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Silicon (Si) nanostructures allow for the expansion of the application spectrum of this important
semiconductor material with respect to the fields of optoelectronics and photonics. At the same time,
the significant potential of Si quantum dots (SiQDs) has been revealed in terms of their potential
application in the areas of biology and medicine due to their biocompatibility, low toxicity and natural
biodegradability, unlike currently used semiconductor quantum dots. As far as this study is concerned,
SiQDs co-doped with boron and phosphorus were used for the in vitro evaluation of their cytotoxicity in
human osteoblasts. Two chemically identical types of SiQD differing in terms of their size and
photoluminescence (PL) were studied. They both display long-lasting dispersion in methanol and even in
aqueous media as well as PL which is not sensitive either to changes in the environment or surface

modifications. Our experiments revealed significant differences between the two types of SiQD tested in
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Accepted 26th June 2016 regard to their behavior in a cell culture environment depending on increasing concentration (25-125

ug ml™Y) and cultivation conditions (the presence or absence of proteins from the fetal bovine serum —
a component of the cultivation medium). A detailed description of their optical parameters and the
evaluation of zeta potential enhance the understanding of the complexities of the in vitro results obtained.
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1 Introduction

Various types of nanoparticles have been studied and used in
different fields of science including their application in the field
of bio-medicine. In general, nanoparticles (so-called quantum
dots - QD) based on a variety of materials provide a promising
tool with regard to potential as drug and gene carriers and as
imaging and diagnostic platforms.

Silicon-based nanoparticles make up one of the most
promising platforms yet determined for medicinal application
due to their high level of biocompatibility and biodegradability
which arise from the fact that silicon (Si) is an essential trace
element in the human body. Currently, the development of
various types of Si-based nanoparticles is focused principally on
silica (SiO,) and pure silicon materials which are biodegradable
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due to the nature of their Si-Si and Si—O bonds."? In addition, it
is essential to note that most Si-based nanoparticles possess the
quality of fluorescence (photoluminescence) and therefore
facilitate their own imaging without any additional intervention
into their structure being required.** Moreover, their dis-
persibility in aqueous solutions is also crucial for bio-applica-
tion.®> Such properties are similar to the afore-mentioned QDs,
thus the term silicon quantum dots (SiQD) is particularly
appropriate.

This study is concerned particularly with the assessment of
cytotoxicity since this makes up the most important initial step
preceding the actual application of any of the materials studied
in terms of human medicine. Previous studies have shown that
the cytotoxicity of Si-based nanoparticles is influenced by
a range of properties such as particle shape, size, zeta potential,
dose and chemical composition®** and some of these proper-
ties may play a role in the formation of so-called biomolecular
coronas. This term describes a layer of biomolecules, mainly
proteins (protein corona), originating from the biological envi-
ronment surrounding nanoparticles which accord them a new
identity which differs from that of bare nanoparticle in terms of
a number of characteristics especially their reaction with
organisms.">' Generally, the concept of the protein corona is
given as a biological identity via which nanoparticles are pre-
sented to cells. It has been suggested that the presence, and
possibly the composition, of the protein corona provides the key
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to the determination of the cytotoxicity of nanoparticles.">' In
vivo, the composition of the attached proteins is spatial (lung
fluids, bloodstream) and time dependent and, moreover, the
condition of the living organism should be considered.'® On the
other hand, in vitro conditions are limited by the presence of
certain types of proteins contained within the selected supple-
mented serum; thus, it appears that the protein corona is not
subject to the same degree of significant dynamic change in
composition as it is in vivo."”

Previous studies that have focused on the impact of silica
nanoparticles (SiO, NPs) on keratinocytes revealed that the
viability of cells is both dose- and size-dependent and, in
addition, that this particular type of particle causes damage to
the cellular membrane which may be of either chemical or
mechanical stress origin.”® It has been proposed that cytotox-
icity caused by SiO, NPs may be the result of oxidative stress
induced by the production of intracellular reactive oxygen
species."'®* However, when compared to other types of nano-
particles, e.g. ZnO particles, SiO, NPs reveal lower cytotoxicity
levels dependent on the cell type.”*' Moreover, a number of
papers has reported a significant correlation between cytotox-
icity and the dose of Si-based nanoparticles (irrespective of the
actual concentration range used for a particular cellular type).
Generally, the higher the nanoparticle dose applied to the cells,
the higher is the cytotoxicity observed following a certain period
of time, an example of which is provided by studies by Bhatta-
charjee et al. wherein increasing concentrations from 0.1 ng
ml™" to 100 pg ml™' of nanoparticles were added to a cell
culture of NR8383 macrophages. The same cytotoxicity trend
was also evident with respect to keratinocytes, although the
concentrations applied were significantly higher (25-500 pg
ml!).811 [t is possible to obtain a better understanding of the
causes of the cytotoxicity of particular nanoparticles by means
of a description of specific cell-nanoparticle interactions.

