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In situ Characterization of SiO, Nanoparticle

Biointeractions Using BrightSilica

Daniela Drescher, Ingrid Zeise, Heike Traub, Peter Guttmann, Stephan Seifert,
Tina Biichner, Norbert Jakubowski, Gerd Schneider, and Janina Kneipp*

By adding a gold core to silica nanoparticles (BrightSilica), silica-like nanopar-
ticles are generated that, unlike unmodified silica nanoparticles, provide three
types of complementary information to investigate the silica nano-biointer-
action inside eukaryotic cells in situ. Firstly, organic molecules in proximity
of and penetrating into the silica shell in live cells are monitored by surface-
enhanced Raman scattering (SERS). The SERS data show interaction of the
hybrid silica particles with tyrosine, cysteine and phenylalanine side chains
of adsorbed proteins. Composition of the biomolecular corona of BrightSilica
nanoparticles differs in fibroblast and macrophage cells. Secondly, quantifica-
tion of the BrightSilica nanoparticles using laser ablation inductively coupled
plasma mass spectrometry (LA-ICP-MS) micromapping indicates a different
interaction of silica nanoparticles compared to gold nanoparticles under the
same experimental conditions. Thirdly, the metal cores allow the investigation
of particle distribution and interaction in the cellular ultrastructure by cryo
nanoscale X-ray tomography (cryo-XT). In 3D reconstructions the assump-
tion is confirmed that BrightSilica nanoparticles enter cells by an endocy-
totic mechanism. The high SERS intensities are explained by the beneficial
plasmonic properties due to agglomeration of BrightSilica. The results have
implications for the development of multi-modal qualitative and quantitative
characterization in comparative nanotoxicology and bionanotechnology.

understand and suppress potential nano-
toxic action!? and optimize drug delivery
tools,I¥! it is crucial to elucidate the inter-
action of the silica nanoparticles with the
cellular biomolecules. Aside from other
parameters such as size, shape, agglomer-
ation, and temperaturel! the molecules
interacting with the nanoparticle surfaces
critically determine their uptake and pro-
cessing by the cells.l®! The composition of
the protein biomolecular corona of silica
nanoparticles has been determined in in
vitro systems, such as solutions of plasma
proteins,”) and also after recovering of
extracellular nanoparticles from cultured
cells.l%

Nanoparticles with silica surface, spe-
cifically gold core@silica shell structures
have been shown to be taken up by animal
cells using Raman scattering experi-
ments.®! In previous work, the SERS sig-
nals from the reporter molecules 4-mer-
captobenzoic acid,’®?! DTNBE or from
dyesl®d€l incorporated in the silica shell

1. Introduction

Silica nanoparticles, similar to other nanomaterials can be
taken up by animal cells. Meanwhile, the uptake of silica nano-
particles by biological cells has been studied and utilized in
many applications of imaging and therapeutics.!! In order to
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were observed and mapped in cultured

cells. Information about the biomolecular

surroundings of the silica nanoparticles is
not accessible in the experiments that were reported so far.

In previous studies, we have investigated the corona compo-
sition of plasmonic nanoparticles in vivo and related the results
to the nanoparticle interaction with the cellular ultrastructure,
showing that a combination of surface-enhanced Raman scat-
tering (SERS) with ultrastructural studies,” specifically with
synchrotron based cryo X-ray tomography (cryo-XT) is very
useful.l'%] As reported recently, quantification of such nano-
particles can be achieved with high spatial resolution by using
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) micromapping.[t!

In this study, we have utilized silica nanoparticles with a
plasmonic core, termed BrightSilica, which allow for the combi-
nation of SERS, cryo-XT, and LA-ICP-MS, and thus give a com-
prehensive view on the interaction of silica nanoparticles with
live cells at the molecular level. BrightSilica with gold and silver
core were studied regarding cellular uptake and processing in
two cell lines, 3T3 fibroblast cells and J774 macrophages. As
reported in the following, cryo nanoscale X-ray tomography
using synchrotron radiation!!? allows not only the visualization
of the cellular ultrastructure with a 3D resolution,['>!3 but also
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the observation of the BrightSilica nanoparticles. While the sur-
face of the nanoparticles is a silica surface, the core can be used
to monitor molecules of the nanoparticle corona that interact
with the silica surface and those interacting with the silica sub-
surface using their SERS spectra. This in situ molecular charac-
terization is possible because the molecules at the sub-surface
of the nanoparticles are in the local field of the plasmonic (gold)
core. As will be demonstrated, the intense signals from the
biomolecules at the silica surface can also be attributed to the
penetration of surrounding biomolecules into the silica mate-
rial. Quantitative uptake and distribution of nanoparticles with
a silica surface obtained by LA-ICP-MS micromapping will be
compared with those of uncoated nanoparticles.

2. Results and Discussion
2.1. Characterization of ‘BrightSilica’ Nanoparticles

To study the nano-biointeraction of silica nanoparticles, we pre-
pared silica nanoparticles with gold and silver cores by growing
silica shells of varying thickness around gold and silver nano-
particles. Size and morphology of the nanoparticles were char-
acterized by transmission electron microscopy (TEM) (Figure 1)
and dynamic light scattering (Figure S1).

Both gold and silver cores display high homogeneity in
size (Figure 1A,D) and were covered with a shell of 1-2 nm
(Figure 1B,C) and 2—4 nm thickness (Figure 1E,F), respectively
and are termed BrightSilica(Au) and BrightSilica(Ag) in the fol-
lowing. Their diameters of 31 £ 5 nm (BrightSilica(Au)) and
57 + 20 nm (BrightSilica(Ag)) are mainly determined by the
diameters of the cores. The presence of the plasmonic cores in
BrightSilica(Au) and BrightSilica(Ag) is clearly evidenced by the
absorbance spectra, displaying maxima typical of the gold and
silver cores (for examples see Figure S2).

