RI values shifted, and the fluorescence shows a perfect match,
demonstrating that the increased RI values correspond to the place where the fluorescence
is located, proving that NDs are present inside the cells. Nanodiamonds are localized
inside the cytosol around the Golgi apparatus. (Figure 3C). It cannot be excluded that
the RI values of some intracellular components may be the same RI values as those of
the nanodiamonds. This is the case of chromatin which may reach RI values higher than
1.39. In the present case, NDs did not penetrate the nucleus, since they are not fluorescent
(Figure 3C).

A Pixels values
1.39 <RI <1.41 inred B DAPI fluorescence C merge

Figure 3. (A) Images based on the refractive indices of cells. Refractive indices between 1.39 and 1.41 are colorized in red.
(B) Fluorescence images of cells. (C) Merged image of RI and DAPI fluorescence (0.5 mg/mL). The absence of fluorescence
means that there is no nanoparticle inside the nuclei. There is a perfect match between the shifted RI and the fluorescence.

4. Discussion

ND exerted no toxicity at the concentrations tested (Figure 1). An imprint of cells
can be produced using a tomographic holographic microscope by reporting the number
of pixels for each refractive index value (Figure 2). Although the cell lines show some
variations in the shape of the curve, the refractive index of Panc-1 cells remains in a well-
defined range between 1.365 and 1.395. These values are in accordance with data from the
literature [9].

When incubated in the presence of nanoparticles, the frequency of some refractive
indices increased in comparison to those observed in the control cells. That is true for the
highest values of R, (RI > 1.39) (Figure 2). It allowed the identification of cells exposed
to nanoparticles. One of the most interesting characterizations of the refractive index is
that it does not require labeled NPs. With nanoparticles being too small to be directly
observed, it is nevertheless possible to observe their intracellular accumulation. Based on
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the number of pixels for each refractive index per cell, it is possible to localize NPs inside
cells. Moreover, the spreading of NPs inside cells without any accumulation sites cannot be
excluded. Although accumulation most likely represents the majority of NPs taken up by
cells, it cannot be excluded that NPs might also induce structural changes that may modify
the refractive indices within cells. Nevertheless, one may expect that such changes of the
RI would remain within the range of the RI of biological values.

Although the shift of the Rl is not an absolute concentration of NPs, it is possible to
compare NP uptake by cells in the presence of increasing concentrations (Figure 2). The
shifted values of refractive indices can be localized inside cells, showing that nanodiamonds
are located in the cytoplasm, mostly around the endoplasmic reticulum and do not enter
the nucleus. In the present case, the use of fluorescent nanodiamonds also allowed their
localization within cells. It has been confirmed that the highest refractive index values
correspond to the fluorescence that validates the measurement of refractive indices for the
detection of nanoparticles (Figure 3C).

One limitation of the present method is the refractive index of the nanoparticles
studied. NP detection will be improved for a refractive index much higher than those
observed inside the cells (1.365-1.395). Nanoparticles with an RI in the range of those of the
cell components would most likely remain invisible, although some changes in the shape
of the repartition curve of the refractive index could eventually be observed. Furthermore,
the quantification of NPs also depends on their intracellular behavior. Indeed, a strong
concentration inside vesicles would be more easily detectable than NPs homogeneously
dispersed within the cells. An important advantage of the present method is that cells can
be observed live without any preparation. Since the measurement is performed in 3D, it is
theoretically not necessary to wash out the nanoparticles from the culture medium.

The transfer of the raw data to the FIJI software is not automatic, it is time consuming as
the delimitation of cells is required for the integration of the refractive indices. Nevertheless,
it provides the opportunity to dissect the cell into its different components. It is indeed
possible to select the nucleus or only the cytoplasm to measure the evolution of cell indices
and to study a specific localization of nanoparticles.

The possibility of measuring nanoparticle accumulations within the cells allowed
studying the kinetics as well as the uptake mechanisms and the possible release of these
NPs over time. A previous study [17] also pointed out the feasibility to measure the
intracellular localization of NPs based on their refractive index. More recently [18] used
a Nanolive microscope to analyze the uptake of nanodiamonds. The cells were exposed
to NDs for a long time, 2 or 7 days, showing a decrease in intracellular content over
time, nevertheless the authors did not consider the possibility to quantify nanoparticles
using the refractive index. The main advantage of measuring the Rl is that there is no
sample preparation. Cells are observed under living conditions without any treatment. The
application fields of refractive index measurements are wide, starting from measuring the
true relationship between cell toxicity and the intracellular concentration of nanoparticles
to the kinetics of NP uptake and their intracellular localization. Using the RI renders
the labeling of NPs unnecessary, any type of nanoparticles can be studied as long as its
refractive index is significantly different from that of the cell components.

