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Abstract

In recent years, fluorescent nanomaterials have gained high relevance in biological applications as probes for various fluorescence-
based spectroscopy and imaging techniques. Among these materials, dye-doped silica nanoparticles have demonstrated a high
potential to overcome the limitations presented by conventional organic dyes such as high photobleaching, low stability and limited
fluorescence intensity. In the present work we describe an effective approach for the preparation of fluorescent silica nanoparticles
in the size range between 15 and 80 nm based on L-arginine-controlled hydrolysis of tetraethoxysilane in a biphasic
cyclohexane—water system. Commercially available far-red fluorescent dyes (Atto647N, Abberior STAR 635, Dy-647, Dy-648 and
Dy-649) were embedded covalently into the particle matrix, which was achieved by aminosilane coupling. The physical particle at-
tributes (particle size, dispersion, degree of agglomeration and stability) and the fluorescence properties of the obtained particles
were compared to particles from commonly known synthesis methods. As a result, the spectroscopic characteristics of the presented
monodisperse dye-doped silica nanoparticles were similar to those of the free uncoupled dyes, but indicate a much higher photosta-
bility and brightness. As revealed by dynamic light scattering and {-potential measurements, all particle suspensions were stable in
water and cell culture medium. In addition, uptake studies on A549 cells were performed, using confocal and stimulated emission
depletion (STED) microscopy. Our approach allows for a step-by-step formation of dye-doped silica nanoparticles in the form of

dye-incorporated spheres, which can be used as versatile fluorescent probes in confocal and STED imaging.

Introduction

With the emergence of nanotechnology, numerous applications  treatment by local hyperthermia [8,9], for labelling [10,11] and
have been developed using the size-related properties of nano-  for bioimaging [12-14]. The detection of cell-associated and
particles [1,2]. In biomedical research, nanoparticles are applied  internalised nanoparticles and the analysis of their interactions

as drug carriers [3-5], as transfection agents [6,7], for cancer =~ with extracellular or subcellular components and structures are
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not only important in the nanomedical field but also in nanotox-
icology. Due to the fact that more and more nano-based materi-
als come to market and are developed for everyday use, the
latter discipline is targeting the effects of engineered nanomate-
rials on living organisms [15-17]. In order to localise nano-sized
materials inside cells, various imaging techniques are available
nowadays, each exhibiting intrinsic limitations. Conventional
fluorescence-based methods, for example, are not applicable for
spatially-resolved detection of nano-scaled structures, but, on
the other hand, are suitable for observing dynamic processes
using living cells [18-20]. In addition, the development of novel
so-called “super-resolution” optical imaging techniques allows
for the imaging of objects beyond the diffraction limit [21,22].
For example, stimulated emission depletion (STED) micros-
copy utilises the saturable deexcitation of fluorophores within
an excited volume using a second laser with a red-shifted wave-
length. Typically, a donut-shaped depletion laser profile is used
to enhance lateral resolution, through focal laser intensities in
the range of 100-500 MW-cm 2 [23]. All in all, STED micros-
copy requires fluorescently labelled markers with high photo-
stability to identify relevant interactions between nanoparticles
and cellular structures.

In the last years different types of markers have been used for
fluorescence-based microscopy, such as modified inorganic
gold nanoparticles [24,25], silica nanoparticles [26] or quantum
dots [27,28]. These fluorescent nanoparticles fulfil some of the
specific requirements and overcome disadvantages of common
organic fluorescent dyes [29]. Especially silica nanoparticles
have proven useful, since silicon chemistry provides a versatile
tool for the modification of the silica surface with a variety of
functional groups [30] or biomolecules [31]. This material also
allows for the incorporation of dyes into the particle matrix
without changing their optical properties [32]. However, the in-
corporation of fluorescent dyes into the silica matrix, which is
mostly based on non-polar aromatic or conjugated m-electron
systems [33], is not easy to achieve due to the hydrophobic

character of the organic dye molecules.

Commonly, fluorescent silica nanoparticles are obtained by
hydrolysis and condensation of a silica precursor via sol-gel or
reverse microemulsion synthesis [34]. Using the traditional
sol—gel synthesis of silica particles described by Stdber et al.
[35], particles are available in the size range of a few tens of
nanometres up to the micrometre range. Although the Stober
method can be utilised to obtain particles with a narrow size
distribution in the range of 100 nm to several micrometres, the
method is less suited for the synthesis of silica nanoparticles
with a narrow dispersity in the size regime below 100 nm. Thus
many research studies have been based on this approach, devel-

oping new synthesis methods of fluorescence silica nanoparti-
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cles [36-38]. One of the most outstanding methods was de-
veloped by Wiesner et al., who designed new small fluorescent
core—shell silica nanoparticles [39-41]. These so called “Cornell
dots” (C-dots) have recently been approved as an "investiga-
tional new drug" (IND) by the U.S. Food and Drug Administra-
tion (FDA) and are being tested in human clinical trials [42].
Although many other reports about the preparation of silica
nanoparticles with a fluorescent label have been published [43],
the synthesis of silica nanoparticles in the lower nanoscale
range with a narrow size distribution and sufficient dye
labelling remains a challenge.

In previous works, we presented fluorescent 30 nm, 85 nm and
125 nm large silica nanoparticles with covalently attached
Atto647N dye, which was either coupled to the particle surface
or into the silica matrix. These fluorescent nanoparticles were
suitable for biological nanoparticle uptake experiments and
have been used to determine the intracellular migration and
nuclear penetration after uptake into Caco-2 cells [44]. They
have also been used to analyse their intracellular agglomeration
and their association with intracellular vesicles in living A549
cells, as well as to quantify the number of internalised nanopar-
ticles in these cells [45-47]. In another study small silica nano-
particles with diameters of 25 and 40 nm and modified with
Atto647N dye were used to investigate the uptake in macro-
phages [48].

Herein we present the improved syntheses of the covalently in-
corporated (fully dyed) fluorescent silica nanoparticles in more
detail by describing the syntheses of the dye-APTES conju-
gates, the different synthesis steps, a comparison with common-

ly used methods and variations of the used dyes.

Results and Discussion

Our main goal was the synthesis of monodisperse silica nano-
particles in the size range of 15 to 80 nm and their modification
with fluorescent NIR dyes to enable stimulated emission deple-
tion (STED) and confocal imaging. For this purpose, we
adopted a literature-known synthesis of silica nanoparticles
using an L-arginine-catalysed hydrolysis of tetraethoxysilane
(TEOS) in a biphasic water—cyclohexane system [49] and incor-
porated different fluorescent NIR dyes into the silica particle
matrix.

Fully dyed (FD) silica nanoparticles through
embedding of Atto647N

For application in STED microscopy the dye-doped silica nano-
particles have to fulfil some criteria. First of all, an efficient dye
excitation in the range of its absorption maximum has to be
achieved. In this study, a pulsed diode laser with a wavelength
of 635 nm was used for dye excitation. Secondly, a significant
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stimulated-emission cross section is needed for effective deple-
tion by the STED laser. In a typical STED implementation,
available to a broad range of users, this is achieved in the range
between 750 and 800 nm using a tuneable Ti—sapphire laser.
For this reason, one of the most frequently used red-emitting
dyes for STED microscopy, the commercially available
carbopyronine dye Atto647N was selected as a model dye [50].
It matches the preferred spectral characteristics and has gained
popularity as fluorescence label due to its strong absorption,
excellent fluorescence, quantum yield and good solubility
[51,52]. However, Atto647N had to be modified before embed-
ding into the silica particle matrix (Scheme 1). A cysteic acid
spacer was introduced between dye and (3-aminopropyl)tri-
ethoxysilane (APTES) linker to provide negatively charged
sulfonic acid groups (Scheme 1A). This pre-synthesis modifica-
tion step was necessary, since attempts to incorporate sufficient
amounts of Atto647N into the silica matrix via exclusive
APTES linkage were not successful (Scheme 1B). During the
course of synthesis a drastically increased dispersity of the par-
ticles could be observed. In cases of higher Atto647N concen-
trations, dye-containing blue gels were even obtained at the
bottom of the flask. This may be attributed to the positive
charge of the Atto647N dye molecule after embedding, leading
to a reduction of the negative {-potential of the silica surface
and thus to agglomeration of the particles. However, introduc-
tion of cysteic acid to the side chain of the dye increased the
hydrophilic character of the dye avoiding agglomeration and gel
formation during the synthesis.