As we aimed at the delivery of BrightSilica nanoparticles
into live cells, the particle stability under incubation conditions,
which plays a crucial role for the cellular uptake efficiency

Figure 1. Transmission electron micrographs of BrightSilica(Au) (A-C),
BrightSilica(Ag) (D-F). Thicknesses of the silica layers in the displayed
samples were determined to be (A,B) 1.4 £ 0.3 nm, (C) 1.7 £ 0.4 nm,
(D,F) 1.7 £ 0.5 nm and (E) 3.7 £ 1.4 nm. Scale bars represent 100 nm
(A,D) and 10 nm (B-F).
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regarding aggregation and aggregate sizel*“%14 was deter-
mined. BrightSilica nanoparticles were suspended in cell cul-
ture medium (DMEM and 10% FCS), incubated for 24 h and
investigated by dynamic light scattering (Figure S1). The results
are compared with uncoated gold and silver nanoparticles. All
nanoparticles are stable in the culture medium containing 10%
fetal calf serum, and display a slight increase of their hydro-
dynamic diameter, indicating the adsorption of a biomolecular
coronal’! (Figure S1).

Both BrightSilica(Ag) and BrightSilica(Au) show SERS
enhancement factors in the range of 10? and 10° (for example
spectra see Figure S3B). The enhancement factors were deter-
mined using the dye crystal violet and are in accordance with
previous experimentall® and theoretical'® findings on SERS
enhancement by individual gold and silver nanoparticles. From
the experiments with crystal violet we conclude that the local
field of the plasmonic core enables SERS of the molecule.
Therefore, BrightSilica nanoparticles can be utilized to investi-
gate the molecules in their proximity, that is, the biomolecules
constituting the nanoparticle corona and those interacting with
the sub-surface of the silica coating.

2.2. Metal Nanoparticles with Silica Shells Can Be Detected
and Imaged in Cells with Cryo Nanoscale X-ray Tomography

To assess general aspects regarding the detection of silica
nanoparticles and silica-coated metal nanoparticles by cryo
X-ray tomography (cryo-XT), silver nanoparticles were also cov-
ered with silica shells of greater thickness, e.g. 49 + 4 nm or
29 £ 5 nm (for TEM images see Figure S4). They are termed
Si0,(49 nm)@Ag and SiO,(29 nm)@Ag, respectively. Since
the local field extends only a few nanometers from the plas-
monic core, no SERS signals are expected for nanoparticles sur-
rounded by thicker silica shells. Thus, for optical mapping, they
were further complemented by encapsulated para-aminothio-
phenol (pATP) as reporter molecule providing a characteristic
SERS spectrum!'”! (Figure S3). Thickness and homogeneity of
the silica coating of these nanoparticles were verified by scan-
ning transmission electron microscopy — energy dispersive
X-ray spectroscopy (STEM-EDX, Figure S5) and energy-filtered
transmission electron microscopy (EFTEM, Figure S6).

To verify the intracellular uptake and gain information about
the spatial distribution of nanoparticles with respect to cel-
lular substructures, ultrastructural information was obtained
from cryo-XT using synchrotron radiation (Figure 2, Figure 3).
This technique allows the visualization of the 3-dimensional
assembly of nanoparticles in whole vitrified eukaryotic cells
with a thickness of up to 10 um at nanoscale resolution
(36 nm).l1*13] Employing a photon energy of 510 eV, the con-
trast of organic material or metal nanoparticles is higher than
that of vitreous ice due to the stronger absorption of soft X-rays,
in the so-called X-ray water window.1220-18]

In the experiment, adherent fibroblast cells and mac-
rophages were exposed to Si0,(29 nm)@Ag (Figure 2A,B) and
Si0,(49 nm) @Ag nanoparticles (Figure 2C-E, Figure 3), respec-
tively, for 24 h under standard cell culture conditions. Owing to
the high linear absorption coefficient of silver (20.7 pm™™), the
metal cores appear dark in Figure 2 and highlight the core-shell

Adv. Funct. Mater. 2014, 24, 3765-3775
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Figure 2. Nanoscale X-ray microscopic imaging of vitrified 3T3 fibroblast cells after incubation with SiO,(29 nm) @Ag (A,B) and J774 macrophages
after exposure to SiO, (49 nm)@Ag (C-E) for 24 h. The metal cores appear dark, the surrounding silica layers can be discriminated. All images were
acquired with a 25 nm zone plate (9.8 nm pixel size). Scale bars: T um. Abbreviations: N, nucleus; NM, nuclear membrane; M, mitochondrion; V,

vesicle; PM, plasma membrane; P, pseudopod.

nanoparticles inside the cells. Despite the small differences
in absorption contrast of silica and organic matter, the silica
coating itself is also visible in the biological matrix. The per-
sistence of the silica layers under physiological conditions is
clearly revealed from the X-ray tomography data (Figure 3A-D).
Large quantities of the silica-coated silver nanoparticles were
observed in the cellular interior of both, fibroblast and macro-
phage cells as aggregates that differ in size and shape, and no
particles were found inside the cell nuclei. In macrophages

Figure 3. Slices of a tomographic reconstruction of a vitrified )774
macrophage cell after incubation with SiO,(49 nm) @Ag nanoparticles in
cell culture medium for 24 h. The particles are enclosed in vesicular struc-
tures in the proximity of mitochondria or the cell nucleus. All images were
acquired with a 25 nm zone plate (9.8 nm pixel size). A pixel binning of
2 x 2 was used. Scale bars: 1 um. Abbreviations: N, nucleus; NM, nuclear
membrane; M, mitochondrion; V, vesicle; PM, plasma membrane.
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(Figure 2C-E, Figure 3), particles are also enclosed in endo-
lysosomal vesicles in addition to a phagosomal localization,
indicative of both endocytosis and phagocytosis as uptake
mechanisms. Aggregates consisting of 5 to 50 nanoparticles are
found inside cell vesicles in the proximity of the nuclear mem-
brane and other cellular compartments, e.g., of mitochondria.
The organization of the core-shell nanoparticles in the 3D
architecture of the macrophages is visualized in the tomo-
graphic reconstruction of Figure 3 and in the Movie S1 in the
Supporting Information.