It is widely accepted that nanoparticles of different types
enter cells by means of endocytosis, i.e. a form of active trans-
port; however, the specific ways in which individual particles
enter certain cell types remain to be discovered. Considerable
interest has been devoted to the discovery of principal nano-
particle uptake pathways and most of the experiments con-
ducted in this respect were performed via the selective gradual
blocking of different pathways and the subsequent determina-
tion of which was most frequently used. Clathrin- and caveolin-
dependent endocytotic pathways have been suggested as the
main routes used by silicon-based particles; however, a number
of studies also suggest the use of the flotillin-dependent
pathway.'>** It has been implied that the principal pathway is
determined not only by particle size and shape but also by
cellular type. It is important to gain an understanding of all the
interactions which take place between cells and nanoparticles
so as to avoid any harmful effects in terms of potential use in
human medicine.

This study employed two types of SiQD of different charac-
teristics (SiQD 1050 - 3 nm size, 750 nm peak emission and
SiQD 1100 - 4 nm size, 850 nm peak emission) and their
influence on a biological system represented by a human
osteoblast-like cell line (SAOS-2) was compared. The main focus
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of the study was (i) to determine the appropriate concentration
of both types of SiQD based on the induced cytotoxicity and (ii)
to evaluate the cellular uptake of both SiQDs at 2, 6 and 24
hours by means of fluorescence wide-field and confocal
microscopy. The influence of the presence of fetal bovine serum
(FBS) in the cultivation media made up an important variable
parameter in terms of understanding the impact of the protein
corona on SiQD behavior in vitro.

2 Experimental
2.1 The fabrication of co-doped SiQDs

P and B co-doped colloidal Si QDs were synthesized by means of
a previously reported procedure.?"** Si-rich borophosphosilicate
(BPSG) films were deposited on thin stainless steel plates via the
co-sputtering of Si, SiO,, B,03, and P,0s using the rf-sputtering
apparatus. The films were then peeled from the plates and
crushed to powder form in a mortar. The powder was then
annealed at different temperatures (1050 °C and 1100 °C thus
obtaining SiQD 1050 and SiQD 1100 respectively) in an N, gas
atmosphere for 30 minutes so as to cultivate SiQDs of differing
size in BPSG matrices. During the growth of the SiQDs, P and B
atoms were incorporated into Si-NCs from the BPSG matrices.

2.2 The detailed optical characterization of co-doped Si-QD

Transmission electron microscopy images were obtained using
JEOL JEM-200CX, and the IR absorbance of the suspensions
measured by means of drop-casting on a gold covered silicon
substrate in an FT-IR spectrometer (Perking Elmer, Spectrum
GX). UV-VIS spectra were measured by UV-3101PC (Shimadzu).
The PL spectra (Fig. 1d) were obtained using a spectrofluorom-
eter (Fluorolog-3, Horiba Jobin-Yvon).

The photoluminescence external quantum yield (EQY) of the
SiQD suspensions was measured in specially-designed equip-
ment based on an integrating sphere.*® Excitation wavelengths
were tuned over a broad spectral range from UV to yellow using
either a set of light-emitting diodes or a white-light emitting
laser-driven light source (LDLS, Energetiq) coupled to a 15 cm
monochromator. The absorption cross-section ¢ was obtained
by means of the intensity-dependent PL-modulation technique
applied to a thin liquid layer of SiQD in methanol.** Under 405
nm excitation and an emission between 700 and 900 nm, ¢ was
determined at around 3 x 10~ '® cm? for both of the samples
studied.

The PL kinetics of SiQDs under high-repetition short pulses
(simulating the conditions of a confocal microscope with
a “white” fiber laser) were tested for SiQD 1050 in a cuvette
excited via a pulsed diode laser at 408 nm (pulse duration below
0.1 ns, 20 MHz repetition rate and 840 W cm > power density)
(Fig. 3b).

2.3 Zeta-potential assessment

¢ was measured using a Malvern Zetasizer Nano ZS equiped
with MPT-2 titration unit where 0.25 M NaOH, 0.2 M HCI and
0.02 HCI were used as titration agents. The SiQD suspensions
were titrated in the acid to base and base to acid direction.

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) Optical transmittance spectrum and photograph of colloidal dispersion (methanol) of SiQD 1100; (b) TEM image of SiQD 1100, inset:
high-resolution TEM image of a QD with lattice fringes corresponding to {111} plane of Si crystals; (c) IR absorption spectrum of SiQD 1100; (d) PL

spectra of SIQD 1050 and 1100 (d).

2.4 Cell cultivation with SiQDs

SAOS-2 cells (DSMZ, Germany) were cultured in McCoy's 5A
medium without phenol red (HyClone) and supplemented with
10 000 U ml " penicillin (Sigma-Aldrich) and 10 pg ml™* strepto-
mycin (Sigma-Aldrich) and, in some of the experiments, with 15%
fetal bovine serum (Biosera). The cells were seeded at a density of
10 000 cells per cm® onto a 96-well plate (Techno Plastic Products)
in triplets for the measurement of cytotoxicity (100 ul) or onto cell
imaging dishes with a 145 um glass bottom in singlets (Eppen-
dorf) for microscopy purposes (500 pl). The cells were cultured for
24 hours in a humidified 5% CO, atmosphere at 37 °C.

