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Abstract

Nanoparticles and nanomaterials are revolutionizing medicine by offering diverse tools for
diagnosis and therapy, including devices, contrast agents, drug delivery systems, adjuvants,
therapeutics, and theragnostic agents. Realizing full applied potential requires a deep
understanding of the interactions of nano dimensional objects with biological cells. In this
study, we investigate interaction of single-crystal diamond nanoneedles (SCDNNs) containing
silicon vacancy (SiV~) color centers with biological substances. Four batches of the diamond
needles with sizes ranging between 200 nm and 1300 nm and their water suspensions were used
in these studies. The human lung fibroblast cells were used for the proof-of-concept
demonstration. Employing micro-photoluminescence (PL) mapping, confocal microscopy, and
lactate dehydrogenase (LDH) viability tests, we evaluated the cellular response to the SCDNNS.
Intriguingly, our investigation with PL spectroscopy revealed that the cells and SCDNNs can
coexist together with approved efficient registration of SiV~ centers presence. Notably, LDH
release remained minimal in cells exposed to optimally sized SCDNNSs, suggesting a small
number of lysed cells, and indicating non-cytotoxicity in concentrations of 2-32 yg ml~!. The
evidence obtained highlights the potential of SCDNNSs for extra- or/and intracellular drug
delivery when the surface of the needle is modified. In addition, fluorescent defects in the
SCDNNS can be used for bioimaging as well as optical and quantum sensing.

Keywords: diamond needles, SiV ™ centers, photoluminescence, biomedical applications
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1. Introduction

Nanoscience and nanotechnology have transformed our under-
standing of the physical world [1, 2], especially at the
nanoscale and single-molecule level [3—6], where quantum
mechanical effects become significant [7, 8]. Nanostructures,
often consisting of multiple atoms or molecules [9], exhibit
remarkable behaviors that bridge the quantum and classical
regimes [10], opening new frontiers in materials science and
technology [11, 12]. Among these, color centers in diamond
stand out as particularly intriguing examples. The combin-
ation of high surface area, strategic placement of nitrogen-
vacancies (NV) and silicon-vacancies (SiV) color centers, and
the intrinsic thermal properties of diamond underscores the
viability of nanosized diamonds for both optical and quantum
sensing technologies.

When materials are reduced to dimensions below 100 nm
[13], they undergo significant transformations in their phys-
ical and chemical properties [14, 15]. These transformations
include altered electronic bandgaps, reduced melting points,
and enhanced surface reactivity [16, 17]. These changes have
catalyzed major advancements in fields such as quantum sens-
ing, quantum computing, and biomedicine [18, 19].

Among the diverse range of nanostructures under investig-
ation, carbon-based nanoparticles have attracted special atten-
tion due to unique combination of stability, ease of syn-
thesis, and biocompatibility [20, 21]. Diamond, a carbon allo-
trope, has particularly emerged as a leading material [22]
in nanomedicine, with the potential to revolutionize med-
ical interventions, especially in minimally invasive procedures
[23]. Due to chemical and biological inertness diamond does
not induce coagulation or inflammatory responses [24] while
its semiconductor nature opens up possibilities for use as
an electrochemical electrode [23]. Also, there are number of
strategies that can be applied to modify its surface for targeted
delivery and controlled release in cells [25, 26]. While dia-
mond is not biodegradable in the traditional sense, its inert-
ness, ability to be safely eliminated from the body in nanodia-
mond form, and unique functional properties make it a valu-
able material for medical technologies.

Bulk diamonds can be engineered [27] into arrays of mini-
aturized, one-dimensional structures using techniques such as
direct-write laser ablation or chemical etching. Alternatively,
chemical vapor deposition (CVD) can be employed for one-
dimensional diamond structures manufacturing in form of
needle-like crystallites [24]. This process includes polycrys-
talline film deposition with needle-like diamond crystallites
embedded into disordered carbon and disordered fraction
removal by oxidation to create freestanding diamond needles
[28]. The resulting miniaturized diamonds retain the advant-
ageous properties of their bulk, making them suitable for a
wide range of applications. For instance, high-aspect-ratio dia-
mond arrays are well-suited for navigating complex biological
environments and can target diseased cells with minimal dis-
ruption to surrounding membranes [29, 30].