The particle size distribution in the incubation medium
(Figure S1E) proves the presence of primary particles and/
or very small aggregates before endocytotic or phagocytotic
uptake. Therefore, the formation of the larger nanoparticle
aggregates observed in the cryo-XT data must occur during
uptake or intracellular processing. X-ray microscopic images
also show individual nanoparticles as well as small aggregates
in endocytotic vesicles in the cytoplasm after 24 h of incubation.
The data indicate that silica nanoparticles larger than 100 nm
in diameter can be efficiently taken up and processed by both,
macrophages and fibroblast cells, in agreement with the results
of transmission electron microscopic studies.!"!

Silica-coated gold and silver nanoparticles with shell
thickness of many nanometers can be used as SERS labels
in live cells when a reporter molecule is encapsulated. When
fibroblast and macrophage cells were exposed to SiO,(29 nm)@
Ag nanoparticles, Raman maps (Figure S7) were obtained
that clearly reveal the presence of the encapsulated reporter
molecules. Figure S7 shows bright field images and repre-
sentative SERS maps using the spectral signature of pATP (see
also Figure S3A) that suggest the uptake of Si0,(29 nm)@
Ag particles into 3T3 fibroblast and J774 macrophage cells. It
should be noted that the SiO,(29 nm)@Ag nanoparticles were
used in these experiments mainly to evaluate X-ray micro-
scopic imaging and quantification by LA-ICP-MS (see below)
of silica-coated nanoparticles. In the SERS experiments, such
nanoparticles with relatively thick silica layers always need to
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carry a reporter molecule in order to be identified, and hence
provide the function of a label. The aim of this work here is to
obtain intrinsic information from the nm-scaled environment
and of the silica surface inside the cells. As discussed above,
plasmonic nanostructures with silica layers of only very few
nanometer thickness, that is, BrightSilica nanoparticles, have
to be applied. In this way, the 3D information about nanopar-
ticle distribution in cellular substructures from cryo-XT will
be combined with the molecular information on BrightSilica
nanoparticle sub-surface composition by SERS.

2.3. Uptake of BrightSilica Nanopatrticles

The interaction of nanoparticles with cells, regarding the mech-
anism and efficiency of cellular uptake, is determined by the
physico-chemical properties of the nanomaterial, e.g., size,
shape, and surface modification.?’l Coating of silver or gold
nanoparticles even with thin layers of silica changes the surface
termination of the particles that is expected to result in differ-
ences in the intracellular distribution and quantity. To evaluate
the influence of the cell type and nanoparticle surface modifi-
cation on the number of nanoparticles taken up by the cells,
laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) micromapping experiments were conducted on
individual fibroblast cells and macrophages. In these experi-
ments, the uptake of BrightSilica(Ag) is compared with that
of Si0,(29 nm)@Ag and with uncoated silver nanoparticles
(Figure 4), as well as that of BrightSilica(Au) with uncoated
gold nanoparticles (Figure S8). Whereas silica itself would not
be suitable for high-resolution LA-ICP-MS imaging because of

Fibroblast cells
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the low sensitivity and high background signal, the potential
of this method for the quantification of gold and silver nano-
particles was recently demonstrated.''] The metal core of the
BrightSilica nanoparticles enables sensitive LA-ICP-MS anal-
ysis of the particle uptake into eukaryotic cells with high spatial
resolution with respect to their intracellular localization and
quantification.

Figure 4 displays the distribution of silica-like nanoparticles
as an overlay of the color encoded '’Ag* local intensity map with
the corresponding bright field micrograph of fibroblast cells
(Figure 4A-C) and macrophages (Figure 4D-F). The 2D inten-
sity maps of the fibroblast cells show a similar distribution of
uncoated silver nanoparticles (Figure 4A) and BrightSilica(Ag)
(Figure 4B) and are comparable to citrate-stabilized silver
nanoparticles in 3T3 fibroblast cells reported before.'!l After
24 hours of incubation, the particles are localized in the cytosol
with spots of high ’Ag* intensity in the proximity of the cell
nucleus, which suggests the accumulation of particle aggre-
gates in this region. The low signal intensity in the region of
cell nuclei can be explained by nanoparticles localized in the
small volume above or below the nucleus. Nanoparticles with
thicker shells SiO,(29 nm)@Ag provide the possibility to com-
pare uptake of relatively large silica-like nanoparticles with
smaller ones (BrightSilica with thin shells) at an identical size
of the plasmonic cores. The incubation of Si0,(29 nm)@Ag
(Figure 4C) that have a size larger than 100 nm (126 + 26 nm)
leads to lower 'Ag* intensities and fewer high-intensity spots
in the cytosol of fibroblast cells compared to the experiments
with smaller nanoparticles (Figure 4A,B).

As visible in Figure 4D-F, in macrophage cells, the intensity
of 17Ag* and thus the number of uncoated and silica-coated
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Figure 4. Bright field micrographs of fixed 3T3 fibroblast cells (A-C) and ]774 macrophages (D-F) superimposed with LA-ICP-MS images of '“Ag*
intensity distribution. Cells were incubated with uncoated and silica-coated silver nanoparticles for 24 h: Silver nanoparticles (A, D), BrightSilica(Ag)
(B, E) and SiO,(29 nm)@Ag (C, F). Scale bars represent 50 micrometers. Parameters: Laser spot size 8 um, scan speed 8 um/s, repetition rate 5 Hz,
pixel size 1.5 x 8 um (fibroblast cells) and 1.5 X 7 um (macrophages), fluence 0.6 ] cm2 (fibroblast cells) and 4.0 ] cm2 (macrophages).
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silver nanoparticles does not differ significantly, inspite of
different surface modifications and particle sizes. In con-
trast to fibroblast cells, macrophages internalize the larger
Si0,(29 nm)@Ag as efficiently as the smaller BrightSilica(Ag)
nanoparticles. The perinuclear region of the cells is character-
ized by spots with very high "Ag* intensities, indicating an
elevated nanoparticle concentration in late endosomes, which
is visible prominently in the line scans (Figure S9) extracted
from the maps (Figure 4). Depending on the particle type, the
line scans show differences in the absolute intensity and den-
sity of the 1%’Ag* signals for fibroblast cells and macrophages.