The required amount of SiQD colloid in pure methanol was
added to an equal amount of distilled water and the resulting
mixture was subsequently incubated in a dry bath incubator
(Major Science) set to 70 °C until half of the liquid had evapo-
rated. The final SiQD colloid was ready for immediate dilution
into the appropriate cultivation media. Two types of cultivation
media were used in the experiments - McCoy's 5A medium
without phenol red (HyClone) with 10 000 U ml™" penicillin
(Sigma-Aldrich) and 10 pg ml™" streptomycin (Sigma-Aldrich)
with no serum proteins (serum-free) or supplemented with
5% fetal bovine serum (Biosera) (serum-supplemented). The
final concentrations of SiQD in the media used for cell treat-
ment consisted of 125 pg ml~*, 50 pg ml~* and 25 ug ml ™.

The cells were gently rinsed with phosphate buffer saline
(PBS) prior to the addition of the cultivation media containing
SiQDs. Subsequently, the cells were cultivated to different time

This journal is © The Royal Society of Chemistry 2016

points depending on the type of assessment. In the case of the
serum-free media, an additional volume of 50 pul (96-well plate)
or 250 pl (cell imaging dish) of the medium with 5% FBS was
added after 6 hours of cultivation and cultivated for an addi-
tional 18 hours or 42 hours (in the case of 24 hours or 48 hours
of cultivation time respectively).

2.5 Cytotoxicity assessment

The cytotoxicity of various concentrations of SiQDs in different
media was assessed by means of the measurement of the
metabolic activity of the cells at 6, 24 and 48 hours following the
addition of SiQDs to the cells. Assessment was performed by
means of MTS assay (Cell Titer96® AqueousOne, Promega). The
principle of this colorimetric assay consists of the reduction of
an MTS ((3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxy-
phenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) compound into
a soluble colored formazan product via mitochondrial
dehydrogenases. The assay was performed according to the
manufacturer's instructions. The cells were rinsed three times
with PBS and then incubated for 2 hours with an MTS reagent
diluted in the appropriate media. Optical density was measured
using a microplate reader (Synergy H1, BioTek) at 490 nm
subtracting the background at 655 nm. The subtraction of blank
values was conducted for each type of medium separately. All
the results obtained were compared to the results of the control
cells cultivated in a medium supplemented with 5% FBS; the
results were expressed as percentages.

RSC Adv., 2016, 6, 63403-63413 | 63405
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2.6 Fluorescence wide-field and confocal microscopy

After 2, 6 and 24 hours the cells were rinsed three times with
PBS so as to remove any un-internalized SiQDs and then fixed in
4% paraformaldehyde. An Eclipse Ti-S epi-fluorescence micro-
scope (Nikon) with Mercury Arc Lamp Intensilight HGF1 and
equipped with DS-Qi1Mc digital camera (Nikon) was used in
order to acquire 2D fluorescence images of SiQDs at an excita-
tion wavelength of 330-380 nm and emission wavelength of
510-590 nm. The extent of the penetration of SiQDs in the z-axis
of the cells was analyzed with respect solely to the 24 hour
samples by means of a Leica TCS SP8X confocal laser scanning
microscope (Leica Microsystems). The SiQDs were excited using
a pulse continuum white light laser (475-499 nm, 80 MHz) and
emissions were collected via a hybrid detector at 700-795 nm.
The elimination of cell autofluorescence from SiQD signals was
achieved by the gating of signal detection with a 5 ns delay from
the excitation pulse while maintaining a detection width of 7 ns.
Multiple line accumulation scanning and prolonged pixel dwell
were set so as to allow for the more intense and precise imaging
of the SiQDs. All the confocal 3D images were acquired by
means of a Leica DFC365 FX monochrome digital CCD camera
and further analyzed using LAS X core software (Leica Micro-
systems). The confocal images were processed using Hyugens
software for deconvolution and maximum intensity projection.
Image] software was subsequently used for contrast and
smoothness correction purposes.

2.7 Statistical analysis

All the data presented was derived from three independent
experiments performed in triplicate. The results are presented
in the form of mean values with error bars indicating standard
deviations. Data distribution was evaluated using the Shapiro-
Wilk test. The nonparametric Wilcoxon matched pairs test was
used in order to determine significant differences between the
datasets and the control with 5% FBS and the rest of the vari-
ables. An ANOVA was used to compare differing SiQD concen-
trations at certain time points with each other. p values of less
than 0.05 were considered statistically significant. Extreme
values were excluded from the analysis. Statistical analysis was
performed using STATISTICA (StatSoft, Inc.) software.