The exceptional thermal conductivity of diamond
facilitates efficient temperature distribution, enabling the use
of color centers throughout the entire crystal volume for intra-
cellular thermometry. By combining precise engineering of
color centers with shape control, multifunctional diamond
nano sensors can be realized-NV centers in the thinner half of
the crystal for highly efficient magnetic field sensing, and SiV
centers in the thicker half to provide a high signal-to-noise
ratio for thermometry. With appropriate functionalization,
these structures could serve as a powerful nanoscale platform
for intracellular multifunctional diagnostics and treatment [31,
32].

Despite the promising potential of diamond nanostruc-
tures, significant safety concerns remain regarding their inter-
actions with biological systems [21]. Rigorous research is
needed to thoroughly assess their in vivo safety and environ-
mental impact, particularly in biomedical applications [33].
Furthermore, challenges such as developing cost-effective and
efficient methods for producing diamond nanocarriers, as well
as translating laboratory discoveries into practical clinical
treatments, must be addressed to fully realize the potential of
these materials [23].

This study focuses on single-crystal diamond nanoneedles
(SCDNNSs), which are needle-shaped diamond structures [34]
with at least one dimension less than 100 nm. The research
aims to deepen our understanding of how SCDNNs interact
with mammalian cells models, evaluate their cytotoxicity, and
explore their potential applications in cellular sensing and drug
delivery. By harnessing the unique fluorescence and surface
chemistry properties of SCDNNS, this study seeks to make a
significant contribution to the field of nanomedicine, advan-
cing the possibilities for treating and diagnosing diseases at
the cellular level.

2. Experimental procedure

2.1. Synthesis and characterization of SCDNNs

The fabrication process for the SCDNNSs consists of combin-
ation of CVD and selective oxidation techniques. These are
outlined in [28, 35]. We analyzed SCDNNS of three different
sizes as well as SCDNNs with modified surfaces. To obtain
the SCDNNSs of different sizes we varied duration of synthesis
maintaining methane concentration in methane—hydrogen gas
mixture of 3% and substrate temperature of around 900 °C.
Samples 1, 2 and 3 were synthesized in CVD processes with
duration of 1 h, 50 min and 30 min, respectively. To fully oxid-
ize disordered carbon matrix from the synthesized films and
isolate SCDNNs we placed the samples into the oven for 20 h
at 630 °C in air atmosphere. To obtain sample 4 we synthesized
similar SCDNNSs as in sample 1 but applied also heating up to
1100 °C in vacuum (2 x 10~ 'mbar) for 30 min after selective
oxidation step resulting in the transformation of surface layers
of SCDNNSs to sp? carbon as described in [36]. This additional
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treatment was produced for the needles located on the same
Si substrate. The sp? surface allows to extend functionaliza-
tion potential of SCDNNs important for biological applica-
tions. Thus, utilizing sample 4 we preliminary analyze here
cytotoxicity of the core-shell SCDNNs. All SCDNNs were
synthesized on silicon substrates (p-type boron-doped, size of
30 x 30 mm?) to form SiV- color centers in them [37].

The morphology of the obtained SCDNN:Ss situated on Si
chips which were used as substrates for CVD growth were
examined using a ZEISS LEO GEMINI 1550 and TESCAN
VEGA COMPACT scanning electron microscopes (SEMs)
with an electron beam acceleration voltage of 10 and 30 kV,
respectively. Optical characterization was performed using the
RENISHAW inVia Raman spectrometer. The spectrometer
operated in both Raman and photoluminescence (PL) modes
with excitation wavelength of 514.5 nm and air objective of
%20 magnification.

For the experiment on cell-SCDNN interaction, a suspen-
sion of SCDNNs in Dulbecco’s phosphate buffered saline
(DPBS) was prepared. The as synthesized SCDNNS on silicon
substrates were rinsed with 500 p1 of PBS and collected in sep-
arate tubes. The resulting concentrations of SCDNNSs in sus-
pensions were estimated based on SEM images as described
below (see 3.1 and 3.2). Freshly prepared suspensions were
then immediately added to the cells in a volume ratio 1:4
(SCDNN:Es: cells) to avoid significant dilution of cell culture
medium with PBS and a reduction of nutrients concentration.