By using the Atto647N—cysteic acid—APTES conjugate
(Atto647N-CS-APTES) and a precise adjustment of the
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reaction parameters, monodisperse silica nanoparticles with a
mean particle diameter of 15 nm (5% size distribution;
FD15_Atto647N) or 25 nm (4%; FD25_Atto647N) could be
obtained (Figure 1). Hydrodynamic diameters determined
by dynamic light scattering (DLS) were in accordance with
diameters obtained from SEM or TEM image analysis
(Table 1). These results show that no agglomerates of the
nanoparticles exist in the samples. Further, the aqueous
nanoparticle suspensions exhibit a negative {-potential of —15 to
—21 mV. Due to electrostatic repulsion that leads to a high
stability against agglomeration neither significant changes of
the agglomeration state nor aggregation were observed over
12 months storage.

Larger particles were synthesised by multiple regrowth steps of
the FD25 nanoparticles (Figure 2). A comparison of the mean
particle diameters after each regrowth step by electron micros-
copy, indicate a particle growth of 15-20 nm per step. Even
though the hydrodynamic diameters of the particles were
slightly higher than the values obtained by statistical SEM and
TEM image analysis (Table 1), they confirmed the observed
trend. All particles exhibited a negative {-potential that slightly
decreased with increasing particle size. These measured
{-potentials were in accordance with the {-potential values
determined for pure silica nanoparticles of similar size
(Table 1). In addition, a comparison of Atto647N-dyed silica
nanoparticles with pure silica nanoparticles (Me series) shows
nearly constant particle sizes with narrow size distributions.
Therefore, a significant influence of Atto647N—CS—APTES on
the particle synthesis and the physical particle attributes can be
excluded.
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Scheme 1: Pre-synthesis modification steps of the Atto647N dye. Path A: The dye was modified with a cysteic acid linker—APTES conjugate
(a: DMSO, NEtg, rt, overnight; b: DMSO, EDC, NHS, rt, 30 min; c: DMSO, APTES, rt, overnight). A modification of Atto647N with APTES only

(d: DMSO, APTES, rt, 2 h) was not possible (path B).
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Figure 1: TEM images and size histograms of the Atto647N-doped silica nanoparticles. A: TEM image of FD15_Atto647N particles; B: size histogram
derived from the TEM image of FD15_Atto647N; C: TEM image of FD25_Atto647N particles; D: size histogram derived from the TEM image of

FD25_Atto647N.

Table 1: Overview of the physical particle attributes (size, degree of dispersion, and charge) of the synthesised Atto647N-dyed silica nanoparticles.
To determine the particle diameter and the size distribution, the samples were characterised by TEM image analysis. The hydrodynamic diameter of
the particles in H,O was measured by DLS, whereas the particle charge was determined by -potential measurements. The mean hydrodynamic
diameter of the particles was determined, using the “volume distribution”. Numbers in brackets indicate the size dispersity p. It is calculated with the
formula p = o/p with o being the standard deviation and p being the mean value. n.d. = not determined.

SiOz NP particle diameter, dygy [nm] hydrodynamic diameter, dj, [nm] C-potential [mV]
FD15_Atto647N 14.1 £ 0.7 (0.05) 14 £ 3 (0.19) -15.3
FD25_Atto647N 254 +1.0 (0.04) 26 +5(0.18) -20.9
FD45_Atto647N 50.0 + 1.8 (0.04) 47 £10 (0.22) -37.5
FD60_Atto647N 66.5 + 2.2 (0.03) 65+ 14 (0.22) -43.3
FD80_Atto647N 83.6 £2.0 (0.02) 92 +19(0.21) -43.3
Me15 13.8 £ 0.5 (0.04) n.d. -28.9
Me25 22.9+0.9 (0.04) 23 +4(0.17) -30.0
Me45 40.7 £ 2.7 (0.07) 44 +9(0.21) -23.5
Me60 62.1£2.2(0.04) 62 +13(0.21) -39.1
Me80 80.4 £ 2.2 (0.03) 84 + 15 (0.18) -35.4
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Figure 2: Schematic synthetic procedures for the multistep prepara-
tion of dye-conjugated silica nanoparticles in the size range between
15 and 80 nm. All particle growth steps were conducted via L-arginine-
catalysed hydrolysis of TEOS in a biphasic water—cyclohexane system
at 60 °C. Dye embedding was achieved during particle (re)growth by
addition of modified dye. Dyomics dyes and the dye Star635 could be
directly incorporated into the particle matrix if coupled to APTES. For
the dye Atto647N, the introduction of a negatively charged cysteic acid
group is required to yield well-defined fluorescent probes. If necessary
the obtained silica nanoparticles can be further covered by a pure
silica layer through repeating the shell growth step without embedding
of fluorescent dyes.

Comparison of FD particles with

Stober synthesis and C-dots synthesis

Furthermore, the above presented Atto647N-doped silica nano-
particles were compared to silica nanoparticles of other litera-
ture-known synthesis methods. For this purpose different sizes
of Atto647N-doped silica nanoparticles were synthesised
following either the method of Stober [36] or the C-dots method
[42]. Both methods utilise ammonia as a catalyst, which has a
large influence on the dimension and morphology of the
obtained silica nanoparticles. Indeed, it is well known that the
particle size increases with an increase in ammonia concentra-
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tion [53,54]. The use of ammonia could be a major limitation
for dyes, which are sensitive to high-alkaline pH values.
Another drawback of both methods is a broader particle size
distribution (Table 2). The Stéber method yielded nanoparticles
with a mean particle size of 16 and 64 nm and a dispersity of
12% and 13% respectively, whereas the C-dots synthesis
revealed particles with a mean size of 12 nm (7%). Compared to
our presented method the achieved dispersity was at least twice
as high for the Stober method and approximately identically for
the C-dots method (Table 2). The shape of the 15 nm large
silica nanoparticles, obtained by the Stober synthesis and the
C-dots method, are more irregular and less spherical than
FD15 Atto647N (Figure S15, Supporting Information File 1).
Once again, no significant influence of the dye embedding

during the particle synthesis could be observed.

Variation of the linker, the dye molecules and

the dye concentration

To study if either the charge of the used dye or the cysteic acid
linker have an influence on the particle synthesis, we chose the
neutral dye Abberior STAR 635 (Star635, charge: 0) and three
negatively charged pentamethine based Dyomics dyes (Dy-647,
charge: —1; Dy-648, charge: —2; Dy-649, charge: —3), which
exhibit a high water solubility mainly caused by negatively
charged sulfonate side groups (supplier information). Com-
pared to Atto647N, all four dyes could be directly incorporated
into the silica matrix with an APTES linker (Figure 2), which
supports our hypothesis of the positively charged Atto647N
dye. The particle size, the size distribution and the state of
agglomeration of the different dye—APTES-conjugated silica
nanoparticles were determined after the synthesis by measure-
ments of the {-potential and analysis of TEM or SEM images
(Table 3). The results indicate a strong dependence of the
particle size and nanoparticle dispersity from the chosen dye
and its charge. The neutral Star635—APTES conjugate and
the highly negatively charged Dy649—APTES conjugate
resulted in approximately similar particle sizes compared to

Table 2: Overview of the physical particle attributes of Atto647N-dyed silica nanoparticles, synthesised by the Stéber method or the C-dots method.
Particle diameter and size distribution of the samples were characterised by TEM image analysis. The hydrodynamic diameter of the particles and
their state of agglomeration in H,O was measured by DLS, whereas the particle charge was determined by ¢-potential measurements. The mean
hydrodynamic diameter of the particles was determined, using the “volume distribution”. Numbers in brackets indicate the size dispersity p.