The "Au* distribution of BrightSilica(Au) in 3T3 fibroblast
cells and J774 macrophages (Figure S8) proves very similar
to that of BrightSilica(Ag) and uncoated silver nanoparticles
(Figure 4) as well as gold nanoparticles.['!]

In general, the LA-ICP-MS micromapping data on the uptake
and distribution of silica-coated metal nanoparticles comply
with the results of cryo-XT and with results from other studies
on the intracellular processing of silica nanoparticles.[:62.21]

Based on the LA-ICP-MS data shown in Figure 4 and
Figure S8, the relative integrated intensities of '“Ag* and
197Au*, reflecting a number of nanoparticles per cell, were
determined (Figure 5). Owing to cell-to-cell variation with
respect to cell size, morphology, and uptake efficiency, the
standard deviation appears relatively high. In fibroblast cells,
the relative integrated intensity of 1Ag* and '7Au* differs for
the different types of nanomaterials. As the cellular uptake by
3T3 fibroblasts strongly depends on the particle size, the rela-
tive integrated intensity of '”Ag* is about 6 times higher for
BrightSilica(Ag) with a diameter of 57 nm than for the 126 nm
sized Si0,(29 nm)@Ag particles. Silica nanoparticles with a
diameter smaller than 100 nm can be efficiently taken up by
fibroblast cells by means of endocytosis.*“1% A slight decrease
in particle uptake can be noticed for the BrightSilica nanoparti-
cles compared to the respective uncoated gold and silver nano-
particles of roughly the same size (Figure 5). For macrophages,
the relative integrated intensities of 1¥Ag* and ’Au* are very
similar upon incubation with unmodified

www.afm-journal.de

the intracellular concentration of Si0,(29 nm)@Ag nanoparti-
cles with a size larger than 100 nm is higher in macrophages
compared to fibroblast cells under the same experimental con-
ditions. As discussed above in the X-ray microscopic images
(Figure 2), small and large nanoparticle aggregates are visible in
endo-lysosomal vesicles and phagosomes of the macrophages.
This is also supported by the high amount of intracellular
nanoparticles detected with LA-ICP-MS.

2.4. 3D Distribution of BrightSilica Nanoparticles

X-ray microscopic imaging was performed to analyze the 3D
distribution and aggregate morphology of BrightSilica nanopar-
ticles in 3T3 fibroblast cells (Figure 6) and 774 macrophages
(Figure S10) after 24 h of incubation. In fibroblast cells
(Figure 6A-D), uncoated and BrightSilica nanoparticles in the
same size range can be exclusively found in vesicular structures
in the vicinity of the nuclear membrane. As visible in the X-ray
microscopic tilt series (Movie S2-S5), no particles are taken
up into the cell nucleus. After 24 h of incubation, individual
nanoparticles as well as aggregates can be observed in the cell
interior. Independent of the surface modification, the movies
and the X-ray microscopic images reveal a similar 3D distribu-
tion for BrightSilica (Figure 6B,D; Movie S3 and S5) and the
metal nanoparticles (Figure 6A,C; Movie S2 and S4), indicating
a similar uptake behaviour of silica-coated and uncoated gold
and silver nanoparticles of the same size. While in the incu-
bation medium the particles are stabilized by steric repulsion
upon the adsorption of serum proteins (Figure S1), the X-ray
microscopy data provide evidence that inside the cell, particle
destabilization is induced by cellular processes associated with
endosomal uptake and multivesicular fusion, resulting in dif-
ferent sizes and morphologies of particle aggregates.
Compared to fibroblast cells, in the macrophage cells
micrometer-sized particle aggregates containing more than
100 nanoparticles can be observed (Figure S10). Particle

B T m fibroblast cells

mmacrophages

T

and silica-coated metal nanoparticles. These 5 160 A
observations demonstrate that BrightSilicaas > 140
well as uncoated silica nanoparticles possess @ —

. . : X 120
a similar uptake efficiency into macrophage & &=
and fibroblast cells as gold and silver nano- _E ,:3 100
particles of the same size and concentration. 22

Considering the influence of the cell type, g 2
the number of nanoparticles per cell does % ;
not differ significantly for fibroblast cells and g g
macrophages (except for SiO,(29 nm)@Ag) 2"
despite the differences in cell volume and <
uptake mechanism. However, the local par- o

ticle concentration per sampled spot is much 0
higher for macrophages than for fibroblast
cells. This is in accord with their function
as phagocyte in the immune system. While
fibroblast cells are known to endocytose
nanoparticles up to 150 nm in diameter,
macrophages can internalize small and large
particles with up to 3 um in size by endocy-
tosis or phagocytosis.1#?2 For this reason,

Adv. Funct. Mater. 2014, 24, 3765-3775

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Si0,(29 nm)@Ag BrightSilica(Ag) Au BrightSilica(Au)

