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Abstract

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 agueous 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

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

two types of SiQD tested with concern to their behavior in a cell culture environment depending on
increasing concentration (25 — 125 pg/ml) and cultivation conditions (the presence or absence of
proteins from the fetal bovine serum - component of the cultivation medium). Detailed description of
their optical parameters and the evaluation of zeta potential enhance the understanding of the

complexities of the in vitro results obtained.

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)
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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 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 dispersibility in aqueous solutions is also crucial
for bio-application.” Such properties are similar to the afore-mentioned QDs, thus the term silicon
guantum 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

sy 6-12
composition

and some of these properties 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 environment surrounding nanoparticles which accord them a new
identity which differs from that of bare nanoparticle in terms of a number of characteristics

1314 Generally, the concept of the protein corona is given as a

especially their reaction with organisms.
biological identity via which nanoparticles are presented to cells. It has been suggested that the
presence, and possibly the composition, of the protein corona provides the key 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 supplemented 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 cytotoxicity caused by SiO, NPs
may be the result of oxidative stress induced by the production of intracellular reactive oxygen

11,18

species. However, when compared to other types of nanoparticles, e.g. ZnO particles, SiO, NPs

2
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reveal lower cytotoxicity levels dependent on the cell type.”**°

Moreover, a number of papers has
reported a significant correlation between cytotoxicity 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 Bhattacharjee et al. wherein
increasing concentrations from 0.1 ng/ml - 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,

81011 1t is possible to

although the concentrations applied were significantly higher (25 — 500 ug/ml).
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 transport; 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
nanoparticle uptake pathways and most of the experiments conducted in this respect were
performed via the selective gradual blocking of different pathways and the subsequent
determination 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 characteristics (SiQD 1050 — 3 nm size, 750 nm

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

peak emission and SiQD 1100 — 4 nm size, 850nm peak emission) and their influence on a biological
system represented by a human osteoblast-like cell line (SAOS-2) was compared. The main focus 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
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via the co-sputtering of Si, SiO,, B,0Os, 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 (Figure 1d) were obtained using a spectrofluorometer
(Fluorolog-3, Horiba Jobin-Yvon).

The photoluminescence external quantum yield (EQY) of the SiQD suspensions was measured in
specially-designed equipment 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

I.** Under 405 nm excitation and an

technique applied to a thin liquid layer of SiQD in methano
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) (Figure 3 b).

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 HCl were used as titration agents. The SiQD suspensions were titrated

in the acid to base and base to acid direction.

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 streptomycin
(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/cm? onto a 96-well plate (Techno Plastic Products) in triplets

for the measurement of cytotoxicity (100 pl) or onto cell imaging dishes with a 145 um glass bottom

4
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in singlets (Eppendorf) for microscopy purposes (500 ul). 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 evaporated. 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 upg/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 treatment consisted of 125 pg/ml, 50 pg/ml and 25 pg/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 points
depending on the type of assessment. In the case of the serum-free media, an additional volume of
50 pl (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 additional 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-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) compound

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

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.

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
microscope (Nikon) with Mercury Arc Lamp Intensilight HGF1 and equipped with DS-QilMc digital

camera (Nikon) was used in order to acquire 2D fluorescence images of SiQDs at an excitation
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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 Microsystems). The confocal images were processed using
Hyugens software for deconvolution and maximum intensity projection. Imagel) 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 variables. An ANOVA was used to compare differing SiQD
concentrations 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 Figure
1la. 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. Figure 1b shows a transmission
electron microscope (TEM) image demonstrating a QD monolayer without the formation of three-
dimensional agglomerates. Figure 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 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
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oxygen. After around one month’s storage in methanol, the photoluminescence (PL) spectra of SiQD
1050 and 1100 under excitation at 450 nm exhibit PL peaks of around 750 and 850 nm respectively
(Figure 1d). The size-dependence of the PL peak wavelength of B and P co-doped Si QDs has already

been studied in detail.”
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Figure 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).

With respect to the imaging of SiQD in cell cultures by means of fluorescence microscopy (wide-
field or confocal), the presence of so-called autofluorescence (AF) — i.e. the natural fluorescence 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 Figure 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:



Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

RSC Advances Page 9 of 23
View Article Online

DOI: 10.1039/C6RA14430F

(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. Figure 3a shows the slow rate of PL decay for both the SiQD samples and Figure 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 Figure 2c 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

anticipate PL evolution and select the ideal sample.
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Figure 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 Lol
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 T1100 sample is well observed in cell cultures while luminescence of T1050 vanishes.
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Figure3. (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.

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 HCl and 0.02 HCl titration agents. The SiQDs had been titrated
in the acid — base and base — acid direction (Figure 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 (Figure 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 mV).

10
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Figure 4. Zeta-potential evaluation: (a) Titration curves of SiQD 1100 and (b) SiQD 1050 (each point is average
of three measurements). Small graphs show an example of single measurement of zeta potential at pH 7.5 in
(c) SiQD 1100 and (d) SiQD 1050.

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 ug/ml) of two types of SiQD
which was followed by the determination of their metabolic activity after 6, 24 and 48 hours (Figure
5 a, 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.

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 metabolic 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

11
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(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 (Figure 5 c, 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 cytotoxic, the

level of which was further enhanced following 48 hours of incubation.
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Figure 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).

12



Page 14 of 23 RSC Advances
View Article Online

DOI: 10.1039/C6RA14430F

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 fluorescence
microscopy accompanied by a phase contrast for the more precise localization of the SiQD
fluorescence signal within the cells (Figure 6a, b). Confocal microscopy images of cells treated with
the same SiQD concentrations were acquired at the 24-hour time point only (Figure 6 c, d).

Figure 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 from the culture medium itself. The confocal image (Figure 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 (Figure 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 (Figure 6 b). 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

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

aggregates. This observation was confirmed by means of confocal imaging (Figure 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 corresponds well with the data presented in Figure 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.
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(a) SiQD 1100 (b) SiQD 1050

6h

24 h

Figure 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 um) and
confocal images after 24 h of incubation with (c) SiQD 1100 (imaged volume 75.0 x 75.0 x 7.6 pum) and (d) SiQD
1050 (imaged volume 112.6 x 112.6 x 9.5 um).

Subsequently, the same experiments were performed with using the serum-free medium (0%
FBS-medium). Figure 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 aggregates 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 (Figure. 7a) and had a negative impact on cell morphology; moreover, this
led to a significant decrease in cell metabolic activity (Figure 8a). The confocal image (Figure 7c)
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 (Figure 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 disappeared

over time (Figure 7b). The wide-field microscopy data was confirmed by the confocal images in which
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the fluorescence signal was very faint and originated from cell autofluorescence. However, the
results presented in Figure 8b suggest that a reduction in metabolic activity occurred after 24 hours
of incubation (also apparent in the form of changed cell morphology in Figure 7 b) and that at the 48-
hour point the cells had already died.

(a)

SiQD 1100 (b) SiQD 1050

2h

6h

SiQD 1050

24 h

Figure 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 um) 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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Figure 8. Metabolic activity of osteoblasts treated with 50 pug/ml of (a) SiQD 1100 and (b) SiQD 1050 for

different time points.

This report presents the first study performed on the impact of novel Si-based nanoparticles on a
biological environment consisting of a human osteoblast cell culture. The most unique property of
the B and P co-doped SiQDs used consists of their 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
guantum 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,

16



Page 18 of 23 RSC Advances
View Article Online

DOI: 10.1039/C6RA14430F

¢ 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 therefore 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 significantly 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 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 (Figure 5). It is conjectured that this difference may
be linked to the observed formation of dense clusters of SiQD 1050 with serum proteins (see the
fluorescence images in Figure 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 (Figure 6 b, d). Despite this effect, however, a

number of uncovered locations were detected after 48 hours thus providing coarse information on

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

the incorporation of SiQD 1050 into the cells (Figure 6b). This phenomenon was also witnessed with
respect to SiQD 1100 but to a significantly lesser extent which, nevertheless, still allowed for the
visualization of the cells and their incorporation of SiQD 1100. Notably, literature describes this

3 T
>3 Therefore, it is safe to conclude

aggregation effect with respect to other types of nanoparticles.
that the presence of FBS proteins in the cultivation medium strongly influence specific SiQD behavior
and thus their availability and absorption by cells. It may be speculated from the fluorescence images
(Figure 6c) that the SiQD 1100 visible in cell cytoplasm are localized 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 applied concentration level (125 pg/ml) as soon as after 6 hours of incubation

(Figure 5c). 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
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proven by means of fluorescence imaging (Figure 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 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 concentrations of SiQD 1050 tested were
found to be cytotoxic after 24 hours (Figure 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

41,42

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 (Figure 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 (Figure 2c), that the PL of these SiQDs degrades to a significant
extent in aqueous media (i.e. in the natural biological experiment environment). Moreover, it should
be noted 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 (Figure
6b, 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

. 13,35,36,45
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
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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, Figure 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 EQY
ensemble 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

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

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 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 interaction
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 all probability the pathways used differ.

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

environments.

19



Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

RSC Advances Page 21 of 23
View Article Online

DOI: 10.1039/C6RA14430F

Acknowledgements

This study was supported by the project LH14246 Kontakt Il of Ministry of Education, Youth and
Sports of the Czech Republic and by the Visegrad Group (V4)-Japan Joint Research Program on
Advanced Materials (project NaMSeN) and by the project of National Sustainability Program | No.
LO1503. This study was also supported by Charles University in Prague, First Faculty of Medicine
(project PRVOUKP24/LF1/3) and Faculty of Medicine in Pilsen (SVV 260 279/2016).

References

1 K.K.Qian and H. R. Bogner, J. Pharm. Sci., 2012, 101, 444 — 463.

2 E.J.Anglin, M. P. Schwartz, V. P. Ng, L. a. Perelman and M. J. Sailor, Langmuir, 2004, 20, 11264—
11269.

3 F.Erogbogbo, K.-T. Yong, I. Roy, G. Xu, P. N. Prasad and M. T. Swihart, ACS Nano, 2008, 2, 873—
878.

4 Y.Zhong, X. Sun, S. Wang, F. Peng, F. Bao, Y. Su, Y. Li, S.-T. Lee and Y. He, ACS Nano, 2015, 9, 5958—
5967.

5 X.Pi,T.Yuand D. Yang, Part. Part. Syst. Charact., 2014, 31, 751-756.

6 S.E.aGratton, P. a Ropp, P. D. Pohlhaus, J. C. Luft, V. J. Madden, M. E. Napier and J. M. DeSimone,
Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 11613-11618.

7 YangX., Liul., He H., Zhou L., Gong C., Wang X., Yang L., Yuan J., Huang H. and He L., Part Fibre
Toxicol, 2010, 7, 1-12.

8 H. Liang, C. lJin, Y. Tang, F. Wang, C. Ma and Y. Yang, J. Appl. Toxicol., 2014, 34,367-372.

9 J.Kim, H. Kim and M. Kim, 2014, 9, 235-241.

10S. Bhattacharjee, L. H. J. de Haan, N. M. Evers, X. Jiang, A. T. M. Marcelis, H. Zuilhof, I. M. C. M.
Rietjens and G. M. Alink, Part. Fibre Toxicol., 2010, 7, 25.

11S. Bhattacharjee, I. M. C. M. Rietjens, M. P. Singh, T. M. Atkins, T. K. Purkait, Z. Xu, S. Regli, A.
Shukaliak, R. J. Clark, B. S. Mitchell, G. M. Alink, A. T. M. Marcelis, M. J. Fink, J. G. C. Veinot, S. M.
Kauzlarich and H. Zuilhof, Nanoscale, 2013, 5, 4870-83.

12 H. Herd, N. Daum, A. T. Jones, H. Huwer, H. Ghandehari and C.-M. Lehr, ACS Nano, 2013,7, 1961-
1973.

13 M. Cui, R. Liu, Z. Deng, G. Ge, Y. Liu and L. Xie, Nano Res., 2014, 7, 345—-352.

14 E. Roduner, Chem. Soc. Rev., 2006, 35, 583-592.

15 A. Lesniak, F. Fenaroli, M. P. Monopoli, C. Aberg, K. a. Dawson and A. Salvati, ACS Nano, 2012, 6,
5845-5857.

16 M. P. Monopoli, C. Aberg, A. Salvati and K. A. Dawson, Nat Nano, 2012, 7, 779-786.

17 M. Hadjidemetriou, Z. Al-Ahmady, M. Mazza, R. F. Collins, K. Dawson and K. Kostarelos, Acs Nano,
2015, 9, 8142-8156.

18 H.-J. Eom and J. Choi, Environ. Health Toxicol., 2011, 26, €2011013.

19S. W. Ha, J. A. Sikorski, M. N. Weitzmann and G. R. Beck, Toxicol. In Vitro, 2014, 28, 354—364.

20J. Kasper, M. I. Hermanns, C. Bantz, S. Utech, O. Koshkina, M. Maskos, C. Brochhausen, C. Pohl, S.
Fuchs, R. E. Unger and C. James Kirkpatrick, Eur. J. Pharm. Biopharm., 2013, 84, 275-287.

20



Page 22 of 23 RSC Advances
View Article Online

DOI: 10.1039/C6RA14430F

21 M. Fukuda, M. Fujii, H. Sugimoto, K. Imakita and S. Hayashi, Opt. Lett., 2011, 36, 4026—4028.

22 H. Sugimoto, M. Fujii, K. Imakita, S. Hayashi and K. Akamatsu, J. Phys. Chem. C, 2012, 116, 17969—
17974.

23 ). Valenta, Nanosci. Methods, 2014, 3, 11-27.

24). Valenta, M. Greben, Z. Remes, S. Gutsch, D. Hiller and M. Zacharias, Appl. Phys. Lett., 2016, 108,
023102.

25 H. Sugimoto, M. Fujii, K. Imakita, S. Hayashi and K. Akamatsu, J. Phys. Chem. C, 2013, 117, 11850-
11857.

26 X. Liu, Y. Zhang, T. Yu, X. Qiao, R. Gresback, X. Pi and D. Yang, Part. Part. Syst. Charact., 2016, 33,
44-52.

27 E. Flahaut, M. C. Durrieu, M. Remy-Zolghadri, R. Bareille and C. Baquey, Carbon, 2006, 44, 1093—
1099.

28 E. Petryayeva, W. R. Algar and I. L. Medintz, Appl. Spectrosc., 2013, 67, 215-252.

29 R. G. Mendes, B. Koch, A. Bachmatiuk, A. A. EI-Gendy, Y. Krupskaya, A. Springer, R. Klingeler, O.
Schmidt, B. Biichner, S. Sanchez and M. H. Rimmeli, Biochim. Biophys. Acta, 2014, 1840, 160-169.

30S. Chen, C. Zhang, G. Jia, J. Duan, S. Wang and J. Zhang, Mater. Sci. Eng. C, 2014, 43, 330-342.

31 W. Zhang, M. Kalive, D. G. Capco and Y. Chen, Nanotechnology, 2010, 21, 355103.

32

33 A. Asati, S. Santra, C. Kaittanis and J. M. Perez, ACS Nano, 2010, 4, 5321-5331.

34 A. M. El Badawy, R. G. Silva, B. Morris, K. G. Scheckel, M. T. Suidan and T. M. Tolaymat, Environ.
Sci. Technol., 2011, 45, 283—-287.

35 M. P. Calatayud, B. Sanz, V. Raffa, C. Riggio, M. R. Ibarra and G. F. Goya, Biomaterials, 2014, 35,
6389-6399.

36 W. Jiang, K. Lai, Y. Wu and Z. Gu, Arch. Pharm. Res., 2013, 37, 129-141.

37 L. W. Zhang and N. A. Monteiro-Riviere, Toxicol. Sci., 2009, 110, 138-155.

38S. Ohta, S. Inasawa and Y. Yamaguchi, Biomaterials, 2012, 33, 4639-4645.

39 A. Anas, T. Okuda, N. Kawashima, K. Nakayama, T. Itoh, M. Ishikawa and V. Biju, ACS Nano, 2009,
3, 2419-2429.

40 P. Shen, S. Ohta, S. Inasawa and Y. Yamaguchi, Chem. Commun., 2011, 47, 8409-8411.

41 A. Lesniak, A. Salvati, M. J. Santos-Martinez, M. W. Radomski, K. A. Dawson and C. Aberg, J. Am.
Chem. Soc., 2013, 135, 1438-1444.

42 P. Foroozandeh and A. A. Aziz, Nanoscale Res. Lett., 2015, 10.

43 X. Jiang, S. Weise, M. Hafner, C. Rocker, F. Zhang, W. J. Parak and G. U. Nienhaus, J. R. Soc.
Interface R. Soc., 2010, 7 Suppl 1, S5-513.

44 F. Catalano, L. Accomasso, G. Alberto, C. Gallina, S. Raimondo, S. Geuna, C. Giachino and G.
Martra, Small, 2015, 11, 2919-2928.

45 N. A. Monteiro-Riviere, M. E. Samberg, S. J. Oldenburg and J. E. Riviere, Toxicol. Lett., 2013, 220,
286—-293.

Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

21



Published on 28 June 2016. Downloaded by University of California - Santa Barbara on 30/06/2016 14:00:31.

RSC Advances

B,P:Si QD

94 Nm

W:84,99um H:84,99um D:11,60um W:75,01um H:75,01um D:7,60um

182x86mm (250 x 250 DPI)

Page 23 of 23
View Article Online

DOI: 10.1039/C6RA14430F




Publication B

Belinova, Tereza, Lucie Vrabcova, lva Machova, Anna Fucikova, Jan Valenta, Hiroshi Sugimoto,
Minoru Fujii, and Marie Hubalek Kalbacova. "Silicon Quantum Dots and Their Impact on
Different Human Cells." physica status solidi (b) 255, no. 10 (2018). IF = 1.729



:S:S' )

ORIGINAL PAPER SN S ad s
Sl Gl Check for
updates

Group IV-Based Nanostructures

www.pss-b.cor..

Silicon Quantum Dots and Their Impact on Different

Human Cells

Tereza Belinova, Lucie Vrabcova, Iva Machova, Anna Fucikova, Jan Valenta,
Hiroshi Sugimoto, Minoru Fujii, and Marie Hubalek Kalbacova*

Silicon quantum dots (SiQDs) are interesting low-dimensional nanostructures
whose unique optical and electronic properties can be exploited for imaging,
biosensing, or drug delivery. SiQDs with a diameter of around 4 nm co-doped with
boron and phosphorus and evincing fluorescence and dispersibility in aqueous
solutions were studied with respect to their impact on different human cells. The
level of SiQD cytotoxicity in different types of human cells — osteoblasts,
monocytes, macrophages, and mesenchymal stromal cells — was determined.
Exposing the cells to increasing concentrations of quantum dots under different
conditions and the subsequent evaluation of their cytotoxicity provided an
overview of cell-specific reactions to identical doses. The results revealed the
importance of cultivation conditions (e.g., the formation of a protein corona on
nanoparticles originating from the media supplement) as well as the significant
impact of cell type (the increased sensitivity of monocytes to quantum dots in

comparison to other cell types).

1. Introduction

Quantum dots (QDs) are used in the field of biology as an
alternative to traditional organic dyes due to their high
luminescence quantum yields and low photobleaching coef-
ficients.?! Thanks to their optical properties, QDs are
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particularly suitable for use in single
molecule tracking experiments in live cells.
However, QDs are mostly made up of heavy
metals which can be highly toxic with
respect to the Dbiological environment;
moreover, this toxicity may influence the
results (e.g., the triggering of different
reactions such as cell stress resulting in
apoptosis (programmed, physiological cell
death) or necrosis (accidental, non-physio-
logical cell death). Silicon provides a
promising material with respect to QDs
due to its high degree of biocompatibility,
biodegradability and chemical resistance
to pH and temperature changes.**

Several methods are employed for the
introduction of QDs into cells, commonly
used is direct addition of QDs to cultivation
media in vitro or intravenous injection in
vivo. Particles thus administered firstly
interact with the biological environment:
in vitro — interaction with the various components of the
cultivation medium (fetal bovine serum (FBS) as a supplement
and a source of proteins, aminoacids, etc.); in vivo — interaction
with body fluids (plasma as an important component) — prior to
coming into contact with the cells. Interaction with the various
components of the biological environment allows the particles to
acquire a so-called biomolecular corona, that is a layer of
molecules (e.g., proteins, lipids, etc.) extracted from the
environment that bind to the particles in dependence on their
physico-chemical properties (zeta potential, surface termination,
shape etc.).>® This layer then provides the “new surface” of
particles with an identity which is responsible for cell
interaction. By altering the conditions under which QDs are
introduced to the cells, it is possible to alter the way in which cells
interact with the QDs and so modulate the results.” Moreover,
biomolecular corona may not only modify the way of cell-
nanoparticle interaction but also can cause quenching or
enhancing of QDs fluorescence.®!