2.2. Biological samples and experiments

As model mammalian cells we chose human fibroblast cells
(MRC-5). They were cultured in minimal essential medium
(MEM) supplemented with 1% (v/v) L-glutamine, 1% (v/v)
Penicillin/Streptomycin, 1% (v/v) sodium pyruvate, and 10%
(v/v) heat-inactivated fetal bovine serum (FBS) under con-
trolled conditions of 5% CO, at 37 °C.

Cells (20 000 cells/well) were seeded in 24-well plates on
sterilized round glass coverslips and maintained for 24 h in a
controlled environment of 5% CO, at 37 °C to facilitate cell
attachment to the plate surface. Then cells were rinsed with
DPBS, and 400 p1 volume of fresh medium was added to the
cells plus 100 pl volume of SCDNNSs suspension (resulting in
a final volume of 500 ul per well).

In this experiment, we used the colorimetric kit assay
(Cytotoxicity Detection Kit PLUS (#04-744-926-001; Roche)
to measure lactate dehydrogenase (LDH) release in cell cul-
ture supernatant and in this way evaluate cytotoxicity of our
fabricated SCDNNSs samples.

Control wells were administered with 100 pl of DPBS. The
concentration of SCDNNSs in the suspension used was estim-
ated in the following section using SEM images. These estim-
ations were crucial for conducting experiments with varying
concentrations of SCDNNSs to determine the critical concen-
tration that affects cell viability.

After 48 h of treatment period, the cell culture medium
(cells supernatants) was collected to measure the LDH release,

a marker of cell cytotoxicity, as reported below, while the
cells were fixed with 4% (v/v) paraformaldehyde in 1 x DPBS
for 10 min, permeabilized with 0.2% (v/v) Triton X-100 in
1x DPBS for 5 min and washed twice with DPBS to remove
weakly-bound materials from cell surface. The cells nuclei
were stained with DAPI (1:3000; Sigma-Aldrich). Coverslips
were mounted onto slides, securing the cells in the mounting
medium between the slide and coverslip. The prepared cells
were used to perform optical investigation as specified below.

The cytotoxicity assessment was performed following a 48-
hour incubation period of cells with SCDNNs. Wells contain-
ing untreated cells acted as the negative control, monitoring
the basal release of LDH, while wells treated with lysis solu-
tion to induce maximum LDH release served as the positive
control. The lysis solution from the cytotoxicity detection kit
PLUS (#04-744-926-001; Roche) was added to the positive
control wells and allowed to incubate for 15 min.

Subsequently, 100 pl of medium was collected from each
well, including those containing positive and negative con-
trols, as well as treated cells. This medium was combined
with the reaction mix from the cytotoxicity detection kit PLUS
(100 pl) and allowed to incubate for 10 min at room tem-
perature, shielded from light. Following incubation, 50 pl of
stop solution was added to each well, and the absorbance of
the samples was assessed at 490 nm using a spectrophoto-
meter (Thermo Scientific Multiskan® Spectrum). According
to the manufacturer’s instructions, calculating the percentage
of cytotoxicity requires the use of three controls: the back-
ground control, which determines the LDH activity present
in the assay medium used for culturing the cells; the negat-
ive control, which measures the LDH activity released from
untreated cells; and the positive control, which represents the
maximum releasable LDH activity from the cells. All meas-
urements were performed in triplicate to ensure a robust estim-
ation of cytotoxicity. The percentage of cytotoxicity was cal-
culated by subtracting the absorbance of the negative control
from the absorbance values of the samples, as follows:

Absexp - Absneg.comrol

Cytotoxicity (%) = x 100. (1)

Abspos.control - Absneg.eonuo]