Figure 5. Relative integrated intensity of '’Ag* (A) and "’Au* (B) of single 3T3 fibroblast cells
(green bars) and J774 macrophages (blue bars) exposed to uncoated silver and gold nanopar-
ticles, BrightSilica(Ag), Bright Silica(Au), and SiO,(29 nm) @Ag based on LA-ICP-MS data (see
[4c19q  also Figures 4 and S8). Cells were exposed to nanoparticles for 24 h. The relative integrated
intensity is given as mean value of 9-15 fibroblast cells and 25-30 macrophage cells, respec-
tively, for each incubation condition. Standard deviation includes cell-to-cell variation regarding
cell size, morphology and nanoparticle uptake. Parameters: Laser spot size 8 um, scan speed
8 um/s, repetition rate 5 Hz, fluence 0.6 ) cm~2 (fibroblast cells) and 4.0 | cm™2 (macrophages).
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Figure 6. Nanoscale X-ray microscopic images of vitrified 3T3
fibroblast cells after incubation with (A) uncoated silver nanopar-
ticles, (B) BrightSilica(Ag), (C) uncoated gold nanoparticles and
(D) BrightSilica(Au). Cells were exposed to the nanoparticles in cell cul-
ture medium for 24 h. All images were acquired with a 25 nm zone plate
(9.8 nm pixel size). Scale bars: 1 um. Abbreviations: N, nucleus; NM,
nuclear membrane; M, mitochondrion; V, vesicle; PM, plasma membrane.

aggregates differing in size and morphology are localized in
phagosomes or endo-lysosomal vesicles in the cytoplasm.
BrightSilica(Ag) shows a similar nanoparticle distribution in
the cell architecture (Figure S10B) as uncoated silver nano-
particles (Figure S10A), while incubation of BrightSilica(Au)
(Figure S10D) leads to bigger and more dense particle aggre-
gates than BrightSilica(Ag). The differences in aggregate
morphology can be attributed to different interactions of the
particles among one another and with cellular components.
In general, the arrangement of BrightSilica(Au) nanoparticles
inside the macrophage cells is comparable with that of uncoated
gold nanoparticles (Figure S10C), as was also discussed above
for the fibroblast cells (Figure 6).

The Movie S3 of BrightSilica(Ag) does not provide evidence of
ring-like nanoaggregates, unlike reported previously for citrate-
stabilized silver nanoparticles.'% Since a specific biomolecular
corona of uncoated silver nanoparticles is probably associated
with the formation of such structures,/'% the absence of nano-
rings further supports the hypothesis that the surface composi-
tion of BrightSilica(Ag) differs compared to silver nanoparticles.

2.5. SERS from Cellular Molecules Using the Plasmonic Cores
of BrightSilica Nanoparticles

3T3 fibroblast cells and ]774 macrophage cells incubated for
24 h with BrightSilica nanoparticles were studied in SERS
mapping experiments. The experiments with BrightSilica
yielded signal-rich SERS spectra both in fibroblast cells and in

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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macrophages (Figure 7A,B). For comparison, identical experi-
ments were conducted with uncoated gold nanoparticles in
both cell lines (Figure 7C,D). The inclusion of the nanoparticles
in discrete endosomal structures indicated in the X-ray micro-
scopic data (Figure 6 and Figure S10) leads to a distribution of
spectra with SERS signals over each respective mapped area, so
that SERS spectra are obtained only from locations in the cells
where BrightSilica nanoparticles are present. As a consequence,
each set of data from a cell contains spectra with and without
SERS signals. In macrophages, the number of SERS spectra per
cell is very similar for uncoated gold and BrightSilica nanopar-
ticles (~55 spectra per cell, almost all spectra). In the fibroblast
cells the amount of spectra per cell with a SERS signature is
~60% of that obtained after the delivery of uncoated gold nano-
particles. Assuming similar behavior with respect to accumu-
lation in the endosomes, as is suggested by X-ray microscopic
images (Figure 6C,D), the results of this comparison are in
good accordance with those obtained by LA-ICP-MS (Figure 5B)
and are a further indicator of the smaller amount of BrightSilica
than uncoated gold nanoparticles in the cells. BrightSilica,
similar to uncoated gold nanoparticles,””! forms intraendosomal
aggregates (Figure 6 and Figure S10) that enable SERS signals
of high intensities. As also illustrated in Figure S2A, aggregates
of the BrightSilica nanoparticles possess a broad, extended
plasmon band in the near-infrared, supporting the fact that exci-
tation of the SERS with a wavelength of 785 nm is very efficient.

Figure 7 shows the full range of representative spectra
extracted from the data sets of different cells. Band assign-
ments are provided in Supporting Table S1. In accord with
our previous findings with uncoated gold nanoparticles in
epithelial cells,l” the qualitative variations between the spectra
are quite large, pointing at the heterogeneous environment in
the endosomal and lysosomal structures. However, in all data
sets obtained with BrightSilica nanoparticles, the amount of
spectra that contain one common set of several bands ranges
from 60-70%, with highest spectral uniformity observed in the
macrophage cells (see also examples Figure 7B). Even though
precise position and width of the bands in SERS spectra are
usually slightly different from those in normal Raman spectra,
it is possible to assign many bands, and in many cases there
are sets of bands occurring at very similar intensity ratios. Most
spectra have one set of at least six bands in common that can
be assigned to amino acids, likely incorporated in a protein or
peptide structure (Table S1). Specifically, they contain a band
around 500 cm™ that is also observed in the Raman spectra of
amino acid mixtures at low pH,/?* a band around 630 cm™! that
can be assigned to the C-S stretching vibration of cysteinel?
or also to the side chain of tyrosine®)! (~650 cm™). Strong
contributions of tyrosine become evident in the spectra of the
macrophage cells, where a very uniform pattern attributed to
the tyrosine side chain is found (Figure 7B), dominated by the
ring breathing (~415 cm™) of Tyr, the Fermi resonance of its
overtone with the symmetric ring-breathing (~830/850 cm™),
and the C—C stretching vibration (~1130 cm™).?3] Furthermore,
most spectra display a band at ~1009 cm™" assigned to the aro-
matic ring vibration of phenylalanine.?>) The bands assigned
to the amide III vibrations!??! of the peptide bond around
1300 cm™! suggest that the amino acids are incorporated in pro-
teins or peptides.
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Figure 7. SERS spectra of 3T3 fibroblast cells (A,C) and J774 macrophages (B,D) exposed to BrightSilica(Au) (A,B) and gold nanoparticles (C,D),
respectively, for 24 h. Three representative spectra of three individual cells are shown for each incubation condition. Band assignments are given in
Supporting Table S1. Scale bars: 1000 cps. Excitation wavelength: 785 nm, accumulation time: 1's, intensity: 1.9 X 10° W cm2.