The cells used in this study consisted primarily of stable cell
lines (SAOS-2 human osteoblast cell line and THP-1 human
monocytic cell line) and primary cells (hMSCs — human
mesenchymal stem cells). SAOS-2 cells were used due to their
well-described properties and behavior. The monocytic cell line
was employed since, if one considers real application in the field
of human medicine, immune cells will be the first cells to
interact with the particles. Moreover, this cell line can be used in
two stages — suspension monocytes and adherent macrophages.
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Healthy mesenchymal stem cells were then used to test the
reaction of primary cells, as opposed to stable lines that are
derived from cancerous cells.

This study involved the testing of silicon-based quantum dots
co-doped with phosphorus and boron on several types of human
cells (monocytes, macrophages, osteoblasts and mesenchymal
stem cells) in order to determine their influence on cellular
viability (metabolic activity and necrosis detection) and, possibly,
the mechanism behind this influence. In addition, the
biomolecular corona variable was studied and its importance
subsequently proved.

2. Results and Discussion
2.1. SiQDs

Figure 1a depicts a transmission electron microscope (TEM)
image of SiQDs placed on a carbon-coated TEM mesh. The QDs
were perfectly dispersed throughout the methanol and, thus, no
agglomerates are evident in the TEM image. The average
diameter of the QDs is 3.9 nm. The lattice fringe visible in the
high-resolution TEM image in the inset corresponds to {111}
plan of Si crystal. Figure 1b shows the PL spectrum of a
methanol solution of SiQDs excited at 405 nm; broad lumines-
cence is observed around 740 nm. This wavelength lies within
the near-infrared window in biological tissue and is suitable for
bio-imaging. The luminescence peak wavelength is slightly
longer than that commonly reported for undoped SiQDs with
comparable sizes.”1%!!

2.2. Cytotoxicity Experiments
2.2.1. Determination of Metabolic Activity

Metabolic activity reflects the activity of mitochondria, which in
other words, reflects cell viability. Different types of cells
(osteoblasts, monocytes, macrophages, and human mesenchy-
mal stem cells) were incubated with SiQDs over differing time
intervals (6, 24 and 48 h) following which their metabolic activity

www.pss-b.com

was measured. The used SiQD concentrations were selected on
the basis of our previous study with similar $iQDs."”’ Incubation
was performed under standard cultivation conditions (the
medium plus 5% FBS) and non-standard conditions (no FBS
presence in the first 6 h of incubation) aimed at preventing the
formation of biomolecular coronas on the SiQDs — the
interaction of the cells with “naked” nanoparticles.

The metabolic activity of osteoblasts (SAOS-2) decreased over
time with respect only to the highest concentration of SiQD
applied (100 ug ml~?) under standard conditions (Figure 2a), and
the cytotoxic level (75% of control) was attained as early as
following 6 h of incubation.!"” Under non-standard conditions, a
decrease in cell metabolic activity was also evident with concern
to those cells incubated with 50pg ml™' SiQD for 48h
(Figure 2b). The difference between the cell reactions to SiQD
under differing conditions might be explained by the presence of
biomolecular corona on those SiQD cultivated under standard
conditions altering, and possibly preventing, the entering of the
particles into the cells and the consequent disruption of cell
processes or organelles."*!

On the other hand, the metabolic activity of hMSCs was
comparable to or slightly less than that of the control cells;
however, in neither case did they reach cytotoxic levels
(Figure 2c,d). Thus, no effects stemming from the formation
of biomolecular corona were apparent with respect to these
primary cells following 24 h of incubation.

An evaluation of the effect of SiQDs with the immune cell line
(THP-1) was conducted employing the two forms thereof, thatis a
suspension of monocytes (cells freely circulating in blood) and
adherent macrophages (cells activated by for example pathogens).

The SiQDs had no impact on monocyte metabolic activity
under standard cultivation conditions (Figure 2e); indeed, they
even appeared to stimulate the cells within the first 6h of
cultivation. After 24 h under non-standard conditions, however,
the cellular metabolic activity decreased to below a cytotoxic level
of 75% with concern to both the 50 and 100pgml™’
concentrations (Figure 2f) which shows that the presence of
corona-forming molecules within the first few hours of
incubation is crucial in terms of the fate of such cells. It is
apparent that “naked” SiQDs damage monocytes in a concen-
tration-dependent manner. Surprisingly, the significant activa-

tion of monocytes” metabolic activity was observed
after 6h, especially under standard cultivation

T conditions, which may be connected with the

Wavelength (nm)

Figure 1. a) Transmission electron microscope (TEM) image of SiQDs. Inset: High
resolution TEM image of a Si QD. b) Photoluminescence spectrum of Si QDs excited at

405 nm.
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. [(b) A =405 nm] commencement of an inflammatory response;
2ol 1 however, this supposition must be subjected to
5 further testing.
£ o6l i The adherent-type immune cells — macrophages
= — exhibited very similar results to those of the
"é 04l i suspension monocytes. No reaction to SiQD
E presence was observed under standard cultivation
& ool | conditions; however, a decrease was evident in

metabolic activity after 24h under non-standard

0.0 g i X ’ conditions (Figure 2gh). The reaction under non-

500 600 700 800 900 1000 standard conditions was more drastic than in the

case of the monocytes, that is even the lowest
concentration of SiQDs decreased metabolic activity
to below the cytotoxic level. Interestingly, the
decrease was not concentration-dependent.
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24h with a decrease in metabolic activity. This
discrepancy may be due to the fact that immortalized
cell lines are of cancerous origin and thus have
different properties to primary mesenchymal stem
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Figure 2. Metabolic activity of different cells (a,b) SAOS-2, (c,d) hMSC, (e,f) monocytes
THP-1and (g,h) macrophages THP-1, incubated with SiQD under standard (with FBS —
a, ¢, e, g) and non-standard conditions (without FBS — b, d, f, h). Relative values are
expressed as a percentage of control sample (untreated cells in adequate cultivation
medium). The star symbol (*) highlights a significant difference from the control in
cultivation medium with 5% FBS (Wilcoxon matched-pairs test, p < 0.05). Letters (A, B,
C) represent grouping according to statistical similarity of the values within one time
point (ANNOVA, Fischer LSD test). Green line shows 100% of control (live cells). Red

line shows 75% of control (cytotoxicity level).

The presence or absence of FBS in the cultivation medium
proved to be a key factor in terms of influencing SiQD-induced
metabolic activity. As can be seen in Figure 2, practically no
reaction can be observed with concern to most of the tested cell
types under standard cultivation conditions in cases where a
biomolecular corona is present. Under non-standard conditions,
the situation changed, that is the reaction of the cells was very
much dependent on cell type. The primary hMSCs evinced no
significant reaction to these SiQDs; however, the stable cell lines
(THP-1 and SAOS-2) responded to the presence of SiQDs after
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cells extracted from healthy donors. Our results
confirm that the biomolecular corona exerts a
significant impact on the cytotoxicity of
nanoparticles.”-*¥

2.2.2. Determination of Cell Death (Necrosis)
w25 ug/ml
w50 ug/ml

In order to determine the mechanism of the
w100 ug/ml

reduction effect of SiQDs on metabolic activity,
the presence of lactate dehydrogenase (LDH) in the
supernatants of osteoblasts and hMSCs was exam-
ined (Figure 3). LDH is an enzyme present inside all
living cells and is detectable in the culture media
only when cellular membrane is disrupted, which is
typical hallmark of necrosis (accidental cell death).
For positive control, the cells were killed using 10%
Triton X and the level of detected LDH was set at
100% (black column). Untreated cells were used for
the negative control (green column). With concern
to the SAOS-2 cells, a certain level of LDH was
detectable in all the samples; while a significant
increase was detected in comparison to the negative
control regarding only the highest concentration
(100 pg ml ™) after 48 h under standard conditions
and at the same concentration, it occurred signifi-
cantly earlier (24 h) under non-standard conditions.
A comparison of the results from metabolic activity
of these cells (Figure 2a,b) with those of LDH led to
an interesting discovery. Even though metabolic
activity decreased significantly with the highest
SiQD concentration after 24h under both condi-
tions, the level of detected LDH proved that no
necrosis occurred. The results obtained under non-
standard conditions after 48 h subsequently showed
a decrease in metabolic activity as well as high levels
of LDH in the cell supernatant. Therefore, it might
be concluded that the cells were significantly
stressed and underwent apoptosis after 24h of
incubation, but that after 48 h, necrosis provided the
metabolic activity decrease mechanism.

Napierska et al. stated that small nanoparticles
(under 15nm in diameter) rapidly affect cellular
viability.“sl In our case, however, it seems that the
cells initially attempt to “deal with” the particles, but
that after longer periods, their toxic impact under non-standard
conditions leads to sudden necrotic death.

Only a very low level of LDH comparable with that of the
healthy non-treated control was detected in hMSCs (Figure 3c,d).
The slight decrease in the metabolic activity of hMSCs and the
lack of an increase in the LDH level above the negative control
implies that the mechanism of the SiQD effect most probably
consists of apoptosis rather than necrosis. Apoptosis induced by
silicon-based nanoparticles has been reported previously; thus,
this mechanism should be subjected to further study.'*!”!

* *

24h

w25 ug/ml
= 50 ug/ml
100 ug/ml

= 25 ug/ml
50 ug/ml
w100 ug/ml

24h
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was not reflected in terms of metabolic activity.
Thus, it might be speculated that the morphology

changes may represent the display of the early stage
of apoptosis, which is not detectable via methods
employed to date. Further experiments are currently
underway aimed at proving this supposition.
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3. Conclusion

The results presented herein provide an interesting
overview of the impact of P and B co-doped SiQD on
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Figure 3. Determination of lactate dehydrogenase activity in cell supernatants indicating
necrosis. SAOS-2 (a) and hMSC (c) cells with SiQD under standard conditions, SAOS-2
(b) and hMSC (d) under non-standard conditions. Relative values are expressed as a
percentage of positive control sample (CTRL dead — cells killed within Triton X). Red line

shows 100 % necrosis.

The possible apoptotic cell death caused by the cultivation of
cells with SiQDs is supported by the microscopic observation of
hMSCs cultivated under non-standard conditions (Figure 4).
Their morphology apparently changed in relation to increasing
concentrations of SiQDs. With respect to the highest SiQD
concentration, the cells were present in comparable amounts to
the control cells but were shrunken. The observed morphology is
commonly known to be related to cellular stress, which, however,

Figure 4. Bright field phase-contrast images of hMSC cells after 24 h in non-standard
conditions (without FBS). a) Control cells without SiQDs, b) 25ugml™' SiQDs, c)
50pug ml~' SiQDs, d) 100 ugml~' SiQDs. Arrows mark distinctive changes in cellular
morphology.
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different types of human cells. The importance of
the biomolecular corona was demonstrated for all
the cell types employed except for hMSCs. The
absence of a biomolecular corona led to a significant
decrease in cellular metabolic activity. The mecha-
nism of this influence is not yet clear; however, the
results obtained imply that cells may undergo
apoptosis. Further research will focus on both the
specific mechanisms involved in apoptosis induc-
tion and on inflammatory response activation of
immune cells. The results provide a general insight
into the potential biomedical application of these
quantum dots.

4. Experimental Section

SiQDs Preparation and Characterization: The SiQDs co-doped with
phosphorus and boron were prepared by means of previously reported
technique."*"®"% Co-doped SiQDs can be dispersed in polar solvents
(water, alcohol) due to the negative surface potential (zeta
potential: —50 mV) induced in the highly phosphorus and
boron co-doped surface, and they exhibit bright size-
controllable luminescence in water over a wide pH range.
The surface of co-doped SiQDs immediately following
preparation is hydrogen-terminated and slowly oxidizes
during storage in the solution, thus the SiQDs were stored
in methanol for more than 30 days prior to use to replace
completely of surface hydrogen atoms with oxygen atoms
and rendered the surface inactive. This replacement was
previously confirmed by FT-IR data that showed almost
complete absence of hydrogen atoms on the surface.?%

The TEM observation of SiQDs was performed using
JEM-2100F electron microscope (JEOL Ltd.) operated at
200kV. The SiQD solution was drop-casted on a carbon
coated TEM mesh in order to obtain viewable sample. The
PL spectra were excited by monochromatized Xenon lamp at
405 nm. Detection was performed by photomultiplier at
500-850nm and an InGaAs photodiode at 800-1400 nm
using spectrophotometer (Fluorolog-3, HORIBA Jobin
Yvon).

Cultivation Conditions: SAOS-2 osteoblastic cell line
(DSMZ, Germany) was seeded at a concentration of
10000 cellscm™ in McCoy's 5A medium (GE Healthcare
— HyClone) supplemented with 15% FBS (Biosera), L-
glutamine (Life technologies), 10 000 U mI™" penicillin and
10ug ml~" streptomycin (both Sigma-Aldrich).

Human MSC obtained from bone marrow blood
aspirated from the posterior iliac crest from healthy donors
after they had provided informed, written consent, were
seeded at the same concentration in alpha-MEM with
phenol red (Thermo Fischer Scientific), L-glutamine (Life

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Technologies) and 10 000U mI™" penicillin and 10 ugm|™" streptomycin
(both Sigma-Aldrich) and supplemented with 10% FBS (Biosera).

A human monocytic cell line THP-1 (suspension monocytes) was
seeded at a concentration of 25000 cellscm™2 in RPMI 1640 medium
(Biowest) supplemented with 10% FBS (Biosera), L-glutamine (Life
Technologies), 10 000U ml~" penicillin and 10ugml~" streptomycin
(both Sigma-Aldrich). In order to obtain adherent macrophages,
160000 cells cm ™2 of monocytic THP-1 was seeded on 6-well plate
(Techno Plastic Products) and cultivated for 72 h in a standard cultivation
medium additionally supplemented with 100 nM phorbol 12-myristate13-
acetate (PMA, Sigma-Aldrich). Following the subsequent stimulation, the
macrophages were seeded at a concentration of 25 000 cells cm 2.

The cells were pre-cultivated on 96-well plates in a CO, incubator at
37°C for 24 h, then they were washed with pre-warmed phosphate buffer
saline (PBS, Thermo Fisher Scientific — Gibco) and the SiQDs were added.

Particles provided in methanol were mixed with deionized water and
placed in a dry bath at 70 °C to allow for the evaporation of the methanol and
thus form an aqueous stock for immediate usage. The stock particles were
diluted in the appropriate cultivation medium (DMEM for SAOS-2 cells,
alpha-MEM for hMSCs and RPMI for THP-1 cells) supplemented with 5%
FBS (ornotsupplemented) and added tothe cellsfor 6, 24 and 48 h. After6 h,
FBS was added to the non-supplemented wells so as to attain a final
concentration of 5% FBS aimed at avoiding cell inhibition and damage due
to a lack of nutrients.

Metabolic Activity Measurements: Colorimetric assay (MTS, Cell
Titer96" AqueousOne, Promega) based on the reduction of tetrazolium
in metabolically active cells to formazan was used to establish metabolic
activity. After 6, 24 and 48 h, the supernatant was stored at —20°C for the
subsequent determination of LDH. The cells were washed with PBS
followed by the addition of 10% MTS solution in the corresponding
media. In the case of the THP-1 cell suspension, the MTS was added
directly to the samples to form a 10% solution inside the plate. Optical
density was measured by means of a microplate reader (Synergy 2, BioTek
Instruments, Inc.) at 490 nm, subtracting the background at 655 nm. The
values obtained were related to the corresponding controls (non-treated
cells) in terms of percentage.

Microscopy Observations: Bright field phase-contrast images for the
visual evaluation of cellular conditions were acquired using a Nikon
Eclipse Ti-S with a Nikon DS-Qi1Mc camera and a Nikon Plan Fluor 10x
Ph1 DL objective.

Detection of Necrosis: A Cytotoxicity Detection Kit (LDH, Roche applied
sciences) was used for the determination of the lactate dehydrogenase
activity of the cell supernatants (markers of disrupted cell membranes and
cell death) according to the manufacturer’s instructions. Optical density was
measured using a microplate reader (Synergy 2, BioTek Instruments, Inc.) at
490 nm, subtracting the background at 600 nm. The values obtained were
related to the corresponding controls (the positive control was acquired via
treatment with 10% Triton X (Sigma Aldrich) — dead cells).

Statistical Analysis: The data presents the means of all the experiments
with error bars representing standard deviations. The non-parametric
Wilcoxon matched pairs test and ANOVA (Fischer LSD test) were used for
significance determination (P value of 0.05 and less) and grouping
respectively. The statistical analysis was performed using STATISTICA
software (StatSoft, Inc.).
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Abstract: Ultra-small nanoparticles with sizes comparable to those of pores in the cellular membrane
possess significant potential for application in the field of biomedicine. Silicon carbide ultra-small
nanoparticles with varying surface termination were tested for the biological system represented
by different human cells (using a human osteoblastic cell line as the reference system and a
monocyte/macrophage cell line as immune cells). The three tested nanoparticle surface terminations
resulted in the observation of different effects on cell metabolic activity. These effects were mostly
noticeable in cases of monocytic cells, where each type of particle caused a completely different
response (‘as-prepared’ particles, i.e., were highly cytotoxic, -OH terminated particles slightly
increased the metabolic activity, while -NH, terminated particles caused an almost doubled metabolic
activity) after 24 h of incubation. Subsequently, the release of cytokines from such treated monocytes
and their differentiation into activated cells was determined. The results revealed the potential
modulation of immune cell behavior following stimulation with particular ultra-small nanoparticles,
thus opening up new fields for novel silicon carbide nanoparticle biomedical applications.

Keywords: nanoparticles; silicon carbide; cytotoxicity; immune cells; osteoblasts

1. Introduction

The knowledge of nanoparticles (NPs) and their potential application in the field of biomedicine as
drug delivery [1,2], therapeutic [3-5], and diagnostic platforms and imaging devices [6] have improved
significantly over recent years. While particles of different materials and sizes have been studied in
detail, only a limited numbers of studies on ultra-small NPs, with sizes of less than 5 nm, have been
reported [7-9]. Ultra-small silicon carbide NPs, the study of which remains exceptional, are particularly
interesting not only due to their biocompatibility and biodegradability [10-12] but also due to their
extremely small size (approximately 4 nm). The potential use of such particles in biomedicine is,
however, only partially understood; only a small number of isolated studies taking advantage of their
natural fluorescence have been conducted to date [11,13,14]. Moreover, the differing surface termination

Nanomaterials 2020, 10, 573; d0i:10.3390/nano10030573 www.mdpi.com/journal/nanomaterials
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of otherwise identical NPs is of particular interest due to the potential for further modification and
cluster formation as well as in terms of their influence on the overall cellular response [15-18].

As soon as any NP is administered into a biological fluid (a cultivation medium in vitro or blood
in vivo), the particles form a new identity from the various components of the surrounding environment
that is widely known as the biomolecular or protein corona (PC) since it is formed by biomolecules and,
principally, by proteins [19]. This new identity then serves as a particle-cell interaction mediator [20-22].
While in in vivo experiments the PC is present constantly and changes over time, the interaction of NPs
with cells in vitro can also be tested without the PC (incubation in the medium without fetal bovine
serum (FBS) supplementation) which may assist in the understanding of the impact of the NP material
itself. Naturally, the commonly presented PC concept cannot be applied in the case of ultra-small NPs
since they are mostly of the same size or smaller than the individual components (proteins) that usually
form the corona; however, their interaction with FBS proteins should not be overlooked [23].