While LDH release indicates membrane disruption, the
absence of significant LDH release does not necessarily imply
that nanoneedles have no impact on cellular activity. Sublethal
effects, such as changes in metabolic activity, gene expres-
sion, or intracellular signaling, may still occur without causing
cell lysis. Investigating the full range of interactions between
nanoneedles and cells is a complex but essential task. To
gain a comprehensive understanding of these effects, com-
plementary assays—such as metabolic activity assays (e.g.
MTT or resazurin), oxidative stress markers, or gene expres-
sion profiling—can be employed to evaluate how nanoneedles
influence cellular function, which is out of the scope of present

paper.
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2.3. Optical investigation of biological samples

To perform optical investigation of the prepared cells we used
the RENISHAW inVia Raman spectrometer, confocal optical
microscope ZEISS LSM-800 and home-built confocal optical
setup equipped with spectrometer.

Utilizing inVia Raman spectrometer we conducted micro-
PL mapping, aiming to determine the spatial location of
SCDNNs in sample 3 within the cell medium mounted
between slide and coverslip. This mapping was achieved by
detecting the PL from SiV™ and NV centers in the SCDNNs.
The procedure involved capturing the PL intensity while mov-
ing a stage with a fixed sample on it to scan the laser beam
throughout a specified area of the sample. We used scanning
steps of 0.5 and 2 pum for this procedure. Using the gathered
array of spectral data, we plotted a 2D map indicating the pos-
itions of PL sources fluorescent at different wavelengths.

In the ZEISS confocal microscope, we used three detec-
tion channels: blue, green, and red. For the blue channel, we
applied a combination of laser excitation of 405 nm and emis-
sion detection in the range 420—600 nm usually used for DAPI
fluorescent stain. In the green channel, the excitation laser was
488 nm detecting in range of 500-650 nm. The red channel
was used to register PL signal from SCDNNs. The main source
of PL in SCDNNSs is SiV ™ color centers with zero-phonon line
(ZPL) at 738 nm containing approximately ~70% of total PL
of SiV™ centers [38]. However, the detector in the used ZEISS
system registers light with wavelength only up to 700 nm, cap-
turing only the small left tail of the PL line. Thus, to be able
to register the PL, we used excitation with two lasers having
488 and 561 nm wavelengths detecting the light in the range
of 656700 nm. The oil objective had magnification of x63
and numerical aperture (NA) of 1.4.

The home-built confocal setup had excitation laser with
wavelength of 532 nm, oil objective with magnification of
x100 and NA of 1.35, EXCELITAS avalanche photodiode
as a detector and PRINCETON INSTRUMENTS SpectraPRO
HRS-300 spectrometer. For the PL. mapping we applied a com-
bination of long pass of 560 nm and short pass of 800 nm to
visualize cell, and bandpass filter of 740/13 nm to visualize
SiV~ centers.

3. Results and discussion

3.1. Characterization of SCDNNs

Characteristic SEM images of as-prepared SCDNNs are
shown in figure 1. The Si substrates on the images looks were
rough because of modifications during CVD and oxidation
processing. Based on these images, we calculated the average
length of the SCDNNSs in each sample to be 1.4 £ 0.2 ym
for samples 1 and 4 (figures 1(a) and (d)), 1.15 £ 0.15 pum
for sample 2 (figure 1(b)), and 320 £ 110 nm for sample
3 (figure 1(c)). These measurements indicate a variability in
nanoneedle length, which could affect their interaction with
cells. Additionally, the weight of SCDNNSs in each sample

Figure 1. Scanning electron micrographs (SEMs) of SCDNNs for
samples 1 (a), 2 (b), 3 (c), and 4 (d). The images illustrate the
morphology, characteristic sizes, and distribution of SCDNNS5 on the
silicon plates. Turquoise blue highlights the individual SCDNNs.

was estimated by calculating the volume based on the aver-
age observed dimensions and assuming a conical shape, in
combination with the density of bulk diamond. The estimated
weights were 100 pg, 24 ug, 28 pug, and 80 pg for samples 1
through 4, respectively. These weight estimations were crucial
for determining the concentration of SCDNNs used for each
sample (table 1), as there is a threshold value of concentration
after which cytotoxicity is triggered.