5. Conclusions

The present study demonstrates that it is possible to localize nanoparticles inside cells
based on the changes of refractive index. The efficiency of the measure depends on the size
of nanoparticles, their refractive index, their behavior inside cells. The generalization of
such measure should be done with care, compared with the appropriate control. It will
help to identify true non-toxic nanoparticles, which are nanoparticles present inside cells
which produce no deleterious effect on these cells.



Sensors 2021, 21, 5001 70f7

Author Contributions: Conceptualization, A.G.; methodology, A.G. and K.I; software, K.I.; valida-
tion, K.I. and M.L; formal analysis, A.G. and E.B.; investigation, A.G.; resources, O.L. and V.L.; data
curation, A.G. and E.B.; writing—original draft preparation, A.G.; writing—review and editing, A.G.
and V.L.; visualization, A.G., E.B. and M.L; supervision, A.G.; project administration, V.L.; funding
acquisition, V.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Community, Program H2020-MSCA-RISE-2015,
Project 690945 “Carther”.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Jin, D.; Zhou, R.; Yaqoob, Z.; So, P.T.C. Tomographic Phase Microscopy: Principles and Applications in Bioimaging [Invited]. J.
Opt. Soc. Am. B 2017, 34, B64. [CrossRef] [PubMed]

2. Marquet, P; Rappaz, B.; Magistretti, P.J.; Cuche, E.; Emery, Y.; Colomb, T.; Depeursinge, C. Digital Holographic Microscopy:
A Noninvasive Contrast Imaging Technique Allowing Quantitative Visualization of Living Cells with Subwavelength Axial
Accuracy. Opt. Lett. 2005, 30, 468. [CrossRef] [PubMed]

3. Marquet, P.; Depeursinge, C.; Magistretti, P.J. Exploring Neural Cell Dynamics with Digital Holographic Microscopy. Annu. Rev.
Biomed. Eng. 2013, 15, 407-431. [CrossRef] [PubMed]

4. Charriere, E; Marian, A.; Montfort, F.; Kuehn, J.; Colomb, T.; Cuche, E.; Marquet, P.; Depeursinge, C. Cell Refractive Index
Tomography by Digital Holographic Microscopy. Opt. Lett. 2006, 31, 178. [CrossRef] [PubMed]

5. Cotte, Y,; Toy, E; Jourdain, P; Pavillon, N.; Boss, D.; Magistretti, P.; Marquet, P.; Depeursinge, C. Marker-Free Phase Nanoscopy.
Nature Photon 2013, 7, 113-117. [CrossRef]

6. Rappaz, B.; Marquet, P.; Cuche, E.; Emery, Y.; Depeursinge, C.; Magistretti, P.J. Measurement of the Integral Refractive Index
and Dynamic Cell Morphometry of Living Cells with Digital Holographic Microscopy. Opt. Express 2005, 13, 9361. [CrossRef]
[PubMed]

7.  Liang, X.J.; Liu, A.Q.; Lim, C.S,; Ayi, T.C.; Yap, P.H. Determining Refractive Index of Single Living Cell Using an Integrated
Microchip. Sens. Actuators A Phys. 2007, 133, 349-354. [CrossRef]

8.  Choi, W,; Fang-Yen, C.; Badizadegan, K.; Oh, S.; Lue, N.; Dasari, R.R.; Feld, M.S. Tomographic Phase Microscopy. Nat. Methods
2007, 4, 717-719. [CrossRef] [PubMed]

9. Liu, PY;; Chin, LK, Ser, W.; Chen, H.E; Hsieh, C.-M.; Lee, C.-H.; Sung, K.-B.; Ayi, T.C.; Yap, P.H.; Liedberg, B.; et al. Cell
Refractive Index for Cell Biology and Disease Diagnosis: Past, Present and Future. Lab. Chip. 2016, 16, 634—644. [CrossRef]
[PubMed]

10. Tuchin, V.V. Tissue Optics: Light Scattering Methods and Instruments for Medical Diagnosis, 2nd ed.; Editor SPIE Press Book:
Bellingham, WA, USA, 2007; Volume 13, 841p.