Any application conducted in vivo should be preceded by a complex study of NP—cell interaction
in vitro that must not only take into account the response of tissue-specific cells but also include a broader
view of the future administration of the particles into living organisms (e.g., ingestion, inhalation, or
intravenous application). Regardless of the administration method, immune cells are likely to be the
first type of cells to respond to the presence of NPs in the body since their purpose is to find and
react with foreign agents. The method used to introduce NPs into the living organism determines
the types of immune cells that respond—monocytes (cells freely circulating in the blood), dendritic
cells (cells mostly found in diverse epithelia), or macrophages (tissue-specific cells). Numerous studies
have been conducted regarding the influence of various NPs on the immune cell metabolism, the
mitochondrial state, and overall viability [24,25], as well as their response to allergic and inflammatory
reactions [26-28]. Such data is able to assist in both revealing the potential cytotoxicity of NPs and
elucidating the mechanisms via which NPs influence cells. Although NPs are viewed primarily as
simple carriers, recent studies have reported their immunomodulating properties [5,29-31].

Herein, three size-identical ultra-small silicon carbide (SiC-based) NPs varying only in their surface
termination—NPs as prepared (S5iC—x), NPs with NH; groups (SiC-NH;) and NPs with OH groups
(SiC-OH) on their surface—were studied in the scope of the biological environment. These NPs are
shown to have a different impact on various cell types (osteoblasts, monocytes, and macrophages).
Influence on the cellular metabolic activity as well as on the state of mitochondria and production of
cytokines in short term cultivation is shown with respect to immune cells, indicating the possibilities for
further applications of such NPs and showing the crucial importance of surface termination of such NPs.

2. Materials and Methods

2.1. Nanoparticle Preparation and Characterization

SiC nanocrystals were prepared via the wet chemical etching method, as reported previously [32,33].
The particles were then terminated with a variety of oxygen-containing species with a high concentration
of carboxyl groups [33]. The preparation of the OH-terminated nanoparticles (SiC-OH) involved the
reduction of SiC—x NPs via NaBHj in an aqueous solution [34]. The SiC-OH were then silanized for the
preparation of the SiC-INH, particles. Briefly, after changing the solvent from deionized water to ethanol
with a 1kDa Pall Macrosep ( Pall Co., New York, NY, USA) filter, 10 uL/mL of (APDMES, Sigma-Aldrich,
St. Louis, MO, USA) was added to the solution at 40 °C for 2 h. The excess reactant was removed,
and the solvent was changed back to DI water with a 1kDa Pall Macrosep filter. Size distribution of
NPs was measured by means of atomic force microscopy (AFM, Bruker Dimension Icon atomic force
microscope using Bruker (Bruker, Palaiseau, France) Tapping mode and Bruker MPP-11100-10 probe
(Bruker, Palaiseau, France), Pall Macrosep). Fourier transform infrared spectra (FTIR) was measured
using Bruker Tensor37 (Bruker Co., Billerica, MA, USA) spectrometer equipped with a zinc selenide
horizontal multi bounce attenuated total internal reflection accessory, and nuclear magnetic resonance
spectra (NMR) was measured using Varian NMR System (Varian, Palo Alto, CA, USA), 600 MHz.
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2.2. Zeta Potential Determination

The zeta potential () of the SiC-based NPs was determined in water (standard solution), DMEM
and RPMI 1640 media as well as in both the media with the addition of 5% FBS. The differing NPs in
the same amount were pre-incubated overnight in the respective solutions under constant rotation at
room temperature (RT). The NPs were centrifuged at 13,000 g for 30 min at RT. The pellet was washed
in phosphate buffer saline (PBS) and centrifuged; the process was repeated six times. The final pellet
was resuspended in 100 uL of PBS and subsequently diluted with distilled water to achieve a maximal
conductivity of 1.5 mS/cm and measured immediately. The { was measured using a Zetasizer Nano
Series and software Malvern Zetasizer software ver. 7.13 (Malvern Pananalytical Ltd., Malvern, UK).

2.3. Cell Culture

The human osteoblastic cell line (SAOS-2, DSMZ, Braunschweig, Germany) was cultured in
McCoy’s 5 A medium (GE Healthcare — HyClone, Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 15% FBS (Biosera, Nuaille, France), L-glutamine (Life Technologies, Thermo Fischer Scientific,
Waltham, MA, USA), 10,000 U/mL of penicillin and 10 pg/mL of streptomycin (both Sigma-Aldrich,
St. Louis, MO, USA) in a CO, humidified incubator at 37 °C. The human monocytic cell line (suspension,
THP-1, ATCC) was cultured in RPMI 1640 medium (Biowest, Nuaillé, France) supplemented with 10%
FBS (Biosera, Nuaille, France), L-glutamine (Life Technologies, Thermo Fischer Scientific, Waltham,
MA, USA), 10,000 U/mL of penicillin and 10 ug/mL of streptomycin (both Sigma-Aldrich, St. Louis, MO,
USA). The differentiation of the suspension monocytic THP-1 cells into adherent macrophage-like cells
was performed via the following method. The cells were seeded at a concentration of 160,000 cells/cm?
on 6-well plate and cultivated for 72 h in a standard cultivation medium supplemented with 1 uM of
phorbol 12-myristatel13- acetate (PMA, Sigma-Aldrich, St. Louis, MO, USA). The adherent THP-1 were
then trypsinized and used for further experiments. The differentiation of the suspension monocytes into
dendritic-like cells was induced via the cultivation of the cells in 2 ml of standard cultivation medium
supplemented with 0.1 pg/mL of GM-CSF and 0.1 ug/mL of IL-4 (both Thermo Fischer Scientific,
Waltham, MA, USA) for 72 h, whereupon 1 ml of fresh standard cultivation medium supplemented
with GM-CSF and IL-4 was added followed by cultivation for further 48 h (5 days of treatment in total).

2.4. Metabolic Activity Determination

The adherent cells were pre-seeded in the respective standard cultivation medium at a concentration
of 10,000 cells/cm? in 96-well plates for 24 h. The cells were then washed with pre-warmed PBS and
the NPs (25, 50, and 100 ug/mL) in the corresponding medium (DMEM for SAOS-2 and RPMI 1640
for adherent THP-1), supplemented with 5% FBS or non-FBS-supplemented, were added to the cells;
corresponding blanks were also prepared (only the medium with the NPs). After 6 h, the medium
with the NPs was replaced with the corresponding NP-free medium supplemented with 5% FBS and
cultivation continued up to 24 h. The medium was then discarded and fresh medium with 10% MTS
solution was added to the wells. MTS colorimetric assay (Cell Titer961®Aqueous One, Promega,
Madison, WI, USA) was used for metabolic activity testing purposes. The optical density was measured
(Labsystem Multiskan MS, Vantaa, Finland) at 492 nm and 620 nm as the reference. The corresponding
blanks were subtracted and the data was presented as a percentage of the control values (untreated cells).

In the case of the THP-1 suspension (monocytes), the cells were seeded on 96-well U bottom plate
at a concentration of 10,000 cells/cm? in 90 pL of medium supplemented with 5% FBS and with no FBS
supplementation. Subsequently, 10 pL of NPs diluted in the corresponding medium were added so
as to attain final concentrations of 25, 50, and 100 pug/mL. The cells were incubated in a humidified
CO; incubator at 37 °C on a shaker. After 6 h, the appropriate amount of FBS was added to the
non-supplemented wells (non-standard conditions) so as to attain a final concentration of 5% FBS, and
the shaker was switched off. With respect to the MTS measurement, the plates were centrifuged (210 g,
5 min, RT) and 50 uL of the supernatant was aspirated and stored in a freezer for further processing
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(cytokine detection assay). 50 uL of 20% MTS solution in 5% RPMI was then added so as to attain a
final concentration of 10% MTS in the sample. The cells were slightly resuspended and incubated for
2 h in the humidified CO, incubator at 37 °C. The optical density was measured as described above.

2.5. Flow Cytometry Determination of the Cell Number, Mitochondrial Mass, and Potential

The suspension THP-1 cells were cultured and treated as described above with a volume of 250 uL
(8250 cells/well) for the cell number analysis. The 96-well U bottom plate was transferred after the
desired incubation time to a flow cytometer (BD FACS Canto, Franklin Lakes, NJ, USA) and the total
cell count in a volume of 50 uL. was calculated.

The cells were cultured in 6-well plates at a concentration of 10,000 cells/em? (without FBS
supplementation) with 100 pg/mL of NPs for the detection of the mitochondrial mass and potential.
The cells were incubated in the humidified CO; incubator at 37 °C on a shaker. After 6 h, the appropriate
amount of FBS was added so as to attain a final concentration of 5% FBS, and the shaker was switched
off; cultivation continued up to 24 h. The cells were then transferred to FACS tubes and stained using
MitoTracker™ probes. The mitochondrial mass was detected using MitoTracker™ Green FM (M7514,
Invitrogen, Carlsbad, CA, USA) and the mitochondrial potential using MitoTracker™ Red FM (M22425,
Invitrogen, Carlsbad, CA, USA). The incubation time of the cells with both probes was 30 min in the
humidified CO, incubator. The positive control (cells with an uncoupled mitochondrial membrane
potential) was first treated with 1 mM of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone
(FCCP, Sigma Aldrich, St. Louis, MO, USA) in the cultivation medium for 30 min in the humidified CO,
incubator at 37 °C and then stained employing the aforementioned procedure. The stained samples
were analyzed using flow cytometry (BD FACS Canto, 20,000 cells per sample). The data obtained
were processed via FlowJo software (FlowJo LLC, version 10.6.1, Franklin Lakes, NJ, USA ).

2.6. Histological Staining for the Morphological Analysis

The suspension THP-1 cells were seeded at a concentration of 10,000 cells/cm? in 6-well dishes in
RPMI medium with 5% FBS containing 100 pug/mL of particles. The cells were cultured for 4 days,
whereupon 0.5 ml of RPMI medium with 50% FBS was added so as to provide sufficient nutrients.
The cultivation proceeded for other 3 days. Then the cells remaining in the suspension were spun
(300 g, 10 min, RT) and the adherent cells harvested using a standard procedure. All the acquired
cells were mixed together, spun (300 g, 10 min, RT) and resuspended in PBS. An approximately 10 uL
drop of cell suspension was smeared on a glass slide and allowed to dry. The slides were then fixed
in methanol (5 min, RT) and stained employing May-Griindwald-Giemsa-Romanowski staining.
The slides were analyzed by means of light microscopy (Olympus IX71, Tokio, Japan) with a color
camera (Olympus DP74, 100x UPlanPI objective with oil immersion, Tokio, Japan).

2.7. Cytokine Detection

Supernatants from the metabolic activity tests were used for cytokine detection purposes.
The positive control (monocytes stimulated to inflammation) involved the treatment of the cells with
lipopolysaccharide (LPS, 50 pug/mL, E. Coli O111:B4, Sigma-Aldrich, St. Louis, MO, USA) in the same
manner as the NP-treated cells. A Human Cytokine Antibody Array (ab133997, Abcam, Cambridge,
United Kingdom) was used according to the manufacturer’s manual. The chemiluminescence data
was acquired using the ChemiDoc MP (BioRad) system and the data was processed using ImageLab
software (BioRad, version 6.0.1., Hercules, CA, USA). The data were normalized and expressed as a
percentage of the untreated control.

2.8. Statistical Analysis

All the data were presented in the form of the means of all the experimental values related
to the control from three biologically independent experiments running in duplicate (at least) with
error bars representing the standard deviations. The data were statistically processed using Statistica
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software (StatSoft Inc., version 12, Tulsa, OK, USA). Remote and outlier values were subtracted based
on box graph visualization. The statistical significance against the control was calculated using the
non-parametric Wilcoxon matched-pairs test with p-values of 0.05 and less.

3. Results

3.1. Nanoparticle Preparation and Characterization

The preparation of SiC—x and SiC-OH NPs has been reported previously [32-34]. SiC-NH, NPs
were prepared from SiC-OH NPs via silanization as described in Materials and Methods. Figure 1A
shows the infrared spectra of all the SiC-based NPs. In the case of the SiC—x NPs, the majority of the
surface groups are carboxyl groups (COOH). Following the elimination of the carboxyl groups using
NaBHy, reduction is clearly visible from the disappearance of the peak at 1724 cm™, and the shift
and shrinkage of the OH related peak at around 3000 cm™! renders the surface hydroxyl terminated
(blue curve—SiC-NHj). The presence of 3-aminopropyl(diethoxy)methylsilane (APDMES) used
for the preparation of the SiC-NH; enhances the C—O-Si related peak at around 1040 cml. New
peaks appear due to the presence of C-C, C-H and N-H bonds at around 1400-1500, 2800-300, and
1550-1650 cm™, respectively.
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Figure 1. Characterization of the SiC-based NPs. The FTIR spectra (A) and size distribution (C) of the
SiC-based NPs with differing surface terminations based on AFM measurement of individual NPs

height. The NMR spectra of APDMES and SiC-NHj (B).

Nuclear magnetic resonance (NMR) also indicated the presence of APDMES (Figure 1C).
The disappearance of the detectable ethoxy part indicates that all the APDMES hydrolyzed during the
reaction, and the lack of the existence of Si-OH groups indicates that the APDMES is linked to the
surface. Hydrolyzed but non-linked APDMES has an Si-OH group that was detectable only in the
control, i.e., not in the SiC-NH; NP sample, thus indicating successful surface modification.
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Atomic force microscopy (AFM, over 300 particles for each particle type) measurements revealed
that the height of SiC-based NPs was under 5 nm (Figure 1B). No significant changes were observed
following surface modification, with the exception that the mean size shifted slightly from 1.5 nm to
1.7 and 1.8 nm for the SiC-OH and SiC-NH, respectively, which was caused by a certain degree of
aggregation. Nevertheless, the mean sizes of the SiC-based NPs applied in this study were 1.5 nm,
1.7 nm, and 1.8 nm for the SiC—x, SiC-OH, and SiC-NH, NPs respectively.

3.2. Determination of Zeta Potential in Different Solutions

The behavior of NPs is closely related to their zeta potential (), which reflects the stability of the
colloidal suspension of the NPs. By approaching parameter ¢ to 0 mV, the colloidal stability worsens,
as the NPs attract each other and agglomerate. The NPs used herein were prepared as a stock solution
in water and the influence of the biomolecules that originated from the cell cultivation media on the ¢
was assessed. Thus, Dulbecco’s modified Eagle medium (DMEM) (experimental cultivation medium
for osteoblasts) and RPMI 1640 medium (a standard cultivation medium for monocytes/macrophages)
were used as appropriate solutions for the estimation of ¢ under biological conditions—in particular
cases supplemented with FBS. All the NP types in water exhibited approximately the same (, i.e.
around —35 mV (Figure 2). The transfer of NPs into the cell cultivation media shifted the ¢ to around
-45 mV. Parameter (, decreased only for the SiC-OH NPs in the RPMI medium that evinced into low
colloidal stability. The value of ¢ of the SiC—x NPs in the DMEM medium is not presented since
the SiC—x NPs evinced such a high surface charge (C of higher than +50mV) that they could not be
centrifuged out and analyzed. The media supplemented with 5% FBS resulted in a shift in the ¢ back
to approximately -30 mV, which is considered to be the colloidal stability level [35,36].
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Figure 2. Value of  for the SiC-based NPs in different solutions. Parameter ¢ was measured on NPs in
water, DMEM and RPMI 1640 with and without the addition of 5% FBS.

3.3. Metabolic Activity of the Different Cells Following NP Treatment

The metabolic activity of the different cells (human osteoblasts—SAQOS-2; and monocyte/macrophages
—THP-1) following their exposure to SiC-based NPs was measured using the MTS test under standard
(5% FBS in the medium from the outset) and non-standard (no FBS in the medium for the first 6 h
followed by incubation in the medium supplemented with 5% FBS) conditions.

Figure 3A shows that the metabolic activity of a well-described and established osteoblastic cell
line under standard conditions was not affected by any of the concentrations and types of NPs used.
The metabolic activity was approximately at the same level as the control (untreated) cells in all cases.
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In the case of non-standard conditions (Figure 3B), the metabolic activity after 6 h was comparable to
that under standard cultivation conditions. However, after 24 h of incubation, the cellular metabolic
activity of the SiC-NH, and SiC—OH NPs at higher concentrations increased significantly.
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Figure 3. Metabolic activity of human cells treated with SiC-based NPs. Osteoblasts (SAOS-2) (A,B),
adherent THP-1 (macrophage-like cells) (C,D), and suspension THP-1 (monocytic cells) (E,F) under
standard cultivation conditions (A,C,E) and non-standard cultivation conditions (B,D,F). The data is
presented in the form of means, deviation marks represent the standard deviation, the star symbol
(*) denotes statistically significant changes against the control levels (Wilcoxon matched-pairs test,
p < 0.05). The long dashed line shows 100% of the untreated control, the short dashed line shows 75%
of the untreated control (cytotoxic level).

The human monocytic cell line—THP-1—was cultivated in two forms, i.e., as a suspension of
monocytes and as substrate-adherent macrophage-like cells. Both these types of immune cells were
tested for their metabolic activity following the administration of the differing SiC-based NPs.

In the case of tissue-specific, macrophage-like cells, the obvious effect of FBS medium supplementation
was observed. Within the first 6 h of incubation under standard conditions, none of the NPs (with PCs)
significantly affected the cellular metabolic activity (Figure 3C). A visible cytotoxic effect (metabolic
activity under 75% of the control [37]) was observed later (after 24 h of incubation) with respect only to
the two highest SiC—x NP concentrations. Under non-standard conditions (bare NPs), the metabolic
activity was significantly reduced after 6 h by all the NP types and concentrations (Figure 3D). Moreover,
all the NPs had attained the cytotoxic level at this time point at the highest concentration applied. After
24 h of incubation, substantial differences were observed between the differing NP types. After 6 h, the
negative impact of the SiC-NH, NPs on the cells was insignificant; these NPs appeared to be harmless.
Conversely, the SiC—x and SiC-OH NPs were significantly cytotoxic with the effect being dose-dependent.

With respect to the monocytes under the standard cultivation conditions (Figure 3E), after 6 h most
of the NPs had not induced any changes in the cell metabolic activity, with two exceptions. The SiC-OH
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NPs at the highest concentration reduced the metabolic activity to the cytotoxic level and the SiC—x NPs
at the lowest concentration significantly increased the metabolic activity of the monocytes. After 24 h,
the SiC—x NPs at the highest concentration reduced the monocytic metabolic activity to the cytotoxic
level. The metabolic activity of the cells treated with SiC-OH NPs remained at or returned to the level
of the untreated control cells. However, the SiC-NH, NPs markedly increased the metabolic activity of
the monocytes (to around 200% of the control) after 24 h. Under non-standard conditions (Figure 3F),
the metabolic activity was slightly reduced in all the cases after 6 h; however, after 24 h the situation
was similar to that of the standard cultivation conditions. Again, the only cytotoxic NPs consisted
of the SiC—x NPs at the highest concentration applied, whereas the SIC—-OH NPs were at the level of
the control cells and the SiC-NHj treated cells again, surprisingly, doubled their metabolic activity
compared to the control.

The tested NPs induced such significant differences in the metabolic activity of the suspension
monocytes that further experiments were initiated focusing on these cells as treated with the highest
applied NP concentration under non-standard cultivation conditions for 24 h.

3.4. Cell Number, Mitochondrial Mass, and Mitochondrial Potential

On that account these monocytes were further characterized with respect to the cell number
(Figure 4B), mitochondrial mass (Figure 4C) and mitochondrial potential (Figure 4D) because each of
them can influence the metabolic activity determined by used method (MTS assay). This method is
based on the conversion of a tetrazolium compound to a colored formazan product which is presumably
accomplished by NADPH or NADH produced by dehydrogenase enzymes in metabolically active
cells. These dehydrogenases are located in mitochondria as well as in cytosol. In spite of their differing
metabolic activities (Figure 4A), the number of monocytes was comparable following treatment with
differently-terminated SiC-based NPs (Figure 4B). Even though the SiC—x NP treated cells demonstrated
a statistically significant decrease in their number (to 95% of the control cells), it did not reflect the
significant decrease in their metabolic activity (to 50% of the control cells) (Figure 4A).
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Figure 4. Metabolic activity (A), cell number (B), mitochondrial mass (C), and mitochondrial potential
(D) after the 24-hour treatment of monocytes with differing SiC-based NPs. The data is presented in
the form of means, deviation marks representing the standard deviation, the star symbol (*) denotes
statistically significant changes against the control levels (Wilcoxon matched-pairs test, p < 0.05).
The dashed line shows 100% of the untreated control.