The spectral signatures found for the same BrightSilica
nanoparticles in the 3T3 fibroblast cells (Figure 7A) are less
homogeneous than those in the macrophage cells. This con-
firms our previous observations of a different composition and/
or variation of the molecular environment in the endosomes
in different cell lines, leading to other interactions at the
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nanoparticle surface. Similar to the assignments in the fibro-
blast cells the spectra are dominated by bands of amino acid
side chain vibrations (Table S1), even though the typical pattern
assigned to tyrosine is found less frequently (Figure 7A).

The thickness of the silica shell of less than 2 nm can be
held responsible for an electromagnetic SERS enhancement
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occurring for molecules directly on the silica shell surface,!?l
very similar to effects also observed for fluorescence enhance-
ment.*”] However, in the case of the BrightSilica, the porosity
of the silica will also enable a direct interaction of molecules
with the plasmonic core. Integration into the silica is possible
not only for small molecules,?® but also for high-molecular
weight compounds such as enzymes?”) and drugs in thera-
peutical approaches,l'¥ also in combination with optical detec-
tion of multifunctional structures. The experiments with
BrightSilica(Ag) nanoparticles in cells result in spectra that
are basically invariant (Figure S11A,B; Table S1) and resemble
those obtained with uncoated silver nanoparticles!'® in both
cell lines (Figure S11C,D; Table S1). We have shown recently
that the surface molecules of silver nanoparticles in cells are
those the nanoparticles have interacted with in the cell culture
medium, and that surface composition does not change due to
strong adsorption to the silver surface,!% a property that ren-
ders silver nanostructures very useful for protein detection by
SERS,BY and that is probably also governed by the concen-
tration of protein/amino acid adsorbate.’!) From the spectra
in Figure S11A,B we conclude that biomolecules in the cell
culture medium interact with the silica and then remain asso-
ciated with the silver core. Similar to uncoated silver nano-
particles not being suitable as SERS probes for this reason,!'*!
BrightSilica(Ag) is of limited use for investigations of silica
nano-bio interaction. In contrast, the gold core does not bind
the molecules that interact with the silica surface as strongly,
and hence can retain availability for SERS of molecules at the
silica surface inside the cell.

The SERS signals from the cells after incubation with
BrightSilica can be used for SERS chemical imaging of the
nanoparticles’ surface composition and their optical localiza-
tion inside the cells. Examples of chemical maps obtained with
BrightSilica(Au) and BrightSilica(Ag) are displayed in Figure 8.
In the case of BrightSilica(Au) (Figure 8B,D), the relative inten-
sity of the tyrosine Raman signal at 1130 cm™ (V(C-C)) is
shown as a function of the lateral coordinate. As this signal was
observed in most of the spectra, the maps indicate the distribu-
tion of endosomes containing nanoparticles. To image the dis-
tribution of BrightSilica(Ag), the intensity of the cysteine band
at 665 cm™ (V(C-S)) is shown (Figure 8F,H). In all maps, the
perinuclear regions comprise high-intensity pixels, indicating
that most nanoparticles accumulate around the nucleus, in
accord with the X-ray microscopic observations of the nucleus,
showing that particles are exclusively localized in the cytoplasm
of the cells.

3. Conclusion

In order to investigate the interaction of silica nanoparti-
cles with cultured eukaryotic cells, silica nanoparticles with
a plasmonic core (BrightSilica) were used. The interaction of
these silica-like nanostructures with biomolecules and the cel-
lular environment was investigated with three complimentary
methods employing the beneficial properties of the plasmonic
metal core. Specifically, i) the local field around the gold core
was used to observe the molecules interacting with the silica
surface and sub-surface by their SERS spectra, ii) the high
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Figure 8. SERS chemical maps and corresponding bright field images of
3T3 fibroblast cells (A,B,E,F) and J774 macrophages (C,D,G,H) incubated
with BrightSilica(Au) (A-D) and BrightSilica(Ag) nanoparticles (E-H) for
24 h. The relative intensity of the SERS signal at 1130 cm™ (v(C—C) of
tyrosine) (B,D) and the band at 665 cm™' (v(C-S) of cysteine) (F, H),
respectively, are displayed. Maps of cells exposed to uncoated gold and
silver nanoparticles are shown in the Supporting Information for compar-
ison (see Figure S12). Scale bars: 4 um. Excitation wavelength: 785 nm,
accumulation time per spectrum: 1 s, intensity: 1.9 x 10° W cm™2, step
width: 2 um.

contrast in X-ray microscopic experiments allowed the recon-
struction of tomograms and extraction of 3D information
about their distribution in the cellular ultrastructure, and iii)
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Table 1. Overview of the different particle types and main results of the SERS, X-ray microscopy and LA-ICP-MS studies. Abbreviations: tg,, average
thickness of the silica layer; dyp, average particle diameter; o, standard deviation of the mean values; pATP, para-aminothiophenol.