SiOy NP particle diameter, dtgp [nm]

Stoe15_Atto647N
Stoe75_Atto647N

16.3 £ 2.1 (0.13)
69.5+ 7.0 (0.10)

CD_Atto647N 11.5+ 0.7 (0.06)
Stoe15 15.6 £ 2.1 (0.13)
Stoe75 65.9 £ 8.4 (0.13)
CD n.d.

hydrodynamic diameter, dj, [nm] {-potential [mV]

27 + 6 (0.23) -28.7
75 + 16 (0.21) -42.4
12 + 3 (0.25) -45.0
19 + 3 (0.16) -26.2
76 + 18 (0.24) -39.6
12 + 3 (0.25) -29.0
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Table 3: Overview of the physical particle attributes of dye—APTES-modified silica nanoparticles. Particle diameter and size distribution of the sam-
ples were characterised by SEM image analysis and the particle charge was determined by {-potential measurements. Numbers in brackets indicate

the size dispersity p. n.d. = not determined.

dyed SiO, NP net charge of dye [e]
FD_APTES-Dy647 -1
FD_APTES-Dy648 -2
FD_APTES-Dy649 -3
FD_APTES-Star635 0
FD60_APTES-Dy648 -2
FD80_APTES-Dy648 -2

@Particle diameter was determined by TEM image analysis.

FD25 Atto647N, whereas FD_Dy647-APTES and FD_Dy648-
APTES indicated significantly larger particle diameters. The
synthesis of larger silica nanoparticles showed that the choice of
dye had no influence on the particle diameters of the regrowth
steps, but on the size distribution.

The synthesized 25 nm large Star635-embedded silica nanopar-
ticles, using the dye modified with cysteic acid, exhibited a
mean particle diameter of 20 nm (FD25_Star635) with a narrow
size distribution of 4% (Table 4). The particle size distribution
is much narrower than the one of the silica nanoparticles modi-
fied with the Star635-APTES-conjugate. This allows the
conclusion that the cysteic acid modification of the dye~APTES
conjugates with its higher level of negative charges had a posi-
tive influence on the particle growth independently of the used
dye.

In addition, we varied the dye concentration during the multiple
synthesis steps to verify its influence on the particle size,
dispersity and degree of agglomeration (Table 4). The results of
the characterisation by TEM images, DLS and {-potential mea-
surements indicate neither an influence on the particle size dis-
tribution nor on the degree of agglomeration. Only the particle

size increase slightly with an increasing dye concentration

particle diameter, dsgm C-potential [mV]

39 + 11 (0.28) n.d.
40 + 12 (0.30) -20.7
29 + 8 (0.28) -26.1
33 +3(0.08)2 -28.0
60 + 8 (0.13) -36.0
80 + 8 (0.10) -40.0

Therefore, our synthesis allows one to tune the dye content that
can be incorporated into the particle matrix. This is important
for cell interaction studies in which a possible influence of the
dye on toxicity and cell interaction should be minimised.

Absorption and fluorescence properties of
the dye-doped silica particles

After characterisation of the physical particle attributes, fluores-
cence and absorption measurements of the dye-doped silica
nanoparticles were performed. First of all, we studied the influ-
ence of the integration of the dyes into the silica matrix on the
absorption and fluorescence signal. Comparison of the UV—vis
absorption and fluorescence spectra of dye-doped silica nano-
particles and those of free dye molecules indicated no influence
of the integration. The spectra seem to be approximately the
same (less than a few nanometres peak shift to longer wave-
lengths), showing two maxima for the Atto647N dye (Figure
S16, Supporting Information File 1) in the absorption spectra,
whereas the fluorescence spectra of the dye-modified silica
nanoparticles and the free dye molecules indicate a nearly simi-
lar maximum at 660 nm. Identical results were obtained for the
comparison of the free other dyes with the embedded ones (data
not shown). Also a comparison of the UV—vis absorption and

fluorescence spectra of the synthesised dye-embedded silica

Table 4: Overview of the physical particle attributes of Star635—-CS-modified silica nanoparticles using different dye concentrations during the synthe-

sis. Numbers in brackets indicate the size dispersity p.

Star635-modified SiO, NP added volume of dye,

particle diameter,

hydrodynamic diameter, C-potential [mV]

V[uL] dtem [nm] ah [nm]
FD25_Star635 56.4 19.1 £ 0.8 (0.04) 21+4(0.18) -31.4
FD45_Star635 56.4 35.0+1.2(0.04) 36+7(0.19) -43.4
FD60_Star635 56.4 48.1 + 2.4 (0.05) 49 + 14 (0.30) -35.9
FD25_Star635 112.8 24.8 £ 1.3 (0.05) 23 £5(0.21) -30.6
FD45_Star635 112.8 43.6 2.9 (0.07) 37 +9(0.25) -39.3
FD60_Star635 112.8 69.6 + 1.9 (0.03) 80 + 18 (0.22) -41.8
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particles after the different regrowth steps (Figure S17, Support-
ing Information File 1) or the use of different dye concentra-
tions during the individual synthesis steps (Figure S18, Support-
ing Information File 1) show no influence on the maxima of the
spectra.

To demonstrate the stable embedding of the dyes into the silica
matrix leaching experiments were performed (Figure S19, Sup-
porting Information File 1). The dye leaching of the particles
was investigated by comparing the relative fluorescence intensi-
ty before and after centrifugation of the particle suspension
through two different membranes (30 kDa and 100 kDa). The
measurements revealed almost no dye leaching (less than 10%)
the particle suspensions, indicating a more stable embedding
than with the Stober method (14% (15 nm), 34% (60 nm)).

Based on these results, we calculated the dye content of our par-
ticles depending on the amount of dye that was employed for
particle synthesis, and compared the resulting fluorescence in-
tensity (Figure 3). It turned out, that the number of dye mole-
cules increases as a function of particle size from two mole-
cules per particle (25 nm) to several hundred molecules per par-
ticle (80 nm). Thereby the number of incorporated dye mole-
cules can be controlled by the amount of the modified dye and
by growing non-fluorescent or fluorescent shells.
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Figure 3: Calculated number of dye molecules per silica particle as a
function of size (filled square) and relative fluorescence intensity (open
circles) as a function of the particle size. The ratio of fluorophore per
particle was calculated based on the concentration of nanoparticles
and the molar content of dye assuming a dye immobilisation yield of
100%. Dye-labelled particles show a volume-dependent increase in
fluorescence intensity. The amount of immobilised dye can (statisti-
cally) be controlled between two (FD25) and several hundred (FD80)
dye molecules per particle, just by addition of dye during each
regrowth step.

Brightness and quantum vyields
Sensitive imaging applications, such as live-cell imaging, three-

dimensional imaging or STED microscopy, require a high
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brightness of the imaging probes [55]. To compare the bright-
ness of the nanoparticles obtained by the different synthetic pro-
cedures, three samples with identical particle concentration
(0.02 nmol/L) were prepared and the fluorescent intensity was
determined. The results indicated that the relative fluorescent of
FD15_Atto647N was significantly higher than the one received
from Stoel5_Atto647N and CD_Atto647N. This demonstrates
once again a larger quantity of embedded dye molecules. There-
fore, brightness measurements were repeated with samples indi-
cating the same absorption intensities to ensure the identical
number of dye molecules (Figure 4).

4 - - - free dye

Relative fluorescence [%]
~
o
1

FD Stéber CD

Figure 4: Comparison of the relative fluorescence intensity of
FD15_Atto647N, Stoe15_Atto647N and CD_Atto647N. All samples
were diluted to an absorption intensity of A = 0.012 to ensure an iden-
tical number of dye molecules. The fluorescence intensity of free
Atto647N-CS—-APTES was set to 100%. FD15_Atto647N and
CD_Atto647N exhibited a significantly higher relative fluorescence in-
tensity, whereas Stoe15_Atto647N was much less brighter (60%).