Nanomaterials 2020, 10, 573 9o0f17

In order to monitor the role of mitochondria in the increased metabolic activity, the overall
mitochondrial mass and membrane potential were evaluated using flow cytometry. Figure 4C shows
no significant differences in the mitochondrial mass (determined using a fluorescent probe independent
of the mitochondrial potential) observed for the cells treated with all three types of NPs tested over 24 h.
The determination of the mitochondrial membrane potential was conducted in the same manner as that
of the detection of the mitochondrial mass; however, the probe accumulation in mitochondria is highly
dependent on their membrane potential as confirmed via FCCP, which was used as an uncoupling
agent. As shown in Figure 4D, the SiC—x NPs significantly decreased the mitochondrial potential of
the monocytes. Surprisingly, the same phenomenon was also observed in the cells incubated with
SiC-NHj; particles whose metabolic activity (Figure 4A) was particularly high. The SIC-OH NP treated
cells evinced a non-significant decrease in their mitochondrial potential that was comparable to the
untreated control.

3.5. Cytokine Release from the Monocytes Following Treatment with Differing SiC-Based NPs

Cytokines play a key role in cell signaling and this role is even more important in the immune
system in terms of mediating its response to different irritating agents. A broad panel of 42 cytokines
was tested in order to determine the most important molecules related to the effect of SiC-based NPs
on monocytes. Following normalization to the NP untreated control, various cytokine profiles induced
by differently-terminated SiC-based NPs were detected (Figure 5). The release of all the detected
cytokine types from the cells treated with SiC—x NPs was generally lower than those treated with
SiC-NH; and SiC-OH NPs. The pro-inflammatory cytokine interleukin 8 (IL-8) was the only cytokine
released at a significant level by the SiC—x NP stimulated cells. High levels of IL-8 were also detected
in the cells treated with other types of NPs. Moreover, treatment with SiC-NH, and SiC—-OH NPs
induced a significant increase in a variety of cytokines such as pro-inflammatory MCP-1, RANTES,
and IL-1p and pro-mitogenic GRO-x compared to the untreated control and the cells treated with
SiC—x NPs. All of these cytokines were also produced by the positive control cells (cells treated with
lipopolysaccharide—LPS), but at an elevated level.

1000 ‘ = SiCx
K :gg] ! B SiC - NH2
& 500 g SiC - OH
o \ SN LPS
S 400 !
& 300 : .
S 200 I E E
5 10047 y N
S 114 11 111 I |
Q@ & & Q\'»o'»:bk 50’\56\0.:\,’5% fo« o@ &
‘\oz & \“‘Q\v \v\ VYV VYV VYV VIV &&c&o“ F S * 4" 0“«?&\%“«\“ é‘g‘o“o‘" &
QY & oo
Yo O
1\’(‘

Figure 5. Cytokines detected in the supernatant from the suspension THP-1 monocytes. Cells were
treated with 100 pg/mL of SiC-based NPs or LPS under non-standard conditions. After 24 h of incubation,
cell supernatant was harvested and analyzed for the presence of a broad panel of cytokines. The data
was normalized and is presented as a percentage of the untreated control supernatant levels. The error
bars show standard deviation. The dashed line shows 100% of the untreated control.

3.6. Morphological Changes in the Cells Following Long-Term Treatment with SiC-Based NPs

Since no change was observed in the monocyte morphology following short-term incubation
(24 h) with NPs of differing surfaces, the long term (7 days) influence of the various SiC-based NPs
(100pg/mL) on the monocytic cells was determined; Figure 6 shows the representative morphology of
the most commonly-found cells. The control monocytes (Figure 6D) were treated in the same way as the
other NP-treated cells (6 h incubation in FBS-free medium, the rest of the incubation time in the medium
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supplemented with 5% FBS). After 7 days, the cells demonstrated only slight changes in the cytoplasm
content compared to fresh THP-1 cells sub-cultured in the standard way (Figure 6F). More dramatic
changes were observed in all of the NP-treated cells. All of the SiC—x NP treated cells were found
to be dead and only cell debris could be observed (Figure 6A). Treatment with SiC-NH, (Figure 6B)
induced an increase in the total number of cells (data not shown) compared to all the other samples,
and a significant number of adhered cells with a macrophage-like morphology similar to the cells that
were chemically-differentiated into macrophage-like cells (Figure 6G). However, a high number of cells
remained in suspension with a morphology similar to the control monocytes (Figure 6D). An interesting
mixture of morphology types was observed with respect to SiIC-OH treatment (Figure 6C;_3). While a
portion of the cells revealed a macrophage-like morphology (Figure 6C3) as in the SiC-NH, treated
cells (Figure 6B), some of the cells also acquired a dendritic cell-like morphology (Figure 6C;) similar
to the cells that chemically-differentiated into dendritic-like cells (Figure 6E). The remaining cells were
either dead (only a small number) or resembled fresh THP-1 cells (Figure 6C;).

A C,

o E

Figure 6. Microscopic analysis of the morphological changes on the THP-1. Representative images of
the monocytic THP-1 cells after 7 days of incubation with 100 ug/mL SiC—x NPs (A), SiC-NH, (B) and
SiC-OH (C1—denderitic cell-like; C;—monocytic; and Cz—macrophage-like). Control cells (monocytes,
incubated in the same manner as the NP-treated cells (10,000 cells/cm?) (D), chemically-differentiated
monocytes to dendritic-like cell morphology (E), monocytes (kept in the culture — 133 000 cells/cm?)
(F), and chemically-differentiated macrophage-like cells (PMA treatment) (G). All the images were
captured at 100x magnification; the scale bar represents 10 pm.

4. Discussion

It is known that the majority of particles tend to change their ¢ following the transition into
biological fluids [38,39]. Even though amine-terminated surfaces usually have positive zeta potential
in salt-free solutions and acidic pH, the data presented herein showed highly negative ¢ in case of
SiC-NH; NPs. This could be explained by incomplete functionalization of the NP surface. SiC-based
NPs are rich in surface groups as one can see in the FTIR spectra (Figure 1A). The overall zeta potential
is determined by the salinity and counterions in the solution, the pH, and the surface chemistry.
Among the amine groups, SiC—-NH, NPs surface likely contains unreacted hydroxyl and silanol groups,
and C=C double bonds. This influences the surface potential because of the small distance between
particular hydroxyl groups [33], sterical hindrance is expected. The SiC-based NPs presented herein
proved to be fully dispersed both in water and in the cultivation medium even when supplemented with
FBS, which suggests that the particles remained in the colloid and thus were able to interact with the
cells as individual entities. However, a negative { may prevent direct contact with a negatively-charged
cellular membrane. Nevertheless, the effect induced by the SiC-based NPs on the various cells is
apparent, thus indicating the existence of interaction. Moreover, other research has pointed out
the potential for NP-cell interaction under such conditions [40-42]. The only exception where the ¢
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was shifted to a surface charge range that favored cluster formation involved the SiC—OH particles
incubated in the RPMI 1640 medium. This shift was not observed for the DMEM medium and, from
the simple comparison of the media composition, it was not possible to determine a clear link. Some
ingredients were presented at strikingly different concentrations (e.g., sodium phosphate monobasic in
the RPMI compared to the DMEM (800 mg/l and 125 mg/1 respectively)), which may have been the
reason for such a change. The dramatic drop in the  potential of the SiC—-OH NPs (to -17 mV) in the
RPMI medium was restored to the ¢ corresponding to the stable colloidal solution when the NPs were
incubated in the RPMI medium supplemented with FBS. Thus, in this case, the FBS inhibited aggregate
formation. The aggregation preventive properties of FBS have already been described by Balek et al.
concerning nanodiamonds [43].

The concentration gradient of the NPs used herein was based on our previous research on
different types of ultra-small silicon-based NPs [42,44]. In both of these studies, said concentration
gradients proved to have an impact on metabolic activity of osteoblastic cell line (SAOS-2). Surprisingly,
the results showed that irrespective of the NP surface termination, concentration, and cultivation
conditions, none of the SiC-based NPs exerted a significant effect on the metabolic activity of these
cells in the short-term experiment (24 h). In context of further results presented herein, it seems that
used doses of NPs are inert in respect of osteoblasts but cause response in much more responsive cells
such as immune cells. Furthermore, the slight elevation in the metabolic activity of the osteoblasts
treated with SiC-NH, and SiC—OH after 24 h of incubation indicated possible cell-NP interactions
with potentially longer manifestation times.

The same NPs were also tested with respect to tissue-specific immune cells (adherent THP-1
cells, sometimes referred to as macrophage-like cells). In this case, the initial FBS supplementation
of the cultivation medium and, thus, the immediate formation of PCs on the NPs, proved to be
the overall key factor that protected the cells from an NP-induced decrease in metabolic activity.
This finding corresponds with the previously reported cell-protective impact of protein adsorption
onto NPs [20,21,29]. However, this protective effect was not sufficient to prevent a decrease in the
metabolic activity of the cells treated with the two highest SiC—x NP concentrations after 24 h. Under
non-standard cultivation conditions, the bare NPs (without PCs) initiated a significant decrease in the
metabolic activity of these cells after a short incubation period. However, following the removal of
the medium containing the NPs and its replacement with a fresh FBS-containing medium (at the 6 h
time point), the effect of the SIC-NH; NPs was neutralized and the cell activity was restored to the
level of the untreated cells. A similar protective effect of PC was observed in the cells treated with
the lowest concentration of SiC—x NPs. Moreover, the higher SiC—x NP concentration accentuated the
harmful effect of these NPs, which could have meant that the SiC—x NPs induced irreversible harm
to the cells within the first 6 h of incubation, while the SIiC-NH; NPs were less harmful and may
have initiated apoptotic rescue mechanisms [45]. This observed phenomenon implies that a certain
critical concentration of SiC—x and SiC-NH, NPs exists and that, within the first 6 h, it exerts a decisive
influence on the fate of cells. The same situation did not apply, however, in the case of the SiC-OH NPs,
where an ongoing concentration-dependent toxic effect was observed even after the NP-containing
medium had been discarded. In this case, the SiC-OH NPs in the RPMI medium without FBS exhibited
the C of -17 mV, thus rendering them prone to NP aggregation. Such aggregates cannot be dissolved
via the simple addition of FBS and, moreover, are prone to sedimentation. These aggregated sediments
cannot easily be discarded in the same manner as the non-clustered particles (SiC—x and SiC-NH,
NPs) which remained in the colloid. Thus, SiC-OH NPs may exert an ongoing negative impact on
cellular metabolism which may be caused, for example, by the simple mechanical blocking of the
membrane due to the quantity of NP clusters, thus resulting in the occurrence of harmful changes in
the cellular membrane phase (i.e., gelation) [46]. Since the C of the SiC—OH NPs in the RPMI medium
supplemented with FBS was -41 mV, the NPs most probably remained in the colloid and exerted no
impact on the cellular metabolism. The statistical significances are not presented since they were not
considered to be biologically relevant.



Nanomaterials 2020, 10, 573 12 of 17

Furthermore, when the NPs were tested with respect to monocytic cells, the protective properties
of FBS supplementation were also observed; however, the surface termination of the NPs proved
to be highly important. In this case, slightly different cultivation conditions were applied (the NPs
remained in the incubation medium throughout the whole of the experiment) since the cultivation
of suspension cells requires a different approach. The SiC—x NPs demonstrated a similar effect on
cellular metabolism under both standard and non-standard conditions. The SiC-NH; NPs proved
to be harmless under standard conditions (FBS supplemented) within the first 6 h of incubation and,
interestingly, longer cultivation times led to a significant increase in the metabolic activity. Under
non-standard conditions, the observed impact of the SiC-NH; NPs on the cellular metabolism was
similar to that seen previously with the macrophage-like THP-1. The potential rescue from apoptosis
discussed previously concerning these particles manifested itself to a remarkable extent. The SiC-OH
NPs exhibited strong FBS-supplementation dependence with regard to their cytotoxic abilities. Under
standard cultivation conditions, the monocytic cells responded in the same manner as macrophage-like
cells, the explanation for which could be the same as for the previously-described macrophage-like
cells, despite monocytic THP-1 cells being non-adherent. As such, the monocytes may have come into
contact with the clustered SiC-OH NPs only within the first 6 h since the plate was incubated on a
shaker so as to prevent sedimentation. After this time point, the shaker was switched off and, most
probably, the clusters so formed sedimented, while the cells remained in suspension and subsequently
encountered the NPs. The 24-hour time point confirmed the enormous impact of surface termination
on the NP-cell interaction as previously reported [47,48]. This phenomenon was clearly observed
particularly under non-standard conditions with the highest concentration of NPs applied.

The MTS assay employed is commonly considered a reflection of the cellular mitochondria
function due to the principle thereof (the reduction of the tetrazolium compound into formazan
via cellular NAD(P)H dehydrogenase), i.e., the dehydrogenases are most commonly found in the
mitochondria. Even though the results of the MTS test suggested that the cellular metabolism differs
significantly depending on the type of NP, the other results obtained demonstrated that after 24 h of
incubation, the cells treated with all three types of NPs exhibited approximately the same mitochondrial
mass. Significant and unexpected changes were, however, identified with respect to the mitochondrial
potential. The SiC-NH; NP-treated cells evinced approximately the same mitochondrial potential
as the SiC—x NP-treated cells with completely the opposite metabolic activity detected. As some
researchers have pointed out, while the MTS and MTT assays do not necessarily exclusively reflect
the mitochondrial NAD(P)H dehydrogenase activity, the other dehydrogenases participate in the
chemical reaction to a far lower extent [49,50]. This could indicate that the SiC-NH, NP treatment
led to the switching of the cellular metabolism, most probably from oxidative phosphorylation to
glycolysis, concerning which glyceraldehyde 3-phosphate dehydrogenase may have performed the
reduction of tetrazolium salt observed via the MTS assay. This switch may, in turn, indicate that the
SiC-NH;-stimulated monocytes were directed towards differentiation into activated M1 macrophages,
which are known to produce ATP primarily from glycolysis since oxidative phosphorylation is used as
an ROS producer to efficiently kill bacteria [51,52].

Since different reactions were observed between the monocytic cells and the various SiC-based NPs
tested, it was clear that their reaction with respect to cytokine release should be examined. There is no
information in the literature regarding cytokine production following cell stimulation with ultra-small
SiC-based NPs, therefore a broader overview was considered necessary. Thus, a panel of 42 cytokines
was tested in order to simply and qualitatively determine the presence of certain cytokines. It is common
for any foreign material to induce an inflammatory response from immune cells since the surface identity
does not usually resemble any naturally-occurring component. A number of studies have reported
the production of inflammatory cytokines such as IL-6, IL-13, and TNF-« related to the nanoparticle
treatment of cells [53-55]. The results demonstrated that while all the tested SiC-based NPs induced
inflammation to a certain extent, the effect was not as strong as in the positive control (LPS treatment).
The observed inflammatory pattern suggests that monocytic THP-1 cells respond and interact with
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all types of SiC-based NPs. Moreover, the production of classical pro-inflammatory cytokines, such
as IL-1B and TNF-c, supports the potential for M1 macrophage differentiation and polarization since
such cytokines are commonly connected to these cells. In addition, the other cytokine species observed
at higher levels such as RANTES, IL-8, and MCP-1 indicated that NPs activate monocytes and act as
pro-inflammatory agents. Particularly high levels of IL-8 were observed, thus suggesting that these
NPs could potentially lead to a granulocytic immune cell response which is known to be one of their
most common functions in vivo. IL-8 has also been demonstrated to act as an angiogenesis mediator
by inducing chemotactic and proliferative activity in endothelial cells [56]. The presence of IL-8 and
MCP-1, however, should be of concern since the combination of these two cytokines is known to attract
neutrophils and to promote inflammation. Fortunately, no allergic response (increased levels of IL 4,
5, and 13) was detected via the application of the tested NPs; their presence would have prevented
the future use of such NPs in vivo since a strong allergic reaction could result in fatal consequences
(e.g., anaphylactic shock in living organisms). Increased attention is being devoted to the role of NPs
in the development of new allergies, which is increasingly becoming a subject of concern in human
medicine [26,57]. The non-presence of pro-allergic cytokines produced by monocytic THP-1 cells in
response to SiC-based NP treatment is thus desirable and indicates that this nanomaterial is harmless in
this respect; however, significant concerns with respect to acute inflammation have been raised by high
levels of IL-8 and MCP-1. These cytokines also present promising application potential concerning their
positive influence on neutrophils. The fact that monocytic cells interact with nanoparticles, while not
becoming over-activated, identifies these SiC-based NPs as a potential immunomodulatory material.

Practically no long-term studies of the influence and differentiation abilities of NPs have been
conducted to date. in vivo, monocytes possess the ability to differentiate into macrophages or dendritic
cells dependent on the needs of the immune system. Since various pro-inflammatory cytokines were
detected after 24 h of incubation with the particles, the possible impact on changes in the cellular
morphology were studied after a longer period (7 days). The cells cultured with SiC-NH; and SiC-OH
NPs evinced significant changes in their morphology, thus suggesting the application potential of these
NPs as immunomodulatory material. Since most of the cells treated with SiC-NH, particles were
transformed into adherent macrophage-like cells and the SiIC-OH NPs provided cells that differentiated
into macrophage-like and dendritic cell-like morphologies, both of these particles might potentially
be employed as ex vivo stimuli for immune cell therapy via long-term treatment as well as for the
stimulation (again, ex vivo) of the immune response in immunodeficient individuals. This ex vivo
application has been proposed with respect to various silicon-based NPs [54,58]. However, in the case
of the SIC-NH, NPs, further attention should be devoted to the observed increase in the cell count
(not published), which could indicate the mean overstimulation of the cells and could possibly lead
to an undesirable excessive response. Consequently, SiC-OH NPs might be considered eligible for
further ex vivo application as suggested since, although the number of cells did not differ from the
control, differentiation was present. Morphological changes were also observed in the control cells that
were treated in the same manner as the NP-treated samples. While the cells remained in suspension,
they evinced a markedly higher amount of cytoplasm. This change was most probably caused by the
suboptimal cultivation conditions (i.e., low cell density) that were applied so as to retain the same
conditions as those of the NP-treated cells. Another possible explanation is that standard cultivation
(high cell density) was conducted in the medium supplemented with heat inactivated FBS (i.e., inactive
complement), while the particle-related experiments (cultivation in low cell density) were conducted
in the medium with FBS without heat inactivation (i.e., active complement).

All the aforementioned potential applications must, however, be further tested on primary cells
from human donors. The ex vivo stimulation of cells and the subsequent return of such cells into
the body presents a further direction for immunomodulation research. Cells stimulated in this way
could produce cytokines that positively influence the number and activity of neutrophils, which offers
potential with concern to neutrophil-related immunodeficiencies [59].



Nanomaterials 2020, 10, 573 14 of 17

5. Conclusions

Even though different termination of SiC-based NPs does not have a significant effect on their
colloidal stability in the cultivation media, it plays a key role in respect to human cells. Monocytes,
being a key part of the immune system, produce a variety of cytokines upon contact with these NPs
and mark them as a potential immunomodulatory material. Further research regarding changes in
metabolic pathways, differentiation capabilities and cytokine productions were however of major
interest in order to correctly establish the application potential of these NPs.
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Keywords: Designing safe nanomaterials is nowadays a critical issue. A way to prepare PEGylated Au NPs by sputtering of

Nanoparticle Au into pure (PEG), thiol (PEG-SH) and amine terminated polyethylene glycols (PEG-NH,) was explored.