11.  Wang, P; Bista, R.K,; Qiu, W.; Khalbuss, W.E.; Zhang, L.; Brand, R.E.; Liu, Y. An Insight into Statistical Refractive Index Properties
of Cell Internal Structure via Low-Coherence Statistical Amplitude Microscopy. Opt. Express 2010, 18, 21950. [CrossRef] [PubMed]

12. Bista, RK,; Uttam, S.; Wang, P; Staton, K.; Choi, S.; Bakkenist, C.].; Hartman, D.J.; Brand, R.E.; Liu, Y. Quantification of Nanoscale
Nuclear Refractive Index Changes during the Cell Cycle. J. Biomed. Opt. 2011, 16, 070503. [CrossRef]

13. Chen, D.; Ganesh, S.; Wang, W.; Amiji, M. Plasma Protein Adsorption and Biological Identity of Systemically Administered
Nanoparticles. Nanomedicine 2017, 12, 2113-2135. [CrossRef]

14. Hinderliter, PM.; Minard, K.R.; Orr, G.; Chrisler, W.B.; Thrall, B.D.; Pounds, ].G.; Teeguarden, J.G. ISDD: A Computational
Model of Particle Sedimentation, Diffusion and Target Cell Dosimetry for in vitro Toxicity Studies. Part Fibre Toxicol. 2010, 7, 36.
[CrossRef] [PubMed]

15.  Schindelin, J.; Arganda-Carreras, I; Frise, E.; Kaynig, V.; Longair, M.; Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid,
B.; et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 2012, 9, 676—682. [CrossRef] [PubMed]

16. Zousman, B.; Levinson, O. Pure nanodiamonds produced by laser-assisted technique, Chapter 5. In Nanodiamond Editor Oliver
Williams; RSC Nanoscience & Nanotechnology: London, UK, 2014; pp. 112-127.

17.  Kim, D.; Oh, N.; Kim, K;; Lee, S.; Pack, C.-G; Park, ].-H.; Park, Y. Label-Free High-Resolution 3-D Imaging of Gold Nanoparticles
inside Live Cells Using Optical Diffraction Tomography. Methods 2018, 136, 160-167. [CrossRef] [PubMed]

18. Khanal, D.; Zhang, F,; Song, Y.; Hau, H.; Gautam, A.; Yamaguchi, S.; Uertz, J.; Mills, S.; Kondyurin, A.; Knowles, J.C.; et al.

Biological Impact of Nanodiamond Particles—Label Free, High-Resolution Methods for Nanotoxicity Assessment. Nanotoxicology
2019, 13, 1210-1226. [CrossRef] [PubMed]


http://doi.org/10.1364/JOSAB.34.000B64
http://www.ncbi.nlm.nih.gov/pubmed/29386746
http://doi.org/10.1364/OL.30.000468
http://www.ncbi.nlm.nih.gov/pubmed/15789705
http://doi.org/10.1146/annurev-bioeng-071812-152356
http://www.ncbi.nlm.nih.gov/pubmed/23662777
http://doi.org/10.1364/OL.31.000178
http://www.ncbi.nlm.nih.gov/pubmed/16441022
http://doi.org/10.1038/nphoton.2012.329
http://doi.org/10.1364/OPEX.13.009361
http://www.ncbi.nlm.nih.gov/pubmed/19503137
http://doi.org/10.1016/j.sna.2006.06.045
http://doi.org/10.1038/nmeth1078
http://www.ncbi.nlm.nih.gov/pubmed/17694065
http://doi.org/10.1039/C5LC01445J
http://www.ncbi.nlm.nih.gov/pubmed/26732872
http://doi.org/10.1364/OE.18.021950
http://www.ncbi.nlm.nih.gov/pubmed/20941095
http://doi.org/10.1117/1.3597723
http://doi.org/10.2217/nnm-2017-0178
http://doi.org/10.1186/1743-8977-7-36
http://www.ncbi.nlm.nih.gov/pubmed/21118529
http://doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772
http://doi.org/10.1016/j.ymeth.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28723583
http://doi.org/10.1080/17435390.2019.1650970
http://www.ncbi.nlm.nih.gov/pubmed/31522585

	Introduction 
	Materials and Methods 
	Measurement of Refractive Indices 
	Cell Culture and Nanoparticle Preparation 
	Cell Toxicity Measurement 
	Statistical Analysis 

	Results 
	Nanodiamond Toxicity 
	Refractive Index Measurement 

	Discussion 
	Conclusions 
	References