In addition, the quantum yields were determined. For the quan-
tum yield measurements the comparative method of Williams et
al. [56] was utilized, which involves the use of a well charac-
terised standard with a known quantum yield (®) and fitting
absorption and emission spectra. Normally, this method cannot
be used for samples that exhibit significant scattering since the
additional light emission leads to an overestimation of the quan-
tum yield [57]. Nevertheless, the method can be still applied if a
scattering correction is performed with the reference sample
[58]. In our case, the correction was carried out by incorporat-
ing an adequate proportion of silica particles with the same size
containing no dye into the reference solution. A diluted sample
in water of free Atto647N dye was selected as reference materi-
al. In a first round of the quantum yield measurements we
studied the influence of the cysteic acid linking to Atto647N.
Although a drop of the quantum yield from 65% to 48% could
be observed through the linking, the measurements with
FD60_Atto647N yielded with 44% nearly the same decrease,
which indicated no significant quenching of the embedded dyes.
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Photostability

In addition to high quantum yields and a high brightness, the
fluorescence stability of the dye is of particular importance for
STED imaging [59]. Especially, when this technique is used to
address more complex tasks such as time-resolved or three-
dimensional imaging. Therefore, the photostability of the syn-
thesised dye-modified silica nanoparticles was confirmed by
different photobleaching experiments. For this purpose, the
three different nanoparticle suspensions were diluted to a parti-
cle concentration of 0.26 nM. A 40 nM solution of the free
Atto647N—CS—APTES conjugate in MilliQ water was used as a
reference to determine the influence of the embedding into the
silica matrix. All sample solutions were exposed to light from
seven commercially available LEDs (Aep, = 594-650 nm) and
the fluorescence intensity was measured over a period of 20 min
in order to compare their photobleaching. Even though the dye
Atto647N is well known in literature for its high photostability,
it showed a decrease of fluorescence intensity of around 75%
after 20 min of continuously irradiation by the LEDs (Figure 5).
However, the dyes that were embedded into the silica matrix
show in each of the nanoparticle samples a higher photosta-
bility. The relative fluorescence of Stoe75 Atto647N and
FD60 Atto647N dropped only to 48% and 61% of their starting
intensity, respectively, after 20 min of continuous irradiation.
The fluorescence intensity of CD_Atto647N fell only to about
81% of the initial value. We hypothesise that the differences in
the decrease of fluorescence intensities can be explained by the
varying thicknesses of the silica shells of the particles. Using
the C-dots method, dye-doped silica nanoparticles with a dye-
rich core and a pure silica shell are obtained [39]. In contrast,
the two other methods lead to a significant distribution of the
fluorescent dye in the particle matrix and consequently to a
reduced shielding. To examine the hypothesis, an additional
silica shell without dye molecules was applied on the
FD45 Atto647N particles (FD45 Atto647N_NFSS). Next, the
photostability of these particles and the fully dyed
FD60_Atto647N was compared (Figure S21, Supporting Infor-
mation File 1). As a result, a higher photostability can be
achieved through an additional pure silica shell, since the fluo-
rescence intensity of FD45 Atto647N_NFSS tends to be
reduced slower compared to the fully dyed particles. This
should be further increased by a thicker silica shell. A similar
outcome was observed with separate samples of all nanoparti-
cles that were only illuminated by day light (Figure S21, Sup-
porting Information File 1). An extra pure silica shell provides
protection from outside influences and makes the particles more
stable against bleaching.

Particle stability in cell culture medium
To investigate the behaviour of nanoparticles under experimen-

tally relevant conditions with regard to in vitro or in vivo appli-
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Figure 5: Overview of the photostability measurements of free

Atto647N, Stoe75_Atto647N, FDB0_Atto647N and CD_Atto647N. The
samples were exposed to light from seven LEDs (Agry = 594—-650 nm)
and the fluorescence intensity was measured over a period of 20 min.

cations, the particle stability was tested in cell culture media,
which contain high amounts of salts, amino acids and proteins.
In aqueous media, electrostatic repulsion contributes to particle
stabilisation. In presence of salts at neutral pH values, this type
of stabilisation might be ineffective. In contrast, the formation
of a protein corona at the interface between particle surface and
medium might also influence the particle stability [60]. Thus,
we tested the fluorescently labelled particles in MilliQ water
and minimum essential medium (MEM) containing 20% of FBS
(fetal bovine serum). Table 5 shows the amount of agglomer-
ates 24 h after incubation of the particles in MilliQ water and
MEM/FBS (20%) medium. For Atto647N-loaded nanoparticles
no significant agglomeration was observed. However, Dy648-
APTES particles showed a trend towards agglomeration with
increasing size. The agglomerate content increased from 0.5%
(40 nm) to 2.5% for 80 nm large particles. In addition, we tested
a potential influence of the medium on the leaching of the
Atto647N molecules. It demonstrated that the leaching of
Atto647N was not negatively affected by the selected medium.

Confocal and STED imaging of fluorescently

labelled nanoparticles

Finally, the potential use of the dye-modified silica particles as
fluorescent probes in confocal and STED imaging was studied.
For this investigation, A549 cells as model for alveolar epithe-
lial type II cells were exposed to FD25 Atto647N and
FD25 Star635 nanoparticles at a concentration of 10 ug SiO,
per mL. Confocal imaging revealed that the cells took up both
particle types (Figure 6). The nanoparticles appeared to accu-
mulate in the perinuclear region, but did not exclusively

co-localise with the cis-Golgi network close to the nucleus, irre-
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Table 5: Stability of Atto647N- and Dy-648-modified silica particles measured and calculated by dynamic light scattering. Particles were either diluted
(1:100 v/v) with ultrapure H,O or MEM/FBS (20%) medium and incubated for 24 h before the mass-weighted agglomerate content was calculated.

Numbers in brackets represent the size dispersity in percent.

dye hydrodynamic diameter [nm]
FD25_APTES-Dy648 40 (30)
FD45 APTES-Dy648 60 (13)
FD60_APTES-Dy648 83 (10)
FD25_Atto647N 32 (20)
FD45_Atto647N 51(13)
FD60_Atto647N 83 (14)

agglomerate content [%)]

H,O Medium
0 0.2

1.7 1.4

0 2.5

0.1 0.1

1.2 2

0 0.1

Figure 6: Confocal microscopic images of A549 cells exposed to 10 ug/mL FD25_Star635 (A) or FD25_Atto647N (B) for 24 h. Images represent the
x-y, x-z and y-z sections derived from confocal z-stacks. The orthogonal projections indicate the intracellular location of the particles. The actin
cytoskeleton is depicted in cyan, the cis-Golgi network in yellow and silica nanoparticles in magenta.

spective of the used label. Intensity profiles, derived from parti-
cle signals during STED imaging, revealed that a resolution of
85 and 88 nm (full width at half-maximum) was achieved
(Figure S22, Supporting Information File 1), respectively. In
comparison, a resolution of about 250 nm was determined by
use of conventional confocal imaging (data not shown), repre-

senting a three-fold resolution enhancement.

Conclusion

In this work, we report on the detailed synthesis and characteri-
sation of NIR dye-labelled silica nanoparticles with sizes of 15
to 80 nm. Since most of the syntheses in this size-regime, which
are based on the Stober method or the microemulsion method,

require harsh conditions and yield only particles with a high

dispersity, we adapted the synthesis method described by
Hartlen et al. [49]. We synthesised particles with modified
cysteic acid—Atto647N dye conjugates incorporated into the
silica matrix by multiple regrowth steps of 25 nm large silica
nanoparticles. Dyes with different net electrical charges were
used to study their influence on the particle synthesis. A neutral
dye (Star635) and the negatively charged Dyomic dyes (Dy-
647, Dy-648, Dy-649) could be directly incorporated into the
silica matrix with an APTES linker. Although the particles
modified with dye—cysteic acid conjugates show slightly better
results, all particles were of spherical morphology and exhib-
ited an excellent narrow size dispersity (below 10%). Variation
of the dye concentration during the multiple synthesis steps

resulted in no significant influence on the physical particle attri-
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butes. Further, the fluorescence characteristics, e.g., brightness
and photostability of the probes are promising for their future
application in high-resolution fluorescent imaging. Additional-
ly, particle stability in biological media was tested by DLS after
particle incubation in MEM/FBS (20%) medium for 24 h. All
particles indicated only a low tendency to agglomerate, which
makes them suitable for biological nanoparticle uptake experi-
ments. Not only allows the presented synthesis method for the
embedding of different kinds of fluorophores (proteins, quan-
tum dots or metallic nanoclusters), but the method also provide
the option to gain multicolour silica particles with or without
Forster resonance energy transfer (FRET). These different ap-
proaches are currently under investigation.