Particle size/shell thickness SERS spectral

X-ray microscopy: LA-ICP-MS:

information Particle localization Relative amount of particles
Particle type tohet £ O dypto 3T3 /774 cells 3T3 cells 774 cells 3T3 cells 774 cells
[nm] [nm] 1%] [%]

Au 31+4 intracellular small aggregates small/large aggregates in 100 79

biomolecules in endosomes endosomes/ phagosomes
BrightSilica (Au) 1.4£03 3145 74 78
Ag 45+20 components small aggregates small/large aggregates in 68 90

of cell culture in endosomes endosomes/ phagosomes

medium

BrightSilica(Ag) 17405 57 +20 70 100
Si0,(29 nm)@Ag 29+5 126 + 26 pATP reporter single particles single particles and 10 93

signature only and aggregates in aggregates in endosomes/

endosomes phagosomes

SiO,(49 nm) @Ag 49+ 4 138+25

quantitative comparison of uptake of BrightSilica with uncoated
nanoparticles was possible in LA-ICP-MS micromapping. The
major results with regard to the silica nano-biointeraction are
summarized in Table 1.

While the SERS enhancement factors of the non-aggregated
BrightSilica nanoparticles are in agreement with those obtained
for uncoated individual nanoparticles, inside the endosomes,
where the BrightSilica nanoparticles aggregate, the homoge-
neous silica layer enables the coupling of the localized surface
plasmons of the metal cores. The spectra reveal the presence of
proteins at the surface of the BrightSilica nanoparticles, with
the main contacts at the nano-bio interface formed by interac-
tion via the side chains of tyrosine, cysteine, and phenylalanine.
The comparison of the spectra obtained with BrightSilica(Au)
in the macrophage cells and in the fibroblast cell line, suggests
a different composition of the nanoparticle corona in the two
cell types. Biomolecules, as extracellular molecules e.g., from
culture medium are shown to penetrate into the thin silica layer
of BrightSilica(Ag) and irreversibly bind to the silver surface.
Thus, BrightSilica(Ag) is less suitable for in situ studies than
BrightSilica(Au), which has implications for the further design
of other ‘Bright’ nanoparticles, and also for systems that use
silica-coated plasmonic nanostructures as SERS sensors.

The absorption of soft X-rays by the silica material gives suf-
ficient contrast to visualize not only the plasmonic cores but
also the silica shells in the cellular environment. Using cryo
nanoscale X-ray tomography, we confirm the assumption that
BrightSilica nanoparticles enter cells by an endocytotic mecha-
nism that was observed before for pure silica nanoparticles.[*3?

Spatially resolved LA-ICP-MS showed that the uptake of
BrightSilica nanoparticles with a gold core into fibroblast
cells is slightly smaller than of uncoated gold nanoparticles of
almost the same size, indicating a different interaction of the
silica nanoparticles.

We have shown that the molecular interactions at the nano-
bio interface of silica nanoparticles can be characterized by
SERS, employing silica nanoparticles with plasmonic cores.
The metal core enables precise 3D ultrastructural investigations
and a reliable quantitative comparison regarding uptake rates

Adv. Funct. Mater. 2014, 24, 3765-3775
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and accumulation behavior for different nanomaterials. In gen-
eral, the concept of ‘Bright’ nanoparticles enables multi-modal
qualitative and quantitative characterization in comparative
nanotoxicology and related fields of research.

4. Experimental Section

Cold and Silver Nanoparticle Synthesis: For metal nanoparticle
preparation silver nitrate (99.9999%), tetrachloroauric(lll)acid (99.9%),
hydroxylamine hydrochloride and sodium hydroxide were purchased
from Sigma-Aldrich Chemie GmbH (Germany) and tri-sodium citrate
dihydrate (99%) from Merck (Germany). Millipore water (0.055 uS/cm;
Purelab Plus, USF Elga Ultrapure) and ethanol were used as solvents.
Silver nanoparticles were synthesized by reduction of silver nitrate
with hydroxylamine hydrochloride according to a protocol described
previously.?3 For the reduction of tetrachloroauric(lll)acid tri-sodium
citrate dihydrate was utilzed.?4

Synthesis of Silica-Coated Nanostructures: Al chemicals were
purchased from Sigma-Aldrich Chemie GmbH (Germany) unless
indicated otherwise. For the coating of the metal nanoparticle surface
with silica shells of different thicknesses two different strategies were
adapted:*!

i. To obtain silver nanoparticles with thick silica shells (for comparison
with the BrightSilica nanoparticles) and encapsulated reporter mol-
ecules, 5 mL of the nanoparticle suspension was added to a 90%
ethanolic solution under stirring. After stirring for 15 min, 375 uL
of 2 x 10° M (7.5 nmol) para-aminothiophenol (pATP, 97%) were
added. After the addition of 150 pL of 2 mM (0.3 pumol) ethanolic
3-aminopropyltriethoxysilane (APTES, 98%, ABCR GmbH & Co. KG,
Germany), the suspension was mixed with 5 ml of 50 mM (250 umol)
ethanolic tetraethylorthosilicate (TEOS, = 99%). The suspension was
stirred for 15 min after each step. To initiate the aqueous reaction,
25 pL of 1 M sodium hydroxide (25 pumol) was added. The reaction
mixture was stirred for 3 h under exclusion of light according to a
modified protocol described in the literature.3¢]

ii. BrightSilica nanoparticles were synthesized using a modified protocol
adapted from work described in the literature.?*®! Briefly, for the acti-
vation of 10 mL of an aqueous sodium silicate solution with 0.54%
SiO, (pure sodium silicate: Na,O 10.6%, 26.5% SiO,), 350 mg of the
cation exchange resin Amberlite IRC86 (cation exchange resin, hy-
drogen form) were added, and the pH adjusted to pH 10. After the
addition of 50 puL of 1 mM (50 nmol) aqueous solution of 3-amino-
propyltrimethoxysilane (APTMS, 97%) to 10 mL of the nanoparticle
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suspension, the mixture was stirred for 15 min. Then the suspension
was mixed with 800 uL of the activated sodium silicate solution, and
the pH was adjusted to pH 8 with 2.5% ammonium hydroxide solu-
tion. The reaction mixture containing gold nanoparticles was stirred
for 3 h at 90 °C under exclusion of light.?”] For the synthesis of silica-
coated silver nanoparticles, the reaction mixture was stirred for 48 h
at room temperature under exclusion of light. Finally, the silica-coated
nanoparticles were purified by centrifugation at 4000 rpm (~2000 g)
for 15 min (Eppendorf 5430, Germany). After the second centrifuga-
tion step, particles were suspended in 1 mL ultrapure water.