Sputtering Structural characterizations, aging and thermal stability were performed using transmission electron microscope

:"%?hylene glycol (TEM/HRTEM) and UV-vis spectroscopy. By TEM we observed that spherical Au NPs were successfully prepared
tability

with average diameter of 1.5-5.9 nm. HRTEM revealed that a majority of them is rather of a round or irregular
shape with a frequent multiple twinning. Dynamic light scattering as well as TEM confirmed that Au NPs have
monodal size distribution. According to atomic absorption spectroscopy, concentration of gold increases with
sputtering time and does not change with aging time. PEG-SH exhibited loss of SPR absorption band in UV-vis
spectrum because of the small NP size (1.5 nm). PEG and PEG-NH, showed good thermal and aging stability. No
significant antibacterial effect of any type of the studied Au NPs has been discovered. Cytotoxic effect on os-
teoblasts was determined only with the highest concentration of Au NP with PEG and PEG-NH, stabilization. Au
NPs stabilized by PEG-SH showed the overall optimal physical and biological properties for drug delivery ap-
plications.
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1. Introduction

Nano-sized materials, especially gold nanoparticles (Au NPs) have
broad spectrum of applications, from electronics and catalysis to drug
carriers and bioimaging. Au NPs in particular are widely used because
of their unique properties such as size, shape, optical properties, and
low toxicity [1-5]. Two fundamental factors, both related to the size of
individual nanocrystals, are responsible for their properties. The first is
the large surface to volume ratio, and the second factor is the quantum
confinement effect [6]. Nanoparticles can be prepared by either che-
mical or physical route (physical vapor deposition, laser ablation and y
irradiation) [7-9]. The methods can be complementary to each other;
each has its specific advantages and disadvantages [10,11]. Cathode
sputtering is one of the well-established techniques for preparation of
metal nanostructures. The substrate type and its properties are crucial
parameters in this method. Sputtering of metals onto surface of parti-
cular type of liquids generates dispersed metal clusters/NPs in the
capturing media [10,12]. This method is regarded as an excellent
process for the generation of clean NPs because neither chemical re-
actions nor additional stabilizing agents are needed except the capture
medium [13].

Besides size and shape of Au NPs, surface ligands (capturing
medium) and their density on NP surface play crucial role in bio-ap-
plications [14,15]. Functionalization of Au NPs surface with poly-
ethylene glycol (PEG) is one of the ubiquitously used techniques, which
significantly reduces nonspecific binding towards cells and serum pro-
teins, and greatly extends the circulation half-life of Au NPs in vivo.
These effects are often explained by PEGylation preventing formation of
a protein corona so that the NPs are not recognized by the immune
system [16]. Minimizing nonspecific interactions as much as possible
via steric stabilization and control of surface charge is the key to
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Table 1

Size of PEGylated Au NPs (in nm; together with relative error) determined by
TEM and DLS methods. Polydispersity index (PDI) of colloidal systems de-
termined from DLS analysis.

Sample Size (nm) PDI
TEM DLS

PEG®® 56 * 1.9 92 * 15 0.429
PEG°® 59 * 0.8 8.8 * 2.2 0.201
PEG-SH>® 1.5 + 0.3 3.1 * 07 0.565
PEG-SH® 1.6 + 0.3 54 *+ 0.6 0.524
PEG-NH,>° 2.5 + 0.8 43 + 0.9 0.214
PEG-NH,%° 2.9 * 0.8 44 * 1.1 0.252

prevent nanoparticle loss to undesired locations i.e. the liver, spleen or
bone marrow [17-19]. PEG is inexpensive, versatile and it is approved
by FDA [19]. It is also commercially available in many forms - from
different molecular weight ratios to various functional groups - thiols,
amines or even enzymes or vitamins etc.

Because of the above-mentioned properties, PEG is the most used
polymer and the gold standard for stealth polymers in the emerging
field of polymer based drug delivery. PEGylated drugs, liposomes, and
nanocarriers are characterized by reduced renal filtration, decreased
uptake by the reticuloendothelial system, and diminished enzymatic
degradation. For this reason, PEGylated drugs show a prolonged half-
life in the body and, thus, an enhanced bioavailability [20].

In this study, we tried to prepare uniform and stable, non-cytotoxic
PEGylated Au NPs for potential drug delivery carriers. The influence of
the PEG terminal functionalization (pure, thiol or amine) on cytotoxi-
city and antibacterial activity is compared. This paper builds on our
previous study of PEGylated Au NPs [21].

2 3
Size (nm)

Fig. 1. TEM and cuvette images (inset on the right) of PEGylated Au NPs prepared by different time of Au sputtering into PEG-SH (300 s - top left; 900 s - top right)
and PEG-NH, (300 s — bottom left; 900 s — bottom right). Histograms of Au NPs size distribution (from TEM analysis) are shown in the inset on the left.

27



A. Reznickova et al.

Fig. 2. HRTEM images and FFT plane projection (in the insets) of PEGylated Au

NPs prepared by 900s of Au sputtering into PEG™°, PEG-SH’*° and
PEG-NH,°°.
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Fig. 3. Size and distribution characterization of prepared PEGylated Au NPs by
DLS after sputtering of Au into: PEG (300s — solid black line; 900s — dashed
black line), PEG-SH (300 s — solid red line; 900 s — dashed red line), PEG-NH,
(300 s — solid purple line; 900 s — dashed purple line) (For interpretation of the

references to colour in this figure legend, the reader is referred to the web
version of this article).
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Fig. 4. UV-vis spectra of PEGylated Au NPs prepared by different time of
sputtering of Au into PEG (300 s solid black line; 900s — dashed black line),
PEG-SH (300 s solid red line; 900 s — dashed red line) and PEG-NH, (300s —
solid purple line; 900 s — dashed purple line) (For interpretation of the refer-

ences to colour in this figure legend, the reader is referred to the web version of
this article).
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2. Experimental section

2.1. Materials

Gold sputtering was performed by Sputter Coater SCD 050 (BAL-
TEC, Pfaeffikon Balzers, LI) using Au target (purity 99.99%, provided
by Safina a.s., CZ). Sputtering was accomplished at room temperature
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Table 2
Concentration of Au (mg/1) in water-PEG solutions (1:9 by volume) with aging
time (from 1% to 14™ day) determined by AAS spectroscopy.

Sample Au concentration (mg/1)
1% day 6™ day 14" day

PEG>®° 30.0 = -
PEG™° 90.4 91.8 93.6
PEG-SH®*° 27.3 - =
PEG-SH**® 79.2 81.2 84.5
PEG-NH,>° 31.8 - _
PEG-NH,** 82.8 83.3 85.4

(25 °C), sputtering time of 300 and 900, current of 30 mA, voltage of
420-430V, total argon pressure of 10 Pa (gas purity 99.996%, supplied
by Siad a.s., CZ), an electrode distance of 5 cm. As a capturing media for
preparation of metal NPs we used polyethyleneglycol (PEG, M,
=400gmol ™!, p=1.128gem™), polyethyleneglycol methyl ether
thiol (PEG-SH, M, = 800gmol ') and polyethyleneglycol methyl
ether amine (PEG-NH,, M,, = 500 g mol ™) supplied by Sigma-Aldrich
Corp., US.

2.2. Preparation of PEGylated gold nanoparticles

The Petri dish of 4 cm inner diameter was filled with 2 ml of poly-
ethylene glycol. Au was sputtered for 300 and 900s directly into (i)
pure PEG, (ii) PEG-SH and (iii) PEG-NH, (the weight ratio of PEG:
PEG-SH and PEG: PEG-NH, was 20: 1). PEGylated Au NPs synthesized
by Au sputtering for 300 and 900 s into PEG, PEG-SH and PEG-NH, will
be in the text labelled as PEG®°°/PEG®®°, PEG-SH>°°/PEG-SH*? and
PEG-NH,>°°/PEG-NH,%°. PEG>°° and PEG”°® samples are used in this
paper as a control. The procedure of NP preparation by Au sputtering
into PEG is described in detail in Ref. [21]. The PEG with sputtered Au
was poured into 25 ml vials and diluted in distilled water in a volume
ratio of 1:9 [22]. Temperature stability of colloidal dispersion prepared
by Au sputtering for 900 s at 4, 37, 60, 70 and 100 °C for 1 h was tested
in closed vials using a hot plate (IKA" C-MAG HS 7, IKA®-Werke GmbH
& Co. KG, DEU). The aging tests were performed on samples with Au
sputtered for 900 s and stored at room temperature (RT).

2.3. Analytical methods

The samples for TEM were prepared by the deposition of a 6 uL drop
of colloidal dispersion of Au NPs onto a carbon-coated copper grid.
Excessive solution was removed and grids were dried by Whatman
filtration paper. The samples were observed by TEM (JEM-1010; JEOL
Ltd., JPN) at an accelerating voltage of 80 kV and 300,000 magnifica-
tion. Pictures were taken by SIS MegaView III digital camera (Soft
Imaging Systems, DEU) and analyzed by AnalySIS v. 2.0 software
(Miinster, DEU). Average size of the prepared NPs was determined
based on AnalySIS v. 2.0 software calculation of 300 particles. More
detailed structural characterization of PEGylated Au NPs was per-
formed using the high - resolution transmission electron microscope
HRTEM (JEOL JEM-2200FS, JEOL Ltd., JPN) operated at 220 kV and
800,000 magnification. Arrangements of Au atom in each nanoparticle
has been determined from angle between projections calculated from
Fast Fourier Transform (FFT) by using ImageJ software.

DLS was employed for determination of the hydrodynamic size and
size distribution of the nanoparticle colloids and for the electrokinetic
potential (zeta potential). The analysis of the samples was performed by
Zetasizer ZS90 (Malvern Instruments Ltd., UK, Zetasizer Ver. 6.32 de-
vice, and Malvern software was used for data evaluation) and Malvern
software was used for data evaluation (i.e. size, polydispersity index
(PDI) and zeta potential). A diode pumped solid-state laser (50 mW,
366 nm) was used as a light source. The measurements were performed
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Fig. 5. Aging stability (from 1st to 14th day) of PEGylated Au NPs prepared by
900 s of Au sputtering into PEG**°, PEG-SH**° and PEG-NH,’ determined by
UV-vis spectroscopy.
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Fig. 6. Temperature stability (from 4 to 100 °C for 1 h) of PEGylated Au NPs prepared by 900s of Au sputtering into PEG*°, PEG-SH°° and PEG-NH,*° determined

by UV-vis spectroscopy.

Table 3
Zeta potential (mV) of PEGylated Au NPs (together with relative error) with
aging time (from 1% to 14" day) determined by Zetasizer.

Sample Zeta potential (mV)

1st day 6th day 14th day
PEG®%° —24.7 + 45 -22.3 + 2.7 -232 + 75
PEG-SH**° —29.2 * 1.6 —30.6 + 0.4 -226 * 1.5
PEG-NH,°*° —47.0 + 1.3 —55.5 + 0.4 —475 + 4.9

in polystyrene cuvettes at RT and all samples were analyzed in 24h
after the preparation. Viscosity values of Ipggsoo = 119.0 mPa's (for
pure PEG) and for I}pgg 120 = 2.1 mPas (for PEG solutions) were used
for DLS calculations of NP size and zeta potential.

Au concentration was determined using atomic absorption spec-
trometry using AAS spectrometer Varian AA 880 (Varian Inc., US).
Determination was performed by flame atomization at a wavelength of
242.8 nm. AAS is used as an analytical characteristic absorption of ra-
diation by free atoms of the reference element. For creation (genera-
tion) of free atoms in AAS is the most commonly used flame, which
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accordingly to the type of fuel and oxidizing agent reaches tempera-
tures up to 3000 K.

UV-Vis spectroscopy was used to characterize the optical properties,
aging (1st, 6th and 14th day) and thermal (4, 37, 60, 70 and 100 °C)
stability of the samples. Absorbance was measured using Lambda 25
spectrophotometer (Perkin Elmer Inc., US) in a 10 mm polystyrene
cuvette in a spectral range of 400-800 nm.

2.4. Biological tests

2.4.1. Cytotoxicity

The human osteoblast-like cell line (SAOS-2) (DSMZ GmbH, DEU)
was cultivated in McCoy’s 5A medium (PromoCell GmbH, DEU) and
supplemented with 15% heat-inactivated fetal bovine serum (FBS)
(PAA Laboratories GmbH, AUT), penicillin (20 U mL~?, Sigma-Aldrich
Corp., US) and streptomycin (20 pg mL™~?, Sigma-Aldrich Corp., US) at
37 °C and in a 5% CO, atmosphere. Cells were seeded onto 96-well plate
(Techno Plastic Products AG, CH) at a density of 1 X 10* cells ecm™ and
cultivated in this medium for 24 h. After 24 h, different concentration of
PEGylated nanoparticles (1, 7, 14mg/l) was pipetted into precisely
counted volume of cultivation medium in order to obtain the required
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Fig. 7. Metabolic activity of osteoblasts incubated with different concentrations
(1, 7 and 14 mg/1) of PEGylated Au NPs for 24 h. Relative values are expressed
as a percentage of untreated cells (100%) (* represents significant difference to
CTRL according to Wilcoxon matched-pairs test at p < 0.05; # represents
significant difference to each PEG only treated cells (CTRL-14 mg/1) according
to Wilcoxon matched-pairs test at p < 0.05.
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Fig. 8. Microscopic images of osteoblasts incubated with 14mg/l concentra-
tions of Au for 24 h prepared by 900 s of Au sputtering into PEG*°, PEG-SH?*°
and PEG-NH,’. Relative values are presented as a percentage of untreated
cells (CTRL).
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dilution in the required volume. Such mixture was vortexed well prior
to addition to cells. The medium from adhered cells on 96-well dish was
discarded and the new medium mixed with PEGylated nanoparticles
was added to the cells. The cells were then returned to incubator for
24 h treatment. Next, the images were taken and metabolic activity was
determined.

Phase contrast images of the cells were acquired using an Eclipse Ti-
S microscope (Nikon Inc., JPN) with a Plan Fluor 10x (N.A. 0.30) ob-
jective and DS-U2 digital camera (Nikon Inc., JPN).

The cell metabolic activity test (Cell Titer 96 AQueous One Solution
Cell Proliferation Assay, MTS, Promega Corp., US) was performed ac-
cording to the standard protocol. Absorbance was determined using a
multi-detection micro-plate reader (Synergy 2, BioTek Instruments,
Inc., US). The results were normalized (in percentage) with respect to
the control cells with no NPs added.

Statistical analysis was performed using STATISTICA (StatSoft,
s.r.o., CZ) software from two independent experiments performed in
triplicate. The nonparametric Wilcoxon matched pairs test was used in
order to determine significant differences (P values of less than 0.05)
between the datasets of the untreated control and the rest of the vari-
ables and between datasets of the particular PEG treated control and the
corresponding Au NPs modified by PEG.

2.4.2. Antibacterial activity

We have tested in vitro antibacterial activity of PEGylated Au NP
stabilized by PEG, PEG-SH and PEG-NH,. As a control (CTRL) of anti-
bacterial activity, the stabilization media without NPs were used. The
antibacterial screening was performed by disc diffusion method (zone
of inhibition) similarly as described in Bauer et al. against gram-nega-
tive environmental bacterial strain of Escherichia coli (DMB 3138) and
gram-positive environmental bacterial strain of Staphylococcus epi-
dermidis (DBM 3179) [23]. Bacterial culture was grown overnight in
Luria—Bertani (LB) broth medium at 37 °C in orbital shaker and optical
density at 590 nm was measured. The culture in exponential phase of
growth was serially diluted in fresh LB broth medium. The bacterial
suspension with optical density of 1.0 was aseptically spread onto Petri
dishes (using a sterile swab) containing pre-dried LB agar for E coli and
PCA for SE. After air-drying, the tested soaked sterile discs for micro-
biology (diameter of 10 mm, Sigma Aldrich) were placed at the seeded
plates. Then the plates were incubated for 24 h under static conditions
at laboratory temperature (24 °C) for E. coli and 37 °C for S. epidermidis.
The diameter of zone of inhibition produced by the tested materials was
measured after 24 h using. Each sample was used in triplicate for the
determination of antibacterial activity.

3. Results and discussion

This work was aimed to determine the optimum sputtering condi-
tions for preparation of stable and non-cytotoxic PEGylated Au NPs for
possible drug delivery applications. Preparation of the PEGylated Au
NPs was carried out using the Au cathode sputtering into pure, thiol and
amine terminated PEGs method.

TEM images in Fig. 1 shows the Au NPs prepared in all the func-
tionalized PEG types. In all the samples the nanoparticles had a
spherical shape, but the different functionalization showed an effect
on the concentration and size of the nanoparticles as can be seen in
Table 1 and in Fig. 1 insets. The deposition of Au for 300 s and 900 s
into pure PEG led to NPs of 5.6 and 5.9 nm diameter in average. TEM
images show that these nanoparticles have the worst size distribution
and they create agglomerates. TEM images PEG®°° and PEG®*° are
part of our previous study (see Ref. [21]. The Au NPs sputtered into
the solution of PEG-SH for 300 and 900 s had average diameter of 1.5
and 1.6 nm, respectively. Both PEG-SH>°® and PEG-SH°° NPs exhibit
extremely high homogeneity of size distribution. Sputtering of Au into
PEG-NH, leads to NPs with average diameter of 2.5 and 2.9 nm and
the size distribution gets wider. Gold concentration in the colloid
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Fig. 9. Photographs of antibacterial disc tests of PEGylated Au NPs prepared by 900's of Au sputtering into PEG*°, PEG-SH**° and PEG-NH,"%.

dispersion influences optical properties of each sample. When Au NPs
are exposed to light, the electromagnetic radiation causes the free
electrons of the Au NP to collectively coherently oscillate and absorb
the light of appropriate wavelength. This is called surface plasmon
resonance (SPR) [24]. Thus, gold colloids can appear in red, blue,
green, or brown color according to the particle size and shape. The
extinction coefficients of gold nanoparticles are typically four or five
orders of magnitude higher than those of conventional dyes [25]. In
our case the sputtering of Au into thiol or amine terminated PEG re-
sulted in change of the solution color from brown to red (lighter or
darker according to the Au NPs concentration). HRTEM images of Au
NPs sputtered into PEG®°, PEG-SH**° and PEG-NH,°° are presented
in Fig. 2. At higher resolution, the arrangement of gold atoms in PE-
Gylated NP can be observed. HRTEM showed that some of the Au NPs
have icosahedral shape [26]. Although this is one of the most common
shape of NPs prepared by vapor deposition and electrochemical
methods [27-29], the majority of observed NPs have round or irre-
gular shape often with signs of multiple twinning. However, more
detailed study of particles morphology was limited by a fast con-
tamination of particles under the electron beam.

To confirm results of NPs’ size and distribution obtained from TEM
measurements, dynamic light scattering (DLS) analysis was performed
(see Fig. 3). Size of PEGylated Au NPs and their polydispersity index is
listed in Table 1. The prepared PEGylated Au NPs were found to have
very narrow distribution of sizes (see Table 1). No apparent aggregation
of the NPs was observed, which was shown in TEM images as well
(Fig. 1). The advantage of the DLS method is that all particles in the
colloidal dispersions are included in the calculation, which leads to
more statistically significant values. The results of DLS analysis are very
sensitive to presence of large Au NP agglomerates since the analysis
leads to intensity-weighted values. Another reason for disparity be-
tween the DLS and the TEM results is that the DLS method measures the
size of NPs including their solvation shell as well and so the detected NP
sizes are also influenced by the PEG corona [30]. Number weighted
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averages could in this case influence the obtained data significantly.
Other research groups have obtained similar results for these systems
[31].