Experimental

Materials

All syntheses and purification steps in aqueous solution were
conducted in ultrapure water (18.2 MQ-cm, MilliQ water purifi-
cation system type ELIX 20, Millipore Corp., USA). L-argi-
nine, cysteic acid monohydrate, tetraethoxysilane (TEOS),
(3-aminopropyl)triethoxysilane (APTES), triethylamine (NEt3),
N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide (EDC), cyclohexane, dimethyl sulfoxide
(DMSO) and ethanol were purchased from Sigma-Aldrich
(Taufkirchen, Germany) in the highest purity available and used
as received without further purification. The fluorescent dyes
Atto647N, Star635, Dy-647, Dy-648 and Dy-649 were pur-
chased in the form of their reactive NHS-ester derivates from
AttoTec (Siegen, Germany), Abberior (Géttingen, Germany)
and Dyomics (Jena, Germany) and stored at —20 °C prior to use.
All procedures, which involved the active dye—NHS esters,

were performed under exclusion of moisture and light.

Chemical syntheses of the

dye—(cysteic acid)-APTES conjugates
Dye—APTES conjugates (Star635-APTES, Dy647-APTES,
Dy648-APTES or Dy649-APTES): A similar approach
was chosen for all dyes. In the following, the typical synthesis
of Star635-APTES is described. 1 mg (1.01 pmol) of
Star635-NHS ester was warmed to room temperature in a 2 mL
vial. After dissolving the ester in 1 mL of water-free DMSO,
0.92 uL of APTES (3.94 pmol) was added and the mixture was
reacted overnight at room temperature under constant shaking.
The obtained dye—APTES conjugates were stored at —20 °C and
used without further purification.

Atto647N-cysteic acid-APTES conjugate (Atto647N-CS-
APTES): Atto647N-NHS ester (0.20 mg, 0.28 umol) was
warmed to room temperature in a 2 mL vial. After dissolving
the dye in 200 pL of water-free DMSO, 47.40 pL of a 15 mM
cysteic acid monohydrate solution (0.71 umol) and an equal
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volume of 23.80 mM (1.13 umol) NEt;3 solution in DMSO were
added and the mixture was kept under stirring at room tempera-
ture overnight. In a next step, 5 pL of NHS (stock solution:
10 mg/mL in DMSO) and 3.68 pL of EDC (stock solution:
11.36 uL/mL in DMSO) were added. Then the reaction mix-
ture was stirred for 30 min at room temperature to allow for
active ester formation, before 0.17 pL (0.72 pmol) of APTES
was added. Further stirring overnight yielded the silanol-reac-
tive linker, which was used without further purification. A simi-
lar approach was chosen for the other dyes (Star635-CS-APTES
and Dy-CS-APTES). For their synthesis 0.23 mg (0.28 pmol)
Star635 or 0.25 mg (0.28 pmol) Dy648 were used, respectively.

Chemical syntheses of dye-modified silica

nanoparticles

Synthesis of 15 nm fully dyed Atto 647N silica nanoparticles
(FD15_Atto647N): 91 mg (0.53 mmol) L-arginine was dis-
solved in 69 mL of water. Next 4.5 mL of cyclohexane was
added to the filtered L-arginine solution and the biphasic mix-
ture was heated to 40 °C under stirring. Particle formation was
induced by the addition of 5.5 mL (28.1 mmol) TEOS. After
30 min, 100 pL (0.1 mmol) of Atto647N-CS-APTES linker
solution was added. Further heating for 20 h yielded small silica
particles of d = 15 nm with incorporated Atto647N dye.

Synthesis of 25 nm dyed Atto647N silica nanoparticles
(FD25_Atto647N): The synthesis of 25 nm large Atto647N
dyed silica particles was realised analogous to the procedure
described above. Only the temperature of the heating process
was changed to 60 °C.

Synthesis of fluorescent silica core—shell particles using
multiple regrowth steps (FD45; FD60 and FD80): Here, the
synthesis of FD45 Atto647N is described exemplarily for the
multiple regrowth steps. 3.52 mL (15.88 mmol) of TEOS was
added at 60 °C under stirring to a suspension containing 10 mL
of silica core solution (FD25 Atto647N), 14 mg (0.09 mmol)
L-arginine, 36 mL of water and 4.5 mL of cyclohexane. The
biphasic system was kept at 60 °C for 30 min before 100 puL
(0.1 mmol) of Atto647N-CS-APTES conjugate was added and
the resulted mixture was further stirred for 20 h at 60 °C. The
obtained particles indicated an increase of the particle size by
around 20 nm. The shell thickness can be reduced by stopping
the reaction after TEOS addition at # = 12 h or 6 h. Multiple
fluorescent shells (FD60_Atto647N or FD80_Atto647N) can be
achieved by repeating the described procedure. In a similar way
Dy-648-modified particles with different sizes could be pre-
pared using the Dy648—APTES conjugate.

Synthesis of fluorescent 15 nm and 60 nm large Stober par-
ticles dyed with Atto647N-CS-APTES conjugate
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(Stoe25_Atto647N and Stoe75_Atto647N): Atto647N-modi-
fied silica nanoparticles using the Stdber approach were synthe-
sised by adding 54 pL (0.06 mmol) of Atto647N-CS—APTES
conjugate into the water/ethanol/ammonia mixture (0.41 mL/
23.57 mL/0.50 mL) directly before the corresponding amount of
TEOS. The reaction mixture was stirred for 2 d at room temper-
ature. To gain larger dyed silica nanoparticles (d = 60 nm) the
same amount of dye was added to the changed ratio of TEOS
(1.05 mL, 4.7 mmol) and the water/ethanol/ammonia mixture
(0.41 mL/22.55 mL/1.04 mL).

Synthesis of Atto 647N-labelled C-dots (CD_Atto647N): The
dye-labelled C-dots were synthesized by a small variation of the
method described above for the non-labelled nanoparticles. For
the typical nanoparticle synthesis of 25 mL scale, 0.385 mL of
MilliQ water, 21.75 mL of ethanol and 2.5 mL of ammonia
were mixed and stirred for 10 min at room temperature. Next,
0.28 mL (1.26 mmol) of TEOS and 0.09 mL (0.09 mmol) of
Atto647N—-CS—APTES were added and the reaction mixture
was stirred for another 12 h to form the particle cores. Addition
of further TEOS aliquots (0.105 M) to the core solution, at a
rate of 1 pL per mL of reaction volume every 15 minutes, pro-
duced a pure silica shell. After stirring of the reaction mixture
for additionally 8 h, 15 nm large Atto647N dye nanoparticles
were obtained.

Purification

After their synthesis, all the particles were purified by dialysis
against water (4 L, water exchange after 30 min, 1 h, 2 h, 12 h)
with dialysis membrane (Nadir, regenerated cellulose mem-
brane, molecular weight cut-off: 10-20 kDa) from Carl Roth
(Karlsruhe, Germany), followed by filtration using a sterile
0.22 um cellulose acetate membrane. After purification 25 nm
silica nanoparticle suspensions containing between 800 and
1200 mg SiO,-L™! were obtained.