Raman spectroscopy confirmed the crystalline quality of
the SCDNNs across all samples, with a consistent diamond
peak observed at approximately 1330 cm™! (figures 2(a)
and (b)) [38]. The highest intensity was recorded for sample
1, while the lowest intensity was observed for sample 3
(figure 2(a)). This variation in intensity can be attributed to
differences in the size of the diamond nanoneedles. The lar-
ger needle contains more substance producing larger Raman
intensity. Notably, sample 4 exhibited additional D and G
bands at 1360 cm~! and 1590 cm™'. The D band can be
attributed to the presence of defects or disorder in sp?>-bonded
carbon, possibly from graphitic impurities or surface defects
whilst the G band reflects the crystalline structure of the sp?
carbon [39, 40]. The observed peaks for sp’> carbon con-
firm successful graphitization of surface layers of SCDNNs
in sample 4 [39].

PL studies further characterized the SCDNNs, revealing
strong emissions from SiV~ color centers in all samples, with
aZPL at 738 nm (figure 2(d)). Samples 1 and 2 also exhibited
PL signals from neutral nitrogen-vacancy (NV?) centers, with
aZPL at 575 nm (figure 2(c)). The absence of detectable N Vo
signals in sample 4 suggests efficient absorption of the weak
NV? PL signal by the surrounding shell structure.

The variations in PL intensity across samples 1—4 are attrib-
uted to differences in the sizes of the SCDNNs and the pres-
ence of sp2 carbon [34]. For instance, sample 4, a graphit-
ized version of sample 1, showed the lowest PL intensity due
to the presence of sp? carbon. These findings, highlighting
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Table 1. Comparison of calculated cytotoxicity levels between samples and controls.

Control [—] Control [+] Sample 1  Sample 2 Sample 3 Sample 4
Cytotoxicity [%] 0 100.00 0.74 0.44 —6.67 —4.00
Optical density [OD 490 nm] 0.051 0.163 0.051 0.051 0.043 0.046
Weight of SCDNNSs [pug] — — 20-80 5-19 6-22 16-64
SCDNNs concentration [pg ml~!] — — 8-32 2-8 2-9 6-26

SCDNN length [nm]

1300—1500 1000-1300 200-420 1300—1500

(a) Raman peak of
p
' diamond
—~| Sample 1 e
e ,.._,..J
3
%‘
g
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Figure 2. Typical Raman (a, b) spectra of samples 1-3 (a) and 4 (b), and PL spectra (c), (d) of obtained SCDNNSs. Turquoise blue arrows
indicate characteristic peaks representing the main materials in the samples (a), (b), as well as the zero-phonon lines (ZPLs) of NV (c) and
SiV™ color centers (d). Graphs (c) and (d) demonstrate PL of the samples in different spectral range for clarity.

the presence of both SiV- and NV° centers, are crucial for
the potential application of SCDNNs in quantum sensing and
bioimaging.

3.2. Cytotoxicity test

The results of the cytotoxicity tests are summarized in table 1.
The concentration of SCDNNSs in the test environment (con-
sisting of cells and SCDNNs) was estimated based on the
previously measured weights of SCDNNSs (see table 1 ) in
each sample. We assumed that 20%—-80% of the SCDNNs
were transferred from the silicon substrate to the cell culture
medium during the tests.

Considering the limited number of replicates in the
LDH assay, the statistical dispersion of the data, and the

experimental setup, techniques, and protocols employed, we
estimate the upper limit of the total error in the reported cyto-
toxicity values to be 10%. Therefore, the negative cytotoxicity
values in table 1 are within the error margin.

Optical density (OD) measurements, obtained at 490 nm
using the Thermo Scientific Multiskan® Spectrum spectro-
photometer, were used to assess formazan production, a dir-
ect indicator of cell viability. Lower formazan production
correlates with decreased light absorption, reflecting health-
ier cells, while increased production suggests reduced cell
viability. Our results showed very low OD values, indicating
minimal formazan production across the samples. These low
OD readings correspond to minimal LDH activity, a marker
of reduced cell membrane damage, and thus suggest limited
NADH production.
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The cytotoxicity percentages, calculated using equation (1)
(see table 1), were significantly lower than the positive control
(100%), indicating a minimal number of lysed cells. This sup-
ports the conclusion that the SCDNN's concentrations and dur-
ation of incubation used in this study are non-toxic to the cells
tested, demonstrating their potential safety for further biolo-
gical applications.