Characterization of Silica-Coated Nanostructures: Particles were
characterized by transmission electron microscopy (TEM) and energy-
dispersive X-ray spectroscopy (EDX) using a Tecnai G2 20 S-TWIN
microscope (FEI, USA) with an acceleration voltage of 200 kV and a
point resolution of 0.24 nm. Energy-filtered TEM (EF-TEM), electron
energy loss spectroscopy (EELS) and scanning TEM (STEM) were
performed with a JEOL JEM-200FS field emission transmission electron
microscope (JEOL GmbH, Germany) with an acceleration voltage of
200 kV and a point resolution of 0.13 nm. Copper grids with a carbon-
hole film (Formvar) were used for sample preparation.

Extinction spectra were recorded with a UV-Vis/NIR double-beam
spectrophotometer (JASCO GmbH, Germany).

The stability of core—shell nanoparticles in cell culture medium was
analyzed by dynamic light scattering using a Zetasizer Nano ZS (Malvern
Instruments, United Kingdom) operating at a wavelength of 633 nm and
a laser power of 4 mW at an angle of 173°. Intensity-weighted particle
size distributions of three measurements are used for the determination
of the hydrodynamic diameter.

Cell Culture: Mouse fibroblast cells (cell line 3T3) and macrophages
(cell line )774; both from DSMZ, Germany) were cultivated in DMEM
supplemented with 10% fetal calf serum (FCS) and 1% ZellShield (all
from Biochrom AG, Germany) in a humidified environment at 37 °C
and 5% CO,. For the various experiments, cells were harvested and
grown in sterile culture plates on the respective substrate (cover slips,
coated X-ray grids). Under standard cell culture conditions, fibroblast
cells and macrophages were incubated with uncoated and silica-coated
gold and silver nanoparticles suspended in DMEM with 10% FCS.
For all cell experiments, the same particle concentration was adjusted
based on UV-Vis extinction. After an incubation time of 24 h, cells were
washed thoroughly with PBS and immediately analyzed (SERS) or fixed
(LA-ICP-MS, X-ray microscopy) depending on the subsequent method
of analysis.

Normal Raman and SERS: Raman and SERS experiments were
conducted with a LabRam HR Raman spectrometer (HORIBA Jobin
Yvon GmbH, Germany) equipped with a 60x water immersion objective.
An excitation wavelength of 785 nm was used in all experiments with
an intensity at the sample in the range between 1.9-10° W cm™ and
2.9-105 W cm2 and an acquisition time of 1 s. The spectral resolution
was ~2 cm™.

Enhancement factors of the nanoparticles were determined by the
use of crystal violet (J.T.Baker, USA) following the procedure described
previously.%8 For the SERS experiments on living cells, fibroblasts and
macrophages were grown on sterile cover slips and raster-scanned in
2 um steps in a pre-defined grid of data points in PBS buffer. The laser
spot size was ~1.5 um in diameter. A MatLab (The MathWorks, Inc., USA)
script was used for data processing and analysis of all SERS spectra.

Cryo Nanoscale X-ray Tomography: Cryo-XT was performed at beamline
U41-XM equipped with a cryostage at the electron storage ring BESSY Il
(Helmholtz-Zentrum Berlin fiir Materialien und Energie, Germany).[338l
For the cell experiments, mouse fibroblast cells and macrophages
were grown as monolayer on Formvar-coated gold grids (Gilder Grids,
England) under standard cell culture conditions. The growth medium
(DMEM supplemented with 10% FCS) was replaced by medium
containing uncoated and silica-coated silver and gold nanoparticles.
After an exposure time of 24 h X-ray tomography grids were washed
three times with PBS buffer, blotted with filter paper and snap-frozen on
a plunge freezer using liquid ethane.
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Projection images of vitrified cells with a thickness of up to about
10 um were recorded at a tilt angle of 0°. Tilt series were obtained from
single cells at different tilt angles in increments of 1°. The exposure time
was adjusted for each tilt angle ranging from 2 to 24 s. A zone plate
objective (outermost zone width 25 nm) was used leading to a pixel size
of 9.8 nm. After pre-processing by flat-field correction (average from
10 flat-field images obtained under the same experimental conditions)
the projection images were normalized to correct for different beam
current and longer exposure times at higher tilt angles.

Laser Ablation ICP-MS: For LA-ICP-MS analysis, cells were grown on
sterile cover-slips (Thermo Fisher Scientific, USA) and incubated with
nanoparticles for 24 h under standard cell culture conditions. Prior to
LA-ICP-MS analysis, the cells were washed thoroughly with PBS buffer
and fixed with 4% para-formaldehyde in PBS and dehydrated in a graded
series of ethanol/water mixtures.

LA-ICP-MS measurements of the isotopes 'Ag and '"’Au were
performed with an NWR213 laser ablation system (ESI, USA) coupled
to an ICP sector field mass spectrometer (Element XR, Thermo Fisher
Scientific, Germany). Representative sections of fixed fibroblast cells
and macrophages were continuously ablated by line scans. Origin
8.5 (Originlab Corporations, USA) was used to convert each raw data
point to a single pixel. Image] softwareP was applied for data analysis.
The relative integrated intensity is given as mean value of 9-15 fibroblast
cells and 25-30 macrophage cells. Experimental details on working
conditions of the LA-ICP-MS are given in Table S2/S3 in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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