Smaller silica cores could be prepared by control of the reac-
tion temperature. Larger silica cores could be obtained by

several regrowth steps using lower L-arginine concentrations.

See Supporting Information File 1 for the synthesis of pure
silica nanoparticles and different dye embedded nanoparticles.

Characterisation

To determine the particle diameters, the morphology and the
agglomeration state, the samples were analysed by dynamic
light scattering measurements (DLS), scanning electron micros-
copy (SEM) and transmission electron microscopy (TEM).

Dynamic light scattering: DLS measurements were per-
formed with a StabiSizer Nano 250 from Particle Metrix (Meer-
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busch, Germany) or the Nanosizer ZSP from Malvern Instru-
ments (Herrenberg, Germany). For the DLS measurements the
particle dispersions were diluted 1:10 in MilliQ water. Measure-
ments were performed at room temperature. Each sample was
measured three times with at least three runs (3 min/run). The
mean hydrodynamic diameter was determined by using the
cumulants analysis and a size distribution using a regulariza-

tion scheme by volume.

Electron microscopy: SEM images were taken using a FEI
Quanta 400 ESEM FEG system (FEI Company, Netherlands).
For this purpose undiluted samples were dried on a silicon
wafer and images were taken under high vacuum using acceler-
ation voltages of up to 20 kV. TEM measurements were carried
out using a Philips CM200 FEG (FEI Company, Netherlands).
The samples were prepared by immersion of a 200-mesh car-
bon-coated copper grid into the nanoparticle suspension. The
average primary particle size and the particle size distribution
were determined by analysing SEM and TEM images using the
software ImageJ (Version: 1.45a; http://rsbweb.nih.gov/ij/). In

brief, after background subtraction and adjustment of bright-
ness and contrast the SEM or TEM images were converted to
8-bit binary images. Particle size diameter and shape were
counted automatically.

Zeta-potential measurements: The (-potential of the nanopar-
ticles was determined using a Nanosizer ZSP from Malvern
Instruments (Herrenberg, Germany) in water at 150 V using
1:1073 M KCI as background electrolyte. Each sample under-
went three series of measurements (with each series comprising
40 runs).

Nanoparticle concentration: The nanoparticle number concen-
trations were calculated based on the determined particle diame-
ter from the TEM measurements and the SiO, content, which
was obtained by ICP-OES (Ultima 2, Horiba Jobin Yvon,
Japan).

Absorption and fluorescence measurements: All optical mea-
surements were performed at room temperature under ambient
conditions. The UV—vis spectra of diluted and undiluted solu-
tions were recorded with a Cary 5000 spectrophotometer
(Varian Inc., Darmstadt, Germany) in the range from 300 to
800 nm. Fluorescence spectra were obtained with a spectrofluo-
rometer Spex FluoroMax-3 from HORIBA Jobin Yvon
(Oberursel, Germany) using a xenon lamp and different excita-
tion wavelengths. The used nanoparticle suspensions were
diluted (1:10 to 1:1000) in MilliQ water. Samples were placed
in a cuvette (1 cm path length) for both fluorescence and
UV-vis measurements. The brightness of the particles was
quantified in comparison to the free dye Atto647N by standard
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absorption matching between free dye and particle solutions
plus a subsequent emission investigation of the matched solu-
tions. The quantum yield values were determined from the
equation:

2
Fsample Aref nsample
q)sample = ’ : 5
Fref Asample Nref

where F, A and 1 are the measured fluorescence, the measured

absorbance and the refractive index of the solvent, respectively
[56]. When performing this type of comparative measurement,
all the measurement parameters were identical for the reference

sample and the sample to be tested.

Exposure of cells to NPs and preparation of

samples for microscopy

Nanoparticle uptake experiments were performed using A549
cells (DSMZ-number: ACC 107) as model for alveolar epithe-
lial type II cells. Cells were cultivated in Dulbecco’s modified
Eagle medium (DMEM, Gibco, Life Technologies, USA)
supplemented with 10% fetal bovine serum (FBS, PAN biotech,
Germany) in a humidified incubator (37 °C, 9% CO,). The cells
were seeded on cover slips with a density of 1-10° cells per cm?
and allowed to attach for 24 h. After 24 h of incubation in pres-
ence of the nanoparticles, the medium was removed and the
cells were washed two times with Dulbecco's phosphate-
buffered saline (DPBS, Gibco, USA), fixed with paraformalde-
hyde (4% in DPBS) for 30 min at room temperature and perme-
abilised with Triton X-100 (0.2% in DPBS) for 15 min at room
temperature. Unspecific binding sites were blocked with BSA
(5% in DPBS) for 30 min at room temperature. Phalloidin-488
(A12379, 300 U, Thermo Fisher Scientific; 1 h, 1:40 in PBS
containing 1% BSA) and GM130 primary antibody (610822,
250 pg/mL, BD Biosciences; 1 h, 25 pg/mL in PBS containing
1% BSA) with Alexa546 goat anti mouse antibody (A 11030,
Thermo Fisher Scientific; 1 h, 1:500 in PBS containing 1%
BSA) were used to label the actin cytoskeleton and the cis-
Golgi apparatus, respectively. Cells were mounted on glass
slides with Mowiol/DABCO (Sigma-Aldrich, Taufkirchen,
Germany) 1 h, 1 pL in 500 pL 1% BSA/PBS.

STED Imaging

STED imaging was performed using a Leica TCS-SP5 STED
(Leica Microsystems, Mannheim, Germany) microscope
equipped with a Leica HCX PLAN APO 100%/1.4 oil immer-
sion objective The 488 nm laser line of an argon laser and a
561 nm DPSS laser were used for excitation of Alexa Fluor 488
and Alexa Fluor 546, respectively. The labelled NPs were
imaged in STED mode using a pulsed 635 nm laser diode (Pico-

Quant, Berlin, Germany) for excitation and an infrared laser
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(MaiTai, Spectra Physics, Santa Clara, United States) running at
750 nm for STED depletion.

Supporting Information

Additional experimental data and images are found in
Supporting Information File 1.

Supporting Information File 1

Additional experimental data.
[http://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-8-130-S1.pdf]

Acknowledgements

The authors thank Anika Schwarz and Sarah Schmidt for excel-
lence assistance in particle synthesis and physicochemical parti-
cle characterisation, Marcus Koch for EM analysis. The authors
thank Eduard Arzt for continuing support of their work at INM.

References

1. Heiligtag, F. J.; Niederberger, M. Mater. Today 2013, 16, 262-271.
doi:10.1016/j.mattod.2013.07.004

2. Zhao, P.; Li, N.; Astruc, D. Coord. Chem. Rev. 2013, 257, 638—665.
doi:10.1016/j.ccr.2012.09.002

3. Ma, X.; Gong, N.; Zhong, L.; Sun, J.; Liang, X.-J. Biomaterials 2016,
97, 10-21. doi:10.1016/j.biomaterials.2016.04.026

4. De, M.; Ghosh, P. S.; Rotello, V. M. Adv. Mater. 2008, 20, 4225-4241.
doi:10.1002/adma.200703183

5. Peer, D.; Karp, J. M.; Hong, S.; Farokhzad, O. C.; Margalit, R.;
Langer, R. Nat. Nanotechnol. 2007, 2, 751-760.
doi:10.1038/nnano.2007.387

6. Yan, Y.; Wang, S.; Wang, Y.; Wang, X.; Wang, Q.; Chen, M.
Biotechnol. Adv. 2014, 32, 1301-1316.
doi:10.1016/j.biotechadv.2014.07.007

7. Valentini, F.; Carbone, M.; Palleschi, G. Anal. Bioanal. Chem. 2013,
405, 451-465. doi:10.1007/s00216-012-6351-6

8. Mou, X.; Ali, Z.; Li, S.; He, N. J. Nanosci. Nanotechnol. 2015, 15,
54-62. doi:10.1166/jnn.2015.9585

9. Liu, X.; Chen, H.-j.; Chen, X.; Alfadhl, Y.; Yu, J.; Wen, D.
Appl. Phys. Rev. 2015, 2, 011103. doi:10.1063/1.4915002

10.Lim, S.Y.; Shen, W.; Gao, Z. Chem. Soc. Rev. 2015, 44, 362-381.