3.3. Penetration of SCDNNs into the cells

Figure 3 presents a detailed microscale optical analysis of an
individual biological cell exposed to sample 3, with a focus
on the PL emitted by SiV~ containing SCDNNSs and their spa-
tial distribution within or on the cellular surfaces. Sample 3
was selected for this study due to its small nanoneedle size,
which shows great potential for efficient cellular penetration.
Data were acquired at two spatial resolutions: a broad spec-
tral overview using a 2 pm spatial scan step (figure 3(b)) and
a higher-resolution examination employing a 0.5 pm spatial
scan step (figure 3(c)).

The spectra and PL map presented in figures 3(a) and (b)
were generated from data obtained within the 520 to 800 nm
spectral range. This range is crucial for capturing key features
associated with SiV-~ centers and the cell. Analyzing obtained
data, we found that the highest contrast of the cell is observed
in the narrower 585 to 610 nm spectral range, as shown in
the inset of figure 3(a). This specific range was employed to
create PL map in figure 3(b). To obtain the high-resolution
PL map (figure 3(c)) we used the same narrow spectral range
together with the spectral range covering PL of SiV~ center
(from 725 to 750 nm). The image in figure 3(c) combines both
high-resolution PL. maps where the signal of the second map is
presented in purple and located only in one region of the map
marked with black circle. The resulting image provides a more
precise visualization of the cell and the SiV~ centers within the
cell.

In these PL. maps, the brightness of each pixel corresponds
to the integrated area under the PL emission curve within the
specified spectral ranges. Figure 3(a) highlights a rectangular
region of interest that distinguishes the cell from the surround-
ing background and effectively isolates the PL signal from the
SiV~ centers within the SCDNNSs inside the cell. The high-
resolution map in figure 3(c) reveals varying PL intensities,
represented by colors ranging from deep blue to yellow. Bluish
regions typically indicate lower PL intensity around the cell’s
periphery, while light blue regions within the cell show mod-
erate intensity. The most intense PL signals, marked in yellow,
were found in specific cellular areas.

Further analysis of these bright yellow regions revealed in
one of them PL signal characteristic of SiV~ centers, with a
ZPL centered at 738 nm. These signals are overlaid in purple in
figure 3(c), as reflected in the blue spectrum (figure 3(d)), con-
firming the emission from SiV- centers. In contrast, the orange
spectrum, representing a random area within the cell, showed
no SiV~ signal (figure 3(d)).

The data presented suggest that the SCDNNs are either
positioned on the surface of the investigated cells or have been
internalized. The presence of strong PL signals specifically
from SiV" centers within the intracellular regions indicates that
some of these nanoneedles may have been actively taken up by
the cell, potentially into a food vacuole, as suggested by the
pink overlay observed in figure 3(c). This observation aligns
with the potential mechanism of cellular uptake, such as endo-
cytosis, where the cell internalizes external particles.

To further confirm whether the SCDNNs were internalized
by the cell or merely positioned on its surface, we employed
confocal mapping techniques. The optical microscopy images
(figures 4(a) and (b)) provided a general view of the morpho-
logy of the same cell analyzed in figure 3. Figure 4(b) offers
an enlarged perspective for greater detail. The confocal micro-
scopy images (figures 4(c)—(f)), in turn, offer more definitive
insights. The green channel (figure 4(c)) clearly outlines the
fibroblast cells, while the blue channel (figure 4(d)) shows the
DAPI-stained nuclei of the cells, confirming their structural
integrity. When these channels are overlaid in figure 4(e), the
spatial relationship between the cell and its nucleus becomes
apparent. The key observation comes from figure 4(f), where
an enlarged image of the same cell analyzed in figure 3
is shown. In this image, the white inset highlights the spa-
tial region used in further investigations (see figure 5) and
combining region containing SiV~ PL (see figure 3) and cell
nucleus.