The UV-vis absorption spectra of the prepared PEGylated Au NPs
(fresh dispersions) are presented in Fig. 4. The resonance frequency of
SPR depends on particle shape, size, and inter-particle distance and the
surrounding environment [32]. The single narrow SPR band in the
spectrum suggests presence of spherical NPs of 3-50nm diameter.
UV-vis spectra of PEG°° and PEG°*° are used for comparison as a
standard. SPR band of PEG>® and PEG® is located at 513 nm. The
disappearance of plasmon related absorption in the case of PEG-SH3*°
and PEG-SH®®° results from NPs’ size. Au NPs (or Au clusters) of size
below 3 nm lose the metallic behavior and a gap between their con-
duction and valence orbitals originating from the small particle size
(Kubo gap) appears. [32]. Decreasing particle size leads to an ex-
ponential increase of surface to volume ratio, thus making the nano-
material surface more reactive to (i) other particles (aggregation) and
(ii) its surrounding environment (biological components). Stabilization
of Au NPs by PEG-NH, resulted in blue shift of SPR band to 501 nm.
This shift can be attributed to change of refractive index of the solvent
and especially the solvation shell. Moreover, differences in width of SPR
bands of each sample were observed as well. Generally, it can be stated
that the broader is the SPR band the worse is the size distribution (see
Fig. 1). Values of absorbance (optical properties) depend not only on
metal concentration in colloidal dispersion, but also on the type/che-
mical composition of the capturing media (PEG, PEG-SH and
PEG-NH,).

Results of AAS study of Au concentration in the prepared colloids
with aging time (1%, 6™ and 14" day) is in Table 2. The concentration
of Au grows linearly with rising deposition time and does not change
over the aging time. Slight deviations of Au concentration in samples
with the same sputtering and aging time are within measurement error.
Color and absorption spectra of the colloids are affected by the Au
concentration (see Figs. 1 and 4).
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One of many important factors for possible biological application of
PEGylated Au NPs is their stability. To investigate aging and tempera-
ture stability of the samples, we have chosen the AuNP colloids with
sputtering time of 900s, since these samples have suitable Au con-
centration for biological testing. Aging stability of PEGylated Au NPs in
the period from 1° to 14" day has been studied by UV-vis spectroscopy
(see Fig. 5). During the aging of PEG®® a slight red shift from 513 to
519 nm has occurred. This is caused by formation of Au NPs agglom-
erates (i.e. increase of particle diameter) in the colloidal solution over
the aging process [33]. In the PEG-SH”°° sample a modest decrease of
absorbance with aging is observed — a minor instability of PEG-SH°*°
dispersion was detected. In contrast to that, an increase of absorbance
of PEG-NH,°*° sample during the aging occurred. The change in ab-
sorbance might be attributed to the surrounding environment and its
dielectric properties or to changes in NPs’ size distribution. Increase of
absorbance might be caused by change of refractive index on the Au
NP/PEG-NH, interface because of amine groups on NPs’ surface density
increase during the aging process.

For drug delivery, and biomedical applications in general, it is im-
portant to know the temperature stability of colloidal dispersions. For
temperature stability of the PEGylated Au NPs, six different temperatures
were chosen: 4 °C (storage temperature), RT (standard), 37 °C (simulation
of body temperature), 60 °C, 70 °C and 100 °C (sterilization temperature).
The progress of the studied samples’ thermal stability measurement (after
1h) is documented by UV-vis absorption spectra in Fig. 6. The top left
picture shows that all studied Au dispersions are stable at 4°C. The ab-
sorbance does not change during the procedure and the spectra for RT and
4°C overlap. The PEG* and PEG-SH’* samples showed good tempera-
ture stability and only mild decrease of absorbance. An increase of ab-
sorbance of PEG-NH, might be caused by increase of optical density of
solvation shell of the NPs that might be accelerated during temperature
stress, as was stated before. However, a longer-term study of the tem-
perature stress of the PEGylated Au NPs needs to be done.

The stability of the systems can be also characterized by the zeta
potential values, which is commonly used as an indicator of stability of
particle suspensions and colloidal samples. In principle, a high zeta
potential (either positive or negative) should provide sufficient re-
pulsive energy to the particles to maintain particle distance and protect
sample stability by preventing flocculation and aggregation. If the ab-
solute value of zeta potential is high, for example 50 mV, the disper-
sions are very stable due to electrostatic repulsion forces between the
particles. Conversely, if the zeta potential is low, close to zero, particle
coagulation is very fast and causes rapid sedimentation. Systems with
zeta potential around * 30mV present moderate stability,
around * 50 mV a good stability and = * 60mV an excellent stabi-
lity [14,30,34,35]. The data in the Table 3 suggest all the tested systems
should be sufficiently stable. Introduction of the polar groups (thiol-
and especially amino-) leads to improvement of the system stability.
During the aging, the colloid dispersions measurement remained stable
except a slight decrease of stability in the case of PEG-SH. These results
are in agreement with the results obtained by UV-vis (see Fig. 5).

To test possible application of PEGylated Au NP for drug delivery in
vitro or in vivo, prepared nanoparticles were administered to human cell
line of osteoblasts and possible cytotoxic effect of different NP con-
centrations was evaluated after 24h (Fig. 7). The controls for each
nanoparticle concentration with just PEG solutions without nano-
particles were performed and are stated in Fig. 7 as a control columns.
It is apparent that control solution does not cause cytotoxicity (meta-
bolic activity is bigger than 75% of CTRL (cells without any treat-
ment)). The results obtained from the control solution measurements
were compared with the results obtained for the samples with the
highest concentration of PEGylated Au NPs (i.e. 14 mg/1). Stimulation
of metabolic activity by low concentrations of nanoparticles (7 mg/1)
for PEG®® and PEG-NH,?°° was observed. With respect to doubling
time of these cells, which is 48 h, 24 h time interval when we see the
increase of cell metabolic activity (activity of mitochondrial
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dehydrogenases) cannot be caused by increased cell proliferation but by
different mitochondrial activity (respiration). Experiments with mi-
tochondrial specific fluorescent dyes can provide an explanation, but
these tests would reach out of the scope of this study. Cytotoxic effect
(reduction of metabolic activity under 75% of control [36]) was de-
termined only in the cells treated with the highest concentration
(14 mg/1) of PEG®® and PEG-NH,°?°, whereas no cytotoxic effect was
apparent for PEG-SH°. These effects can be related to the size of the
particles, which is crucial for NP-cell interactions [37]. It can be
speculated that tested NPs of different sizes (larger PEG®®° and
PEG-NH,°? of diameter about 3 and 6 nm, respectively, and smaller
PEG-SH®? of diameter about 1.5nm) can enter the cell by different
way and thus affect the cells differently. For bigger particles, endocytic
pathway influencing cellular metabolic activity can be proposed,
however for ultra-small NPs the direct penetration through the mem-
brane can be employed. Moreover, Au NPs with hydrodynamic size less
than 5 nm were described to gain access to the cell nucleus [38], thus
their effect can be observable after longer time than currently used 24 h
interval. Another possible explanation of determined effect can be re-
lated to the charge of the PEGylated Au NPs. Despite detected negative
zeta potential in water (Table 3), zeta potential in physiological media,
including cell growth medium can be different (closer to zero) [39] thus
decreased stability of the colloids can be induced. It was also observed
that PEGylation of Au NPs contributed to minimal uptake of such
particles into different cell types [40]. However, positive amine group
(-NH,) on PEGylated NPs induced their increased uptake to various cell
lines (phagocytic and non-phagocytic) [41].

Cytotoxic effect detected by metabolic activity determination
(Fig. 8) was proved also by light microscopy, where round and very
bright cells were detected in samples treated with PEG®®° and
PEG-NH,°%°, while healthy looking cells were presented in sample
treated with PEG-SH®® and all the controls (solutions of only PEG,
PEG-SH and PEG-NH, without Au NPs). These solutions were used as
internal controls for individual PEGylated Au NPs, at exactly the same
volume of different PEG solutions as in case of the highest concentra-
tion of Au NPs in the particular PEG solution. In Fig. 8 it is demon-
strated that the reduced metabolic activity was determined in all PEG
only solution samples. Interestingly, solution of PEG-SH**° reduced
metabolic activity of the cells more than Au NP in this solution, whereas
solution of PEG-NH,?° was less toxic than Au NP in this particular
solution. Statistically there was no difference between reduction of
metabolic activity of PEG®*° solution and Au NP in this solution.

For drug delivery applications besides cytotoxicity of PEGylated Au
NPs knowledge of antibacterial properties of NPs is also important.
Bactericide tests were performed against E. coli and S. epidermidis as the
most common representatives of gram (-) and gram (+) bacterial
strains. Results of antibacterial disc tests of PEGylated Au NPs prepared
by 900 s of Au sputtering into PEG*°®, PEG-SH®*® and PEG-NH,’°° are
shown in Fig. 9. As a control (CTRL) of antibacterial activity, each
polyethylene glycols without NPs were used. Neither of the AuNP types
showed any significant antibacterial action. Dark areas near the PEG®*°
and PEG-NH,"% samples are due to diffusion of the colloid from disc
into the agar (not an actual inhibition zone of bacterial growth around
the disc). Diffusion of the colloid was not observed for the PEG-SH**®
sample because the colloid appeared colorless in this case. On the other
hand, PEG-SH®? showed a mild antibacterial effect. This type of the
prepared NPs was identified by TEM as the smallest (see Table 1).
According to the literature, NPs of smaller sizes show a stronger anti-
bacterial effect [42,43]. Nevertheless, Au NPs have generally a negli-
gible antibacterial effect compared to the Ag NPs, which depends on the
size and size distribution of the nanoparticles [44].

4. Conclusion

The main goal of this work was to determine the optimal sputtering
conditions for preparation of stable and non-cytotoxic PEGylated Au NPs
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for possible drug delivery applications. Sputtering of Au for 300 and
900 s into pure, thiol and amine terminated PEGs leads to Au NPs with
solvation shells composed of the used PEGs. The successful formation of
the spherical NPs was observed by TEM/HRTEM. The size of the pre-
pared Au NPs was found to be 1.5-5.9nm and is dependent on the
functionalization of the used PEG. DLS measurement confirmed results of
NPs’ size and size distribution (polydispersity index) obtained from TEM
analysis. The characteristic SPR absorption was lost in the case of NPs
smaller than 3nm because of the small NP which loses its metallic
character. Stabilization of Au NPs by PEG-NH resulted in blue shift of
SPR band to 501 nm. Blue shift of SPR band can be attributed to change
of refractive index of the solvent and especially the solvation shell. AAS
analysis showed that the Au concentration increases linearly with in-
creasing deposition time and does not change over the aging time.
During the aging of PEG®® and PEG-SH**° samples a slight red shift and
modest absorption decrease was observed. On contrary, an increase of
absorbance of PEG-NH,°° sample during the aging occurred. Since AAS
analysis proves that Au concentration did not change over the aging
time, the change in absorbance might be due to: (i) the surrounding
environment and (ii) increase of density of amine groups on NPs’ surface
during the aging. UV-vis spectra showed that all studied Au dispersions
are stable at 4 °C. The absorbance does not change during the procedure
and the spectra for RT and 4 °C overlap. The PEG®®® and PEG-SH*°
samples showed good temperature stability and only mild decrease of
absorbance. Increase of absorbance of PEG-NH, was observed during the
thermal stability test as well. Zeta potential measurements confirmed
that during the aging, the dispersions remained stable except for a slight
instability of PEG-SH sample. Cytotoxic effect on osteoblastic cells was
determined only with the highest concentrations of Au NPs stabilized by
PEG”®° and PEG-NH,*° used, however Au PEG-SH*® particles did not
affected metabolic activity and viability of these cells. No significant
antibacterial effect of any type of PEGylated Au NPs has been demon-
strated. PEGylated Au NPs stabilized by PEG-SH showed the highest size
and shape homogeneity, good temperature and aging stability, no cyto-
toxicity and antibacterial activity, which makes them very promising
candidates for drug delivery carriers.
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Ultra-small nanoparticles of a size smaller than or comparable to cell membrane pores (1—5 nm) offer
significant potential in the field of biomedicine. This study presents a systematic in vitro investigation of
fundamental bio-chemical interactions of such ultra-small hydrogenated and oxidized detonation
nanodiamonds (DNDs) with biomolecules and human cells. We apply mass spectrometry methods (LC-
MS/MS) for the qualitative and quantitative analysis of the protein corona as a function of the surface

chemistry and size of DNDs. We observe that protein interactions with DNDs are more related to their
surface chemistry (H/O-termination) rather than size. Bioinformatics characterization of the identified
proteins points to the strong influence of electrostatic interaction between proteins and DNDs depending
on their termination. Such specific interaction leads to formation of different protein corona on 2 nm
DNDs, which influences also interaction with cells including different level of cytotoxicity.
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1. Introduction

Nanoparticles (NPs) of various materials offer the potential to
enable key advancements in the field of modern medicine and are
currently being subjected to investigation with respect to a range of
applications. The fundamental parameters that need to be consid-
ered in terms of the application of NPs consist of size, shape, surface
chemistry and charge, all of which predetermine the properties of
NPs and their behaviour in various environments [1].

Detonation nanodiamonds (DNDs) comprise an outstanding
nanomaterial that provides the superior properties of bulk di-
amonds at the nanoscale. Nowadays, the DNDs are routinely pro-
duced by detonation of oxygen-deficient explosives such as
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trinitrotoluene and hexogen mixture (40:60) in a detonation
chamber in inert environment such as Argon atmosphere. The
DNDs are available at competitive price and are characteristic by a
complex structure given by their detonation origin. A DND nano-
particle is often approximated by a diamond core, including various
lattice defects, transient sp>/sp? layer, and sp? surface shell that
may carry various surface functional groups [2]. The biocompati-
bility, chemical stability, large surface area and broad possibilities
of surface chemistry modification of DNDs in particular predeter-
mine them for use in various biomedical applications in vitro [3]
and in vivo [4] including imaging, drug and gene delivery, radio-
therapy, etc. [2,5]. Conventional ~5 nm DNDs exhibit a very narrow
size distribution range, are very stable and are less toxic than other
carbon nanoparticles [6,7]. It was recently demonstrated that
nanodiamonds remain structurally stable down to a size of 1 nm
[8]. In addition, a high yield ultra-small (1—3 nm) DND preparation
and characterization method is now available [9,10]. Such ultra-
small nanodiamonds provide a non-toxic surface-tuneable nano-
particle model system with active and stable diamond lattice-
related fluorescent abilities, that can be potentially used in a
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broad range of biomedical applications such as molecular-like
fluorescent marker [11].

With concern to medical applications, NPs interact with very
complex media such as blood that consists of a large number of
different molecules including proteins, amino acids, lipids, me-
tabolites and electrolytes [12] and all these interactions exert a
major influence on the properties and functions of NPs. Generally,
the surfaces of most NPs are capable of the spontaneous binding of
various biomolecules thus forming a so-called biomolecular corona
and, in the case of proteins, a protein corona [13—15]. The encap-
sulation of NPs by the protein corona results in changes in the
physicochemical properties of NPs and modulates their interaction
with cells, which differs from interaction with bare NPs [15—17].
Moreover, adsorption of biomolecules onto NP surface from bio-
logical media and possible formation of NP aggregates cause diffi-
culties in definition and measurement of NP size in the context of
biology and other research is necessary [18]. In vitro, the standard
cell cultivation medium is usually supplemented with fetal bovine
serum (FBS) as the source of key cell growth modulating factors
(growth factors, hormones, etc.), with various antibiotics and other
specific cell-essential supplements. FBS comprises a natural
mixture of proteins with differing characteristics that vary in terms
of their amount, amino acid sequence, structural motifs, size and
other physicochemical properties. Each of the characteristics
determine the interaction of a given protein with NPs. Nevertheless,
a thorough knowledge of the behaviour of ultra-small DNDs in the
biological environment and the identification of proteins that
spontaneously associate with their surface is essential with respect
to their application in the field of biomedicine.

While the currently applied protein methodology allows for the
identification of highly-presented proteins, cells are able to react
specifically via ligand-receptor binding to proteins that are pre-
sented only in a small number of molecules. This very specific re-
action may exert an important effect on cell behaviour and thus
should be considered. The study of protein corona on NPs employs
direct methods for the determination of protein adsorption, protein
composition and protein quantification. Without the need to
disrupt the NP-protein complexes, the structural arrangement of
protein corona can be analysed using electron microscopy (trans-
mission and scanning), atomic force microscopy (AFM) and variety
of other methods [19]. The most straightforward technique for the
qualitative identification of proteins consists of gel electrophoresis
(SDS-PAGE) coupled with tandem mass spectrometry MS/MS [19].
The quantitative analysis of the composition of proteins is usually
performed via liquid chromatography coupled with mass spec-
trometry (LC-MS/MS) [19,20]. The current stage of the develop-
ment of the methodology allows the combination of the high
sensitivity of protein identification with a label-free quantification
strategy such as SWATH-MS (the sequential window acquisition of
all the theoretical fragment ion spectra mass spectrometry) [21] for
use in the corona analysis [22].

The protein corona is a dynamic system that is able to adapt to
its environment over time via changes in its composition [23] and/
or in the conformation of the protein, which may cause adverse
biological effects including inflammation or complement activation
[24,25]. NPs are able to induce structural changes in adsorbed
proteins [26—28] which, in turn, play a significant role in cell signal
transduction [26]. The interaction of proteins with NPs potentially
plays two very distinct roles. On the one hand, due to repulsive
forces between proteins they are capable of stabilizing nano-
particles in a colloidal solution (for example BSA is used to stabilize
gold nanoparticles [29]), while, on the other, attraction or depletion
forces may dominate and the proteins may drive the aggregation of
the particles, which again changes the size and density of the
particle protein complexes [30]. Moreover, the formation of large

NP-protein aggregates may trap proteins that do not directly adsorb
on the NP surface, i.e. they do not form part of the hard corona but
“artificially” cover the particle and thus allow a broad spectrum of
differing interactions with cells. Thus, investigation of composition
of protein corona and protein-NPs interactions is fundamental for
understanding of their biological effects.

Proteins in biological fluids typically have dimensions of
5—20 nm, whereas the size of commonly used NPs is in the range
10—100 nm (individual NPs or aggregates of small NPs). Therefore,
the properties and interactions of proteins vary primarily with
respect to the size of the NP, the surface chemistry and the material.
Large NPs (above 20 nm) are larger than many proteins [31] and
their extensive surface area allows for interaction with a large
number of protein molecules. Conversely, small (<10 nm) or even
ultra-small NPs (1—3 nm in diameter) are theoretically able to bind
to just a single protein due to steric reasons [32]. In other words, the
size of the NP may provide for selectivity for certain proteins. Ultra-
small NPs of a diameter of 1—3 nm may potentially address specific
epitopes on the protein surface or even the active centre of the
enzyme [31,32]. In principle, the smaller the NP the more it is
possible to consider targeted interaction. Nevertheless, experi-
mental evidence of this behaviour is lacking and according to the NP
characteristics (e.g. high surface energy) some ultra-small NPs can
form clusters after their interaction with serum proteins. To date,
only theoretical calculations have indicated the binding of single
proteinsto single NPs [24,32], whereas, in reality, this may not be the
case even in solutions of single proteins since other factors (ionic
strength, protein concentration, etc.) become involved. Moreover,
the binding of one protein may mediate the binding of another
protein and thus, in reality, clusters of proteins (even those not
directly connected to NPs) may be formed, a development that
cannot easily be predicted by theoretical studies. Several authors
have demonstrated the higher level of protein association to smaller
NPs, indicating that the surface area and curvature form the initi-
ating properties for the capacity of proteins to bind to NPs [33].

The size of ultra-small NPs is per se ideal in terms of biomedical
applications due to their potential ability to directly enter cells or
even cell nuclei [34]. Furthermore, ultra-small NPs offer the po-
tential advantage that they can be efficiently cleared from the or-
ganism via the renal system, i.e. NPs of a hydrodynamic diameter
(Dp) of less than ~6 nm [35]. However, the adsorption of proteins,
particularly the most abundant proteins present in serum, i.e.
serum albumin (~7 nm) or immunoglobulin (~14 nm), may lead to
an increase in the Dy, to such an extent that renders them too large
for renal clearance [36,37]. Thus, it is necessary that the formation
of the protein corona on NPs, especially on ultra-small NPs, as well
as the effects of aggregation in cell culture media is experimentally
characterised.