doi:10.1039/C4CS00269E

.Wang, F.; Banerjee, D.; Liu, Y.; Chen, X,; Liu, X. Analyst 2010, 135,

1839-1854. doi:10.1039/c0an00144a

12. Wolfbeis, O. S. Chem. Soc. Rev. 2015, 44, 4743-4768.
doi:10.1039/C4CS00392F

13.Biju, V. Chem. Soc. Rev. 2014, 43, 744-764.
doi:10.1039/C3CS60273G

14.Biju, V; ltoh, T.; Ishikawa, M. Chem. Soc. Rev. 2010, 39, 3031-3056.
doi:10.1039/b926512k

15.Krug, H. F.; Wick, P. Angew. Chem., Int. Ed. 2011, 50, 1260-1278.
doi:10.1002/anie.201001037

16.Fischer, H. C.; Chan, W. C. Curr. Opin. Biotechnol. 2007, 18, 565-571.
doi:10.1016/j.copbio.2007.11.008

1

-

1294


http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-130-S1.pdf
http://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-8-130-S1.pdf
https://doi.org/10.1016%2Fj.mattod.2013.07.004
https://doi.org/10.1016%2Fj.ccr.2012.09.002
https://doi.org/10.1016%2Fj.biomaterials.2016.04.026
https://doi.org/10.1002%2Fadma.200703183
https://doi.org/10.1038%2Fnnano.2007.387
https://doi.org/10.1016%2Fj.biotechadv.2014.07.007
https://doi.org/10.1007%2Fs00216-012-6351-6
https://doi.org/10.1166%2Fjnn.2015.9585
https://doi.org/10.1063%2F1.4915002
https://doi.org/10.1039%2FC4CS00269E
https://doi.org/10.1039%2Fc0an00144a
https://doi.org/10.1039%2FC4CS00392F
https://doi.org/10.1039%2FC3CS60273G
https://doi.org/10.1039%2Fb926512k
https://doi.org/10.1002%2Fanie.201001037
https://doi.org/10.1016%2Fj.copbio.2007.11.008

17.Oberddrster, G.; Oberdérster, E.; Oberdorster, J.
Environ. Health Perspect. 2005, 113, 823—-839. doi:10.1289/ehp.7339

18.Zhang, L. W.; Yu, W. W.; Colvin, V. L.; Monteiro-Riviere, N. A.
Toxicol. Appl. Pharmacol. 2008, 228, 200-211.
doi:10.1016/j.taap.2007.12.022

19.Elsaesser, A,; Taylor, A.; de Yanés, G. S.; McKerr, G.; Kim, E.-M;
O'Hare, E.; Howard, C. V. Nanomedicine 2010, 5, 1447-1457.
doi:10.2217/nnm.10.118

20.Tantra, R.; Knight, A. Nanotoxicology 2010, 5, 381-392.

doi:10.3109/17435390.2010.512987

.Leung, B. O.; Chou, K. C. Appl. Spectrosc. 2011, 65, 967-980.

doi:10.1366/11-06398

22.Kawata, S.; Inouye, Y.; Verma, P. Nat. Photonics 2009, 3, 388-394.
doi:10.1038/nphoton.2009.111

23.Hell, S. W.; Dyba, M.; Jakobs, S. Curr. Opin. Neurobiol. 2004, 14,
599-609. doi:10.1016/j.conb.2004.08.015

24.Blythe, K. L.; Willets, K. A. J. Phys. Chem. C 2016, 120, 803-815.
doi:10.1021/acs.jpcc.5b08534

25. llovitsh, T.; Danan, Y.; Meir, R.; Meiri, A.; Zalevsky, Z. Sci. Rep. 2015,
5, 10965. doi:10.1038/srep10965

26. Biffi, S.; Petrizza, L.; Rampazzo, E.; Voltan, R.; Sgarzi, M.; Garrovo, C.;
Prodi, L.; Andolfi, L.; Agnoletto, C.; Zauli, G.; Secchiero, P. RSC Adv.
2014, 4, 18278-18285. doi:10.1039/c4ra01535e

27.Szymanski, C. J.; Yi, H.; Liu, J. L.; Wright, E. R.; Payne, C. K.
Methods Mol. Biol. (N. Y., NY, U. S.) 2013, 1026, 21-33.
doi:10.1007/978-1-62703-468-5_2

28.Hanne, J.; Falk, H. J.; Gorlitz, F.; Hoyer, P.; Engelhardt, J.; Sahl, S. J.;
Hell, S. W. Nat. Commun. 2015, 6, 7127. doi:10.1038/ncomms8127

29.Ruedas-Rama, M. J.; Walters, J. D.; Orte, A.; Hall, E. A. H.
Anal. Chim. Acta 2012, 751, 1-23. doi:10.1016/j.aca.2012.09.025

30. Samuel, J.; Raccurt, O.; Poncelet, O.; Auger, A.; Ling, W. L,;
Cherns, P.; Grunwald, D.; Tillement, O. J. Nanopart. Res. 2010, 12,
2255-2265. doi:10.1007/s11051-009-9792-x

31.Yang, Z.; Xie, Z.; Liu, H.; Yan, F.; Ju, H. Adv. Funct. Mater. 2008, 18,
3991-3998. doi:10.1002/adfm.200801022

32.Bae, S. W.; Tan, W.; Hong, J.-l. Chem. Commun. 2012, 48,
2270-2282. doi:10.1039/c2cc16306¢

33.Romieu, A.; Brossard, D.; Hamon, M.; Outaabout, H.; Portal, C.;
Renard, P.-Y. Bioconjugate Chem. 2007, 19, 279-289.
doi:10.1021/bc7003268

34.Liberman, A.; Mendez, N.; Trogler, W. C.; Kummel, A. C.
Surf. Sci. Rep. 2014, 69, 132—-158. doi:10.1016/j.surfrep.2014.07.001

35. Stober, W.; Fink, A.; Bohn, E. J. Colloid Interface Sci. 1968, 26, 62—69.
doi:10.1016/0021-9797(68)90272-5

36. Canton, G.; Ricco, R.; Marinello, F.; Carmignato, S.; Enrichi, F.
J. Nanopart. Res. 2011, 13, 4349-4356.
doi:10.1007/s11051-011-0382-3

37.Zhang, N.; Ding, E.; Feng, X.; Xu, Y.; Cai, H. Colloids Surf., B 2012, 89,
133-138. doi:10.1016/j.colsurfb.2011.09.017

38.Song, X.; Li, F.; Ma, J.; Jia, N.; Xu, J.; Shen, H. J. Fluoresc. 2011, 21,
1205-1212. doi:10.1007/s10895-010-0799-6

39.Burns, A.; Ow, H.; Wiesner, U. Chem. Soc. Rev. 2006, 35, 1028—-1042.
doi:10.1039/B600562B

40.Choi, J.; Burns, A. A;; Williams, R. M.; Zhou, Z.; Flesken-Nikitin, A.;
Zipfel, W. R.; Wiesner, U.; Niktin, A. Y. J. Biomed. Opt. 2007, 12,
064007. doi:10.1117/1.2823149

41.Herz, E.; Ow, H.; Bonner, D.; Burns, A.; Wiesner, U. J. Mater. Chem.
2009, 19, 6341-6347. doi:10.1039/b902286d

2

=

Beilstein J. Nanotechnol. 2017, 8, 1283-1296.

42. Phillips, E.; Penate-Medina, O.; Zanzonico, P. B.; Carvajal, R. D.;
Mohan, P.; Ye, Y.; Humm, J.; Génen, M.; Kalaigian, H.; Schoder, H.;
Strauss, H. W.; Larson, S. M.; Wiesner, U.; Bradbury, M. S.