To verify the internalization of SCDNNSs, a z-stack scan was
performed using the same confocal microscope (ZEISS). The
z-stack images are presented in figure 5 offering insights into
the spatial positioning of SCDNNs within fibroblast cells. To
initiate this analysis, we first estimated the amount of space
occupied by the selected cell. The estimated cell’s volume was
then scanned with a step size of 680 nm, examining the local-
ization of SCDNNSs across different focal planes. The scanned
results were detected with three filters/channels (green, blue,
and red channel).

The blue channel (405 nm excitation) provided a focused
image of the cell nucleus at a focal plane of 3.06 um, con-
firming imaging of a central section of the cell. Other focal
planes viewed through this channel are much blurry than the
one at 3.06 um focal plane. The red channel, designed to
detect the PL signal from the SiV-, revealed the presence of
these SiV™ centers only at Z position of 3.74 pym (white out-
line insert). The appearance of SCDNNs exclusively at this Z-
position strongly suggests active uptake by the fibroblast cells,
possibly through phagocytosis. This internalization is signific-
ant as it highlights the potential utility of SCDNNSs in intracel-
lular drug delivery systems, where they can be employed to
transport therapeutic agents directly into cells.

The custom-built confocal microscope was employed to
address the limitations of the commercial setup in detecting
PL signals at 738 nm.

We analyzed spectra from different parts of the selected
sample of cells to verify similar behavior all over the sample.
Specifically, we looked at regions containing bright spots
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Figure 3. Photoluminescence (PL) spectra (a), (d), and map (b), (c) were obtained with RENISHAW InVia Raman spectrometer. The PL
spectra and map in (a), and (b) were collected in the spectral range of 500 nm to 800 nm. Both PL. map and spectra (c) and (d) were
collected in the spectral range between 585 nm and 610 nm marked in (a) in insertion. The maps (b) and (c) differ in spatial resolution. 3d
shows characteristic spectrum in a random place of the cell (in orange) and spot where we found signal from SiV~ centers (in blue).

Figure 4. Images of fibroblast cells captured using optical (a), (b) and confocal microscopy (c)—(f). (a) Optical microscope image and (b)
enlarged view of (a) with scale bars. LSM confocal microscope images: (c) isolated fibroblast cells in the AF 488-T2 channel (green), (d)
cell nuclei stained with DAPI-T3 (blue), (e) overlay of (c) and (d), and (f) an enlarged image of the selected cell used for subsequent
analysis. Panels (a), (b), and (f) show the same cell analyzed in figure 3. The white inset in (f) highlights the region containing SCDNNs and
part of the cell, which is further analyzed in figure 5. The white arrows in (c) point to some bodies and legs of the cells.
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442um 3.74um 3.06um 2.38um

Figure 5. Optical sections at different focal planes using the LSM
confocal microscope, with areas of interest highlighted in red and
white inserts. Cells registered in the channel optimal for AF 488-T2
dye are shown in green (first column on the left), cell nucleus
stained with DAPI-T3 is shown in blue (second column from the
left), SCDNNSs registered in the channel optimal for AF 750-T1 are
shown in red (third column from the left), and an overlay of green,
blue, and red channels is shown in the last column on the right.
Illumination was provided by a 405 nm diode laser for DAPI
channel, 488 nm—for Green channel and combination of 488 nm
and 561 nm for Red channel. Tunable detection wavelengths for all
fluorescence in the range from 400 to 700 nm optimal for each dye
type (DAPI, AF 488, AF 750) using PMTs was performed.

(figure 6(c)) and compare them with darker areas (figure 6(d))
within the cell. We then carefully verified the cell’s position,
and concurrently observed bright spots in the SiV-~ center fil-
ter map (figure 6(b)) and a broader luminescence signal in the
overall map (figure 6(a)). Our findings, as depicted in figure 6,
reveal a compelling correlation between bright spots observed
in both broad-spectrum and narrow-band PL maps, strongly
suggesting the intracellular location and distribution of the
SCDNNeS.