Therefore, this study investigated interactions between ultra-
small 2 nm DNDs with differing surface chemistries and zeta po-
tential (hydrogenated/positive and oxidized/negative) and a stan-
dard cell cultivation medium and, consequently, with cells. We
conducted a thorough study of the composition of the protein
corona that forms on the surfaces of DNDs as a function of the
surface chemistry of ultra-small DNDs following interaction with
complex materials such as FBS, but not following that with single
proteins, so as to best approximate to in vitro conditions. Employing
the LC-MS/MS approach, that reveals the diverse distribution (type
and quantity) of proteins on hydrogenated and oxidized ultra-small
DNDs, we observed qualitative as well as quantitative differences in
terms of protein binding. We also investigated the effect of hy-
drogenated and oxidized ultra-small DNDs with and without pro-
tein corona on osteoblastic cell behaviour so as to observe the
impact of specific protein corona and bare ultra-small DND surfaces
on NP-cell interactions.
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2. Experimental
2.1. The synthesis of ultra-small nanodiamonds

The preparation and characterization of water colloidal disper-
sions of ultra-small ~2 nm DNDs with oxidized and hydrogenated
surfaces have been described elsewhere [9,10]. Briefly, a DND
powder (New Metals and Chemicals, Japan) consisting of aggre-
gated 4—6 nm DND particles was annealed at 450 °C for 30 min
(surface oxidation) or at 520 °C for 50 min (size reduction + surface
oxidation), thus resulting in ~4 and 2 nm oxidized O-DNDs,
respectively. Such treated DND powders were then further hydro-
genated by means of annealing in hydrogen at 600 °C for 6 h at the
atmospheric pressure of pure hydrogen gas, resulting in 4 and 2 nm
H-DNDs. Colloidal solutions of DNDs were prepared via the ultra-
sonication of the DND powder in deionized water (10 mg/mL) via
a sonotrode (Hielscher UP200S, 1h, 200 W) and, subsequently, two-
step centrifugation (Eppendorf Mini Plus, 1 + 1.5 h at 14000 RCF) in
a 2 mL Eppendorf-type tube, following which 1 mL of the super-
natant was separated using a micropipette.

2.2. Zeta potential and size determination

The DNDs (160 pg) were incubated overnight in DMEM and
DMEM + 5% FBS under constant rotation conditions, whereupon
the DND samples were washed five times in PBS by means of
sequential centrifugation (1 x 2630 RCF, 1 x 10510 RCF and 3 x
20590 RCF). The resulting pellets were dissolved in 100 ul of PBS
and further diluted in 1 ml of deionized water and analysed on a
Malvern Zetasizer Nano ZS for ZP analysis purposes. Following
initial measurement of such samples (denoted as “before sonicat-
ion”) the samples were sonicated softly for 15 min (reduction of
waves to 10—20% of original intensity) and the ZP was measured
once more (denoted as “after sonication”) (Table 1). The size of
DNDs with biomolecular corona originating from cell cultivation
media was determined by dynamic light scattering (DLS) at angle of
173° on the same sample using the same Malvern Zetasizer Nano ZS
DLS data processing was performed by the Malvern Zetasizer Nano
ZS software and the volumetric size distributions were obtained
(Supplementary Table 1).

2.3. Sample preparation for protein corona characterization

The conditions of protein corona characterisation were selected
with the respect to the conditions of zeta potential determination.
We made especially sure that the ratio of DNDs (both H- and O-
terminated) and proteins (FBS concentration) was the same for
both experiments. The H-DND and O-DND water suspensions were

Table 1

sonicated for 15 min in a sonication bath (Utrasonic Cleanar, UCE
ultrasonic co, LDd. China, ultrasonic frequency - 40 kHz) prior to
use. 80 pg of DND was mixed and incubated with 500 pl of DMEM
medium with 5% FBS overnight under constant rotation conditions.
The nanoparticles were pelleted via centrifugation (10 510 RCF,
30 min, 4 °C), washed in 500 ul PBS and centrifuged (10 510 RCF,
30 min, 4 °C). Washing in 500 pl PBS (20 590 RCF, 30 min 4 °C) was
repeated three more times and the vials were changed after the
first three centrifugation steps. Proteins attached to the nano-
particles were removed via the addition of 30 pl of 2x Laemmli
sampling buffer (4% w/v SDS, 20% w/v glycerol, 3% v/v 2-
mercaptoethanol, 100 mM Tris-HCl, pH 6.8, bromophenol blue) to
the nanoparticle pellets. The samples were then heated for
15 min at 95 °C and sonicated for 15 min in an ultrasound bath. The
combination of Laemmli buffer and heat disrupted the protein-
nanoparticle non-covalent bonds thus allowing the protein
analysis.

24. LC-MS/MS

Trypsin filter digestion in form of a eFASP (enhanced Filter-aided
sample preparation) method [38] was employed for the analysis of
the proteins associated with the DNDs. Briefly, the samples were
reduced, alkylated and digested by trypsin on Microcon filters YM-
10. The resulting peptides were then desalted on a C18 SPE column
(PepClean, Thermo). The peptides were separated during LC-MS/
MS using a nano-LC system (Ultimate 3000 RSLC nano, Dionex)
on an Acclaim PepMap C18 column (75 pm Internal Diameter,
250 mm length) applying a 70 min acetonitrile elution gradient in
0.1% formic acid. The chromatographic column was connected via
nanoESI to a tandem mass spectrometer (TripleTOF 5600, Sciex).
The aim was to collect data for both the identification and quanti-
fication of the proteins in one measurement sequence; however, it
was first necessary to calculate the optimal variable window length
across the mass range (m/z 350—1250) so as to maximize the per-
formance of the measurement. We measured representative sam-
ples in a data-dependent manner in a mass range of m/z 350—1250.
The variable window calculator (Sciex) created a method consisting
of 50 consecutive mass windows, the aim of which was to collect
fragmentation spectra in a mass range of m/z 100—1600. Employing
two methods using the same chromatographic parameters but
different mass spectrometric data collection setups (the first the
data-dependent analysis (DDA) method and the second the data
independent method (DIA — SWATH), we measured the samples in
sequences of three consecutive runs of each sample (the first run
aimed at collecting DDA data for protein identification purposes
and the second and third for the collection of DIA data for the
quantification thereof).

Zeta potential and FWHM of DNDs incubated in various solutions. Values of zeta potential are presented as the mean =+ s.d. from three measurements in water.

Before sonication

2 nm O-DND 2 nm HDND

ZP (mV) FWHM (mV) ZP (mV) FWHM (mV)
DND in water -62.1+1.0 61.9 + 0.6 6.2
DND in DMEM -372+13 4.9 +08 8.5
DND in DMEM + 5% FBS -336+09 -18.7+03 4.0

After sonication

2 nm O-DND 2 nm HDND

ZP (mV) FWHM (mV) ZP (mV) FWHM (mV)
DND in water -399+1.0 576 +1.3 6.3
DND in DMEM -370+0.1 143 + 0.4 4.8
DND in DMEM + 5% FBS —-343+24 -138+53 53
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2.5. Mass spectrometry data processing

The resulting DDA spectra were analysed by means of Protein
Pilot software 4.5 (Sciex), and the Bos taurus reference Proteome
UP000009136 database with the UniRef 100% identity (down-
loaded on 2 October 2018) was employed for protein identification
purposes. All the samples were investigated independently in order
to be able to evaluate the number of identified proteins separately
for each sample. Conversely, the DDA data was investigated
together so as to compile a complete library of the various proteins,
peptides and fragments identified; the library was used for SWATH
processing in PeakView 2.2 (Sciex). The retention time was aligned
in all the samples by means of selecting the peptides common
across the retention time range for all the samples. Up to 30 pep-
tides per protein, 6 transitions per peptide, peptide confidence of
95% with a false discovery rate threshold of 1% were selected for
quantitation purposes. All the peptides were manually confirmed
and only proteins with at least 2 unique (not shared) peptides were
allowed to remain in the data set. An error of 30 ppm and an
extraction window of 3 min were selected. The final processing step
resulted in an intensity of transitions, peptides and proteins. The
final protein table was processed in MarkerView (Sciex) in order to
compile a statistical evaluation. The Student T-test was performed
on the monitored groups followed by the conducting of a principal
component analysis.

The list of differently attached proteins was organized according
to the respective biological process employing the gene ontology
classification generated from the Panther [39] classification system
database (PANTHER14.1 released 19-12-2018). The theoretical
physicochemical properties of the proteins were calculated based
on their protein sequences. The isoelectric point (pl) and molecular
weight (MW) were computed via https://web.expasy.org/
compute_pi/ [40] and the GRAVY index via http://www.gravy-
calculator.de/index.php.

2.6. Cell cultivation

Human osteoblastic cells (SAOS-2, DSMZ, Germany) were
cultivated over the long-term in standard McCoy’s 5A medium (GE
Healthcare - HyClone) supplemented with 15% of FBS (Biosera), -
glutamine (Life Technologies), 10 000 U ml~! of penicillin and
10 pg/ml of streptomycin (both Sigma-Aldrich) in a CO, humidified
incubator at 37 °C.

2.7. Cytotoxicity (metabolic activity) determination

For the purposes of cytotoxicity testing, the osteoblastic cells
were seeded in the standard cultivation medium at a concentration
of 10 000 cells/cm? on 96-well plates and incubated for 24 h. The
cells were then washed in phosphate buffer saline (PBS, Thermo
Fisher Scientific - Gibco) followed by the addition of the appro-
priate DND-containing medium (5, 10, 25, 50 and 100 pg/ml). DNDs
with both terminations were mixed either in Dulbecco’s Modified
Eagle Medium (DMEM, Thermo Fisher Scientific - Gibco) supple-
mented with 5% of FBS, or in the non FBS-supplemented medium,
following which they were both added to cells which were then
cultivated for 6 and 24 h. The medium containing the DNDs was
discarded at each time point and fresh medium with 10% of tetra-
zolium stain (MTS, Cell Titer961 AqueousOne, Promega) was added
to the cells, which were then incubated for 2 h in a CO, incubator at
37 °C. The optical density was measured by means of a microplate
reader (Labsystem Multiskan MS) at 492 nm, subtracting the
background at 620 nm. The values obtained were related to the
corresponding controls (non-treated cells) in terms of percentage.
In order to avoid cell inhibition and death caused by a lack of
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Fig. 1. Mass spectrometry analysis. Protein quantitative LC-MS/MS analysis depicted
by Volcano plot that compares the fold change (Log2 Fold Change) of each identified
protein and statistical significance (-Log p-value). The data of 242 proteins included in
the SWATH library is presented. Blue dots represent proteins that are enriched on 2 nm
H-DND, red crosses represent proteins enriched on 2 nm O-DND. Grey squares
represent proteins that were found non-significantly on both DNDs. The analysed
proteins originate from FBS.

nutrients, FBS was added to all the non-supplemented samples
after 6 h of incubation so as to attain a final concentration of 5%. The
results obtained were statistically evaluated using the Statistica
program (extreme and remote value subtraction based on box
graphs, the non-parametric Wilcoxon matched-pairs test).

2.8. Scanning electron microscopy (SEM)

For SEM measurement purposes, SAOS-2 cells were pre-
cultivated on 13 mm glass cover slides in 6-well plate in the stan-
dard cultivation medium for 24 h at a concentration of 10 000 cells/
cm?. The cells were then washed in PBS and DMEM medium sup-
plemented with 5% of FBS to which 25 pg/ml of DNDs was added for
6 h. The medium was subsequently replaced by a medium with no
DNDs and incubated up to 24 h. The cells were then washed in PBS
and fixed in 2.5% glutaraldehyde (Sigma-Aldrich) in PBS at 4 °C
overnight. Following fixation, the samples were dehydrated via an
ethanol row (10 min, RT in 20%, 40%, 50%, 60%, 70%, 100% ethanol,
acetone), dried using a critical point dryer (Bal-Tec CPD 030),
covered with a 4 nm layer of chrome and observed by means of FEG
SEM MAIA (Tescan).

3. Results and discussion
3.1. DNDs’ characteristics

While basic characteristics such as the DLS size distribution in DI
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Table 2

SWATH: quantitative analysis of proteins enriched on 2 nm 0O-DNDs and 2 nm H-DNDs. The table summarizes the distribution of proteins at least three fold increased on O-
DNDs versus H-DNDs (fold change > 3) and their theoretical properties - molecular weight (MW), isoelectric point (pI) and hydrophobicity presented by GRAVY index. The

analysed proteins originate from FBS.

2 nm O-DND 2 nm H-DND
Accession Name Fold MW pl GRAVY Accession Name Fold MW pl GRAVY
change (kDa) index change (kDa) index

Q29RY7 Fibroleukin 26.5 50.7 7.5 -0.63 Q58CQ9 Pantetheinase 13.30 56.9 53 -0.12

P01035 Cystatin-C 17.7 16.3 9.2 0.01 Q3Y5Z3 Adiponectin 11.82 26.1 54 -047

P04815 Spleen trypsin inhibitor [ 15.3 10.8 9.0 -0.13 Q3SWX5 Cadherin-6 7.96 88.3 48 —-049

FIMD83 C-X-C motif chemokine 14.6 12.6 9.3 0.06 P80012 von Willebrand factor 6.46 102.6 53 -0.18
(Fragment)

P02459 Collagen alpha-1(II) chain 11.7 141.8 6.8 —0.81 Q3SYW7 SPARC like 1 5.02 749 45 -1.12

Q8SPP7 Peptidoglycan recognition protein 1 11.2 21.1 9.6 —-0.26 G5E5T5 Uncharacterized protein 476 42.5 49 -0.02

QIN2I2 Plasma serine protease inhibitor 73 453 94 -0.11 P31836 Neural cell adhesion molecule 4.61 93.9 49 -0.39
1

P17690 Beta-2-glycoprotein 1 53 383 8.5 -0.27 A5PKC2 SHBG protein 4.10 433 5.7 —-0.05

FIN4AM7 Complement factor | 53 68.9 8.1 -047 QOVCGY9 Pentraxin-related protein 3.91 42.0 5.1 -0.18
PTX3

Q05716 Insulin-like growth factor-binding 5.1 27.9 7.1 —0.48 FIMPE1 (D109 molecule 3.89 161.7 54 —0.08

protein 4

P82943 Regakine-1 5.0 10.3 8.8 —0.10 Q9BGI3  Peroxiredoxin-2 3.87 219 54 -0.11

P80425 Fatty acid-binding protein. liver 4.8 14.2 7.8 —0.40 P01044 Kininogen-1 3.26 68.9 6.1 —0.61

D1Z308 Periostin 4.5 93.2 7.0 —0.20

P02453 Collagen alpha-1(1) chain 4.5 1389 5.6 —0.80

Q2KIS7 Tetranectin 4.1 22.1 55 -0.24

P98140 Coagulation factor XII 4.0 67.2 79 -0.38

E1BMJO Factor XIla inhibitor precursor 40 51.7 6.2 —0.06

Q5NTB3 Coagulation factor XI 39 69.9 7.8 —0.27

FINOKO Collagen alpha-1(XI) chain 39 1824 5.6 —0.85

P13384 Insulin-like growth factor-binding 3.7 34.0 7.1 —-0.52

protein 2

Q2KJ63 Plasma kallikrein 36 71.0 8.6 —0.29

E1BLA8 Golgi membrane protein 1 3.6 45.5 4.8 —-1.09

P02465 Collagen alpha-2(I) chain 3.6 129.1 9.2 —-0.67

Q17QC8 Complement factor properdin 35 50.8 8.3 -0.42

FIMYX5 Lymphocyte cytosolic protein 1 33 70.1 52 -0.31

Q28065 C4b-binding protein alpha chain 3.3 68.9 6.0 —0.38

water, structure and surface chemistry of the 2 nm H/O-DNDs
employed have been described previously [9,10], this study aimed
to complement these characteristics with the determination of the
zeta potential (ZP) of H/O-DNDs in various biological solutions and
their effect on aggregation of DNDs. The ZP was measured in DMEM
medium (cell cultivation solution) and DMEM medium supple-
mented with 5% of FBS (protein-containing cell cultivation me-
dium) as well as in water as standard; the results are summarized in
Table 1. The O-DNDs were found to display an overall negative
charge in all the tested solutions - highly negative in water
(=62 mV) as well as in the cultivation medium (—37 mV) even in
the presence of proteins (-34 mV); in all cases significantly in
excess of the stable colloidal solution value. The high ZPs were
reflected in preservation of good dispersion ability in DMEM as well
as DMEM with 5% of FBS. In contrast, the ZP of H-DNDs was highly
positive in water (+62 mV) which is in agreement with a previous
report [41] but dropped to a level associated with poor colloidal
stability in the cultivation medium (+5 mV) accompanied by ag-
gregation resulting in increased size of H-DNDs (Supplementary
Table 1). The drop of ZP of positively charged NPs prepared from
different materials is already a well-documented effect induced by
proteins from serum/plasma [42,43]. The reduction in the ZP in the
DMEM solution compared to pure water revealed the important
effect of ions and non-protein molecules on the properties of DNDs
(the medium contained amino acids, vitamins, inorganic salts and
sugars), i.e. the formation of a biomolecular corona [44]. However,
since we were primarily concerned with DND-associated FBS-
containing proteins, these biomolecules were deemed outside the
focus of the study. In addition to the non-protein molecules, the
clear influence of FBS proteins on the ZP of H-DNDs was also

detected; the ZP changed to —19 mV (in the FBS-supplemented
medium), i.e. its value remained around the same (in the range of
potentially poor colloidal stability) but the charge became negative.
A similar change in the ZP from initially positive to negative
following the formation of protein corona in the presence of FBS
was also observed on Si-NP by Kurtz-Chalot et al. [45]. Thus, the
formation of protein-DND aggregates can be expected in a similar
way to that described previously [30]. The size of O-/H-DND ag-
gregates in various media was measured immediately after the
pellet was re-dispersed in water. Since the samples were re-
dispersed in water from pellets, soft sonication of 1 min was
applied and the sample were re-measured, for comparison both
values are shown in Supplementary Table 1. Unlike reported
agglomeration of 10—100 nm oxidized high pressure high tem-
perature nanodiamonds in DMEM solution [18], the 2 nm oxidized
DNDs show good colloidal stability in DMEM. Besides ions, DMEM
contains several amino acids which may, through electrostatic
interaction, work as stabilizers for ultra-small NDs but are ineffi-
cient for larger (more than 10 nm) ones.

3.2. Proteomic results

The protein corona on the H/O-DND samples was analysed via
qualitative and quantitative LC-MS/MS. The qualitative analysis
(data-dependent analysis - DDA) identified the number of proteins
on each of the H/O-DNDs, which was found to be comparable —
164 + 7.6 identified proteins on the H-DNDs and 173 + 6.5 identified
proteins on the O-DNDs. The number of identified proteins is in
good agreement with previously published studies which revealed
that the protein corona typically consists of hundreds of proteins
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Fig. 2. Classification of proteins (with fold change > 3) significantly enriched on 2 nm H-DNDs and 2 nm O-DNDs. A) Proteins classified according to their molecular weight, B)
theoretical pl and C) theoretical GRAVY index. The analysed proteins originate from FBS. (A colour version of this figure can be viewed online.)

[46—48]. However, most of the previously mentioned studies
consulted characterized protein corona on much larger NPs. The list
of identified proteins detected on the O-DNDs overlapped to a
certain extent with that on the H-DNDs; thus, the simple qualita-
tive listing of the proteins was unable to clearly capture the dif-
ferences in the binding properties of H- and O-DNDs. Therefore, we
performed a quantitative analysis in the form of SWATH, via which
a library of 242 proteins was created based on the qualitative LC-
MS/MS data (see Experimental); moreover, the data was pro-
cessed in order to obtain statistical indicators of the binding char-
acteristics of each of the protein in the library. The quantity of the
proteins in the library was calculated as the sum of protein-specific
peptides and fragments. The protein intensity was then compared
via the Student T-test between 2 nm O-DNDs and 2 nm H-DNDs
(the statistical significance threshold was set at P < 0.05). As can be
seen in Fig. 1, the proteins in the library clustered so as to form three
categories — i) proteins that bound similarly to both types of DNDs
(66 proteins, e.g. fibronectin, Hsp70, tubulin, etc.), i) proteins that
bound preferentially to the H-DNDs (90 proteins, e.g. pan-
tetheinase, adiponectin, etc.) and iii) proteins that bound prefer-
entially to the O-DNDs (86 proteins, e.g. fibroleukin, cystatin C, etc.).
A complete list of the quantitative data can be found in
Supplementary Table 2. In order to allow for a description of the
substantial differences between protein adsorption onto 2 nm H-
and O-DNDs we focused further analysis on those proteins that
were significantly different (Table 2) as a result of the T-test

(statistical significance), and their protein abundance ratio was
greater than 3. The later characteristic means relative quantitative
value expressing the difference in abundance of proteins between
2 nm H-DND and 2 nm O-DND. We will use the term “fold change”
for the designation of such characteristics throughout the rest of
the text. The number of proteins enriched on the O-DNDs was
found to be more than two-fold (26 proteins) the number enriched
on the H-DNDs (12 proteins).