3 Results and discussion
3.1 The optical characterization of co-doped SiQD

Phosphorus (P) and boron (B) co-doped colloidal SiQDs were
synthesized by means of a previously reported procedure.”***
The transmittance spectrum and an image of the colloid are
shown in Fig. 1a. Transmittance around the band gap of bulk Si
crystal (~1100 nm) is almost 100%, which indicates the absence
of significant light scattering by QD agglomerates. Fig. 1b shows
a transmission electron microscope (TEM) image demon-
strating a QD monolayer without the formation of three-
dimensional agglomerates. Fig. 1c shows an infrared (IR)
absorption spectrum of SiQD 1100 stored in methanol for 60
days. An absorption peak at ~1080 cm™ ' assigned to Si-O-Si
stretching vibrations can be clearly observed while no
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absorption peak is evident from C-H, (~2900 cm ‘). This
suggests that following long-term storage in methanol, the
surface of SiQDs is terminated principally by oxygen. After
around one month's storage in methanol, the photo-
luminescence (PL) spectra of SiQD 1050 and 1100 under exci-
tation at 450 nm exhibit PL peaks of around 750 and 850 nm
respectively (Fig. 1d). The size-dependence of the PL peak
wavelength of B and P co-doped Si QDs has already been studied
in detail.*

With respect to the imaging of SiQD in cell cultures by means
of fluorescence microscopy (wide-field or confocal), the pres-
ence of so-called autofluorescence (AF) - i.e. the natural fluo-
rescence of cell proteins and other molecules without artificial
staining must be considered. AF usually peaks in green but
extends far into the red spectral region in which it overlaps with
the PL of the tested SiQDs. This is illustrated in Fig. 2 which
shows the local PL spectra of the AF and PL of SiQD 1100 under
excitation by means of a laser at 405 nm. In general, three
measures can be applied so as to improve the ratio of SiQD PL
versus AF:

(i) The shifting of the excitation wavelength into the green
region (e.g. the Ar-ion laser line at 488 nm) since AF decreases
faster with red-shift excitation than does SiQD PL.

(ii) The selection of SiQDs with an emission peaking at long
wavelengths where AF disappears but where microscope
detectors remain efficient; this usually means between 700 and
800 nm.

(iii) The use of different PL decay kinetics under pulsed
excitation. While AF decays within a few nanoseconds, SiQDs
have a lifetime in the order of tens of microseconds. Therefore,
gated detection can be applied which is delayed following
pulsed excitation by around 5 ns. Fig. 3a shows the slow rate of
PL decay for both the SiQD samples and Fig. 3b illustrates that
PL decay under excitation by sub-ns pulse with high repetition
rate (20 MHz - such a degree of excitation is deliverable by
a large number of currently available confocal microscopes) was
unable to follow the pulse sequence and thus quasi-constant PL
was detected - the yellow rectangle indicates the temporal
position of the detection gate (delay 5-12 ns) as used later in
this paper (such excitation and detection options are available
in a large number of the current models of confocal
microscopes).

Finally, we draw attention to the aging of the luminescence
properties of SiQDs. During long-term storage (around 1 year)
a slow change in the PL peak position and the external quantum
yield (EQY) can be observed in methanol suspensions of SiQDs,
which is further accelerated in water-based suspensions used in
bio-studies. Both types of SiQD exhibit a blue-shift and the EQY
changes as illustrated in Fig. 2¢ roughly following a curve which
has a maximum EQY of 12% for a peak at 750 nm (similar
optimal conditions were reported by Liu et al.).?® Such optimum
conditions for fluorescence imaging are characteristic of fresh
SiQD 1050 samples; however, upon aging such samples degrade
in terms of EQY while SiQD 1100 shifts to the optimum position
(a shift from 850 nm to 750 nm). In brief, it is essential that
aging properties are characterized in order to be able to antic-
ipate PL evolution and select the ideal sample.

This journal is © The Royal Society of Chemistry 2016
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Fig.2 Wide-field fluorescence microscopy and spectroscopy under cw excitation at 405 nm: (a) combined fluorescence image with the green
layer showing the full signal (dominated by cell autofluorescence) and the orange layer showing signal above 785 nm (dominated by SiQD
luminescence). The vertical stripe shows area of the spectrometer slit introduced for spectral measurements. (b) Luminescence spectrum of cell
autofluorescence (blue) and emission of SiQD cluster (red line) from area indicated by a rectangle in the panel (a). The autofluorescence signal
estimated from area around the SiQD cluster was subtracted and spectral shape corrected to the sensitivity of the experimental apparatus. The
peak is around 730 nm. (c) Observed shift of PL peak and quantum yield of SiQDs with time is plotted together with data from the paper by
Sugimoto et al.?° The slow changes due to aging of SiQD suspensions in methanol are accelerated in water based media during bio-studies. The
data (green line and points) on PL QY dependence on PL peak position (size of QDs) explains well why SiQD 1100 sample is well observed in cell

cultures while luminescence of SiQD 1050 vanishes.