Sci. Transl. Med. 2014, 6, 260ra149.
doi:10.1126/scitranslmed.3009524

43.Wang, J.; Sugawara-Narutaki, A.; Fukao, M.; Yokoi, T.; Shimojima, A,;
Okubo, T. ACS Appl. Mater. Interfaces 2011, 3, 1538-1544.
doi:10.1021/am200104m

44.Schibbe, S.; Schumann, C.; Cavelius, C.; Koch, M.; Miiller, T.;
Kraegeloh, A. Chem. Mater. 2012, 24, 914-923.
doi:10.1021/cm2018532

45.Schumann, C.; Schiibbe, S.; Cavelius, C.; Kraegeloh, A.

J. Biophotonics 2011, 5, 117-127. doi:10.1002/jbio.201100064

46. Schiibbe, S.; Cavelius, C.; Schumann, C.; Koch, M.; Kraegeloh, A.
Adv. Eng. Mater. 2010, 12, 417—-422. doi:10.1002/adem.201000093

47.Peuschel, H.; Ruckelshausen, T.; Cavelius, C.; Kraegeloh, A.
BioMed Res. Int. 2015, 961208. doi:10.1155/2015/961208

48. Hoppstadter, J.; Seif, M.; Dembek, A.; Cavelius, C.; Huwer, H.;
Kraegeloh, A.; Kiemer, A. K. Front. Pharmacol. 2015, 6, 55.
doi:10.3389/fphar.2015.00055

49.Hartlen, D.; Athanasopoulos, A. P. T.; Kitaev, V. Langmuir 2008, 24,
1714-1720. doi:10.1021/1a7025285

50. Eggeling, C.; Ringemann, C.; Medda, R.; Schwarzmann, G.;
Sandhoff, K.; Polyakova, S.; Belov, V. N.; Hein, B.;
von Middendorff, C.; Schonle, A.; Hell, S. W. Nature 2009, 457,
1159-1161. doi:10.1038/nature07596

51.Kolmakov, K.; Belov, V. N.; Bierwagen, J.; Ringemann, C.; Miller, V.;
Eggeling, C.; Hell, S. W. Chem. — Eur. J. 2009, 16, 158—166.
doi:10.1002/chem.200902309

52. Single Molecule Detection with Atto 647N NTA.
http://www.sigmaaldrich.com/technical-documents/articles/biofiles/sing|

e-molecule-detection.html (accessed May 12, 2016).

53.Yoo0, J. W.; Yun, D. S.; Kim, H. J. J. Nanosci. Nanotechnol. 2006, 6,
3343-3346. doi:10.1166/jnn.2006.006

54.Zeng, D.; Zhang, H.; Wang, B.; Sang, K.; Yang, J.
J. Nanosci. Nanotechnol. 2015, 15, 7407—7411.
doi:10.1166/jnn.2015.10595

55.Kohl, T.; Westphal, V.; Hell, S. W.; Lehnart, S. E. J. Mol. Cell. Cardiol.
2013, 58, 13-21. doi:10.1016/j.yjmcc.2012.11.016

56. Williams, A. T. R.; Winfield, S. A.; Miller, J. N. Analyst 1983, 108,
1067-1071. doi:10.1039/an9830801067

57. Martini, M.; Montagna, M.; Ou, M,; Tillement, O.; Roux, S.; Perriat, P.
J. Appl. Phys. 2009, 106, 094304. doi:10.1063/1.3248302

58.Herz, E.; Marchincin, T.; Connelly, L.; Bonner, D.; Burns, A;;
Switalski, S.; Wiesner, U. J. Fluoresc. 2010, 20, 67-72.
doi:10.1007/s10895-009-0523-6

59.Huang, B.; Bates, M.; Zhuang, X. Annu. Rev. Biochem. 2009, 78,
993-1016. doi:10.1146/annurev.biochem.77.061906.092014

60. Moore, T. L.; Rodriguez-Lorenzo, L.; Hirsch, V.; Balog, S.; Urban, D.;
Jud, C.; Rothen-Rutishauser, B.; Lattuada, M.; Petri-Fink, A.
Chem. Soc. Rev. 2015, 44, 6287-6305. doi:10.1039/C4CS00487F

1295


https://doi.org/10.1289%2Fehp.7339
https://doi.org/10.1016%2Fj.taap.2007.12.022
https://doi.org/10.2217%2Fnnm.10.118
https://doi.org/10.3109%2F17435390.2010.512987
https://doi.org/10.1366%2F11-06398
https://doi.org/10.1038%2Fnphoton.2009.111
https://doi.org/10.1016%2Fj.conb.2004.08.015
https://doi.org/10.1021%2Facs.jpcc.5b08534
https://doi.org/10.1038%2Fsrep10965
https://doi.org/10.1039%2Fc4ra01535e
https://doi.org/10.1007%2F978-1-62703-468-5_2
https://doi.org/10.1038%2Fncomms8127
https://doi.org/10.1016%2Fj.aca.2012.09.025
https://doi.org/10.1007%2Fs11051-009-9792-x
https://doi.org/10.1002%2Fadfm.200801022
https://doi.org/10.1039%2Fc2cc16306c
https://doi.org/10.1021%2Fbc7003268
https://doi.org/10.1016%2Fj.surfrep.2014.07.001
https://doi.org/10.1016%2F0021-9797%2868%2990272-5
https://doi.org/10.1007%2Fs11051-011-0382-3
https://doi.org/10.1016%2Fj.colsurfb.2011.09.017
https://doi.org/10.1007%2Fs10895-010-0799-6
https://doi.org/10.1039%2FB600562B
https://doi.org/10.1117%2F1.2823149
https://doi.org/10.1039%2Fb902286d
https://doi.org/10.1126%2Fscitranslmed.3009524
https://doi.org/10.1021%2Fam200104m
https://doi.org/10.1021%2Fcm2018532
https://doi.org/10.1002%2Fjbio.201100064
https://doi.org/10.1002%2Fadem.201000093
https://doi.org/10.1155%2F2015%2F961208
https://doi.org/10.3389%2Ffphar.2015.00055
https://doi.org/10.1021%2Fla7025285
https://doi.org/10.1038%2Fnature07596
https://doi.org/10.1002%2Fchem.200902309
http://www.sigmaaldrich.com/technical-documents/articles/biofiles/single-molecule-detection.html
http://www.sigmaaldrich.com/technical-documents/articles/biofiles/single-molecule-detection.html
https://doi.org/10.1166%2Fjnn.2006.006
https://doi.org/10.1166%2Fjnn.2015.10595
https://doi.org/10.1016%2Fj.yjmcc.2012.11.016
https://doi.org/10.1039%2Fan9830801067
https://doi.org/10.1063%2F1.3248302
https://doi.org/10.1007%2Fs10895-009-0523-6
https://doi.org/10.1146%2Fannurev.biochem.77.061906.092014
https://doi.org/10.1039%2FC4CS00487F

License and Terms

This is an Open Access article under the terms of the
Creative Commons Attribution License
(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of
Nanotechnology terms and conditions:
(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one
which can be found at:
doi:10.3762/bjnano.8.130

Beilstein J. Nanotechnol. 2017, 8, 1283-1296.

1296


http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.8.130

	Abstract
	Introduction
	Results and Discussion
	Fully dyed (FD) silica nanoparticles through embedding of Atto647N
	Comparison of FD particles with Stöber synthesis and C-dots synthesis
	Variation of the linker, the dye molecules and the dye concentration
	Absorption and fluorescence properties of the dye-doped silica particles
	Brightness and quantum yields
	Photostability
	Particle stability in cell culture medium
	Confocal and STED imaging of fluorescently labelled nanoparticles

	Conclusion
	Experimental
	Materials
	Chemical syntheses of the dye–(cysteic acid)–APTES conjugates
	Chemical syntheses of dye-modified silica nanoparticles
	Purification
	Characterisation
	Exposure of cells to NPs and preparation of samples for microscopy
	STED Imaging

	Supporting Information
	Acknowledgements
	References