By performing a Z-scan (a) technique where the focus is
moved along the optical axis in the area indicated by the white
dashed line in figure 6(a), we also determined that the bright
spots are located within the three-dimensional volume of the
cell (figure 6(e)).

Essentially, the Z-scan helped to establish that the bright
spots were not just surface features but were indeed located
inside the cell. The spectral analysis identified the nature of
these bright spots and the specific color centers present within
the SCDNNSs. The SCDNNSs contain SiV-, NV?, and NV~ color
centers. This spectral findings were consistent with previous
studies [36, 39] that have established the optical properties of
these color centers in bulk diamond.

Additionally, we observed that the SCDNNSs in the cell
probably exist within the cell in two possible forms: as

individuals, separate particles (visible as isolated bright spots
in figure 6(a)) or as clusters or groups (visible as larger,
aggregated bright spots in figures 6(b) and (e)). This observa-
tion underscores the potential of SCDNNs for diverse applica-
tions. The ability to detect fluorescence emitted by these color
centers within SCDNNs even when located inside a cell rein-
forces their promise for use in optical and quantum sensing
technologies, as well as tools for investigating intracellular
processes.

4. Conclusion

The synthesis of SCDNNs was optimized to achieve nano-
scale sizes while incorporating SiV- and neutral nitrogen NV
color centers. The research focused on their physical prop-
erties, cytotoxicity, and interactions with model mammalian
cells. The main findings are summarized below:

The SCDNNSs exhibited well-defined structural properties,
with average lengths ranging from 320 nm to 1.4 pm across
different samples. Raman spectroscopy confirmed the crystal-
line nature of the SCDNNSs, with distinct peaks correspond-
ing to diamond crystals, SiV-, and NV centers. Additionally,
PL analysis revealed strong signals from SiV~ centers across
all samples, confirming their successful incorporation into
the nanoneedles. In contrast, while SCDNNs from samples
1 (1300-1500 nm), 2 (1000-1300 nm), and 3 (200-420 nm)
exhibited detectable NV signals, sample 4, with a similar size
range to sample 1, lacked these features due to graphitization.

Performed LDH activity-based cytotoxicity tests demon-
strated that the SCDNNs were non-toxic to the tested cells
at specific concentrations (8—32 ug ml~!, 2—8 pug ml~!,
2—9 ugml—!, 6—26 ug ml—') and given durations of incuba-
tion supporting the conclusion that SCDNNs did not induce
significant cytotoxic effects. These findings establish the
biocompatibility of SCDNNSs, making them suitable for poten-
tial biomedical applications.

Detailed PL mapping and confocal microscopy revealed
that some SCDNNs were internalized into the cells. The
presence of SiV~ centers within specific intracellular regions,
as detected by PL signals, strongly suggested active cellu-
lar uptake, likely through mechanisms such as endocytosis
or phagocytosis. This was further confirmed through z-stack
scanning, which localized the SCDNNs within the three-
dimensional volume of the cell.

The successful internalization of SCDNNSs into cells, com-
bined with their non-toxic nature, underscores their potential
as vehicles for intracellular drug delivery or as tools for invest-
igating cellular processes. Additionally, the ability to detect
fluorescence from color centers within SCDNNs when they
are inside cells highlights their promise for use in optical and
quantum sensing technologies.

In summary, the study not only validates the physical and
chemical properties of SCDNNs but also demonstrates their
safety to mammalian cells. The findings open new avenues
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Figure 6. XY (a), (b) and Z (e) PL maps of a representative fixed cell and PL spectra (c), (d), () of selected areas in (a) and (b), obtained
with a homebuilt confocal fluorescence microscope. (¢) Shows the PL. map of areas near the dotted white line in (a). The excitation light was
green (532 nm), with collected luminescence light ranging from 560 to 800 nm in (a) and 733-747 nm in (b). The white rectangle insert

highlights the agglomeration of identified SCDNNs.

for utilizing SCDNNs in advanced biomedical applications,
including targeted drug delivery, intracellular sensing, and
real-time monitoring of cellular processes.
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