3.2 Zeta potential assessment

The zeta potential ({) of water suspensions of SiQD 1050 and
1100 as a function of pH was determined using 0.25 M NaOH,
0.2 M HCI and 0.02 HCI titration agents. The SiQDs had been
titrated in the acid — base and base — acid direction (Fig. 4).
The iso-electric point of both samples was determined at
around pH 2. While SiQD 1100 reacted relatively smoothly to
changes in pH, the SiQD 1050 reaction to the addition of acid/
base was slow and followed by sudden jumps in {. Moreover,
a two-peak distribution of { was observed for SiQD 1050 at each
pH point (Fig. 4d) indicating the presence of distinct SiQD
fractions. For a pH of 7.5 (the value relevant to biological
experiments) the mean value of { was around - 64 mV (—16 mV
for the smaller peak) for SiQD 1050 and - 57 mV for SiQD 1100
(with an uncertainty of around 8 mvV).

3.3 The effect of different SiQD concentrations on cell
metabolic activity in serum-supplemented and serum-free
media

Osteoblastic cells were cultivated in a medium supplemented
with 5% fetal bovine serum (5% FBS-medium) with gradually
increasing concentrations (25, 50 and 125 pg ml ™) of two types of
SiQD which was followed by the determination of their metabolic
activity after 6, 24 and 48 hours (Fig. 5a and b). It is apparent that
SiQD 1100 in a fully-supplemented medium had no impact on
cell metabolic activity irrespective of concentration at the 6 hour
time point; however, after 24 hours the highest concentration of
SiQD 1100 decreased cell activity significantly and, after 48 hours,
the medium concentration was seen to have a similar effect.

This journal is © The Royal Society of Chemistry 2016

On the other hand, SiQD 1050 (lowest and medium
concentrations) surprisingly increased cell metabolic activity
after 6 hours and, after 24 hours of incubation, the metabolic
activity of SiQD 1050-treated cells was comparable to that of
controls with no treatment. Only after 48 hours did the highest
concentration of SiQD 1050 significantly decrease cell meta-
bolic activity.

In order to distinguish between the effect of SiQDs and the
role of the protein corona (originating from serum proteins),
osteoblastic cells were cultivated in a medium containing no
supplements (serum free - 0% FBS-medium). The same
concentrations of SiQDs were then added and the same tests
performed as described above (under standard conditions). It is
apparent (Fig. 5¢ and d) that the serum-free medium only (with
no SiQDs) had a negative effect on cell metabolic activity at the 6
hour time point; however, the decrease was not so strong as to
be considered cytotoxic.?”

Those cells treated in the serum-free medium with the lowest
and medium concentrations of SiQD 1100 exhibited a metabolic
activity level similar to the control sample (cells cultivated in
a 5% FBS-medium) and only in the highest SiQD concentration
did cell activity decrease significantly to the cytotoxic level after
6 hours (in contrast to standard conditions). Subsequently, after
24 hours, both the medium and the highest concentrations of
SiQD 1100 were found to strongly affect cell activity and, finally
(after 48 hours) all the tested concentrations of SiQD 1100 in the
serum-free medium were determined as being cytotoxic.

On the other hand, SiQD 1050 did not affect cell behavior at
any concentration after 6 hours; however, after 24 hours of
incubation, all the tested concentrations were found to be

RSC Adv., 2016, 6, 63403-63413 | 63407
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Fig. 3 (a) Kinetics of PL decay under long square pulses and (b) short
high-repetition rate (quasi-cw) excitation. The conditions applied in
the confocal imaging (80 MHz repetition rate, detection window of 7
ns delayed by 5 ns) is indicated by the yellow rectangle.

cytotoxic, the level of which was further enhanced following 48
hours of incubation.

3.4 The microscopy assessment of SiQD effects on cell
morphology and metabolic activity in serum-supplemented
and serum-free media

Osteoblasts were treated with 50 pg ml~" of SiQD 1050 and SiQD
1100 (medium concentration) in a 5% FBS-medium for 2, 6 and
24 hours and then visualized by means of wide-field fluores-
cence microscopy accompanied by a phase contrast for the
more precise localization of the SiQD fluorescence signal within
the cells (Fig. 6a and b). Confocal microscopy images of cells
treated with the same SiQD concentrations were acquired at the
24 hour time point only (Fig. 6¢ and d).

Fig. 6a shows that a very bright fluorescence signal is visible
in those cells treated with SiQD 1100 as soon as after 2 hours
and that it is even stronger at the 6 hour time point. However, it
is apparent from the phase contrast image that the signal
originates from a culture medium in which aggregates of SiQD
with proteins originating within the FBS had formed and not
from the cells themselves. After 24 hours, the fluorescence
signal of SiQD 1100 is apparent from inside the cells as well as
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from the culture medium itself. The confocal image (Fig. 6c)
taken at the same time confirms the localization of these SiQDs
inside cells in a vesicular form with no apparent changes in cell
morphology. In addition, cell metabolic activity tests (Fig. 8a)
indicated that these SiQDs had no negative impact on the cells
at the same time point; only after 48 hours of incubation did the
SiQD 1100 cause a significant decrease in cell metabolic activity
but not to such an extent as to include cytotoxic effects.”