With respect to the seemingly contradictory results published
previously — on the one hand suggesting that negatively charged
NPs should attract primarily positively charged proteins and vice
versa [49—51], while, on the other hand, indicating that the protein
corona of NPs are composed predominantly of negatively charged
proteins [46] — we compared the proteins detected on positively
and negatively charged DNDs using selected parameters such as the
theoretical molecular weight (MW), the isoelectric point (pl) and
the GRAVY [52] index (Fig. 2).

A broad molecular weight distribution of proteins with fold
changes of >3 in the range 10—200 kDa was determined for both
types of DNDs; 80% of the proteins were <100 kDa on the O-DNDs
and 90% on the H-DNDs (Table 2 and Fig. 2A). Due to a lack of
similar studies on ultra-small NPs, we can only speculate as to the
significance of this outcome; nevertheless, the differences were
noticeable. Analogical studies employing mass spectrometry but
using much larger particles and human plasma also determined a
high percentage (80%) of proteins of <100 kDa (iron oxide particles
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classification system [39] according to their biological function. The analysed proteins
originate form FBS.

[53], liposome particles [47], polystyrene NPs [46]).

The subsequent bioinformatics analysis compared the theoret-
ical pl values of the proteins identified on the H-/O-DNDs (fold
change > 3, Fig. 2B). The analysis detected proteins with a plI of <7
(proteins with a negative charge at a physiological pH, e.g. pan-
tetheinase) among the most abundant proteins on the H-DNDs that
initially exhibited a highly positive ZP. Conversely, 70% of the pro-
teins with a pl of >7 (proteins with a positive charge at a physio-
logical pH) were detected on the O-DNDs that have a highly
negative ZP. Several of the most abundant proteins on the O-DNDs
even exhibited a highly positive charge with a pl of >9. Thus, it can
be concluded that FBS proteins bind predominantly to ultra-small
DNDs due to electrostatic interaction originating from specific
surface chemistry/zeta potential of the studied DNDs as also indi-
cated by a number of previous studies [49—51]. Yet, a very broad
study conducted by Tenzer et al. reported joint influence of the NPs
physicochemical properties such as NP composition, surface
chemistry/zeta potential and size on the binding preferences of
differently charged proteins [46]. However, the study considered
much larger NPs (30—140 nm) than the ultra-small 2 nm DNDs in
our study.

Interestingly, the overall hydrophilic or hydrophobic character
of the proteins detected on the two types of DNDs (with fold
change > 3) was similar for both surfaces. The mean GRAVY values
were —0.32 and —0.39 for the H-DNDs and O-DNDs, respectively.
Only two proteins (cystatin-C and C-X-C motif chemokine) bound

to the O-DNDs evinced a hydrophobic character as given by their
positive GRAVY index value. No such proteins were found among
the most abundant proteins on the H-DNDs (Fig. 2C). These two
proteins also exhibited very high pl (they had strong positive
charges) which predestined them to be close to the negative sur-
face of the O-DNDs. They were also relatively small (16.3 and
12.6 kDa respectively), which accorded them priority in terms of
binding to the surface among other (larger) proteins. Still, one must
bear in mind that the MW, pl and GRAVY values are theoretical as
computed from the amino acid sequences of the identified proteins
employing Uniprot data. They do not take into consideration, for
example, processing via post-translational cleavage or modifica-
tions. The interaction of proteins and NPs may also be facilitated
merely by the specific amino acid sequence of a protein with
suitable local characteristics [54]. Nevertheless, based on an
experimental study by Ukraintsev et al. on diamond thin film sur-
faces, it is reasonable to expect that these hydrophobic proteins are
indeed positioned in the proximal layer on particles shielded by
hydrophilic proteins in the distal layer [55]. Thus, the electrostatic
interaction and nanodiamond surface chemistry rather than the
hydrophobic or hydrophilic character are responsible for the as-
sembly of proteins on ultra-small DNDs.

In order to investigate a possible NP size dependence on the
composition of the protein coronas, we also analysed 4 nm H-/O-
DND analogues. We discovered that most of the proteins enriched
on 2 nm H-/O-DNDs (fold change > 3 difference) were also quan-
tified as significantly enriched on the larger 4 nm DNDs. 10 identical
proteins were found on H-DNDs of both sizes and 2 unique proteins
on each size, whereas 21 identical proteins were found on O-DNDs
of both sizes and 5 unique proteins on each size (Table 2 and
Supplementary Table 3.). This indicates that with respect to the
interaction of proteins with DNDs in the 1-5 nm region, the surface
termination is more important than the difference in their size. This
finding is supported by other studies that revealed that the surface
properties of various polystyrene NPs were more relevant in terms
of protein adsorption than was particle size [49,56]. Despite these
studies considering polystyrene NPs in the range 50 nm—400 nm,
we observed that the same tendency is also valid for one to two
orders of magnitude smaller DNDs that are also smaller than most
of the FBS proteins.

Since the proteins that were significantly quantified on the
tested DNDs represented a very broad spectrum of proteins with
differing physicochemical properties (Table 2.), the whole spectrum
was analysed via the Panther [39] classification system in order to
classify the proteins according to their biological function (in the
context of cell- or organism-level processes). As shown in Fig. 3, the
biological function of the proteins from the protein corona of H-
DNDs and O-DNDs covers many different cell processes including
biological adhesion, localization, growth, etc., which were repre-
sented evenly for both the O-DND and H-DND samples. However,
different proteins were linked on the O-DNDs and H-DNDs within
the same biological group. For example, a group of proteins with
the “adhesion” function containing proteins specific to cell-cell
interaction (e.g. vascular cell adhesion molecule 1 (VCAM1),
contactin-1, cadherin-6, procadherin gamma-C3, procadherin 12)
was found on the H-DNDs, whereas proteins specific to cell-
extracellular matrix interaction (e.g. collagen type V, periostin,
fibrinogen gamma-B chain, transforming growth factor-beta-
induced protein ig-h3) were detected on the O-DNDs. Currently,
we can only speculate as to whether this difference plays an
important role in the interaction of DNDs covered by these specific
proteins with the cells.

In addition, a number of proteins of interest with respect to cell
interaction were detected on both types of DNDs (non-significant
group — grey squares in Fig. 1, Supplementary Table 2). For example,
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Fig. 4. Metabolic activity of SAOS-2, incubated with 2 nm H-DND and 2 nm O-DND under standard (with FBS — A, C) and non-standard conditions (without FBS—B, D).
Relative values are expressed as a percentage of control sample (untreated cells in adequate cultivation medium). The star symbol (*) highlights a significant difference from the
control in cultivation medium with 5% FBS (Wilcoxon matched-pairs test, p < 0.05). Dotted line shows 100% of control, the dashed line shows 75% of control (toxic level), error bars
represent standard deviations.

vitronectin is a major protein that is responsible for cell adhesion; particles (with sizes of between 100 nm and 200 nm) by Palchetti
this protein constitutes a natural component of blood plasma et al. determined this protein to be an important promoter of NP
(serum) and was identified on both the DND types considered in association with Hela cells [57] due to its featuring a specific re-
our study. A comprehensive study of differently terminated ceptor on the cellular membrane. The non-significant group of

500'nm

Fig. 5. SEM images of 2 nm O-DNDs and 2 nm H DNDs after 24 h incubation with cells. Cells incubated with particles in the medium with 5% FBS (A — O-DND, D — H-DND),
nanoparticle-protein network located around the cells on the cultivation surface (B, C — O-DNDs; E, F — H-DNDs).
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proteins also includes highly-abundant serum proteins such as
alpha-1-antiproteinase, plasminogen and others that are found
universally in FBS [58]. The most abundant serum protein — serum
albumin — was determined in our study with an increased fold
change on the H-DNDs (1.1 fold in comparison to the O-DNDs);
however, as pointed out in other studies, the distribution of albu-
min as a major component in serum in the protein corona of
differing NPs is variable [12,54,59]. Our study focused primarily on
proteins that were considered specific to the hydrogenated and
oxidized surfaces of ultra-small DNDs and that might be critical in
terms of the in vivo response.

From the biomedical point of view (e.g. intravenous applica-
tion), the physicochemical properties of DNDs are crucial in terms
of their spontaneous interaction in body fluids, where they are able
to form complexes with proteins and other biomolecules. These
complexes are able to interact with human cells in a distinct way as
compared to single or bare DNDs. The conformation of the proteins
attached to the DND may be altered [60—62] or their functional
motifs might be buried inside [63]. Moreover, DNDs are capable of
inducing protein clustering and the creation of the multivalent ef-
fect, i.e. the multiple ligands bound to the NP are able to react with
multiple receptors on the cell surface, which is beneficial in terms
of enhanced biological recognition or improved binding [57,64]. For
example, serum proteins such as fibrinogen, immunoglobulins and
complement proteins are able to act as opsonins and thus promote
the phagocytosis of NPs. Conversely, dysopsonins such as albumin
or apolipoproteins inhibit phagocytic ingestion and thus prolong
the half-life of NPs in blood [65]. Our analysis revealed that opso-
nins such as complement factors were significantly enriched on the
O-DNDs (Table 2) and, moreover, several apolipoproteins were
detected on both the H-DNDs and O-DNDs (Supplementary
Table 2).

3.3. Nanodiamonds-cell interaction

All the above serves to document the diversity of proteins with
distinct functions in complexes with NPs and indicates that their
final biological properties are the result of complex contributions.
Proteins with a wide variety of biological functions are attracted by
both hydrogenated and oxidized DNDs and they may exert very
distinct and, to date, unknown impacts on cells or, indeed, the
whole organism. However, our data also demonstrated the huge
potential in terms of the binding capability of specifically-targeted
proteins to the various surfaces of DNDs. Thus, we evaluated the
effect of H/O-DNDs on human cells. The potential cytotoxic effect of
2 nm H/O-DNDs on human osteoblasts (SAOS-2 cell line) was
analysed via the monitoring of the metabolic activity that reflects
the viability of cells (Fig. 4) treated with various DND concentra-
tions over differing time intervals and under differing conditions
(with and without the addition of FBS).

The presence of FBS in the medium enabled the spontaneous
association of proteins with DNDs and the formation of protein
corona thus leading to an immediate change in the properties of the
DNDs (as can be seen from the ZP change in Table 1). The O-DNDs
cultivated with cells in the presence of proteins (+FBS) appear to
have exerted a non-toxic effect at the time points investigated
(Fig. 4A). The interaction of FBS proteins with the O-DNDs most
probably increased their hydrodynamic diameter or induced the
formation of clusters (Supplementary Table 1); however, the ZP
remained negative in the colloidal stability region (Table 1).
Therefore, their increased size, together with the negative surface
charge, may prevent them from entering the negatively charged
cells and from inducing the effects detectable using this method.
These results correspond well with observations concerning other
DND samples with larger diameters (5 nm) and differing

termination [30].

However, in the absence of FBS, the same O-DNDs induced an
elevation in the metabolic activity of the cells at all the tested
concentrations after 6 h (Fig. 4B). This temporary elevation
returned to the control level after a longer incubation period (24 h)
and only the highest concentration of O-DNDs induced osteoblast
cytotoxicity (Fig. 4B). The O-DNDs without the presence of attached
proteins remained in the colloid in the form of single particles and,
thus, despite their negative charge, they were able to freely enter
cells via direct transport through the membrane as demonstrated
by other research groups [66—68]. The initial increase in metabolic
activity in the FBS-free medium might be explained via the inter-
action of these bare DNDs with certain cellular pathways and the
transient sensitization of the cells (e.g. the enhanced activity of
cellular dehydrogenases) [69]. Subsequently, the internalized par-
ticles at the higher concentration impaired certain pathways or,
alternatively, the normal functioning of the organelles, thus leading
to cell death (Figs. 4B—50 and 100 pg/ml O-DNDs (-FBS)).

In contrast, the 2 nm H-DNDs induced concentration-dependent
cytotoxicity in the presence of FBS. Thus, their mode of action is
clearly different from that of O-DNDs (Fig. 4C). H-DNDs in contact
with proteins from the FBS demonstrated a reverse in their ZP
from +62 mV to —19 mV, thus indicating the formation of protein-
H-DND aggregates in a more pronounced manner than in the case
of the O-DNDs as also demonstrated by the DLS data analysis
(Supplementary Table 1), which exhibited a ZP of —34 mV under
the same conditions. Since the protein-H-DND aggregates became
negatively charged they were unable to enter the negatively
charged cells in the same manner as O-DNDs did. Moreover, these
aggregates were observed to cause the cells to be mechanically
stressed. Therefore, the metabolic activity of the cells is suppressed
for a different reason than that concerning the bare, cell-
penetrating O-DNDs. It is known that mechanical stress caused
by the coverage of the cell surface with large NP aggregates
(10—400 nm) destroys the cell cytoskeleton thus resulting in cell
death via apoptosis [70,71].

The initial absence of FBS increased the cytotoxic effect of the
2 nm H-DNDs on the SAOS-2 cells (Fig. 4D) even at lower concen-
trations. In this case the H-DNDs remained positively charged in the
cultivation medium without proteins even though the ZP value was
lowered, thus potentially rendering the colloidal dispersion less
stable (ZP + 5 mV, Table 1). Thus, the bare H-DNDs were able to
easily bind to the cell membrane and most probably to enter the
cells where they interfered with the various cellular processes and,
thereby, induced a cytotoxic effect. This internal cytotoxic effect
persisted and continued at least up to the 24 h-time point even
though FBS was added after the first 6 h (essential in terms of the
long-term survival of the cells — see Experimental). Remaining H-
DNDs in the solution formed complexes with the proteins as in the
case of the H-DNDs added directly to the FBS-supplemented me-
dium. Thus, they may have exerted an additional cytotoxic effect on
the cells due to mechanical stress. These findings are in contrast to
those of Kurtz-Chalot et al. who concluded that a higher uptake of
Si-NP is less cytotoxic than their adsorption on the cell membrane
surface [45]. Various factors contributed to the differing conclu-
sions. It is possible that the internal cytotoxic effect was screened
by too high Si-NP concentration, the intake of Si-NPs was less than
that of ultra-small DNDs, or the Si-NPs were rapidly biodegraded
(dissolved) inside the cell.

With respect to the ZP data, which indicated the formation of
protein-DND aggregates (especially in the case of the H-DNDs in
the cultivation medium with FBS), SEM images of the cells and their
surroundings were recorded following the administration of DNDs.
Fig. 5 illustrates protein-DND aggregates that formed following the
incubation of hydrogenated and oxidized DNDs with SAOS-2 for
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24 h under standard conditions. A notable difference is evident in
terms of the size of the aggregates (Fig. 5B versus Fig. 5E); their size
is in agreement with the ZP measurements. The higher negative
value of the O-DND ZP (—34 mV) resulted in the formation of
smaller complexes than in the case of the H-DNDs (—19 mV). The
closer the ZP approached zero, the lower was the colloidal stability
and thus the higher was the potential for NP aggregation [72,73].
Hence, the ZP of the protein-DND controls aggregation rather than
the interaction of the protein corona since the outer part of the
protein corona features similar, hydrophilic proteins with respect to
both the O-DNDs and H-DNDs.

The SEM images also clearly illustrate that the O-DNDs covered
the cell surface only partially, whereas the H-DNDs covered almost
the entire cell surface, which may have been the reason for the
detected decrease in the cell metabolic activity to cytotoxic levels
(Fig. 4C). The protein-DND complexes on the cell surface may have
negatively influenced cell fitness including the intake of nutrients
or, alternatively, they may have hampered the natural movements
of the cell membrane (mechanical stress). Moreover, the physico-
chemical interaction of the NPs with the membrane may have
exerted an effect on its integrity. Different membrane models (e.g.
giant uni-lamellar vesicles) have demonstrated that NPs may exert
an impact on membrane integrity as a result of their ability to
change their phase (gelation) thus triggering a cytotoxic effect due
to the cells requiring a separated intracellular environment and a
fluid membrane phase so as to regulate molecular transport [74].
More negatively charged O-DNDs evince a lower degree of attrac-
tion to the negatively-charged cell membrane and are thus less
harmful in terms of membrane integrity than are positively-
charged H-DNDs.

The surface chemistry of ultra-small DNDs thus exerts an
obvious effect on the formation and composition of the protein
corona as well as on the viability of cells via diverse interaction
mechanisms (the entry of single ultra-small NPs versus the
adsorption of protein-NP complexes on the plasma membrane).
Despite the challenging nature of linking theoretical bioinformatics
data based on mass spectrometry with the behaviour of NPs via
in vitro cellular experiments, we demonstrated that such an inter-
connection is possible.

4. Conclusion

The study presented an initial insight into the behaviour of
hydrogenated and oxidized ultra-small ~2 nm DNDs in various
biological media and their interactions with proteins and human
cells. The detailed study of the proteins associated with these ultra-
small DNDs by means of LC-MS/MS and a subsequent qualitative
and quantitative analysis demonstrated that the bound proteins
completely altered the characteristics of the DNDs.

We determined that both the surface chemistry and the charge
are crucial in terms of attracting proteins from the serum protein
pool. We further demonstrated that proteins significantly associ-
ated with one type of DND surface chemistry differ with concern to
their theoretical parameters such as pl etc. The proteins that were
presented principally on the positively-charged H-DNDs displayed
a predominantly negative charge at physiological pH (mean
pl ~ 5.2) while those proteins that were presented primarily on the
negatively-charged O-DNDs displayed a predominantly positive
charge (pl 7—10) under the same conditions. Therefore, it can be
stated that the nanodiamond surface chemistry and electrostatic
interaction due to the zeta potential of the DNDs were responsible
for selective protein attraction rather than the hydrophobic or hy-
drophilic character of the nanodiamonds and proteins. Moreover,
the surface chemistry was determined to be more important than
the difference in the size of the DNDs in the sub-5 nm region. The

ZP of the H-DNDs was significantly altered in the cell media and
even assumed the opposite charge as aresult of interaction with the
FBS proteins. In addition, the ZP controlled the aggregation of
protein-DND complexes into smaller or larger structures as well as
interaction with the cells. The ultra-small O-DNDs exerted a pre-
dominantly neutral or even positive effect on cell viability while,
conversely, the ultra-small H-DNDs exhibited noticeable cytotoxic
effects as a result of two different mechanisms, i.e. i) possible entry
of single NPs and the disruption of metabolic processes in the case
of bare NPs or ii) mechanical stress originating from the dense
coverage of the cells by protein-DND aggregates.

Ultra-small DNDs provide a promising nanomaterial for use in
the fields of biomedicine and biology in general thanks principally
to their virtually molecular size and the potential to adjust their
surface chemistry to the molecular scale and thus to target specific
proteins. The research presented herein demonstrated that the
surface chemistry of such ultra-small DNDs makes up an essential
parameter in terms of their interaction with proteins as well with
concern to their cytotoxicity. While a number of trends identified
with respect to larger NPs were also found to apply to DNDs of 2 nm
(size smaller than most of the proteins in the FBS) other findings
differed to those determined in previous studies, e.g. the uptake of
H-DNDs into cells is more cytotoxic than their adsorption on the
cell membrane (mechanical stress). In spite of the high degree of
complexity of nanoparticle-medium-cell interactions, the study
revealed some of the key properties and mechanisms that govern
the interaction of ultra-small nanodiamonds with proteins and
cells. Thus, it is hoped that the research described herein will
contribute to improving the understanding of the range of
biomedical experiments previously performed employing nano-
diamonds as well as ultra-small nanoparticles from other materials.
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