In the case of SiQD 1050 an even stronger fluorescence signal
of SiQD and proteins in the cultivation medium was detected
after 6 hours but only a very weak signal could be detected in the
cells after 24 hours (Fig. 6b). The image of cells treated with
SiQD 1050 for 24 hours presented was intentionally selected so
as to show the cells in the region not totally covered with SiQD-
protein aggregates; notwithstanding, most of the sample area
was found to be covered with these foggy aggregates. This
observation was confirmed by means of confocal imaging
(Fig. 6d) which revealed a weak fluorescence signal distributed
diffusely within the cells (autofluorescence) and a concentrated
signal issuing from the culture medium in which SiQD 1050
aggregates and FBS proteins were formed. Indeed, this corre-
sponds well with the data presented in Fig. 8b according to
which no reduction in metabolic activity (compared to the
untreated control in the 5% FBS-medium) was detected in
either evaluation using the same concentration of SiQD 1050.

Subsequently, the same experiments were performed with
using the serum-free medium (0% FBS-medium). Fig. 7a shows
that a fluorescence signal is visible in those cells treated with
SiQD 1100 as soon as after 2 hours of incubation and it is even
stronger at the 6 hour point at which all the cells exhibit
a fluorescence signal. After 24 hours, SiQD and protein aggre-
gates were visible in the medium. The proteins originated from
the FBS added to the culture medium after 6 hours due to the
cells being unable to survive (i.e. to avoid significant behavioral
changes) any longer without the addition of FBS. It was expected
that all the SiQDs would already have entered the cells by this
time point and that they would no longer be present in the
medium. However, microscope images demonstrate that after 6
hours a certain amount of SiQD 1100 was still present in the
medium available to react with the FBS proteins. Nevertheless,
SiQD 1100 were present on a massive scale inside the cells at 24
hours (Fig. 7a) and had a negative impact on cell morphology;
moreover, this led to a significant decrease in cell metabolic
activity (Fig. 8a). The confocal image (Fig. 7¢) confirms the
presence of high quantities of SiQD 1100 inside the cells in the
diffused form which is in contrast to the localization of SiQD
1100 in those cells cultivated in the 5% FBS-medium (Fig. 6c).
Results concerning metabolic activity indicate that the cells
were dying at a rapid rate at the 24 hour point and had died at
the 48 hour time point.

Conversely, SiQD 1050 were practically invisible at all time
points in those cells cultivated in the serum-free medium; a very
faint signal was detectable at the 2 hour time point which dis-
appeared over time (Fig. 7b). The wide-field microscopy data
was confirmed by the confocal images in which the fluorescence
signal was very faint and originated from cell autofluorescence.
However, the results presented in Fig. 8b suggest that

This journal is © The Royal Society of Chemistry 2016
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show an example of single measurement of zeta potential at pH 7.5 in (c) SiQD 1100 and (d) SiQD 1050.

a reduction in metabolic activity occurred after 24 hours of This report presents the first study performed on the impact
incubation (also apparent in the form of changed cell of novel Si-based nanoparticles on a biological environment
morphology in Fig. 7b) and that at the 48 hour point the cells consisting of a human osteoblast cell culture. The most unique
had already died. property of the B and P co-doped SiQDs used consists of their
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Fig. 5 Metabolic activity of osteoblasts cultivated in a cultivation medium supplemented with 5% FBS (a, b) and in serum free medium (c, d) for
increasing concentration of SiQD 1100 (a, c) and SiQD 1050 (b, d). Relative values are expressed as a percentage of control sample in the
cultivation medium with 5% FBS (dashed line). The star symbol (¥) highlights a significant difference from the control in cultivation medium with
5% FBS (Wilcoxon matched-pairs test, p < 0.05). Groups marked with different letters express significant inter-group differences within time
points (ANOVA, LSD post hoc test, p < 0.05).
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Fig. 6 Wide-field fluorescence and phase contrast microscope images of osteoblasts treated with (a) SiQD 1100 and (b) SiQD 1050 in 5% FBS-
supplemented medium in different time points (the scale bar is 30 pm) and confocal images after 24 h of incubation with (c) SiQD 1100 (imaged
volume 75.0 x 75.0 x 7.6 um) and (d) SiQD 1050 (imaged volume 112.6 x 112.6 x 9.5 pm).

ability to form stable colloidal suspensions in the absence of
surfactants and organic passivation. Moreover, these SiQDs
required no protective shell layer and were of a very small size
(3-4 nm in diameter) in contrast with other semiconductor
quantum dots with a core-shell structure and which are
substantially larger than 10 nm (not taking into account
possible surface passivation) in order that they exhibit a stable
emission in a similar spectral region on the border of red and
infrared (700-850 nm).>® We selected two types of SiQDs with
sizes of 3 and 4 nm (SiQD 1050 and 1100 respectively) the PL
emission peaks of which are situated in the afore-mentioned
spectral range which is optimal in terms of fluorescence
microscopy. Somewhat surprisingly, our experiments revealed
significant differences with respect to the interaction of the two
types of SiQD with cell cultures which could not be ascribed
simply to the 1 nm size difference - at the cellular level such
a small difference does not influence particle cytotoxicity and
only a slight change in cellular uptake is able to occur.”**
Zeta-potential (%) is related to colloidal suspension stability.
The critical value of { below which a suspension is unstable
(and at which agglomeration can take place) is around £30
mV.** Generally, { is result of the net electrical charge contained
within the region bounded by the slipping plane. This charge is
strongly dependent on ions present in the solution and there-
fore changes with pH value. The pH value, for which the net
electrical charge is null, is called isoelectric point. Around this
point the nanoparticles aggregate rapidly. With concern to
biology, the surface potential of a particle is important in terms
of the formation of protein corona - nanoparticles with
different potentials will bind to different proteins or to different
active sites on individual proteins which, in turn, may signifi-
cantly influence the overall toxicity of nanomaterials. An
example of the varying degree of toxicity of Si nanoparticles
depending on the value of { and the particle covering is reported
in;'>"* however, this effect has also been observed with respect

63410 | RSC Adv., 2016, 6, 63403-63413

to other types of nanoparticles.**** Our experiments resulted in
different values of ¢ for Si QD 1050 and 1100; therefore we
suspect the formation of a differing protein corona under the
same biological conditions.

Both of the tested SiQDs caused harm to the cells in
a different manner - SiQD 1100 exhibited a measurable harmful
effect at the highest applied concentration level (125 pg ml™") as
soon as after 24 hours of incubation in the fully-supplemented
medium, while the negative effect of SiQD 1050 was not
apparent until after 48 hours of incubation (Fig. 5). It is con-
jectured that this difference may be linked to the observed
formation of dense clusters of SiQD 1050 with serum proteins
(see the fluorescence images in Fig. 6). These clusters act as
reaction centers and continue to grow thus forming huge
aggregates which cover the outside membranes of the cells and
prevent SiQD 1050 from entering the cells. When subjected to
fluorescence microscopy, protein/SiQD 1050 aggregates are
visible as fog-like structures which grow over time (Fig. 6b and
d). Despite this effect, however, a number of uncovered loca-
tions were detected after 48 hours thus providing coarse infor-
mation on the incorporation of SiQD 1050 into the cells
(Fig. 6b). This phenomenon was also witnessed with respect to
SiQD 1100 but to a significantly lesser extent which, neverthe-
less, still allowed for the visualization of the cells and their
incorporation of SiQD 1100. Notably, literature describes this
aggregation effect with respect to other types of nano-
particles.***¢ Therefore, it is safe to conclude that the presence
of FBS proteins in the cultivation medium strongly influence
specific SiQD behavior and thus their availability and absorp-
tion by cells. It may be speculated from the fluorescence images
(Fig. 6¢) that the SiQD 1100 visible in cell cytoplasm are local-
ized in vesicles and thus potentially enter cells by means of
endocytosis as has been previously described.>*

When SiQDs were incubated with cells in the serum-free
medium, SiQD 1100 exhibited a cytotoxic effect at the highest

This journal is © The Royal Society of Chemistry 2016
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Fig.7 Wide-field fluorescence and phase contrast microscope images of osteoblasts treated with (a) SIQD 1100 and (b) SiQD 1050 in the serum-
free medium in different time points (the scale bar is 30 pm) and confocal images after 24 h of incubation with (c) SIQD 1100 (imaged volume 85.0
x 85.0 x 11.6 um) and (d) SiQD 1050 (imaged volume 102.0 x 102.0 x 9.6 um). Note — after 6 h of cell incubation in serum-free medium, FBS

was added due to the cell survival purposes.
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Fig. 8 Metabolic activity of osteoblasts treated with 50 ug mi™* of (a)
SiQD 1100 and (b) SIQD 1050 for different time points.

applied concentration level (125 pug ml™') as soon as after 6
hours of incubation (Fig. 5¢). Therefore, it was concluded that
bare SiQDs (without a protein corona) are able to cross cell
membranes more easily and efficiently than treated SiQDs. This
statement was subsequently proven by means of fluorescence
imaging (Fig. 7a) which revealed the presence of SiQD 1100 in
the cell cytoplasm but, surprisingly, that it was localized
diffusely rather than in the form of whole spots as in the case of

This journal is © The Royal Society of Chemistry 2016

standard cultivation conditions with the presence of FBS. It
would appear that the way in which SiQD 1100 enter cells varies
under different conditions (with or without a protein corona),
a fact that might be studied in greater detail in the future. SiQD
1050 required a longer incubation time (24 hours) before they
entered the cells under serum-free conditions; importantly,
however, the effect was significantly stronger - all the concen-
trations of SiQD 1050 tested were found to be cytotoxic after 24
hours (Fig. 5d). Both SiQDs in the serum-free medium were seen
to harm the cells earlier and at a lower concentration than
under fully-supplemented medium conditions. It has already
been mentioned that nanoparticles lower their surface free
energy via strong non-specific interaction with cell membranes.
However, the amount of free energy is lowered by the presence
of a protein corona and both the degree of adhesion to the
membrane and cell uptake are reduced.*** Thus the observed
effect of proteins bound to SiQDs inducing a delay in the onset
of cytotoxic effects is not surprising and is in agreement with
previous observations.*>**

SiQD 1100 were detected within the cells under both test
conditions - both with and without proteins originating from
FBS; however, it was found that without proteins they enter the
cells more rapidly, are distributed diffusely and have a stronger
negative effect on metabolic activity. On the other hand, SiQD
1050 were not detected in the cells by means of fluorescence
microscopy under either of the test conditions; however, the
cytotoxic effect thereof was determined (Fig. 8b) which may
indicate their entry into the cells. Moreover, the cytotoxic effect
was found to be stronger under non-FBS protein presence
conditions. This may imply the easier cell entry of SiQD 1050
without a protein corona. However, they were not observable via
fluorescence microscopy images. We suspect, as PL aging
studies suggest (Fig. 2¢), that the PL of these SiQDs degrades to
a significant extent in aqueous media (i.e. in the natural bio-
logical experiment environment). Moreover, it should be noted
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that SiQD 1050 exhibit three times lower PL EQY and a slightly
lower absorption cross-section, which renders them more
difficult to observe by means of fluorescence microscopy
(Fig. 6b and d).

The formation and structure of the protein corona is crucial
in terms of the fate of all nanoparticles located in living
organisms as has been demonstrated by a large number of
previous studies.’****¢** Bare nanoparticles are unable to
survive within a biological system since they are immediately
covered by a layer of proteins from the fluid which forms the
hard protein corona and which continues to grow until they
attain a stable state, which is often a long-term process as
observed in the case of SiQD 1050. Experiments conducted prior
to in vivo application should always mimic the environment of
the organism as precisely as possible. In vitro dose-dependent
tests of nanoparticles should be performed using biological
fluids only before forming conclusions on the cytotoxicity of the
material. As was apparent especially in the case of SiQD 1050,
the presence of bare SiQDs or protein-coated SiQDs in the cell
culture makes a huge difference in terms of cytotoxicity and the
immense aggregation of SiQD 1050 with proteins leads to fatal
consequences for organisms.

4 Conclusion

We attempted to demonstrate to what extent novel co-doped
SiQDs react upon being introduced into a natural biological
environment consisting of human osteoblasts and a cell culture
medium with or without the addition of fetal bovine serum. A
series of experiments was conducted at various concentration
levels of two types of SiQD (1100 and 1050), an evaluation was
made of their cytotoxicity and their localization within the cell
culture was assessed by means of fluorescence wide-field and
confocal microscopy.

The detailed luminescence characterization of the SiQDs in
colloidal suspensions at different times following fabrication as
well as of the SiQDs inside cell cultures and water-based media
enabled the research team to uncover the continuous changes
which took place due to the aging of the SiQDs (a shift in the PL
peak to shorter wavelengths and related EQY changes, Fig. 2). A
detailed knowledge of PL aging allowed us to select the
optimum type of SiQD (i.e. SiQD 1100) for fluorescence imaging
purposes in cells with an optimal PL peak of around 750 nm and
an ensemble EQY of 12%.

Zeta potential measurement indicated that the tested SiQDs
differ from each other not only in terms of their size and PL
properties but also with respect to zeta potential values.
Consequently, the formation of a protein corona differs on the
surface of SiQDs, which affects the reaction with the biological
components of the cell culture medium and overall cytotoxicity.
SiQD 1050 in particular were almost completely entrapped
within growing aggregates of proteins which hindered their
access into the cells which, in turn, led to the cytotoxicity of
SiQD 1050 appearing to be relatively low. However, the real
extent of cytotoxicity was revealed under serum-free conditions
indicating that a high amount of SiQD 1050 enter cells despite
the fact that they become undetectable by fluorescence
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microscopes (due to a PL shift to shorter wavelengths with
strong cell autofluorescence and the degradation of PL yield).
On the other hand, SiQD 1100 exhibited a low level of interac-
tion with proteins which enabled cell incorporation even in the
serum-supplemented medium. Thus, these particles are able to
enter cells in the bare state as well as with the addition of
a protein corona although in each case the pathways most
probably differ.

The results provide important findings concerning the in
vitro toxicity of novel co-doped SiQDs and enhance our under-
standing of the complexity of processes acting between SiQDs
and biological environments.
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